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SECTION I

INTRODUCTION

The electrical power output of photovoltaic solar cell modules
is dependent upon the operating temperature of the cells, and decreases
at a rate of approximately 0.5% per °C with increasing cell temper-
ature. Because of this temperature sensitivity, it is important to
understand the thermal characteristics of modules so that modules
and their supporting structures can be designed to reduce cell temper-
ature to the extent that it is cost-effective. An understanding of
module operating temperature characteristics is also necessary to allow
accurate prediction of module power output under field operating
conditions, and to allow accurate comparison of the field electrical
performance of different module designs.

The activity described in this report was conducted throughout
1977 and during the first half of 1978, as a part of the Engineering
Area of the JPL Low-Cost Solar Array (LSA) Project. This report is
a follow-up of the first thermal report (Reference 1) and covers all
the thermal activity in this interim period. The bulk of the testing
has been the characterization of twenty-nine modules according to their
nominal operating cell temperature (NOCT) and the effect on NOCT of
changes in module design, various residential roof mounting configura-
tions, and dirt accumulation.

Other tests, often performed parallel with the NOCT measurements,
evaluated the improvement in electrical performance by cooling the
modules with water and by channeling the waste heat into a phase change
material (wax). Electrical degradation resulting from the natural
marriage of photovoltaic and solar water heating modules was also
demonstrated. Cost effectiveness of each of these techniques are
evaluated in light of the LSA cost goal of $0.50 per watt.
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SECTION II

TESTING APPROACH AND ORGANIZATION

The test program during the period covered in this report has
had two objectives. Increasing our understanding of module thermal
performance so that cooler-running modules can be designed continues
to be the main objective. Secondly, obtaining the information to more
accurately avaluate the cost effectiveness of potentially promising
techniques (which could utilize the photovoltaic module in essentially
its present form) has become a significant part of the thermal test
program. Examples of promising techniques evaluated during this period
are a water cooled module, a module with a phase change material, and
the combination of a photovoltaic module and a solar water heating
module.

The natural light test procedure for determining the nominal
operating cell temperature (NOCT), which was discussed in the first
thermal study (Reference 1), has been utilized extensively and has
proven to be an excellent tool for understanding and characterizing
the thermal performance of the various modules. During this period,
the concept of NOCT has gained increased acceptance, and the results
of these determinations provide an important characterization of
module performance. Because of the block procurements and the parallel
R&D procurements, the NOCT effort is a countinuing one. NOCT-related
tests are discussed in Section 1V.

Since the data svstem for NOCT has been automated, other tests
are often carried out in a parallel mode. For the most part, these
"other tests' are thermal in nature. However, measurement of the electri-
cal performance during the day or around solar noon is often required
to evaluate a configuration or a particular effect. Many of these
tests support needs identified in the engineering or system area.
"Other tests'" are discussed in Section V.

The amount of analysis undertaken during this period has been
minimal and of "back-of-envelope'" caliber. If an approximation of
performance indicates a promising concept, it is more expedient to
build and test the configuration than to carry out a detailed computer-
type analysis. The flexibility of the data system, the large number
and variety of moduies available, and the various JPL shop facilities
enable this desirable operating mnde. Moreover, this approach is in
conformity with the accelerated design of the LSA program.
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SECTION III

TEST HARDWARE AND INSTRUMENTATION

A. MODULE PHYSICAL PROPERTIES

The NOCT has been measured on all of the modules shown in Figures
3-1 through 3-4. The Block I modules (Figure 3-1) were obtained in the
first JPL procurement and are representative of off-the-shelf modules
produced at the start of the LSA program. The Block II modules (Figure
3-2) are the first modules purchased which were constructed according
to JPL specification. As the name implies, the Block II minimodules are
smaller versions of the Block 2 modules and are used mainly for test
purposes. Several modules (Figure 3-4) have become available as an
outgrowth of the various research and development tasks.

It is obvious from Figures 3-1 through 3-4 that the module con-
struction varies significantly. Basically, the solar cells are inter-
connected electrically, and are contained by an encapsulant between a
cover and a substrate. Table 3-1 summarizes the materials used in the
construction of each of the modules. Also included in Table 3-1 are
the JPL modified modules. Each of these modules is a modification of
a Block I, Block II, or R&D module. In each case the modification was
required to demonstrate the effect of a specific change in the module
on thermal performance. These modules are discussed in more detail in
Section 1V.

B. TEST SETUP

All tests were performed at JPL in che thermal 'est areas
located on the roof ¢f Building 248. The test site meets the require-
ments of the NOCT test procedure., Figure 3-5 is a photograph of the
test area. The site offers an unobstructed view of the sun for more
than eight hours per day throughout the year.

Each module is part of a 1.22m x 1.22m (4 foot square) array,
which consists of other modules or black alumirum panels. The array
attaches to a stand that can be positioned to any tilt angle between
0° and 90°. Adjustments of the tilt angle are made periodically to
meet the requir s *5” normalitv to the sun at solar noon.

C. INSTRULENTATLION
Figure 3-6 shows the o.pley Pyranometer used to measure the
total solar irradiance. The instrument is mounted in the plane or

the arrav.
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A photograph of the MRI Mark III Vector Vane Sensor is shown in
Figure 3~7. The instrument provides both wind direction and wind
speed. It is positioned at the level of the arrays.

Figure 3-8 is a photograph of the vented box which houses the
thermocouple for measurement of the local air temperature. The air
temperature monitor hangs from the back side of the array support
structure. The measurement is made in the shadow of the array and
approximately at its center.

Chromel-constantan thermocouples are us2d. Thirty-six gage wire
is used to monitor the cell temperature and twenty-six gage wire is
used for all other thermocouples,

The various instrumentation signals are processed by the IDAC
(Integrated Data Acquisition and Control) system. Every two minutes
all data is read onto magnetic tape for non-real-time processing by
the Univac 1108 computer. Real-time printout and display are provided
at the IDAC console. Solar intersity, wind velocity, and other
channels are monitored continuously on "-Y plotters.

Univac 1108 processing includes a time tag printout of all the
channels plus plotting of selected channels. Figures 3-9 through 3-13
are typical of the plotted data provided by the 1108 system. Figures
3-9 tiurough 3-12 summarize the environment (total solar intensity, air
temperature, wind speed and direction) during the test period.

