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Abstract

Sandia National Laboratories is actively involved in the development of an
accurate photovoltaic (PV) performance model, called PVFORM. A neces-
sary part of this modeling effort is the prediction of the operating cell
temperatures. This report describes a computer model that accurately
predicts the cell temperature of a photovoltaic array to within 5°C. This
thermal model requires a minimum amount of input and has been incorpo-
rated into PVFORM. The major input parameter to this model is the
“Installed” Nominal Operating Cell Temperature or INOCT. The program
uses INOCT to characterize the thermal properties of the module and its
mounting configuration. INOCT can be estimated from the Nominal Oper-
ating Cell Temperature (NOCT) and the mounting configuration, or from
cell temperature data from a fielded array.
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INTRODUCTION

Sandia National Laboratories is actively involved in modeling the elec-
tical energy production of photovoltaic arrays in order to better evaluate
the performance of existing arrays and predict the performance of theoretical
ones. Any such model must obtain or calculate the three major parameters
that are used to determine the array output power at a particular instant in
time. These parameters are the plane of array insolation, module operating
characteristics, and the average cell temperature. The model presented in
this report can be used to calculate the average cell temperature of a flat-
plate array so that it can be used in accurate energy predictions. This
thermal model has been incorporated into PVFORM, a small but accurate PV
performance model developed at Sandia National Laboratories.

The thermal model was designed to use as few data inputs as possible,
making the code easier to use and reducing the probability of improper values
being inputted by the user. The required inputs include the plane of array
insolation, ambient temperature, wind speed, average array height above
ground, anemometer height, and the “"Installed" Nominal Operating Cell Temper-
ature (INOCT). INOCT is defined as the cell temperature of an installed
array at NOCT conditions (800 W/m? insolation, 20°C ambient temperature, and
1 m/sec wind speed). It differs from the JPL standard, the NOCT temperature,
in that the mounting configuration is accounted for only with INOCT. The
NOCT temperature is applicable only for open circuited, rack mounted modules.

The thermal model uses INOCT to estimate the heat gain and the convec-
tion and radiation losses at NOCT conditions. The model then varies the
values of these parameters according to the variation in the environmental
conditions. For instance, from INOCT the model obtains the convective coef-
ficient at a wind speed of 1 m/sec. Because the laminar convective coeffi-
cient varies with the square root of the wind speed, we can obtain the proper
convective coefficient at any wind speed in the laminar region. Similarly,
the model is capable of predicting the heat gain and convective and radiation
losses at any environmental condition. The model also incorporates a thermal
capacitance to similate the natural temperature lag of a typical module.

Three of the remaining input parameters can be obtained from meteoro-
logical data: plane of array insolation, ambient temperature, and wind speed.
In fact, the plane of array insolation does not appear in most meteorological
data tapes, but it can be obtained by using direct normal and horizontal inso-
lations and an insolation model such as the one in PVFORM. The remaining




other input parameters are the array and anemometer height above ground. They
are used to adjust the wind speed to the array height.

ACCURACY OF THE THERMAL MODEL

Several comparisons were made between the model and actual field data.
Appendix C contains 41 plots displaying these comparisons. In every case,
the error is less than 5°C. Listed in Table 1 are the INOCTs and the
weighted uncertainties of the model for several prototypes at the Southwest
Residential Experiment Station (SWRES). The uncertainties were weighted with
insolation because PV energy predictions are more sensitive to errors at high
insolation levels than at low insolation levels. In each case, the uncer-
tainty is less than 4°C, and typically is around 2.5°C.

The results shown in Table 1 and in Appendix C demonstrate that the
accuracy of this model is more than adequate for most PV applications. To
obtain better results, one would have to characterize the geometry of the
array and the thermal conductances of the module and its surroundings. Such
an effort is difficult and would decrease the error only to *3°C. The advan-
tage of this model is that the thermal properties of the module and its
mounting configuration are characterized by one value, INOCT. A more detail-
ed model would require extensive input, which would increase the possibility
that the user would input improper values.

Table 1: INOCTs and the weighted uncertainties of the thermal model for var-
ious prototypes at the SWRES.

Prototype INOCT (°C) Uncertainty (*°C) Number of Records

GE 65.2 1.8 1257
Solarex 58.3 2.3 1256
Arco 53.0 2.5 1259
ARTU 51.8 3.6 1271
BDM 51.6 2.8 1176
Westinghouse 49.4 2.6 1266
TEA 45.8 2.4 1252
Tri-Solar 448 2.4 1177
XT at 0 SOH 65.8 1.6 455
XT at 1 SOH 59.8 1.6 434
XT at 3 SOH 51.2 1.8 428
XT at 6 SOH 48.1 1.8 480
XT at 9 SOH 46.1 1.9 443

As with any model, certain assumptions that may not apply to every ap-
plication are written into this model. For instance, the model assumes a
fixed absorptivity for all modules, but not all modules have the same absorp-
tivity. Because of the way the model is written, these differences do not
affect the results significantly. The model is given the exact cell tempera-
ture at NOCT conditions, i.e. INOCT, and the model determines the difference
between the cell temperature and INOCT from the difference between the envi-
ronmental conditions and NOCT conditions. Thus if the model is high in its
absorptivity, it will be low in its convection and radiation so that the
equations will balance at the NOCT conditions. This may cause some error
when the environmental conditions diverge from the NOCT conditions, but the
error is typically small.



DERIVATION OF THE THERMAL MODEL

Energy Balance Solution

A PV module can be modeled as a single lump of solid material at a uni-
form temperature Tc (Figure 1). The module receives heat in the form of
insolation, S, and loses heat in the form of convection to ambient, Ta, and
radiation to the sky and ground, Ts and Tg. The energy balance is displayed
in the equation below:

dTc
hc-(Tc - Ta) + €-0-(Tc* - Ts*) + e€-0-(Tc* - Tg*) - a-S + mc-— = 0 . (L)
& dt

Ta S Ts

convective
resistance

e

radjoﬁve

TA TG

Figure 1: Schematic depiction of the simplified thermal model.

