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Prediction of Building Integrated
Photovoltaic Cell Temperatures™®

A barrier to the widespread application of building integrated photovoltaics (BIPV) is the
lack of validated predictive performance tools. Architects and building owners need these
Mark W. Davis tools in order to determine if the potential energy savings realized from building inte-

b grated photovoltaics justifies the additional capital expenditure. The National Institute of
Standards and Technology (NIST) seeks to provide high quality experimental data that
A. Hunter Fannev can be used to_develop and valid_ate thesg predictive performa_nc_e tools. The_ temperature

' of a photovoltaic module affects its electrical output characteristics and efficiency. Tra-
ditionally, the temperature of solar cells has been characterized using the nominal oper-

: ating cell temperature (NOCT), which can be used in conjunction with a calculation
Brian P. Doughertv procedure to predict the module’s temperature for various environmental conditions. The
NOCT procedure provides a representative prediction of the cell temperature, specifically
for the ubiquitous rack-mounted installation. The procedure estimates the cell tempera-
ture based on the ambient temperature and the solar irradiance. It makes the approxi-
mation that the overall heat loss coefficient is constant. In other words, the temperature
difference between the panel and the environment is linearly related to the heat flux on the
panels (solar irradiance). The heat transfer characteristics of a rack-mounted PV module
and a BIPV module can be quite different. The manner in which the module is installed
within the building envelope influences the cell’'s operating temperature. Unlike rack-
mounted modules, the two sides of the modules may be subjected to significantly different
environmental conditions. This paper presents a new technique to compute the operating
temperature of cells within building integrated photovoltaic modules using a one-
dimensional transient heat transfer model. The resulting predictions are compared to
measured BIPV cell temperatures for two single crystalline BIPV panels (one insulated
panel and one uninsulated panel). Finally, the results are compared to predictions using
the NOCT technique[DOI: 10.1115/1.1385825
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Introduction perature and wind conditions. Notably, the approach also makes
S . . the approximation that the overall heat transfer coefficient for the
Building integrated photovoltaiBIPV) products are drawing PV module is constant.

more attention from the building industry as the price of photo- \ynqerstandably, when a PV module is integrated into the exte-
voltaic modules continues to drgf]. The Building and Fire Re- yior envelope of a building, the potential for deviating from the
search Laboratory at the National Institute of Standards and Te¢sat transfer case captured by the NOCT model is substantial. For
nology (NIST) seeks to facilitate informed decisions on when angxample, the two sides of the building integrated module will
how to effectively deploy BIPV products. NIST contributes bytypically be subjected to significantly different environmental
providing high quality experimental data, which is used to desonditions. The heat transfer, and ultimately the PV cell operating
velop, validate, and refine computer simulation tools. temperature, is affected by the building mounting mechanism. In-
The prediction of the photovoltaic module’s cell temperatursulating materials, if installed on the interior side of the building
plays an important role in the modeling of its electrical and theand BIPV module, add to the potential deviations. Additionally, if
mal performance. The cell temperature depends on many physidé® manufacturer's NOCT value is used in lieu of a temperature
and environmental factors. The construction of the module and th@re representative of the panel's insulation level, errors will re-
manner in which it is installed in the building influence its opersult in the predicted cell temperature. Therefore, the method used
ating temperature. Environmental conditions, such as the ambié®ft determining the cell temperature must accurately cover a wide
temperature, solar irradiance, wind speed, and wind direction alége of environmental conditions and mounting arrangements.
affect the cell temperature. With these possible deviations in mind, NIST made some initial
The nominal operating cell temperatuidOCT) is commonly comparisons of NOCT predicted cell temperatures versus mea-

; : d BIPV cell temperatures. These initial comparisons sug-
used to predict the cell temperature over a range of environmerit4l e
conditions. By definition, the NOCT is the temperature of the ceI%eSted’ as expected, that the NOCT approach has limitations when

. . : Used for predicting BIPV cell temperatures. Efforts were then
at a solar irradiance of 800 W/nan ambient temperature Ofmade to develop predictive methods that were tailored to BIPV

20°C, and a wind speed of 1 m/s. The American Society for Tesc{bplications. The proposed methods, their basis, and initial com-

ing and MaterialSASTM) has developed a standard method 85 ison with measured data, are the focus of this paper. Compari-
determine the NOCTE 1036M Annex A} [2]. sons with the NOCT approach are provided.
The NOCT approach is based on the more common scenario