Figure 3-13 is a plot of the difference between cell ¢emperature and
air temperature as a function of solar intensity for both the morning
and afternoon. The curve formats enable a quick determination of the
NOCT. With the present system, up to nineteen modules can be monitored
simultaneously, and additional growth potential exists with the very
flexible IDAC svstem,

Figure 3-11 illustrates one of the IDAC system capabilities.
The svstem provides a continuous four-minute averaging of the wind
speed. Additional studies of the effects of wind will be required;
however, as Figure 3-11 vividly illustrates, averaging of tne wind
data is a significant aid to interpreting the wind speed.
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SECTION IV

NOCT CHARACTERIZATION TESTS

A. NOCT TEST PROCEDURE

A thermal test procedure to determine the nominal operating cell
temperature was developed in the first phase of thermal testing
(Reference 1). This procedure has not been changed and is repeated in
Appendix A. All of the NOCT characterization tests are performed
according to the NOCT test procedure.

NOCT testing is performed in natural sunlight and provides a
means of determining accurate and repeatable nominal operating cell
temperatures. NOCT tests were recently completed on the Block II
modules at the Lewis Research Center (Reference 2). Table 4-1 shows
the results of these tests as compared with the JPL test results for
the same type of modules.

Table 4-1. 1.eRC and JPL NOCT Test Summary

Block II NocT (°C)
Module LeRC JPL
Solarcex 46.0 47.1
Solar Power 45.0 46.0
Spectrolab 41.0 41.1
Sensor Technology 40.5 42.9

B. NOCT OF VENDOR MODULES

Information regarding NOCT testing of the vendor supplied modules
measured to date is summarized in Table 4-2. In addition to the
material summary of each module, the table includes the number of
tests made to determine NOCT (the NOCT procedure requires a minimum
of two tests) and a tabulation of thermally significant characteristics.
Study of Table 4-2 enables some basic conclusions to be drawn about the
module thermal design.

1. Alr Voids

Air voids within a module should be eliminated. This conclusion
was reached by analysis in the first thermal study (Reference 1);
modules 5, 14, 19, and 20 experimentally illustrate the higher
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temperatures due to air voids. Module 5, which has an air void
between the front cover and the cell, has the highest NOCT measured
(59.6°C). Module 14 has only a partial void beneath the cell and the
metal subst-ate, and a significant part of the cell is mounted directly
above the metal substrate. As a result, the void in this instance is
not a dominating thermal effect. Elimination of the void by injecting
RTV 615 reduced its NOCT only from 46.3°C to 45.6°C.

The air void in modules 19 and 20 are not totally enclosed. In
each case the void is created by a box, open at both ends, which is
the support structure and/or a combination of support and substrate.
Except for the box, module 20 is thermally very similar to module 15.
Module 15 (no box) is 11°C cooler tham module 20, and gives an indi-
cation of the improvement in operating temperature that could be
obtained with a totally open configuration. (An 11°C reduction in
module temperature translates into a 5% improvement in power.)

1f the void thickness is greater than approximately 1.2cm, heat
transfer across the void by free convection is probable. If free
convection is occuring, filling the void with RTV will not reduce the
temperature as much as would occur if conduction through the air was
the main heat transfer wode. To illustrate, the large void in module 5
was filled with RTV 615, which has a thermal conductivity 6.5 times
greater than that of air. The decrease in NOCT was only 5°C, from
59.6°C to 54.1°C. If conduction through the air had been the main
mode of heat transfer, a reduction in NOCT of 10°C to 15°C would have
been expected, since after filling, the module is just a thicker
version of module 6, whose NOCT is 41.1°C.

Voids should be designed out of the module. Filling the void
as an afterthought will probably not be cost effective due to the
cost of the filler material and labor.

2. Fins

Both modules 1 and 2 have a finned metal substrate and have the
lowest NOCTs. The fins were machined from module 2 and the NOCT
increased 2.7°C to 41.5°C. (This NOCT is not very different from that
of module 8 which is thermally similar to module 2 but has no fins.)
Therefore, the fins probably increased the power 1% to 2% (0.5% per C).

The average cost of the Block I modules was approximately $20 per
watt. Module 2 has an output of about 5 watts. Therefore, the fins
contrituted 0.1 watts to this total. To be cost effective the fins
would have to cost less than $2 per module (20 x 0.1). While possibly
rost effective for the Block I modules, it is obviously not going to
be cost effective at the 1986 cost goal of $0.50 per watt. Since the
Block I purchase, there has been only one module design with fins, which
is probably the best indication that fins may not be cost effective even
at today's prices,



3. Transparent vs Opaque Substrates

Modules 6, 7, and 15 have transparent substrates, and their
NOCTs are abcut the same as otherwise thermally equivalent modules
(modules 8 and 9) with metal substrates (no fins). In the first study
(Reference 1) it was cautioned that the transparent module in a resi-
dential roof installation would run warmer due to heating of the air
void (very similar to that of module 20) created between the rocf and
the module.

Recently, tests at JPL and by G.E. have demonstrated that a
white reflective intercell area increases the power output of the
module significantly. A diffuse white paint on the back of module 7
increased the power output by 8% and increased the NOCT by 1.5°C,
from 43.1°C to 44.6°C. Therefore, the net power increase is at lea. -
7%. This is another reason for not using a transparent substrate.
White polyester is used to create a reflective intercell area in
modules 12 and 13. The use of white tedlar or porcelain has also been
suggested as a means of obtaining the solar reflective finish.
Compared to the transparent substrate, thermal performance is negli-
gibly different for a white substrate, but the demonstrated increase
in electrical performance makes .he white substrate the preferred
design.

4, Metal vs Nonmetal Substrates

Depending upon the nonmetal material used, the thermal advantage
of the metal substrate can be reduced to a negligible consideration.
A comparison of the NOCT for modules 8, 9, and 18 (metal substrate)
with modules 12 and 13 (white polyester) illustrates that the metal
substrate (aluminum) is at most 3°C cooler. Moreover, after painting
the ba .k side of module 7 (PVB substrate) the NOCT was only 0.2°C
warmer tian that of module 9. Also, bonding (ECOBOND 57C) a 0.05 cm
(1/8 incn) aluminum sheet (white exterior) to the back of module 4
(G10 board substrate) increased the NOCT from 48,8°C to 49.6°C.