We can linearize this equation by noticing that the radiation terms can
be expanded:

(Tc* - Ts*) = (Tc? + Ts?):(Tec + Ts)-(Tc - Ts) . (2)

Since the product (T2 + Ts?) - (T + Ts) changes less than 5% for a 10°C
variation in Tc, we can consider this product to be nearly constant. By
doing so, the radiation terms in equation 1 become linear, and the equation
can be easily solved. After solving for Tc, we can reevaluate the value of
this constant and then solve for Tc again. A nearly exact solution can be
obtained after 5 iterations. We can simplify the heat balance equation by
defining a radiation coefficient, hr:

hr, = e¢-0-(Tc? + Ts?)-(Tc + Ts) (3)

hr8 - ¢c-0-(Tc? + ng)-(Tc + Tg) . 4



We can also assume that the insolation varies between time steps in a
linear fashion:

S = S, + AS-t/At . (5)

This is done so that the insolation profile is modeled as a continuous func-
tion, rather than as a step function. A step function is not a realistic
depiction of the insolation profile over time, and leads to an additional
error in the calculation of Tc. The resulting heat balance is displayed
below:

daT
hc:(Tc-Ta) + hr,-(Tc-Ts) + hrs-(Tc-Tg) - - (S,-AS-t/AL) + m-c-azi =0 . (6)

We can now obtain an explicit expression for Tc (Equation 7) by integrating
equation 6:

L
_ (hc-Tathr,-Tsthr, -Tgta-Sota-AS/L)-(1 - e7) + aAS Te,-eb . 7
he + hr, + hr,

Tc

Tc, is the module temperature at the start of the time step and L is
determined using

L=- (he + hr, + hr5)~At/(m-c) . (8)

In general terms, 1/L is the capacitance of the module. It is that factor
which characterizes the thermal lag of a module.

In equation 7, we either know or can obtain a value for every parameter
on the right hand side of the equation. We determined Tc, from our calcu-
lation for the last time step. We are given Ta, and with it, we can estimate
Ts, and thus also hr,. But because hr, also varies with Tc, for which we are
solving, we have to iterate our solution. §_,, AS, and the time step are
available as input data. The overall convective coefficient, hc, is the sum
of the top and bottom convective coefficients. We can determine the top side
convective coefficient with very little difficulty, but the coefficient for
the bottom side will have to be approximated using the top side convective
coefficient and INOCT. We can estimate T, from the module and ambient tem-
peratures, and thereby also determine hr,. We can estimate values for the
absorptivity, emissivity, and thermal mass from known properties of modules.

Convective Coefficient on the Top Surface of the Module

The convective coefficient is highly dependent upon the profile of the air
near the surface of the module. This profile can be either laminar, turbu-
lent, free, or any combination of the three. Therefore, we must use convec-
tive coefficient equations for all three regions as well as for any transi-
tion or mixed regions. At the SWRES, a structured experiment was conducted
to determine the top side convective coefficient. Several modules were
mounted on a roof and insulated underneath. The top side convective coeffi-
cients were determined for a wide range of wind speeds and compared to pre-
dictions from published equations. E. M. Sparrow proposed equation 9 for the
laminar convection in the environment, and it was found to closely approx-
imate the actual convective coefficients:



St-Pr® % = 0.86-Re™3 Re < 1.2-10° ., (9)

The standard convection equation for laminar flow over a flat plate (Equation
10) is 9% higher than the equation proposed by Sparrow, and predicts coef-
ficients that are slightly higher than the data.

St-Pr?% = 0.94-Re™®-3 Re < 1.2:10° (10)

For turbulent convection, the only applicable equation is the standard
equation for turbulent flow over a flat plate:

St-Pr® 4 = 0.031-Re™°-? Re > 1.2:10° . (11)

This equation predicts coefficients that are slightly higher than the data
obtained at the SWRES. 1If we decrease this equation by the same 9% that we
found for laminar flow, we obtain an equation that fits the data adequately:

St-Prl* = 0.028-Re™®-2 Re > 1.2-10° . (12)

The length scale for the Reynolds number in equations 9, 10, 11, and 12
is the hydraulic diameter of the module. Most modules have dimensions of 0.3
x 1.2 meters, and therefore a hydraulic diameter of approximately 0.5 m.

For free convection, G. C. Vliet'’s equation was found to fit the data
adequately:

Nu = 0.21.(Gr-Pr)%32 | (13)

The Grashof number in equation 13 contains the sine of angle of inclination.
A tilt angle of 30° is assumed in the model.

There are two transition regions between the free, laminar, and turbu-
lent regions. The region between the laminar and turbulent regimes can be
modeled as an abrupt change at Re=1.2-10° without incurring any severe
penalty. But the region between the free and laminar regions needs to be
modeled as a gradual transition. The method for modeling this transition was
first determined by Churchchill (1977), and then supported by Ruckenstein
(1978), Shenoy (1980), and Siebers (1983). They all determined that the
mixed convective coefficient can be obtained by taking the cube root of the
cubes of the free and forced convective coefficients:

3
hta‘lixed = hF:ee + hgorced g (14)

This method was substantiated with test data from the SWRES.

Heat Loss from the Bottom Surface of the Module

The convective coefficient on the bottom surface of the module cannot be
precisely modeled without a complete description of the geometry under the
array. The convective coefficient, for example, would be much less for a two
inch standoff mounted array than it would be for a rack mount. The effect of
the different mounting configurations can be approximated, though, by scaling
the bottom side convective coefficient to the top side, and determining the
scaling factor using INOCT.




INOCT is the cell temperature at very specific environmental conditions
(800 W/m? insolation, 20°C ambient, 1 m/sec wind speed). The radiation loss
to the sky and the convection from the top surface of the module at NOCT
conditions can be estimated. The remaining heat loss is due to the convec-
tion from the back side of the module and the radiation to the ground or
roof. Thus we can determine the amount of heat transfer through the bottom
of the module using INOCT.