where both sides of the PV moduseethe same ambient tem-

*This paper was presented at Forum 20B8dlar Energy: The Power To Chogse ApproaCh
AF”C" 21‘_55{ iogl'ﬁ']“ V;’aISh"‘éﬁO” D%_ on of thet A © Measured BIPV cell temperatures are available from NIST’s
ontributed by the Solar Energy Division of thedf AMERICAN SOCIETY OF S ; ;
MECHANICAL ENGINEERS for publication in the ASME GQURNAL OF SOLAR EN- B'U|Id|_ng Integrated Photovoltaitest bed The test bedlnCIUde.S
ERGY ENGINEERING. Manuscript received by the ASME Solar Energy Division, €ight instrumented B_l P_V panels t_hat are mounted vertically in the
November, 2000; final revision March, 2001. Associate Editor: C. Vargas-Abrutosouth wall of the Building and Fire Research Laboratory on the
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NIST campus in Gaithersburg, Maryland. The NIST BIRast ture is linearly related to the solar irradiance. Therefore, a line
bed also incorporates a small weather station on the buildinglating the temperature difference to the irradiance is fit to the
facade[3]. data, and the NOCT value is interpreted as the temperature differ-
Four cell technologies are presently featured in the NIST BIP¥nhce at 800 W/t according to the fit plus the nominal 20°C
test bedsingle crystalline, polycrystalline, silicon film, and triple-ambient temperature. Finally, the average measured ambient tem-
junction amorphous silicon. Two panels of each technology aperature and average measured wind speed are used to adjust the
installed. One panel of each cell type is insulated with extrudédiOCT value. The cell temperature at any irradiance level and
polystyrene that has a measured thermal resistance of 3afBbient temperature is determined usj6
m?-K/W, whereas the other panel is installed without insulation. G
Three out of the four pairs of panels were custom fabricated. The 1 _ =
single crystalline, polycrystalline, and silicon film panels consist Gnoct
of a Tedlaf-Mylar? backsheet, the respective cell technology, anghere
a 6 mm thick piece of solar glass. Individual amorphous silicon .
cells were not available for fabricating a custom sized building Gnocr= 800 W/, Tambientnoc=20°C.
integrated photovoltaic panel. Thus, commercially available triple In this paper, the NOCT values are taken from the manufactur-
junction amorphous silicon modules were used. A complete der's specificationg7]. For a rack-mounted panel, the specified
scription of the panels is included in a paper presenting initidlOCT is 45°C. NOCT tests were run on a panel similar to the
results from the test facility4]. single crystalline panel. The panel was fabricated the same way as
This paper focuses on the thermal and electrical performancetié single crystalline panel, but it utilized polycrystalline cells.
the two single crystalline panels. Temperature measurements fofe NOCT value for that panel was 44°C. The transmittance-
each of the panels are made directly on the back of the panel afissorptance product was assumed to be the product of the cell
on the back of the thermal insulatiéwhere applicable Thermo- absorptance at normal incidence and the glass transmittance at
couples are attached to the rear of selected cells within the panalsrmal incidence.
At this time, more than 12 months of data are available for com- The irradiance for the NOCT method is measured in the plane
parison. For the same time frame, the following environmentaf the panel. When these measurements are not available, trans-
parameters have been recorded: the indoor and outdoor ambfeninations of horizontal irradiance measurements are necessary.
temperature; wind speed and direction at the panels and on fe&omparison of the performance of the NOCT model will be
roof;, horizontal and in-plane total solar irradiance; normal incimade between the irradiance measured in the plane of the panel
dent beam irradiance; and radiative temperature of the indoor aigd irradiance transformed from horizontal measurements.
outdoor surroundings. The uncertainty associated with each of ) ) .
these measurements is discussed in Appendix A. This data can p@ne-dimensional Transient Heat Transfer Model. The
used to predict the cell temperature using the NOCT method aNéST Proposed alternative method for predicting the cell tempera-
a one-dimensional, transient heat transfer model. ture of a BIPV panel is based on the approximation of one-
The one-dimensional heat transfer model was formulated §gnensional, transient heat transfer. This method was also used by
provide a more complex and precise temperature model for BIF/group of researchers attempting to predict the temperature of a
panels. One goal of this paper is to evaluate the benefits of a mbré array on the Martian surfad@]. Their study divided a rack-
complex temperature model as compared to the two-paraméi‘.é‘?“”te‘j panel into three layers: the top cover, PV cells, and back
NOCT model. layer. The thermal analysis associated with the Martian photovol-
In any decision concerning BIPV, the amount of power gene@ic panel included forced convection fror_n t_he front surface; natu-
ated is the most important consideration. The prediction of cfl convection from the rear surface; radiation from the front sur-
temperatures will lead to a comparison of the predicted pe&?&e to the sky and the ground; and radiation from the rear surface
power at each predicted temperature. The calculation of the pov@the sky, ground, and shaded ground.
produced by a panel was performed on a virtual single crystalline '€ NIST BIPV single crystalline panels are also modeled as
module using a model proposed by Sandia National Laboratorf@4!lti-layer composites. The layers include the protective cover
(SNL) [5]. Because not all of the necessary parameters for irgiass, the P\{ cells, the backsheet, anq the insulation behlnq the
model have been measured on the NIST BIPV panels, a mod@@nel on the msulgted panel. The physical parameters u_sed in the
using the same cells as the single crystalline panel was selecié@de! are shown in Table 1. The cover glass specifications were
from a database of SNL measurements. The power was calcul®@{pined from the manufacturer. The thermal and physical prop-
for this panel using the measured temperature, the temperatfifies of the PV cells were assumed to be those of pure silicon, but
predicted using the NOCT technique, and the temperature p];@e nominal thickness of the cells was obtained from manufacturer

dicted using the one-dimensional model developed in this pap&Pecifications. Panel efficiencies were measured over the modeled
period for the two BIPV panels. The thermal resistance and thick-