None of these differences is significant enough to make the metal
substrate thermally preferred over a nonmetal substrate. If,as pre-
dicted, material cost ravors less thermally conductive steel over
aluminum, the thermal rating of the module with nonmetal substrate
could be the same to slightly better than that of the module with
steel substrate,

5. High Efficiency Moadules

The use of inexpensive rectangular cells will result in high
efficiency modules. The effect on NOCT of increasing the nesting
efficiency from approximately 75% (circular cells} to 100% (square,
rectangular, hexagonal) is obtained by comparing the NOCT of modules
8 and 17. The construction is essentially identical, except



that module 8 uses circular cells and module 17 uses hexagonal cells
to obtain the high nesting efficiency. A 1.6%°C increase in NOCT, or
iess than a 17 deecrease in power is indicated with elinmipation of
most of the non-cell area.

c. NOCT OF RESIDENTIAL ROUF INSTALLATIONS

A 1.22m x 1.22n segment of a photovoltaie residential roof
installation wos simulated. The array censisted of three identical
modules, and the NOCT of the center module (module 173 was doetermined.
Initially, the mounting technique approximated that proposed by Lincoln
Laboratory for residential demopstration purposes. In the Linceln Lab
configuration, the modules are suspended about 7.6cem from the roof
by supports which attach at the top and bottom edges of the module,

Alr flow beneath the modules is discouraged by this design, and only
the modules wunted along the east and west edges will benefit from
sporadic wind-induced air movement beneath the wodules, Later, the
attachment technique was changed to sinalate hard mounting to the roof
in order to approximate thermally a shingle module configuration.
Figure 4-1 illustrates the bard mounted configuration with an insulated
roof, Table 4~} sumbarizes the results,

Figure a=1,  Hool Mount Simvlation
B




Table 4-3. NOCT Summary for a Residential Roof Installation

NOCT ANOCT#*
Case No. Configuration (°C) (°c)

Lincoln Laboratory Mounting

1l Module at center of roof (No flow 55.5 9.5
beneath module)

2 Module at east/west edge of roof 49.9 3.9
(Permits east-west air flow)

Modified Configuration

3 Sides closed, top/boctom edges open 50.8 4.8
(Permits flow bottom to top)

4 Al]l edges open (Permits flow in all 49.4 3.4
directions)

Shingle Type Mounting
(Hard mounted to roof)

5 Roof uninsulated 58.0 12.0

6 Roof insula.ed 61.5 15.5

* NOCT of this module is 46°C for the normal field installation.

1. Lincoln Laboratory Configuration

With no air flow beneath the modules (Case 1), as would be typical
of the intermost-mounted modules, the NOCT is 9.5°C warmer (55.5°C
compared to 46.0°C) than the NOCT for the same module mounted in the
normal field installation. Modules along the east or west edge (Case 2)
would be 3.9°C warmer, because some air flow is possible through the
open sides. If the modules were attached along the sides rather than
along the top and bottom edges (Case 3), the module is 4.8°C warmer.

If the module was suspended from the roof by legs rather than rails
(Case 4), the module is 3.4°C warmer.

This test series illustrates that higher operating temperatures
will occur for residential roof installations, and the decrease in
electrica' performance will be 2% to 57 in the worst case. A mounting
technique permitting more air flow coulc it this penalty in half.
However, the module support structure ic also utilized to support
ladders (or the equivalent), which enable the init<e’ ‘+all tion of



the modules as well as future servicing to be carried out with no
damage to the modules or the existing roof. A mounting technique
which assures this protection is well worth a 1% to 2-1/2% decrease
in electrical performance.

2. Shingle Simulated Mounting

It is not surprising that hard wmounting the module to roof
increagses the NOCT further. For an uninsulated roof (Case 5), the
NOCT 1s 12°C (58.0°C compared to 46°C) warmer than the normal open-back
field installation. If the roof is insulated on the attic side
(Case 6), the NOCT is 15.5°C warmer (61.5°C).

Hard mounting this particular module does create an ajir-void
between the substrate and the roof. A shingle module should not and
probably would not be designed in this manner. It is estimated that
the temperature increase would be 4°C less if there were no air void.
This estimate is based upon bonding "flake board" (1.9cm thick) to
the back of module 3; the NOCT increased 7.6°C (47.5°C to 55.1°C).
Without the voids the temperature rise would be similar to that of a
module located in the center of the roof (Case 1) for the Lincoln
Laboratory Configuration.

A possible conclusion from these tests is that unless the module
is suspended from the roof so that air can flow in all directions
beneath the module (Case 4), it may be better to hard mount the module,
trading the slight decrease in performance for the saving in structure
cost. Moreover, the module that is integrated into the roof installa-
tion may be better adapted for repair in the event of a leak. Repair-
ing a leak located beneath a module mounted in the Case 4 configuration
is not likely to be attempted by the average home owner, and the repair
could prove to be involved and expensive. In summary, the improvement
in thermal performance of modules mounted in this manner (off of the
roof) may not justify the additional initial and long term cost.

D. NOCT OF DIRTY MODULES

Figures 4-2 and 4-3 show the effect on NOCT of dirt accumulation
for modules with non-glass and glass front surfaces, respectively.
Measurements for modules with non-glass surfaces were made at a tilt
angle of 13° during June and July. Tilt angles of the glass-surface
modules began at 13° and were at 18° by the end of the test period,
which occurred at the middle of August. These low tilt angles
encourage maximum dirt accumulation with respect to specific test site.
The NOCT for modules with the non-glass front surfaces increased 1.3°C
to 2.2°C during the first week and remained constant during the next
three weeks. The NOCT of modules with glass front surfaces increased
less than 0.5°C during the three week period of dirt accumulation.
Although greater for non-glass than for glass surfaces, the effect of
dirt accumulation on NOCT is not significant.
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The measured decrease in electrical output which occurs as &
result of dirt accumulation is discussed in Section V. Because of the
effect of dirt accumulation on electrical output as well as on mainte-
nance costs, sase of cleaning is a factor which may be of some signifi-
cance. In the standard NOCT test, the modules are cleaned before each
test. It has been observed that it takes more water, more towels, and
more "elbow grease" to clean the non-glass front surfaces. This sug-
gests that the cleaning machine for non-glass front surface modules may
cost more, use more materials, and take longer to do the job than an
equivalent machine designed for washing wmodules with glass fromt
surfaces. In short, the cleaning cost may be significantly higher for
non-glass modules.