It is assumed that the ground or roof temperature is somewhere between
ambient temperature and the module temperature. For a rack mount, the con-
vective coefficient under the module is approximately equal to that on top of
the module and the ground or roof temperature would be equal to ambient. We
can consider the rack mount as the ideal case for maximum heat transfer. If
the situation would be any less than ideal, it is assumed that the radiation
and convection under the module would be penalized equally. We can calculate
this penalty by using the energy balance equation at NOCT conditions:

a-S - hep (Tryoer - Ta) - hry- (Trpoer - TS)
= heg  (Tygocr - Ta) + hrg'(TImxT - Tg) . (15)

We can denote R as the ratio of the actual to ideal heat loss from the back
side convection and radiation:

_ hep (Tryoer - Ta) + € 0 (Tryocr - T8")
hey  (Tryocr - Ta) + €-0- (Tpyoer' - Ta*)

(16)

Substituting the numerator in equation 16 for the left hand side of equation
15 yields an equation for R that can be readily evaluated at NOCT conditions:

@S - hep  (Tiyoer - Ta) + €0+ (Tryocr - TsY)
hep  (Tryocr - Ta) + €:0 (Togoer' - Ta®) )

(17)

After obtaining the ratio, R, we can determine the convective coefficient
under the module and the ground or roof temperature:

hcy = R-hey (18)
Tg = [Tmoer' - R* (Toyoer' - Ta*) 192 . (19)

These equations, again, are applicable only at NOCT conditions. For all
other environmental conditions, the bottom side convective coefficient is
considered to be proportional to the top side convective coefficient.
Therefore, we can calculate hcy in the same manner as in equation 18. The
total convective coefficient, hc, is just the sum of the top and bottom
convective coefficients.

To determine the ground or roof temperature at other environmental cond-
itions, it was assumed that the ground or roof temperature is always between
the ambient and module temperatures, and can be scaled as a ratio of these
temperatures (Equation 18). Thus, the ratio, R, 1is assumed to be constant
for all environmental conditions:

Tg = Ta + RB-(Tc - Ta) . (20)



R, is determined at NOCT conditions using equations 19 and 21:

Tg - T
R, -~ —2 2 (21)
Tinocr - Ta

In our numerical solution, the ground temperature now varies with the module
temperature, for which we are solving. Therefore, we will have to iterate
the solution of module temperature in order to obtain an appropriate ground
temperature.

The Wind Speed at the Module Height

The wind speed at the array height is usually lower than the given wind
speed in the input data. TMY data tapes contain wind speeds that are applic-
able only where the anemometer was placed, 30 feet above the ground. The

variation of wind speed with array height is best modeled with the following
equation:

w = wr-(y/yr)®? . (22)

Equation 22 is a simple power law relationship with the value of p dependent
upon the type of air flow and obstructions in the area. Turbulent flow in a
wind tunnel follows this power law profile with p being equal to 1/7. 1In the
open country, the wind speed follows the same equation, but p is equal to
1/5. In the city, wind speed profiles are harder to obtain, but equation 22
can be used with a value of 1/3 for p. Since most photovoltaic installations
are not in the middle of a city nor in a wind tunnel, the value of p that the
model uses is 1/5.

Sky Temperature

The prediction of the sky temperature depends on many factors that can
not be used as input to a simple thermal model. The sky temperature is
dependent upon the ambient temperature, humidity, amount of cloud cover, type
of cloud cover, and elevation. Of these dependencies, only the ambient tem-
perature is is readily available. In 1963, Swinbank proposed equation 23 as
a suitable sky temperature equation for clear sky conditions:

Ts = 0.0552-Tal-d . (23)

He apparently averaged out the effects that humidity and elevation have on
sky temperature. This equation, though, is not applicable during cloudy
days. During days with complete cloud cover, the sky temperature will
approach that of ambient. Thus we can expect that the average sky temper-
ature would be somewhere between ambient and the value Swinbank's equation
would predict. The average amount of cloudiness across the United States can
be estimated using the clearness index. The average clearness index for 68
cities across the United States is 0.61. If we assume that a perfectly clear
day has a clearness index of 0.90, then we can assume the cloudiness and
haziness causes a 32% decrease in the horizontal insolation. We might also
assume that the cloudiness and haziness causes the sky temperature to be 32%
closer to ambient on the average day than what it would be during clear days.



Thus we can modify Swinbank’s equation to account for the average cloudy day
in the United States:

Ts = 0.68-(0.0552-Ta'">) + 0.32-Ta . (24)

Absorptivity and Emissivity

The absorptivity in this analysis is defined as that fraction of the
array plane insolation that is converted into thermal energy in the module.
In terms of the reflectivity, r, and the module efficiency, n, the absorp-
tivity, a, can be calculated using the following equation:

a=(1-1r)(1 -9 . (25)

The wavelength spectrum for the reflectivity covers the whole solar
spectrum (below 3.5 microns), and is not limited electrical response spectrum
of a PV cell. Table 2 shows reflectivities and emissivities of four differ-
ent modules. A typical module has a reflectivity of approximately 0.10, and
since typical efficiencies are on the order of 0.08, the model uses 0.83 as
its absorptivity.

Table 2: Overall reflectivities and emissivities of four PV modules.

Manufacturer Reflectivity Emissivity

ARCO 0.09 0.87
Solarex 0.15 0.83
Motorola 0.07 0.83
GE 0.09 0.86
Average 0.10 0.84

The wavelength spectrum for the emissivity is the same as the thermal
radiation spectrum of an object at 40°C (above 3.5 microns). A typical value
for the emissivity of a module is 0.84.

The Thermal Mass of the Module

The thermal mass per unit area of a module, m-c, is required in the
model to similate the thermal lag of a typical module. An exact value for
m-c is not required, because variations of 50% in the value of m-c will not
appreciably change the results of the model. The thermal mass per unit area
of four different modules are shown in Table 3.

Table 3: Thermal mass per unit area of four PV modules.