Model Development ness of the extruded polystyrene insulation were obtained from
nominal measurements. The specific heat and density were as-
NOCT Model. The method for predicting the cell tempera-sumed to be equal to that for generic extruded polystyrene. For the
ture using the nominal operating cell temperature is outlined facksheet, the specific heat and density were taken directly from
ASTM standard E1036M Annex Afl2]. The nominal operating the manufacturer's specification sheet, the thickness was mea-
cell temperature of a panel is measured with the panel in an opsired from a sample, and the thermal conductivity was estimated
rack at a fixed position throughout the day. The panel is posiom similar polymer films.
tioned at an elevation and azimuth that is normal to the sun atThe model assumes that the absorbed incident solar radiation
solar noon. The panel temperatures, ambient temperature, teiad converted to electricity is converted to thermal energy at the
irradiance in the plane of the panel, and wind speed are all mewil. This thermal energy is conveyed to the panel surfaces via
sured for an eight-hour period. The standard assumes that #amduction, and at each surface, convection and radiation transfer
overall heat transfer coefficient is constant, which dictates that theat to the surroundings. A graphical representation of the model
difference between the cell temperature and the ambient temperan be seen in Fig. 1. The model is described by E2)s«(8).

7c
T

+ Tambient (1)

( NOCT— Tambient,NOC‘a : ( 1-

14 — " ”n ” ”n 4
2Certain trade names and company products are mentioned in the text or identified Asolar= Yout.conv Aoutrad®™ din,convt in radt st @)
in an illustration in order to adequately specify the experimental procedure and q” -G e (a— ) (3)
equipment used. In no case does such an identification imply recommendation or solar™ effective 7e
endorsement by the National Institute of Standards and Technology, nor does it ” —
imply that the products are necessarily the best available for the purpose. Yout,conv™ hout' (Ts,out_ Tambien) (4)
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Table 1 Variables and parameters for one-dimensional heat effective irradianceGefreciives €quals the amount of total irradi-

transfer model ance that reaches the cell surface. Equatid) shows the proce-
- dure used to convert the beam and diffuse irradiance into the
Layer ParametefUnits) Value effective irradiance using the transmittance of the front cover ma-
Panel H(m) 1.0 terial. The electrical conversion efficiencies of the BIPV panels,
Panel W(m) 1.2 Table 1, were computed from measurements of the electrical en-
Panel Nuninsulated Tinsulated 0.112/0.107 ergy produced by the panels and the incident solar insolation over
Cover Material L(m) [9] 0.006 the modeled periodAugust 22 through October 6, 2000
Cover Material p ((kg/ ))[GE]] 2500
Cover Material C, (J/kgK) [9 835 Gittuse= Giota— G cog 6 9
Cover Material kp(W/m-K) [9] 1.04 diffuse total beam,NIP 5{ ) ( )
g\c;vg&nvlatenal L (fngg]lo] 0003?)3 Geﬁective= C':‘beam,NIF’ COS( ‘9) : T( 0) + Gdif‘fuse' (600) (10)
Ex gg” Cp ((I‘(]glllig-l)()[:l[-%]l] 17%500 For the model proposed by NIST, the transmittance of the cover
PV Cell K(W/m-K) [11] 150 material, glass, for diffuse light is assumed to be the beam trans-
PV (k:et|1| aL[(12)] 0.95 mittance at an incident angle of 60 degrees, 82.6%. The transmit-
Backsheet m 0.00017 i i i —
B koot » (kg/n?) [13.14 1475 tance function is shown in Eq§11)—(14) [6].
Backsheet Cp (JkgK) [13,14 1130 1/1—r i 1—r
Backsheet k (W/m-K) 0.14 f)== Pefpendlcular_i_ parallel (11)
Backsheet € 0.893 2\1+r ; 1+r
Insulation L(m) [4] 0.1016 perpendicular paralle
Insulation p (kg/mP®) [11] 55 SirP(6,— 6)
Insulation C, (JkgK) [11] 1210 r o222 (12)
Insulation K (W/m-K) [4] 0.0294 perpendicular™ g2 (g, + 6)
Insulation e [11] 0.9
_tarf(6,— 6) 13
fparaﬂel—m (13)
" — 4 4 .
out,rad™ €glass T (Ts,out_ Tsurr) (%) 0,= sin’l( SII’:(]G)) (14)
qi”n,convz hin' (Ts,in_ Tindoor) (6) . ‘ ) .
, . . wheren=1.5995, which corresponds to the refractive index that
Ginrad™ €in° @ (Tsin™ Tsurrindoo? (7)  results in a normal transmittance equal to the glass manufacturer's
T.(1)=Ti(t—At) reported value of 89.8%].
q”=2 Coiply.—2 1 7 (8) According to Parrettf10], the reflectance for a single crystal-
st pi Pi ki At i . - . .
ine solar cell with an inverted pyramidal texture and an anti-