E. NOCT AND MAXIMUM POWER

Normally NOCT is performed with a zero power output (open circuit
conditions) in an effort to reduce the complexity of the test. Per-
formance of a test during which maximum power was continuously removed
from the module resulted in a reduction in NOCT of 2.9°C. This reduc-
tion offsets the temperature rise due to dirt accumulation, an effect
which is not accounted for in the determination of NOCT.

F. NOCT IN A SOLAR DOME

Two solar dome concepts being studied by Boeing are illustrated
in Figure 4-4. The weathered polyester film encloses the arrays and
thereby eliminates the requirement for weather-proof encapsulation
of the cells, screens UV, and enables a low-cost array structure. The
resulting cost saving must be balanced against the significant reduc-
tion in power due to the high operating temperatures characteristic
of the green house.

ORIGINAL PAGE IS
O” POOR QUALITY

Figure 4-4. Solar Dome Concepts
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Figure 45 is the test setup used to evaluate the NOUT of a
mocule in a solar dorse. A Spectrolsh Block 11 module was used for the
measurements, and the polyvester film is identical to that proposed by
Boeing. The procedure was carvied out first with white and later with
black floor.

The first set of data was obtained with the plywood floor painted
white; the black floor was created using a laver of black plastic.
Jable 4~4 is a sumpary of the BOCT measurements. The dome envirooment
increases the NOUT of the module (normally 41.1°C) 28.2°C and 17.1°%C
for the white floor and black floor, respectively. A corresponding
power reduction of 14.17 and 18,60 would be  xpected,

The white paint alse reflects more energy onto lhe cellis.
Therefore, the improvement in performance is actually greater rhan
4,54, 2y dndicated by the NOCT difference., In 4 real application, the
module should be positioned back {north) in the cyvlindrical enclosure
as much g possible to masindze the reflective [loor area 1n front of
the module.

As Boeing has found, an dcrive vooling system for a power station
configuration is not econonically feasible. However, the light weight
of this system makes it well suited for roof installations {apartments,
factories, etc.), and the high temperatures suggest the combination of
photovoltalc with space and/or hot water heating. Together the two
systems could prove to be ecoponically viable.

Fipure 4=5. Dowe Test Setup

14




Table 4-4.

Solar Dome NOCT Summary

NOCT ~°C
Test Date Moraning Af ternoon
White Floor
4/17/78 65.0 73.0
4/18/78 65.0 1.7
4/19/78 66.0 73.1
5/2/18 68.0 72.4
Average 66.0 72.6
Daily Average 69.3
Black Floox
5/12/78 74.3 81.6
5/16/178 74.9 82.0
5/19/78 74.9 81.3
Average 74.7 81.6
Daily Average 78.2
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SECTION V

OTHER TESTS

A. WATER COOLED MODULE

This study was prompted because some applications involve the
movement of a large amount of water. For example, the irrigation
project in Nebraska pumps 60,000 gallons per hour or 1,542 gallons per
hour per square foot of module area. While this flow rate is adequate,
much larger flow rates are possible with a simple gravity feed config-
uration, such as a common trough feeding water into the top of tubes
attached or built into the back of the modules, and discharging it into
a holding pond or into the supply system. A larger flow rate would
improve the performance slightly.

In the test setup water was circulated through two copper tubes
bonded to the backside of a Block I Spectrolab module. This module has
two rows of cells mounted in a staggered pattern on an aluminum I-beam.
As illustrated in Figure 5-1, the copper tubes were bonded on either
side of the I-beam beneath the cells with a thermally conductive
adhesive (Eccobond 57C). The inlet water tempersture was maintained
constant during the test. Maximum power was continuously drawn from
the module. Figure 5-1 presents temperatures of the module as measured

RTV SILICONE RUBBER

/ / MODULE TEMPERATURES~°C
7 7
7 H,0 INLET WATER TEMP
' ] X
) THERMOCOUPLE AR 3¢ 2% ¢
. L1 g8 By 2.8
Ve s sL-2 %) y2 N
-3 83 B0 4 07
. e St4 4.7 344
57¢
T/ sL-2

CU TUBE

#_ /¢ 513

AL

= 1/C Ste4

Figure 5-1. Module Temperature Profile at Noon
(Insolation = 95 # 2mW/cm?)
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at noon. With water cooling the gradiemt through the module is cut
almost in half, and the cell is about 3°C warmer than the local water
temperature. Reversing the flow (bottom to top) had no effect on the
temperature profile, and there was no measurable change in Ppgy when
the flow was increased by & factor of five.

The average electrical efficiency of the module (n.) was deter-
mined by:

P dé
n = —2ax
e JLAdO
where:

o = time
L = total intensity
A = module area
Pmax = m3ximum power

The n, values for the tests are presented in Figure 5-2. Also
shown is the n¢ without water cooling and the expected ng for other air
temperatures assuming the calculated change in N¢ of 0.038Z per °C
change in average air temperature. On a hot summer day (35°C average
air temperature), Neg would be about 5.2% for the normal field installa-
tion with air cooling only. With 23°C (75°F) and 15°C (60°F) water,
power genmeration on this same hot day could be increased 16.0%

(ne = 6.03%Z) and 20.8% (n. = 6.28%), respectively. Even with 32.2°C
(90°F) water, power generation would improve 11.0% (5.77% compared to
5.2%) on the summer-type day.

If it is not already available, pumping power will consume most
or all of the improvement in power production. Therefore, while each
application must be treated separately, cooling with water is not
expected to be cost effective unless the application already involves
the pumping of water or unless a gravity water feed system is possible.
Assuming either of the latter conditions exists, the one-time plumbing
cost will not be a significant cost factor; the cost of a module should
not be increased significantly by building into the module substrate
the cooling channels or the provision for bonding,inserting copper
cooling tubes, which could be optional.
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B. COMBINED PHOTOVOLTAIC AND SOLAR WATER HEATING MODULE

Abgorber area requirements for heating water or some other fluid
for home space and hot water heating are very large. For example,
Reference 3 shows that locally the solar absorber area required for an
average home is 37.2 square meters (400 square feet). This same home
in the high desert of California requires 69.7 square meters (750 square
feet) of absorber area. Solar House I at Fort Collins, Colorado
(Reference 4) uses all of the roof area facing south (71.3 square meters)
as solar collector area. Therefore, there will be many localities in
which sufficient south-facing residential roof space is not available
for both photovoltaic and solar heating modules.