Manufacturer m-c (J/m?°C)

ARCO 8,600
Solarex 13,000
Motorola 9,300
GE 12,900
Average 11,000



The average thermal mass is 11,000 J/m2°C. For direct and some standoff
mounts, however, the thermal mass of the module is affected by the mass of
the roof. Since these types of mounts typically have rather high INOCTs, we
can tie the thermal mass of the module to its INOCT. The method for doing
this in the model is displayed in following equations:

m-c = 11,000 Tinocr =

48°C (26)
m-c = 11,000 [1 + (Tiyoer - 48)/12] Togocr > 48°C

(27)

9,10




INSTALLED NOMINAL OPERATING CELL TEMPERATURE

Estimating INOCT from NOCT and Mounting Configuration

As noted earlier, INOCT or the "Installed"” Nominal Operating Cell Tem-
perature is the cell temperature of an installed array at NOCT conditions.
It differs from the JPL standard, the NOCT temperature, but INOCT can be
obtained using the NOCT temperature and the mounting configuration. The
determination of INOCT is critical in order to use the thermal model.

At the Southwest Residential Experiment Station (SWRES), a structured
experiment was conducted to characterize the thermal behavior of a PV array
under different mounting schemes. The experiment varied the standoff height
of the array in an attempt to similate three different mounting configura-
tions. The minimum standoff height of zero inches similated a direct
mount; the 9 inch standoff height approximated a rack mount, and the remain-
ing heights depicted various types of standoff mounts. The modules were
manufactured by Motorola Corp. and had a NOCT temperature of 49°C. The
results of the experiment are shown in Table 4. According to these results,
INOCT for direct mounts are 17° to 20° higher than NOCT. Rack mount can
expect to have INOCTs about 3° lower than NOCT. INOCTs for standoff mounts
are -1°C to 11°C higher than NOCT temperatures.

Table 4: Variation of INOCT with Standoff height. The standoff height is
measured from the roof to the module frame.

Standoff Height INOCT INOCT - NOCT
(inches) (°C) (°C)
0.t 68.1 20
0. 65.8 17
1. 59.8 11
3. 51.2 2
6. 48.1 -1
9. 46.1 -3

tInsulation was placed under the modules to simulate a worst case situation.

Table 5: Comparison of INOCT and NOCT.

Prototype INOCT (°C) NOCT (°C)
GE 65.2 58.%
Solarex 58.3 49,
Arco 53.0 56.%
ARTU 51.8 46 .
BDM 51.6 49,
Westinghouse 49 .4 46.
TEA 45.8 49,
Tri-Solar 44 .8 --

{NOCT was obtained while the module was direct mounted.

INOCTs were obtained from the different prototypes at the SWRES and were
compared to their NOCT temperatures (Table 5). TEA is the only rack mount,
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and as predicted its INOCT is 3°C lower than the NOCT temperature. The GE
prototype is the only real direct mount, and its INOCT is about 18°C above
typical NOCT temperatures. The NOCT temperature listed for the GE module is
unusually high because the module was mounted as a direct mount when the NOCT
temperature was determined.

The three standoff mounts also have INOCTs that can be predicted from
the results of the standoff height experiment. BDM has a standoff height of
5 inches, but obstructions under the array effectively reduce this height to
3 inches. Thus we would expect its INOCT to be about 2°C higher than its
NOCT temperature, and in fact, it is about 2.6°C higher. The Solarex proto-
type has a standoff height of about 2 inches. We would thus expect its INOGCT
to be about 54°C, or 5°C above its NOCT temperature. In this case, though,
we are 4°C too low, which is a result of the channeling under the array.

This channeling blocks the east-west winds from cooling the underside of the
modules. The ARCO prototype is also a channeled standoff mount with a stand-
off height of 6 inches. The entrance and exit, though, are only 4 inches
wide, which effectively reduces the standoff height to 4 inches. Thus we
would expect an INOCT of 47°C. If we apply the same 4°C penalty for the
channeling, we obtain 51°C, which is very close to the actual INOCT of
51.8°C.

Table 7 summarizes the method for estimating INOCT from NOCT and the
mounting configuration.

Table 7: Method for obtaining INOCT from NOCT and the mounting configura-
tion.

Rack Mount INOCT = NOCT - 3°C
Direct Mount INOCT = NOCT + 18°C
Standoff/Integral INOCT = NOCT + X

W (inches) X(°C)
1 11
3 2
6 -1

where W is standoff, entrance, or exit
height/width, whichever is minimum.
Add 4°C if channeled.

Determining INOCT from Test Data

The most accurate method for determining INOCT is to use the program
"INOCT.for" (Appendix B) and actual cell temperature data from the array in
question. "“INOCT.for" uses the array data and the thermal model to determine
the best INOCT value. The program assumes an INOCT of 48°C, and then runs
the thermal model on all the data. The error between the actual and predic-
ted values is weighted with insolation, because the error during high insola-
tion periods has greater impact on the accuracy of PV energy predictions than
error during low insolation periods. The bias in the weighted error is added
to the INOCT value, and the thermal model is run on all the data again. This

12



process is repeated until the bias is less than 0.1°C. Since the program
uses the thermal model to determine INOCT, the thermal model is most accurate
when it uses an INOCT value from this program.

The input to "INOCT.for" is almost identical to that used for the thermal
model. "INOCT.for" does not require an INOCT value as input, but it does re-
quire actual cell temperatures along with the environmental conditions (inso-
lation, ambient temperature, wind speed, and time). The program was designed
to be run on a microcomputer, but it can alsc be run on larger machines. The
amount of time the program takes to run depends on the amount of environment-
al and cell temperature data it is required to analyze (there is no limit to
the number of records that it can analyze). The best results are obtained
when the number of data records exceed 500. The user should be sure to check

for anomalies in the data. Data obtained during rainy or snowy days should
be omitted.

SUMMARY

The cell temperature of a photovoltaic array can be accurately modeled
with the simple program described in this paper. The program, "Therm.for",
is accurate to within 5°C and requires a minimum amount of input. The major
input parameter is the "Installed" Nominal Operating Cell Temperature or
INOCT. The program uses INOCT to characterize the thermal properties of the
module and its mounting configuration. The value of INOCT can be estimated
from the NOCT temperature and the mounting configuration (refer to Table 7),
or from cell temperature data and the "INOCT.for" program.