o . eflective coating varies from 2% to 10% over the applicable
Solar Heat Flux. The solar incident energy that is converteciange of wavelengths at low incident angles. Therefore, assuming

to heat. is determined from the beam irrqdiance, total irradiancae eflectance of 5% and 0% transmission, the absorptance of the
transmittance of the cover glass, absorption of the PV cells, a Il would be 0.95 '

panel electrical conversion efficiency. The beam and total irradi-

ance are measured with a normal incidence pyrheliom@ts?) Outside Convective Heat Flux.The convective heat transfer

and a pyranometer, respectively. The total irradiance is measufasim the cover glass to the outdoor ambient environment is as-

with both a roof and wall mounted pyranometer. These quantitisamed to be dominated by forced convection. The average heat

are used to calculate the diffuse irradiance, using @y. The transfer coefficient is determined from the average Nusselt num-
ber using

INSULATION CELLS GLASS F NUW' kair
o=

(15)
(a) / GBEAM W

The forced convection heat transfer is determined to be laminar.
')e For all panels tested, the critical velocity for laminar flow is 6.2

S— m/s(13.9 mph, and only five of 13250 wind speed measurements
over the modeling period were greater than 5 (&2 mph. The
effective length in this calculation was taken to be the width of the
panel. This assumes that the wind currents flow horizontally
TAMBIENT across the panel. Two applicable Nusselt number relations, Table
Teurm 2, were compared to determine the formulation that best described
the convective heat transfer for the panels.

TINDOOR

TSURR, INDOOR

Radiative Heat Flux. Radiation heat transfer occurs between

—— GDIFFUSE
the outside cover glass and the surroundings and between the

\ backside of the insulated or uninsulated BIPV panel and the in-
door environment. The effective temperature of the surroundings
(b) q'in, rad q"out, rad in Egs. (5) and (7) are determined from infrared radiation mea-
M — surements and the relationship,
q'in glout no\1/4
-— —
q"in, conv q"out, conv T = % . (16)
q'soLan surr
Fig. 1 a) cross-sectional view of panel installation, and b)ya  Inside Convective Heat Flux.It is assumed that the convec-
nodal representation of heat flux of the one-dimensional heat tive heat transfer from the backside of the pafeelinsulation) to
transfer model the indoor ambient conditions is dominated by natural convection.
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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 Temperatufé 1] 0.664 R¢. P Laminar flow, uniform surface temperature >R.6
4.A
2 Sparrow et al[6] 0.86 RgZ- Pt 20000<Re < 90000, | = — 2
Table 3 Natural convection relations for the average Nusselt number over the panel
ID Number Name Nusselt Relation Conditions
1 Ostrach15] 0.476 G4 Laminar flow, P,=0.72, uniform surface temperature
2 Ede[15] 0.4-Pr 1/4.Grll4p,1/4 Laminar flow, uniform surface temperature
1+2-Pr%+2-Pr -
3 Integral Solutior{15] 0677 ——— |Gr4 Laminar flow, uniform surface temperature
0.952+Pr

L arl/4 pi2
4 LeFevre[11] 0.7071 Gr*.pr Laminar flow, uniform surface temperature
(0.609+1.221: Pr?+1.238 P

Four applicable Nusselt number relations were compared for

. . natural convection, Table 3. Unlike the outside convective heat
Table 4 Assumptions made in model proposed by NIST for

the four different model variations flux, the air currents on the inside SL_Jrface of the panel were as-
sumed to flow vertically. Thus, the height of the panel was used as

Model Assumptions the effective length in this calculation. The natural convection was

1 None also assumed to be laminar. For laminar natural convection on a 1

m high vertical panel, the critical temperature difference between

2 Tsur™= Tambient: Tsurr,indoo™ Tindoor the backside of the panel and the indoor environment is approxi-

3 T T T _T. Voo v me}tely 13°C. For the dataset considered, less than 15% of the

surr™ Tambient: T surr,indoor™ Tindoor: Hwall™ ¥ roof uninsulated panel measurements exceeded 13°C. All of the insu-
4 Teur=Tampient Tsurrindoo™ Tindoors Vwai=Vroof Ie}ted panel measurements were well below the 13°C temperature

G=f(Ghorizonta) difference.