Since solar cells have a solar absorbance as good as the average
black absorber, the cells can replace the black coating of the solar
water heater without significantly affecting its heating characteris-
tics. However, electrical performance is significantly degraded by the
one or two glass layers covering the absorber plate to minimize the
front thermal losses. Tests were performed to evaluate the reduction
in electrical efficiency that results from the marriage of a photo-
voltaic and solar heating module.

Figure 5-3 illustrates the combined wodule. The Spectrolab Block I
module used previously for water cooling tests was surrounded on the
backside by 7.6 cm of Foamglas insulation. The Foamglas is an excellent
insulator and has structr-~al characteristics allowing it to be machined
to the desired configuration. Double strength window glass 0.32 cm
thick was used for the glazing. Separation distance between the glass
and the photovoltaic module (single glass configuration) was 1.27 cm.

, MODULE GLASS COVER

\

. //\ADDlTIONAL GLASS COVERS
7

\ AlR ) / , //
\\ AR /’ MODULE
\= /N

PHOTOVOLTAIC

SINGLE GLAZE-————— ]
[ — MODULE —————o=y

—DOUBLE GLAZE———————

&\\ ) s,

Figure 5-3. Combined Module Configuration

\Q

5-4



The module was mounted in an east-west direction to minimize
shadowing of the cells. The active side of the module was normal to
the sun at solar noon. Water flow was from east to west at 15.1 *3
liters per hour. This flow rate corresponds to 4.5 gallons per hour
per square foot of absorber area and is about three times that commonly
used in solar water collectors. The test flow rate was the lower prac-
tical limit for the circulation equipment and minimized the electrical
mismatch losses due to different cell temperatures. Cell temperature
differences of up to 7°C (cell near the water inlet compared to a cel’
at the water outlet) can be expected at the lower flow rate. The
higher test flow rate cut this difference in half. In an actual system,
the pump requirements will dictate the more common lower flow rate and
an additional 1% to 2Z decrease in photovoltaic power is probable.

Three tests were carried out. In the first test a single glass
was used, and the water increased linearly up to 54°C (130°F) by
1400 PST. The second test was carried out using a double glass con-
figuration, and the results showed approximatley the same water tempera-
ture profile. In the third test, also with the double glass, an elec-
trical heater was turned on at 10:45 PST to simulate a slightly higher
temperature system. The final water temperature reached was 64.4°C
(148°F). Figure 5-4 presents cell temperature as a function of time
for these three tests plus the cell temperature for the same photo-
voltaic module in a normal field installation with air cooling only.
Cell temperatures for the first half of the morning for the combined
configuration are similar to, and on occasion may be lower than the
air-cooled~only configuration depending on the initial temperature of
the storage water. By mid or late morning, however, the cell tempera-
ture for the combined configuration exceeds that of the air-cooled-only
configuration, and it remains significantly warmer throughout the
afternoon, during which period the temperature of the air cooled module
actually decreases. Since power for the photovoltaic only module
decreases at a rate of 0.4% per °C increase in cell temperature, the
higher module temperatures, especially in the afternoon, contribute
significantly to lessening the electrical performance. Figure 5-5
presents the electrical efficiency (n.) as a function of time for the
same tests and cell temperatures corresponding to those presented in
Figure 5-4.

Table 5-1 is a summary of electrical efficiency (ng) for an 8-hour
operating period, including the solar noon measurements. To obtain the
8-hour average it was necessary to extrapolate the curves in Figure 5-3.
The n¢ of the photovoltaic module alone was assumed to be the same in
the morning as measured in the afternoon. Analysis indicates that this
is approximately true, but generally the efficiency will be slightly
higher in the morning because of cooler air temperatures. The effect of
a single glass, of double glass, and of the higher afternoon water
temperatures on ng are illustrated in Table 5-1. It is also apparent
that ng for the noon hour is less than the daily average for the photovol-
taic module alone but greater than the 8-hour daily average for the com-
bined configurations. Compared to the daily average, the noon average
performance predicts a higher performance by 2%, 7%, and 9%, for the
single and two double glass configurations, respectively, and a 27 lower
performance for the photovoltaic only module.

5-5
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Table 5~1. Electrical Efficiency (n¢) of Photovoltaic Only and
Combined Photovoltaic/Thermal Collectors (5)

(Combined Modules)

Double Glass

Single Water Storage
55.6°C 64.4°C

Time Period Photov. Only Glass

Morning 5.49 4.64 3.72 3.85
Af ternoon 5.49 4.32 3.34 3.10
Daily 5.49 4.48 3.53 3.48
Noon 5.37 4.58 3.78 3.78




The purpose of the last two tests was to estimate the change in
ne which occurred with a chane~ in water storage temperature. The com~
parison was less than ideal because of the difference in the initial
water storage temperatures. However, assuming morning values for ng
to be the same, and basing the estimated change in ng only on the change
in afternoc performance, the estimated values for electrical efficiency
are minimum but representative of actual values. The minimum change in
daily electrical performarce for a change in water storage temperature
(Ang/AT STR.) is thus estimated at 0.014% per °C for the double glass
configurat.on. Figure 5-6 graphically illustrates this effect. Apprcxi-
mately a 50% reduction in n from that for the photovoltaic module alone
would be approached with a combined module and 100°C fluid storage, as
occurs for Solar House 1.

Since the danger of a decrease In flow rate is of concern with
this type of combined module, a test was made to illustrate this effect.
Additional heat was added to the storage water and the cell temperature
was elevated to 75.6°C by 11:00 PST, at which time the flow was stopped.
The cell temperature continued to increase to a maximum of 91.1°C at
12:30 PST. This temperature is not cause for concern, however such a
failure on a hot day and with a thermally more efficient system would
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result in cell temperatures greater than 100 ° C and perhaps as high as
130 °C. .New material problems may begin to show up at the latter
temperature.