13




SOH

TINOCT

NOMENCLATURE

Absorptivity of the module below 3.5 microns

Boltzman’s constant = 5.669-107® W/m?.°K*

Emissivity of the module above 3.5 microns

Module efficiency

Density of air

Kinematic viscosity of air

Overall specific heat of the module (J/kg°K)

Hydraulic diameter of the module (m)

Gravitational constant = 9.8 m/sec?

Grashof number = g‘(T-Ta)-Da/vz/T

Convective coefficient (W/m“°K)

Overall convective coefficient of the module (W/m?°K)

Convective coefficient on the bottom of the module (W/m?°K)

Convective coefficient on the top of the module (W/m2°K)

Radiative coefficient to the sky (W/m?°K)

Radiative coefficient to the roof or ground (W/m?°K)

Installed Nominal Operating Cell Temperature (°K)

Conductivity of air

Mass of the module per unit surface area (kg/m?)

Inverse of the thermal capacitance of the module

Nominal Operating Cell Temperature (°K)

Nusselt number = h-D,/k

Power law coefficient of the wind

Prandtl number = 0.71 for air

Reflectivity of the module

Ratio of bottom side heat transfer to top side

Ratio of ground temperature over ambient to module
temperature over ambient

Reynolds number = w-D,/v

Insolation (W/m?)

Insolation from the last time step (W/m?)

Change in insolation over the time step (W/m?)

‘Standoff height (inches)

Stanton number = h/(p-c-w)

Time (sec)

Time step (sec)

Ambient temperature (°K)

Cell temperature (°K)

Cell temperature from the last time step (°K)
Installed Nominal Operating Cell Temperature (°K)
Roof or ground temperature (°K)

Sky temperature (°K)

Wind speed at module height (m/sec)

Wind speed at anemometer height (m/sec)
Height of module (m)

Height of anemometer (m)
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APPENDIX A

The program below is the thermal model. It is written in Fortran 77 and
can be easily run on a microcomputer. If it is run on a microcomputer, it is
strongly recommended that a math coprocessor be installed in the computer.

THIS IS A VERY SIMPLE THERMAL MODEL FOR FLAT PLATE PV MODULES.
THIS MODEL IS BACED ON THE "INSTALLED" NOCT TEMPERATURE. IT
SCALES THE OVERALL CONVECTIVE COEFFICIENT FROM THE NOCT CONDITION
TO THE DESIRED ENVIROMENT AND THEN ESTIMATES THE OTHER THERMAL
PARAMETERS TO OBTAIN THE CELL TEMPERATURE.

NEEDED INPUT:
FROM SCREEN
INOCT TEMPERATURE (C)

FROM A DATA FILE
FIRST RECORD - MODULE HEIGHT, ANEMOMETER HEIGHT (M)
SUBSEQUENT RECORDS - DATE (YYDDD), TIME (H), POA INSOLATION (W/M2),
AMBIENT TEMP. (C), AND WIND SPEED (M/SEC).

OUTPUT TO A FILE:
DATE (YYDDD), TIME (H), POA INSOLATION (W/M2), AMBIENT TEMP. (C),
WIND SPEED (M/SEC), AND CELL TEMPERATURE (C).

sNeNcsEoEsEsEcNeEsEoNoNsNeoNeoReoNoNe N NO N

PROGRAM THERM

CHARACTER infile*15,outfile¥15

DATA BOLTZ/5.669E-8/,EMISS/0.84/,ABSORP/0.83/,x1len/0.5/
DATA CAP0/11000./

@]

OPENING THE INPUT AND OUTPUT FILES

PRINT *,’ INPUT THE NAME OF THE INPUT DATA FILE : '
READ(*,’ (A)')INFILE

OPEN(1,FILE=INFILE, STATUS='0OLD’)

PRINT *,’ INPUT THE NAME OF THE OUTPUT FILE : '
READ(*, ' (A) ' )OUTFILE

OPEN(2,FILE=OUTFILE, STATUS='NEW')

@]

READING THE inoct

PRINT *,‘INPUT INOCT : '
READ *, TINOCT
TINOCT=TINOCT+273.15

@]

CONVECTIVE COEFFICIENT AT NOCT

WINDMOD=1.

TAVE=(TINOCT+293.15) /2.
DENSAIR=0.003484%101325. /TAVE
VISAIR=0.24237E-6*TAVE**0.76/DENSAIR
CONDAIR=2.1695E-4*TAVE**(0 .84
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aaan

REYNOLD=-WINDMOD*XLEN/VISAIR

HFORCE=Q . 8600 /REYNOLD** . 5*DENSAIR*WINDMOD*1007./0.71%* 67
GRASHOF=9 . 8 /TAVE* (TINOCT-293.15)*XLEN**3 /VISAIR**2*0.5
HFREE=0.21% (GRASHOF*(0,71)**0.32*CONDAIR/XLEN
HCONV=(HFREE#*#*3+HFORCE**3)**(1/3.)

DETERMINING THE GROUND TEMPERATURE RATIO AND THE RATIO OF THE TOTAL
CONVECTION TO THE TOP SIDE CONVECTION.

HGROUND=EMISS*BOLTZ* (TINOCT**2.4293.15%%2, )*(TINOCT+293.15)

BACKRAT~(ABSORP*800 . - EMISS*BOLTZ* (TINOCT*%4 - 282 . 21%%4) -HCONV
+ *(TINOCT-293.15)) /( (HGROUND+HCONV)* (TINOCT-293.15))
TGROUND=( TINOCT#*%4 - BACKRAT* (TINOCT#%4-293 . 15%%4) ) %%0 , 25
IF (TGROUND . GT . TINOCT ) TGROUND=TINOCT
IF(TGROUND.LT.293.15) TGROUND=293.15
TGRAT=(TGROUND-293.15) /(TINOCT-293.15)
CONVRAT=(ABSORP*800. - EMISS*BOLTZ* (2*TINOCT**4-282 . 21%%4
+ -TGROUND**4) ) / (HCONV#* (TINOCT-293.15))

ADJUSTING THE CAPACITANCE OF THE MODULE BACED ON THE INOCT

CAP=CAPO
IF(TINOCT.GT.321.15)CAP=CAP*(1.+(TINOCT-321.15)/12.)