Change in Stored Energy.The change in stored energy from
one time step to the next is calculated according to (Bg.The
Similar to forced convection, the average indoor heat transfer démperature change of each material is affected by its specific
efficient, Eq.(17) was determined by the average Nusselt numb&gat, thermal conductivity, magshown as density and thickngss
for the indoor conditions. and the length of time between steps. The stored energy term is a
significant advancement over the NOCT model. Accounting for
(17) thermal mass prevents unrealistic swings in calculated panel tem-
peratures during periods of quickly changing irradiance levels.

ﬂuH : I(air

EI’] = H

a) Uninsulated Panel

Temperature Difference (K)
Temperature Difference (K)

Measured & Measured
¢ NOCT Predicted ¢ NOCT Predicted
-10 4 T ‘ r r -10 - T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000
Irradiance (W/mA2) Irradiance (W/m*2)

Fig. 2 Measured temperature difference between an  (a) uninsulated and (b) insulated panel compared to the NOCT predicted
temperature difference
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345 345

a) Uninsulated Panel, Clear Day b) Uninsulated Panel, Cloudy Day
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325 325
3 g 3
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345 345
c¢) Insulated Panel, Clear Day d) Insulated Panel, Cloudy Day
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275 + T r r T r 275 T T T T T
6:00 8:00 10:00 12:00 1400 16:00 18:00 6:00 8:00 10:00 12:00 14.00 16:00 18:00
Time Time

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

Variations of Heat Transfer Model. The model described tropic sky model includes a term for horizon brightening. For the
above may require measurements that are not readily available\i&T BIPV test bed, an adjacent building blocks the horizon from
architects while designing a building. Therefore, variations of théew of the BIPV panels. Therefore, the horizon brightening term
original model, denoted as Model 1, were considered. Simplifyirig assumed to have a negligible effect on the total tilted irradiance.
assumptions result in heat transfer models that most architects @de NIP, which has an aperture of 5.7°, measures the circumsolar
readily use. The minimum amount of climatic information rediffuse radiation term of the anisotropic sky model along with the
quired to use the most simplified model is outlined below: beam radiation. Equation48), (19), (20), and(21) convert total
horizontal, normal incident beam, and horizontal diffuse radiation

* Outdoor ambient temperature data to total radiation on a surface tilted at an angse,

¢ Wind velocity data

» Horizontal total irradiance and normal incident beam irradi- Giffuse, Hor= GTotal Horizonta~ CBeam nip COSZeNith)  (18)
ance data

 Indoor ambient temperature data

Table 4 shows the assumptions for each model variation. THhable 5 R? values for NOCT panel temperature prediction us-
first variation on the original model, Model 2, assumes that tHeg both the measured and estimated irradiance on a vertical
effective temperatures of the surroundings are equivalent to tfiéface
respective indoor and outdoor temperatures. Model 3 is a variation

2
on Model 2, and it assumes that the wind speed across the panel is R”Value
equal to the wind speed in the free stream. In our case, a rooftop Measured Predicted
anemometer measures the free stream wind speed. Finally, Mo#etlation Level Vertical Irradiance Vertical Irradiance
4 uses radiation measurements in the horizontal plane and trans-— \gone 0.77 0.70
forms them to the plane of the panels. R-20 0.49 0.45
The transformation of measured horizontal radiation to that on  Both 0.58 0.54

a vertical faade assumes an anisotropic dl6}. A true aniso-
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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

Uninsulated Panel Uninsulated Panel Insulated Panel Insulated Panel
Clear Day Cloudy Day Clear Day Cloudy Day
Source of Panel
Temperatures 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 25 0.307 10.6 0.196 7.7

NOCT-Predicted Vertical Irradiance 0.304 2.6 0.173 —-9.6 0.304 9.6 0.173 -5.0

Gpearn™ Gream nip €O 6) (19) prediction. The insulated panel temperature is not predicted well

by the NOCT technique at high irradiance values, Fi@).2At an
1+cogp) 1-cogp) irradiance of 600 W/ the NOCT technique underpredicted the
2 *+ GrotalHor Pg 2 panel temperature by approximately 20 K.
(20) Figures 3a)—(d) compare NOCT predictions of uninsulated
and insulated single crystalline panel temperatures for a represen-
Gefrective™ Gpeant 7(#) + Gpiffuse’ 7(60°) (21)  tative clear(September 17, 200@nd partly cloudy daySeptem-

The ground reflectancey, in Eq. (20) was determined to have ber 18, 200Q These plots reiterate the significant underprediction
an approximate value of 0.15. A large percentage of the surfacdsPanel temperatures when using the NOCT model for insulated
in front of the BIPV test bed are asphalt, and asphalt has a refi@@nels and to a lesser degree for the uninsulated panels. The
tance of approximately 15%i6] over a range of wavelengths NOCT model more accurately estimates the uninsulated single
from 400 nm to 1200 nm, which corresponds to the spectral rétystalline panel temperatures. The deviation from the actual tem-