Table 5-2 is a cost summary in $ per watt formulated from the
preceding efficiencies and 1980 and 1986 photovoltaic module cost goals.
The optimistic estimates assume that all non-cell-related costs are
absorbed by the solar water heating module. Sometime in the 1980 to
1984 time period the marriage configurations will be cost effective in
remote applications. Beginning in 1986, the combined module for moder-
ate storage temperatures could reduce the cost to less than 50¢ per watt.
For residential applications the combined module will be most desirable.

Table 5-2. Preliminary Economic Implications of Combined Collectors

Water 1982 Cost 1986 Cost
Collector Exit Temp ($/vatt) ($/vatt)

Configuration (°C) Cells Sub Total Cells Sub Total
PV Only - 1.80 06.20 2.00 0.3 0.16 0.50
Combainud 60 2.21 0 2.21 0.40 0 0.40
(single glass)
Combined 60 2.45 O 2.45 0.46 0 0.46
(double glass)

100 2.70 0 2.70 0.51 0 0.51

C. MODUULE WITH A PHASE CHANGE MATERIAL

There have been several 'nplications, both terrestrial and in
space, in which the latent heat of fusion is used to absorb excess
energy to limit an otherwise unacceptable rise in temperature. A
variety of phase change materials are available so that correspondence
between the desired melting point and application are easily obtainable
if cost is not a primary consideration. Cost is a primary factor for
the LSA Project, and only a few of the waxes have the potential to be a
cost effective means of lowering or limiting the photovoltaic module
temperature.

Table 5-3 (frcm Reference 5) presents the properties of three
waxes whose projecteu cost per 1lb for large commercial quantities show
potential for thermal storage applications. Of these waxes, Eicosane
has a melting point (36.7°C) 4°C to 7°C less than the NOCT of the
block II modules (41°C to 47°C). Therefore, if the phase change material
were successful in absorbing the excess thermal encrgy, an improvement
in power of 2% to 3-1/2% could be expected.



Table 5-3.

Material Properties of Candidate Fusion Materials

Carbowax
Property Paraffin Wax Eicosane 1000
Vari C
Formula uar ous C Czolll.2
2x+2
Molecular weight Approx. 300 282 950-1050
Density 3
Solid 1b/fc 3 51 53.4 71.8
Liquid 1b/ft 48.6
Melting Temperature (°F) 116 96.1 100-105
Latent heat (BTU/1b) 65 106 67
Specific heat
Solid (BTU/1b°F) 0.72 0.53 0.54
Liquid 0.50 0.48
Coe‘ficient of Thermal 0.00016 0.00042
Expansion (1/°F)
Expansion in phase change (Z) 15
Thermal conductivity BTU/hr 0.0865
ft<°F/ft
Material Compatibility No problem No problem No problem
Hazards Flammable Flammable
Cost ¢/1b 11 25 38
Common usage Paper Thermostat Rubber and
coating actuation textile
industries
347,000 Tons 37 -40 Tons

Annual production

A Spectrolab Block 1 module was enclosed on the backside as illus-

trated in Figure 5-7.
tact with the wax.

The module aluminum substrate was in direct con-
The test configuration was that normally used for

the NOCT measurement with the module mounted in an array and surrounded
either by other modules or by black plates simulating other modules.
The tilt angle of the array was adjusted to maintain the module normal

to the sun at solar noon.

paraffin were used for the phase change materials.
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Figure 5-7. PhLase Change Photovoltaic Module

Eicosane melts at about 2°C lower than the Eicosane shown in Table 5-3.
Because of the impurities in this grade of Eicosane the latent heat will
also be slightly less then that shown in the table. The canning
paraffin was observed to melt at about 6°C higher than that indicated

in the table. It was purchased at a local supermarket for 43¢ per

pound (compared to 11¢ per pound in Table 5-3) and the technical grade
Eicosane costs $1.70 per pound. The pure Eicosane was available for
$11.72 per pound from the same vendor (Humphrey Chemical Corporation).

The electrical efficiency (ng) is based on the photovoltaic module
area and is as defined previously. Table 5-4 summarizes ng for the
three tests. Performance is based on 8-hour operation. The Spectrolab
module has a very low NOCT (41°C), that was made lower by the attach-
ment of the aluminum box. Therefore, the small improvement of 1.2%
(paraffin) and 1.47 (Eicosane) was about as expected. The improvements
are minimum since the air temperature as well as the solar intensity was
the same or greater on the days during which the wax was used. As a
result higher cell temperatures would have resulted without use of wax

on those days.

Table 5-4. Electrical Efficiency (n¢) Results

Phase Change

Material n. (%) Improvement (%)
None . 5.73 0.0
Canning paraffin 5.80 1.22
Tech grade Eicosane 5.81 1.40
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Figure 5-8 shows the cell temperature for each test, and the
effect of the wax is more evident. During the test only a portion of
the Eicosane melted and no melting occurred with the paraffin because of
its high welting point. The heated wax keeps the cell temperature
higher during the last two hours of the day. Because of radiation to
the night sky, the module and wax cool to less than the night air temper-
ature, which increases the thermal storage capacity and accounts for the
initial lower cell temperatures.

These tests have illustrated that better photovoltaic performance
can be obtained with a phase change material. However, current prices
of the waxes make the technique too expensive. Even with predicted
future price reductions (assuming increased production), using a phase
change material would probably only be cost effective in some of the
remotest applications.

D. ELECTRICAL PERFORMANCE OF DIRTY MODULES

The module short-circuit current was measured in natural sunlight
at solar noon for several angles of incidence obtained by changing the
tilt angles of the wmodvle. Figure 5-9 summarizes the measurements for
clean modules having a front surface of glass and Sylgard 184. When
the module is clean, the short-circuit current varies as the cosine of
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Figure 5-8. Cell Temperature During Tests with Phase Change Materials
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the incidence angle for both types of modules. Figure 5-10 is a similar
plot for the Sylgard 184 module illustrating the effect of dirt accumu-
lation. After one week of dirt accumulation the degradation is about

2% and constant for angles of incidence up to 60°. After one month

the degradation is 6.5Z at normal incidence and increases almost
linearly to 11.5% at an angle of incidence of 60°

These tests show that normal incidence measurements of the effect
of dirt are only representative of "light" dirt accumulation as might be
expected for modules washed at two-week intervals. In a "severe"” dirt
environment, the degradation is greater than that indicated by the
normal measurements.
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SECTION VI

CONCLUSIONS

A. PHOTOVOLTAIC MODULE THERMAL PERFORMANCE

Figure 6~1 summarizes the NOCT measurements of the vendor-supplied
modules and illustrates the trend in NOCT. Care in thermal design and
cost considerations are forcing the NOCT into the 43°C to 480C range.