INITIAL VALUES

SUNO~O.
TIMEO=0.
DATEO=0.
TMODO=-293.15
N=0

READING THE DATA
REWIND 1
READ(1,*)HITEMOD,HITEANE

3 READ(1,*,END=20)DATE, TIME, SUN, TAMB ,WINDANE

N=N+1
DTIME=TIME-TIMEO+24 .*(DATE-DATEO)
TAMB=TAMB+273.15
SUN=SUN*ABSORP

SKY TEMPERATURE
TSKY=0.68%(0.0552*TAMB**1,5)+0.32%TAMB

WIND SPEED AT MODULE HEIGHT

IF(WINDANE.LT.O. )WINDANE=O.
WINDMOD=WINDANE* (HITEMOD/HITEANE)**0.2+0.0001

OVERALL CONVECTIVE COEFFICIENT
TMOD=TMODO
DO 10 J=1,10
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TAVE=(TMOD+TAMB) /2.
DENSAIR=0.003484*101325 . /TAVE
VISAIR=0.24237E-6*TAVE**0 .76 /DENSAIR
CONDAIR=2.1695E-4*TAVE**0 . 84
REYNOLD=WINDMOD*XLEN /VISAIR
HFORCE=0 . 8600 /REYNOLD** , S¥DENSATR*WINDMOD*1007 . /0. 71%% .67
1f (REYNOLD.GT.1.2E5)HFORCE=0. 0282 /REYNOLD#** , 2%

+ DENSATR*WINDMOD*1007 . /0. 71%%0 .4
GRASHOF=9 . 8 /TAVE*ABS (TMOD - TAMB) *XLEN#*%3 /VISAIR**2%0 . 5
HFREE=0 . 21% (GRASHOF*0 . 71)**0 . 32*CONDAIR /XLEN
HCONV=CONVRAT* (HFREE**3+HFORCE#*3)%*(1/3.)

c

C SOLVING THE HEAT TRANSFER EQUATION

c
HSKY~EMISS*BOLTZ* (TMOD**2 , +TSKY#*2 . )% (TMOD+TSKY)
TGROUND=TAMB+TGRAT* (TMOD - TAMB)
HGROUND=EMISS*BOLTZ* (TMOD**2 . +TGROUND**2 . )% (TMOD+TGROUND)
EIGEN=- (HCONV+HSKY+HGROUND) /CAP*DTIME*3600.
EX=0.
IF(EIGEN.GT. -10. ) EX=EXP (EIGEN)
TMOD=TMODO*EX+ ( (1. - EX) * (HCONV*TAMB+HSKY*TSKY+HGROUND*TGROUND

+ +SUNO+(SUN-SUNO) /EIGEN)+SUN- SUNO) / (HCONV+HSKY+HGROUND)
10 CONTINUE

MAKING THE NEW VALUES THE OLD VALUES FOR THE NEXT TIME STEP

[eNeNe]

TMODO=TMOD
SUNO=SUN

TIMEO=TIME
DATEO=DATE

OUTPUT

aOaan

WRITE(2,400)DATE, TIME, SUN, TAMB-273.15,WINDANE, TMOD-273 .15
400 FORMAT(F6.0,F6.2,F7.1,F7.2,F6.2,F7.2)
GOTO 3
20 RETURN
END
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APPENDIX B

This program can be used to determine the Installed Nominal Operating Cell

Temperature from field data., It is written in Fortran 77 and can be easily
run on a microcomputer. If it is run on a microcomputer, it is strongly
recommended that a math coprocessor be installed in the computer.

sNeEeNeNoNesNesEsNoNoNsNoNoNoNoNoNe!

aaOan

C
C

THIS PROGRAM COMPUTES THE "INSTALLED" NOCT TEMPERATURE FROM FIELD DATA.
IT MATCHES THE ACTUAL THERMAL BEHAVIOR OF AN ARRAY WITH THE RESULTS FROM
A SIMPLIFIED THERMAL MODEL REQUIRING THE INOCT AS INPUT. IT ITTERATES
INOCT TO PROVIDE THE BEST MATCH BETWEEN THE MODEL'S RESULTS AND THE
ACTUAL THERMAL BEHAVIOR. THE BEST ESTIMATE FOR INOCT IS WEIGHTED WITH
INSOLATION, SO THAT THE LEAST ERROR OCCURS AT HIGH INSOLATION LEVELS.

NEEDED INPUT FROM A DATA FILE
FIRST RECORD - AVERAGE MODULE HEIGHT, ANEMOMETER HEIGHT (M)
SUBSEQUENT RECORDS - DATE (YYDDD), TIME (H), POA INSOLATION (W/M2),
AMBIENT TEMP. (C), AND WIND SPEED (M/SEC).

OUTPUT TO THE SCREEN:
THE INSTALLED NOMINAL OPERATING CELL TEMPERATURE (C)

PROGRAM INOCT1

CHARACTER YES*1,DATAFILE*15

DATA BOLTZ/S.669E-8/,EMISS/0.84/,ABSORP/0.83/,x1len/0.5/
DATA CAP0/11000./

FIRST ESTIMATE OF INOCT
1 TINOCT=48.4273.15
OPENING THE DATA FILE

PRINT *,' INPUT THE NAME OF THE DATA FILE : '
READ(*,’ (A) ' )DATAFILE
OPEN(1, FILE=DATAFILE)

CONVECTIVE COEFFICIENT AT NOCT

2 WINDMOD=-1.
TAVE=(TINOCT+293.15) /2.
DENSAIR=0.003484%101325. /TAVE
VISAIR=0.24237E-6*TAVE**0.76/DENSAIR

. CONDAIR=2.1695E-4*TAVE**( . 84
REYNOLD=WINDMOD*XLEN/VISAIR
HFORCE=0 . 8600 /REYNOLD** 54 DENSAIR*WINDMOD*1007. /0.71%* 67
GRASHOF=9 . 8/TAVE* (TINOCT-293.15)*XLEN**3 /VISAIR**2*0,5
HFREE=0.21%(GRASHOF*0.71)*%*0.32*CONDAIR/XLEN
HCONV=(HFREE*#*3+HFORCE**3)%*(1/3.)