Gpiffuse™ Gopiffuse,Hor'

sponse of the cellg10]. perature at 12:00 hours on the typical clear day is approximately
10 K, Fig. Ja), in contrast to a 20 K difference for the insulated
Model Solution panel, Fig. 8c). The larger deviation of the insulated panels is

o . expected considering that the NOCT temperatures, in accordance
_ The prediction of panel temperatures using the NOCT methqgith ASTM E 1036M, are measured on uninsulated panels. Also,
is straightforward. However, the one-dimensional transient hegdcause the NOCT model only depends on the irradiance and the

transfer model results in a set of non-linear, non-nomogeneoishient temperature, the predicted panel temperature for the in-
differential equations, and it requires an iterative solution. An im-

plicit finite difference scheme was used to solve the model. Each
layer (cover material, cells, backsheet, and insulgtivas divided

into four sections. Nodes were placed at the center of each ser 7q
tion. Additionally, a section of zero thickness was placed on in-

door and outdoor surface of the panel assembly to facilitate ths \
comparison of predicted and measured temperatures. The equ

tions were solved in matrix form, but due to the nonlinear nature
of the model, iteration of the surface temperatures was required 50 T

N
T sowWm’_ |

heat transfer model utilize the correlation coefficiert, ® quan-

tify the success of the temperature prediction. TRevBlues are

calculated for times when the total irradiance was greater thai , 300 W/m?
zero (and power is generatedThe one-dimensional transient
model was run at five-minute intervals over the period betweer
August 22, 2000 and October 6, 2000, which includes a mix of 10
clear, partly cloudy, and overcast days. 100 W/m®

. . 0 T T T T
NOCT Model. According to the NOCT technique, the tem-

perature difference between the PV cells and the outdoor ambiel 300 310 T320 t 33& 340 350
conditions is strictly a linear function of the irradiance. Therefore, emperature (K)
a plot of the temperature difference between the PV cell and 1By 4 peak power vs. cell temperature and total irradiance for
outdoor ambient temperature as a function of irradiance, as sggfual single crystalline cell as calculated by Sandia National
in Figs. 2a) and(b), is linear. This figure includes nine months of_aporatory Model
temperature data for the panels recorded in the BIPV test bed,
which includes a wide range of ambient temperatures and incidentbI 7 Predicted ducti " deled period
angles. The large amount of scatter is caused by many factol?@l.n g tempre?ralt%sese;rirdgigtgglovxlljifhl(meovl\?éc{e' nr;% diffo?el;g(;h
First, the thermal storage capacity of the panels can lead to hitﬂ measured and estimated irradiance on a vertical surface
temperature differences coupled with low irradiance values aQn
partly cloudy days. Second, variations in wind speed, which drive Source of Temperatures for Power Model
the forced convective cooling on the outside panel surface, result

900 W/m*

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

S

Peak Power (W)

30

in significant changes in panel temperatures. This effect is more NOCT Model

pronounced at higher values of solar irradiance due to the elevated Measured Measured Vertical ~ Predicted Vertical

temperatures of the panel. Insulation (kWh) Irradiance(kWh) Irradiance(kWh)
The uninsulated s_ingle c_rystalline panel temperature, predictet ygne 8.40 863 777

by the NOCT technique, Fig.(@), shows that the measured tem- R-20 7.93 8.63 7.77

perature differences can deviate 10 K or more from the NOGE
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Table 8 R? values for all combinations of convection relations

Natural Convection Relation Number

Forced

Conv. # 1 2 4
1 0.9451 0.9427 0.9456 0.9449
2 0.9721 0.9666 0.9720 0.9720

Table 9 R? comparison of model variations between each

panel
Temperature Model
Insulation Level 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
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Fig. 5 Measured and predicted uninsulated panel temperatures for Models 1-4 for a

(b) cloudy day
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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

sulated and uninsulated panels are equal. Table 5 shéwalies cloudy days than the NOCT model using the measured vertical
for the two panels using both the measured vertical irradiance angdiance. This difference results from the small difference be-
the predicted vertical irradiance, Eq48)—(21). tween the two irradiance values. A small difference in the irradi-

Table 6 demonstrates the large deviation in the predicted ele@sice makes a large difference in the power. Figure 4 illustrates the
trical power of an uninsulated and insulated single crystallinghange in predicted peak power as a function of panel tempera-
panel for both a clear and cloudy day. As stated earlier, the petake. The peak power can differ greatly within a 20 K window at
power was predicted using the various measured and estimaiégher values of irradiance. Table 7 shows the energy production
panel temperatures in a model proposed by Sandia National Lapoedicted using the actual panel temperatures and using the panel
ratory [5]. The NOCT model using the transformed horizontalemperatures predicted by the NOCT model for the entire mod-
irradiance results in a power prediction that is slightly different oaled period.
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Table 10 Comparison of predicted total energy production
over the modeled period using measured temperatures and
temperatures predicted by model 1-4

power predicted using the measured panel temperatures, which
corresponds to the closely matching temperatures predicted by the
model.