A good thermal design utilizes a thin substrate with high infrared
emission and low solar absorption, and the module has no air voids.
Very little additional thermal improvement is possible with the flat
plate configuration. This is apparent on examining the NOCT efficiency
(MnocT) and the two parameters whose product results in NOCT. As shown
in Table 6-1, Mngcr is between 0.90 and 0.93 for the Block II modules.
If the lowest maximum power coefficient (Table 6-1) is combined with the
minimum temperature difference (NOCT-28°C), then MnocT is equal to 0.94,
Because of cost, 0.94 probably represents a practical upper limit of
INocT obtainable for the flat plate configuration. Good thermal design,
as typified by the Block II modules, results in thermal performance
within 17 and 4% of that probably obtainable from the thermally optimum
realistic design.

B. OTHER TESTS
1. Water Cooled Module

Significant improvement in module performance is possible by cool-
ing the module with water. However, cooling with water is not expected

Table 6-1. NOCT and nyger Summary

Block II NOCT Max Pwr x NogT = "NOCT No. of Tests
Module oc Coeff. -28°C Performed
Sensor Tech 43.0 .00505 15.0 .924 6
Spectrolab 41.1 .00524 13.1 931 9
Solarex 47.0 .00451 19.0 914 6
Solar Power 46.0 .00546 18.0 .902 2




to be cost effective unless the application already involves pumping of
the water (irrigation, swimming pools, etc.), or unless a gravity water
feed system is possible.

2. Combined Photovoltaic and Solar Water Heating Module

Tests and cost estimates indicate that a combined photovoltaic and
solar water heating module might be cost effective in the mid 1980's.
Sandia is currently evaluating several combined thermal/photovoltaic col-
lectors. Both water and air heating modules are included in this study.

3. Combined Photovoltaic and Thermal Storage System

Reducing the module temperature by using a phase change material
is not cost effective. 1If thermal energy stored in the phase change
material is also utilized, a combined photovoltaic and thermal storage
system may prove to be cost effective. An example of this combination
is illustrated in Figure 6-2. The concept employs the lightweight solar
dome developed by Boeing, with paraffin wax as the phase change material
for thermal storage. Since the wax is totally contained, the building
return air can, on command, be diverted to and heated directly in the
combined photovoltaic and thermal storage area. Water at city line
pressure is also routed through the wax for preheating prior to entering
the normal water heater.
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Figure 6-1. NOCT Summary
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At the wax melting point, more energy can be stored with about
15 less weioht than with water. Therefore, this type of system will be
better suited for roof (apartment and industrial buildings) and resi-
dential attic installations. For residential installation the dome
would be replaced by glass, and double glass may be desirable to mini-
mize nighttime losses. Optimization of this concept will vary with the
application. However, eliminating the secondary loop by placing the
thermal storage system in the primary water and space heating loops and
thus utilizing the existing space heating fan, city water pressure and
existing attic or roof space will result in lighter weight and in cost
savings which make the concept deserving of additional study.

4. Electrical Performance of Dirty Modules

Tests of the effect of dirt indicate that "normal incidence" mea-
surements are actually representative of "light" dirt accumulation. In a
"severe" dirt environment, the degradation is greater than that indicated
by the normal measurements. As reported in the LSA Quarterly Report of
April-June, 1977, a 6.5% degradation based on normal incidence for angles
of incidence up to 60°, increases to 8% when weighted according to the
annual energy output as a function of incidence angle.
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[ COLD WATER
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T/ RETURN AR
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Figure 6-2. Combined Photovoltaic and Thermal Storage System
for Space and Hot Water Heating
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APPENDIX A

DETERMINATION OF NOMINAL OPERATING CELL TEMPERATURE

This appendix provides the approved procedure for determination of
solar cell module Nominal Operating Cell Temperature (NOCT) using natural
sunlight testing.

A. PURPOSE

The purpose of this test is to acquire sufficient data to allow an
accurate determination of the nominal operating temperatures of the
solar cells of a terrestrial solar array module.

By definition, the Nominal Operating Cell Temperature (NOCT) is the
module cell temperature under operating conditions in the Nominal
Terrestrial Environment (NTE) which is defined as:

Insolation = 80 mW/cm2

Air Temperature = 20°C
Wind Average Velocity = 1 m/s
Mounting - Tilted, Open Back, Open Circuit

The NOCT test procedure is based on gathering actual measured cell
emperature data via thermocouples attached directly to the cells of
interest, for a range of environmental conditions similar to the NIE.
The data are then presented in a way that allows accurate and repeatable
interpolation of the NOCT temperature.

B. DETERMINATION OF NOCT

The temperature of the solar cell (T,.j;) is primarily a function
of the air temperature (T,j,), the average wind velocity (V), and the
total solar insolation (L) impinging on the active side of the solar
array module. The approach for determining NOCT is based on the fact
that the temperature difference (T;e11-T,4,) is largely independent
of air temperature and is essentially linearly proportional to the
insolation level. Analyses indicate that the linear agsumption is cuite
good for insolation levels greater than about 40 mW/cmz. The procedure
calls for plotting (Tcell'Tair) against the insolation level for a
period when wind conditions are favorable. The NOCT value is then
determined by adding Tair = 20°C to the value of T_ o11-Ta4y) interpolated
for the NTE insolation level of 80 mW/cm2, i.e., NOCT = (Too11-Tair)!
NTE + 20°C.