DETERMINING THE GROUND TEMPERATURE RATIO AND THE RATIO OF THE TOTAL
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C CONVECTION TO THE TOP SIDE CONVEGCTION.

C

[eNeXe]

oo Ne]

a0an (e N e}

[eNeNe!

HGROUND=EMISS*BOLTZ* (TINOCT#%2 ,+293 ,15%*2 )*(TINOCT+293.15)

BACKRAT=~(ABSORP*800 . -EMISS*BOLTZ* (TINOCT**4-282 . 21%%4) -HCONV
+ *(TINOCT-293.15))/( (HGROUND+HCONV)* (TINOCT-293.15))
TGROUND=( TINOCT*%4 - BACKRAT* (TINOCT**4-293 . 15%*4) )**0.25
IF(TGROUND.GT.TINOCT) TGROUND=TINOCT
IF(TGROUND.LT.293.15)TGROUND=293.15
TGRAT=(TGROUND-293.15)/(TINOCT-293.15)
CONVRAT=(ABSORP+*800 . - EMISS*BOLTZ* (2*TINOCT**4-282 . 21**4
+ -TGROUND**4) ) / (HCONV* (TINOCT-293.15))

ADJUSTING THE CAPACITANCE OF THE MODULE BACED ON THE INOCT

CAP=CAPO
IF(TINOCT.GT.321.15)CAP=CAP*(1.+(TINOCT-321.15)/12.)

INITIAL VALUES

BIAS=0,
STDEV=0.
SUNTOT=O0.
SUNO=0.
TIMEO=0.
DATEO=0.
TMODO=293 .15
N=0

READING THE DATA

REWIND 1
READ(1,*)HITEMOD,HITEANE

3 READ(1,*,END=20)DATE, TIME, SUN, TAMB,WINDANE, TACTUAL

N=N+1

DTIME=TIME-TIMEO+24 .%(DATE-~DATEO)
TAMB=TAMB+273.15
TACTUAL=TACTUAL+273.15
SUN=SUN+*ABSORP

SKY TEMPERATURE

TSKY=0.68%(0.0552*TAMB**1.5)+0. 32*TAMB

WIND SPEED AT MODULE HEIGHT

IF(WINDANE.LT.O.)WINDANE=0.
WINDMOD=WINDANE* (HITEMOD/HITEANE)#**0,2+0.0001

OVERALL CONVECTIVE COEFFICIENT

TMOD=TMODO

DO 10 J=1,10

TAVE=(TMOD+TAMB) /2.
DENSAIR=0.003484*101325. /TAVE
VISAIR=0.24237E-6*TAVE**0,76/DENSAIR

21




c

CONDAIR=2.1695E-4*TAVE**0. 84

REYNOLD=WINDMOD*XLEN/VISAIR
HFORCE=0.8600/REYNOLD** , SXDENSATR*WINDMOD*1007. /0.71%* 67
if(REYNOLD.GT.1.2E5)HFORCE~0.0282 /REYNOLD** 2%

+ DENSAIR*WINDMOD*1007./0.71%%0.4
GRASHOF=9, 8 /TAVE*ABS (TMOD - TAMB ) *XLEN*#*3 /VISAIR**2*0 .5
HFREE=0. 21* (GRASHOF*0.71)**0.32*CONDAIR /XLEN
HCONV=CONVRAT* (HFREE**3+HFORCE**3)**(1/3.)

C SOLVING THE HEAT TRANSFER EQUATION

C

[eNeXe]

10

HSKY~=EMISS*BOLTZ* (TMOD**2 . +TSKY**2 . )* (TMOD+TSKY)
TGROUND=~TAMB+TGRAT* (TMOD - TAMB)
HGROUND=~EMISS*BOLTZ* (TMOD**2 ,+TGROUND#**2 , ) * (TMOD+TGROUND)
EIGEN=- (HCONV+HSKY+HGROUND) /CAP*DTIME*3600.

EX=0.

IF(EIGEN.GT. -10. )EX=EXP(EIGEN)

TMOD=TMODO*EX+( (1. - EX) * (HCONV*TAMB+HSKY*TSKY+HGROUND*TGROUND
+ +SUNO+(SUN-SUNO) /JEIGEN)+SUN-SUNO) / (HCONV+HSKY+HGROUND )
CONTINUE

MAKING THE NEW VALUES THE OLD VALUES FOR THE NEXT TIME STEP

TMODO=-TMOD
SUNO=SUN

TIMEO~TIME
DATEO=DATE

CALCULATING THE BIAS AND STANDARD DEVIATION

20

BIAS=BIAS+(TMOD-TACTUAL)*SUN
STDEV=STDEV+ (TMOD- TACTUAL) **2*SUN
SUNTOT=SUNTOT+SUN

GOTO 3

CONTINUE

BIAS=BIAS/SUNTOT
STDEV=(STDEV/SUNTOT)**0.5
TINOCT~TINOCT-BIAS
IF(ABS(BIAS).GT.0.02)GOTO 2

OUTPUT

WRITE(*,'(/,1x,A) ' )DATAFILE
WRITE(*,400)TINOCT-273.15,STDEV, CONVRAT, TGRAT

400 FORMAT (

+ ' INSTALLED NOMINAL OPERATING CELL TEMPERATURE ' JF4.1,'°C

+/,' WEIGHTED UNCERTAINTY OF THE MODEL - ',F4.1,'°C’

+/,' RATIO OF TOTAL CONVECTION TO TOP = ',F5.2,

+/,' RATIO OF GROUND TO CELL TEMP ABOVE AMBIENT ,F5.2,//)
CLOSE(1,STATUS='KEEP’)

ANOTHER RUN?