The insulated panel temperatures are also more closely pre-
dicted using Model 1, Fig. 6, compared to the NOCT model. The

Source of Temperatures for Power Model

Measured Model (kWh) proposed model overpredicts the panel temperatures during the
Insulation (kwh) 1 2 3 4 midday. This overprediction may be the result of the one-
N 570 570 53 576 -5 dimensional heat transfer assumption in the insulated case. The
one . _ . . . . . P o
R-20 793 778 769 796 704 thermal resistance of the insulation is so great that a significant

amount of heat may be lost laterally to the aluminum framework
supporting the panel. The overprediction of the panel tempera-
tures results in an underprediction of the peak power using Model
1, as seen in Table 11. Also, Table 10 shows that the overpredic-
One-Dimensional Heat Transfer Model. The original one- tion _of temperatures by Model 1 results_ln a slight drop in the
dimensional transient heat transfer model, Model 1, was expecf¥igdicted energy production over the entire modeled period.
to more accurately and precisely predict panel temperatures ad he first variation in the modeéModel 2), which assumes that
compared to the NOCT model. Four variations of the model wetge temperature of the surroundings is equal to the respective am-
run over the same data set to investigate the benefits of increaddigt temperatures, results in a higher temperature prediction rela-

model complexity. First, convection relations for the inside anéive to Model 1. In general, the effective temperature of the out-
outside surfaces were chosen. door surroundings is less than the outdoor ambient temperature.

) ] ] ~ Therefore, the outdoor radiative heat transfer decreases with this

Forced and Natural Convection RelationsAll eight combi-  assumption, and less heat transfer to the environment would drive
nations of the applicable forced and natural relations, Tables 2 apg predicted panel temperatures higher.
3, were run on the same data set. A composite value ébFboth Conversely, the second variation of the mo@ébdel 3), which
panels was computed for each convection relation combinatifimplifies the model further by assuming that the wind speed mea-
which gave a quantitative measure of the accuracy of each cogired on the roof equals the wind speed on the wall, works to
bination. Table 8 lists the Rvalues for each combination of con-improve the temperature predictions for both the insulated and
vection relations. The convection relation numbers for both forceghinsulated panel. The wind speed on the roof is significantly
and natural convection reference Tables 2 and 3, respectively. Higher than the wind speed on the BIPV wall. Thus, the convec-
bolded entry in Table 8,(forced convection relation 2, naturaltive heat transfer at the outside surface is higher, which brings the
convection relation I was chosen as the best set because it riemperatures down in both cases. The decrease in panel tempera-
sulted in the highest Rvalue. The Sparrow correlation, forcedtures results in a higher predicted power, which improves the
convection relation 2, and the Ostrach relation, natural convectigisulated predicted total energy production but makes the total
relation 1, were used as the forced and natural convection Nussgiergy prediction worse for the uninsulated case.
numbers, respectively, for all four variations on the 1-D heat The majority of users will employ Model 4. This model uses
transfer model. measured horizontal radiation to approximate the solar radiation

Model Variations. Different model variations were considered2" & sloped surface, a vertical surface in the case of the NIST
with the understanding that few end-users would have the depthEHFV test ped '_I'he iradiance _transformatlon slightly underesti-
information and measurements available through NIST’s gippates the |rrgd|aqce on a yerthal sqrface for cloudy days.
test bed. As shown previously in Table 4, Model 1 includes all The lower |rrad|ance_e§t|mat|0ns in Model 4 lead to a cooler
available data from the test facility, and Model 4, for examplé)anel temperature prediction for both panels on cloudy days. The
includes data that is expected to be available to all users. Tapl@Y'€! temperature predictions on clear days closely match those in
compares Rvalues between models for both panels. e previous model. Similarly, the power prediction for cloudy

Figures 5 and 6 show the panel temperatures predicted by ﬁg@s suffers due to the lower irradiance estimate, but on clear
different model variations for the uninsulated and insulated ays, the peak power closely matches that of Model 3.

pan
els, respectively. Model 1 predicts the operating temperature ofComparison of NOCT Model and Model 4. Using the
both panels considerably better than the NOCT model. Figuretfansformed horizontal irradiance measurements, the NOCT
shows that the uninsulated panel temperatures are within 5ntodel and the fourth version of the one-dimensional heat transfer
throughout both the clear and cloudy days. This is an improverodel start on an even plane. Figure 7 shows that Model 4 pro-
ment over the 10 K underprediction of the NOCT model for anides a better estimate of the panel temperatures for both insulated
uninsulated panel. This improvement can be seen in theaRie and uninsulated panels. Except for the partly cloudy day with the
for Model 1 in Table 9. The predicted power, Tables 10 and llgwer irradiance estimate, both the NOCT model and Model 4
using the panel temperatures from Model 1 closely agree with thiosely predict the power output for the uninsulated panel, as