The plot of (Tce11-T,4,) vs L shall be determined by conducting a
minimum of two field tests in which the module being charecterized is
tested under terrestrial environmental conditions approximating the NTE
in accordance with the testing guidelines which follow. Each test shall
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consist of acquiring a semicontinuous record of (Tgell - Tajiy) over a
one- or two-day period, together with other measurements as required

to characterize the terrestrial environment during the testing period.
Acceptable data shall consist of measurements made when the average

wind velocity is 1 m/s + 0.75 m/s and with gusts less than 4 m/s for a
period of 5 minutes prior to and up to the time of measurement. Local
air temperature during the test period shall be 20°C + 150C. Using only
acceptable data as so defined, a plot shall be constructed from a set of
measurements made cither prior to solar noon or after solar noon which
defines the relationship bstween (Tcell - Tair) and the solar insolation
level (L) for L > 40 mW/cm“.*

When (Teejy - Taiy) 18 plotted as a function of L for average wind
velocities less than 1.75 m/s, results similar to those shown in
Figure A-~l are obtained. Fo- the data shown the local air temperature
wag 15.6°C t 4.5°C and the wind speed varied from zero to less than
4 m/s with an average of 1 m/s. Using the plot of (T.e1) - Taiy) Vs L,
the value of (Tcell - Taiy) at NTE is determined by interpolating the
average value of (Tce1l - Tair) for L = 80 mW/cm?  Using the data in
Figure A~1 as an example, (Tqe]] - Tair) at NTE is determined to be
22.20C. The preliminary value of NOCT is thus 22.2°C + 200¢ = 42,2°C.

*The two sets of measurements can be combined into a single set provided
the average air temperature of the two sets does not differ by more tham
approximately 59C. 1If the average air temperature is significantly dif-
ferent, the resulting effect appears as an increase in the scatter of the
plotted data. As a result the data will be more difficult to fit and
a less accurate result is possible.
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C. AIR TEMPERATURE AND WIND CORRECTION

A correction factor to the preliminary NOCT for average air
temperature and wind velocity is determined from Figure A-2. This value
is added to the preliminary NOCT and corrects the data to 20°C and
1 m/s. Tair and V are the average temperature and wind velocity for
the test period.

For the test data shown in Figure A-1, V is 1 m/s and Tyir is
15.6°C. From Figure A-2, the correction factor is 0°C. The NOCT is
therefore 42.2°C,
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Figure A-2. NOCT Correction Factor



D. TEST GEOMETRY
1. Tilt Angle

The plane of the module shall be positioned so tha* it is normal
to the sun (+5%) at solar noon.

2. Height

The bottom edge of the module shall be 2 feet or more above the
hoi ‘- ontal plane or ground level.

3. Subarray Configuration.

The module shall be located in the interior of a 1.2 m x 1.2 m
(4' x 4') subarray. Black aluminum panels or other modules of the
same design shall be used to fill in any remaining open area of the
subarray structure. The back of the subarray shall be exposed.

4. Surrounding Area

Tnere shall b2 no obstructions to preveit full irradiance of the
module beginning a minimum of 4 hours before solar noon and up to 4 hours
after solar noon. The ground surrourding the module shall not have a
high solar reflectance and shall be flat and/or sloping away from the
test fixture. Grass and vari~us types of ground covers, blacktop, and
dirt are recommended for the local surrounding area. Buildings having
a large solar reflective finish shall not be present in the ir :diate
vicinity. Good engineering judgment shall be exercised to assure that
the module, front and back sides, is receiving a minimum of reflected
solar energv from the surrounding area.

5. Wind Direction

The wind shall not be predominantly from due east or from due
west; flow parallel to the plane of the array is not acceptable aad can
result in a lower than typical operating cell temperature.
6. Module Electrical Load

Data shall be obtained for a module open-circuit c-~ndition corres-
ponding to zero electrical power output.



E. TEST EQUIPMENT
1. Pyranometer

The total solar irradiance on the active side of the module shall
te measured by a pyranometer mounted on the plane of the module and
within .3 m (1 foot) of the array. The pyranometer used shall have a
traceable annual ibration to a recognized standard instrument and
shall be either (1) a temperature-compensated unit which has less than
1% deviation in sensitivity over the range -20°C to +40°C, or (2) a
unit which incorporates a temperature sensor and has a sensitivity-
temperature correction supplied with its caliibration.

2, Wind Measurement

Both the wind direction and wind speed shall be measured at the
approximate height of the module and as near to the module as feasible.

3. Air Temperature

The local air temperature shall be measured at the approximate
height of the module. The measurement shall be made in the shadow of
the module and shall be accurate to *1°C. (Note: An average local air
temperature is desired. This is obtained satisfactorily by increasing
the thermal mass of the thermocouple by imbedding the thermocouple in a
solder sphere of approximately 1/4-inch diameter.) The measurement
must be appropriately shielded and vented.

4. Cell Temperature

The temperatuve of at least two representative interior solar cells
shall be measured to +1°C. Thermocouples shall be 36 gauge, and shall
be soft-soldered directly to the back of the cells.
5. Substrate Surface Temperature

The exterior temperature of the rear of the solar module sh-'1 be
measured to +1°C beneath a representative cell and when practical beneath
a representative space between cells. Thermocouples shall be 26 gauge,
and shall be bonded down with Eccobond 57C epoxy or the equivalent.
F. DATA RECORDING

All data shall be printed out approximately every 2 minutes. In

addition, sclar intensity, wind speed, wind direction, and air tempera-
ture shall be continuously recorded.
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G. CLEANING
The active side of the solar cell module and the pyranometer bulb
shall be cleaned before the start of each test. Dirt shall not be

allowed to build up. Cleaning with a mild soap solution followed by a
rinse with distilled water has proven to be effective.

H. EQUIPMENT CALIBRATION

A calibration check shall be made of all the equipment prior to
the start of the test.
I. TEST DESCRIPTION

The test description form illustrated in Figure A-3 shall be
completed before the start of the test.
J. AUTOMATION

Once initiated, the data may be collected automatically. However,
the equipment shall be checked once every hour.

TEST DESCRIPTION

Title: NATURAL SUNLIC.AT THERMAL PERFORMANCE TEST

Article: Serial No.
Location:

Latitude:

Elevation:
Date: Solar Noun Optical Air Mass

Cleaning Agent Used:

Tilt Angle: Actual Desired

Equipment Calibration Complete

Name: Fxt:

L ununents:

-~ -

Figure A-3. Test Description Form
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