PRINT *,’ ANOTHER RUN WITH A DIFFERENT INPUT FILE? :@ '’
READ(*, ' (A)')YES

IF(YES.EQ.'Y’' .OR.YES.EQ.'y')GOTO 1

RETURN

END

22
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APPENDIX C

This a collection of 41 plots of actual and predicted cell
temperatures from several prototypes at the Southwest Residen-
tial Experiment Station (SWRES). All the predictions were made

with the thermal model using the INOCT values presented in this
paper.
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Figure C-1: Actual and predicted cell temperatures from the BDM
prototype at the SWRES on June 5, 1982.
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Figure C-2: Actual and predicted cell temperatures from the BDM
prototype at the SWRES on September 14, 1982.
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Figure C-3: Actual and predicted cell temperatures from the BDM
prototype at the SWRES on December 17, 1982.
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Figure C-4: Actual and predicted cell temperatures from the TEA
prototype at the SWRES on June 26, 1982.
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Figure C-5: Actual and predicted cell temperatures from the TEA
prototype at the SWRES on September 16, 1982.
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Figure C-6: Actual and predicted cell temperatures from the TEA
prototype at the SWRES on December 18, 1982.
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Figure C-7: Actual and predicted cell temperatures from the TEA
prototype at the SWRES on March 13, 1983.
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Figure C-8: Actual and predicted cell temperatures from the Tri-
Solar prototype at the SWRES on June 26, 1982.
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Figure C-9: Actual and predicted cell temperatures from the Tri-
Solar prototype at the SWRES on September 16, 1982.
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Figure C-10: Actual and predicted cell temperatures from the
Tri-Solar prototype at the SWRES on December 18, 1982.

50.0

Actual
~~-~ Predicted

40.01

8
i

TEMPERATURE (C)
S
e

i 1

0.0 40 80 20 %60 200 240
™E (H)

Figure C-11: Actual and predicted cell temperatures from the
Tri-Solar prototype at the SWRES on March 9, 1983.
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Figure C-12: Actual and predicted cell temperatures from the
ARTU prototype at the SWRES on June 26, 1982.

70.0

TEMPERATURE (C)
5
e

20.0

10.0

Actual
-=--- Predicted

0.0 4.0

éB 16.0
TME (H)

200

240

Figure C-13: Actual and predicted cell temperatures from the

ARTU prototype at the SWRES on September 19, 1982.
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Figure C-15: Actual and predicted cell temperatures from the

ARTU prototype at the SWRES on March 11, 1983.
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Figure C-16: Actual and predicted cell temperatures from the
ARCO prototype at the SWRES on June 5, 1982.
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Figure C-17: Actual and predicted cell temperatures from the
ARCO prototype at the SWRES on September 16, 1982.
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Figure C-18: Actual and predicted cell temperatures from the
ARCO prototype at the SWRES on December 18, 1982.
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Figure C-19: Actual and predicted cell temperatures from the
ARCO prototype at the SWRES on March 11, 1983.
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Figure C-20: Actual and predicted cell temperatures from the
Westinghouse prototype at the SWRES on June 26, 1982.
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Figure C-21:

Actual and predicted cell temperatures from the

Westinghouse prototype at the SWRES on September 19, 1982.
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Figure C-22: Actual and predicted cell temperatures from the

Westinghouse prototype at the SWRES on December 17, 1982.
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Figure C-23: Actual and predicted cell temperatures from the
Westinghouse prototype at the SWRES on March 9, 1983.
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Figure C-24: Actual and predicted cell temperatures from the
Solarex prototype at the SWRES on June 5, 1982.
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Figure C-25: Actual and predicted cell temperatures from the
Solarex prototype at the SWRES on September 16, 1982.
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Figure C-26: Actual and predicted cell temperatures from the
Solarex prototype at the SWRES on December 18, 1982.
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Figure C-27: Actual and predicted cell temperatures from the
Solarex prototype at the SWRES on March 11, 1983.
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Figure C-28: Actual and predicted cell temperatures from the GE
prototype at the SWRES on June 26, 1982.
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Figure C-29: Actual and predicted cell temperatures from the GE
prototype at the SWRES on September 16, 1982.
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Figure C-30: Actual and predicted cell temperatures from the GE
prototype at the SWRES on December 18, 1982.
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Figure C-31: Actual and predicted cell temperatures from the GE
prototype at the SWRES on March 9, 1983.
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Figure C-32: Actual and predicted cell temperatures from the
Flexible Testbed at the SWRES on August 1, 1984. SOH = 9 inches.
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Figure C-33: Actual and predicted cell temperatures from the
Flexible Testbed at the SWRES on August 2, 1984. SOH = 9 inches.
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Figure C-34: Actual and predicted cell temperatures from the

Flexible Testbed at the SWRES on June 22,

1984.

SOH = 6 inches.
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Figure C-35: Actual and predicted cell temperatures from the

Flexible Testbed at the SWRES on June 27,

4Q

1984.

SOH = 6 inches.
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Figure C=-36: Actual and predicted cell temperatures from the
Flexible Testbed at the SWRES on July 21, 1984. SOH = 3 inches.
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Figure C-37: Actual and predicted cell temperatures from the
Flexible Testbed at the SWRES on June 22, 1984. SOH = 3 inches.
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Figure C-38: Actual and predicted cell temperatures from the
Flexible Testbed at the SWRES on July 12, 1984. SOH = 1 inch.
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Figure C-39: Actual and predicted cell temperatures from the
Flexible Testbed at the SWRES on June 13, 1984. SOH = 1 inch.
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Figure C-40: Actual and predicted cell temperatures from the
Flexible Testbed at the SWRES on July 1, 1984. SOH = 0 inches.
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Figure C-41: Actual and predicted cell temperatures from the
Flexible Testbed at the SWRES on June 2, 1984. SOH = 0 inches.
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