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

Uninsulated Panel

Uninsulated Panel

Insulated Panel

Insulated Panel

Source of Panel Clear Day Cloudy Day Clear Day Cloudy Day
Temperatures kWh % Diff kWh % Diff kWh % Diff kWh % Diff
Measured 0.296 0.191 0.277 0.182
Model 1 0.294 -0.7 —0.190 -0.6 0.270 —-2.6 0.178 —2.4
Model 2 0.292 -14 0.190 -0.8 0.266 -4.1 0.176 -3.6
Model 3 0.297 0.2 0.191 0.0 0.278 0.1 0.180 -1.1
Model 4 0.294 -0.7 0.169 -11.8 0.275 -0.7 0.160 -12.1
NOCT-Measured Vertical Irradiance 0.307 3.6 0.196 2.5 0.307 10.6 0.196 7.7
NOCT-Predicted Vertical Irradiance 0.304 2.6 0.173 -9.6 0.304 9.6 0.173 -5.0
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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

shown in Table 11. However, the NOCT model greatly overpre- Table A2. Instrument uncertainties

dicts the power for the insulated case. This clearly shows the

limitations of the NOCT model. The NOCT model does not havenstrument UncertaintyType)

the ability to adjust to the different mounting scenarios; it predicts

the exact same power for both the insulated and uninsulat&germocouple 0.09°CA)

panels. Thermometers 0.03°(B)
PSP 0.5%B)
NIP 0.5%(B)

Conclusions PIR 1.0%(B)

The NIST BIPV test facility provides high-quality experimental Anémometer 0.135 miB)
data for the validation of predictive performance tools. The NOCT PYM 0.005% of reading-0.004% of full scal¢B)
model is widely used to estimate panel temperatures, but the data
recorded at NIST indicates that the NOCT model consistently
underpredicts the panel temperatures, and the actual panel tem-
peratures can be as much as 20 K higher than the predictions of
the NOCT model for an insulated panel. A more complex, one- These expanded uncertainties were calculated using the law of
dimensional heat transfer model was derived to improve upon tpepagation of uncertainty and a coverage factor di22). The
NOCT model. Forced and natural convection relations were choncertainty of the thermocouples used to mea3uggandT ympient
sen from 8 combinations, and four variations of the model wekeas determined statistically from a calibration performed with
investigated. Model 1 included measurements not readily avaMST calibrated thermometers. The uncertainties of all other in-
able to most building designers, but it was the most realististruments were assumed from manufacturer’s specifications. All
Model 4 only included variables that are accessible by the majamcertainties reported by a manufacturer that did not include a
ity of designers. All of the models reasonably predicted the pansbverage factor were assumed to incorporate a coverage factor of
temperatures for both insulated and uninsulated panels. Wheitk=1). The instrument uncertainties are listed in Table A2.
compared to the NOCT model, Model 4 more accurately modeled
the panel temperatures, especially for insulated panels.

Appendix A Nomenclature
The uncertainties of the measured quantities used to evalug
the one-dimensional and NOCT models in this paper are shownin G = solar irradiancéW/m?)
Table Al. Gettective = €ffective irradiance on a BIPV pané&v/m?)
Gr = Grashoff number
H = height of panelm)
L = thickness(m)
NOCT = nominal operating cell temperatufk)

ercase

Table Al. Expanded uncertainties of measured quantities

Quantity Expanded Uncertaintyk= 2) Nu = average Nusselt number
S P = perimeter of panelm)
Tl 8'%302 Pr = Prandtl number
ambient . _
surr 1.50°C Re = Reynolds number
surr.indoor 1.50°C R? = correlation coefficient
Gotal 12.0 Winf T = temperatureK)
beam 12.0 Winf V = _
\ 0.27 m/s = ve_:louty (m/s)
Peak Power 0.48 W W = width of panel(m)

Zenith = elevation of sun in skydegreep
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Lowercase

day =
h =

T30 x
(1]

feo)
—
I

Greek

bm§ ™ EYDQ
Il

«6) =

Subscripts

conv =
Hor =

210 / Vol

integer day of the yeal—363

average convective heat transfer coefficient
(WIM?K)

thermal conductivity(W/m K)

index of refraction

heat flux(W/m?)

time (s)

solar absorptance of the PV cell

slope of paneldegrees

length of time stegs)

emmisivity

average efficiency of PV cell

incident angle of sun on panélegreep

density (kg/m?)

solar transmittance as a function of the incident
angle

heat flux due to convection
irradiance on a horizontal surface

= material indicator(glass, PV cells, backsheet, or

insulation

= inside

nominal operating cell temperature

measured by a normal incidence pyrheliometer
outside

measured by a precision infrared radiometer
measured by a precision spectral pyranometer
heat flux due to radiation

123, AUGUST 2001

s = surface
st = heat flux due to energy storage
surr = surroundings
total = net irradiance
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