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ABSTRACT

Photovoltaic (PV) modules operate in an extreme en-
vironment and are exposed to radiation, humidity, and hot
and cold thermal extremes. This paper focuses on polym-
eric-material degradation during PV-module operation at
high ambient temperatures, high solar irradiance and low
wind speed. The 2004 version of the IEC 61730 specifi-
cation requires all polymeric materials used in a photovol-
taic module to have a Relative Thermal Index (RTI) or
Relative Thermal Endurance Index (RTE) at least 20°C
greater than the maximum material temperature measured
during the temperature test conducted at 40°C ambient.
There is currently an international debate regarding this
requirement. This paper explores the thermal exposure of
photovoltaic modules in the field as a technical basis for
this debate. For the hottest cities, the thermal exposure is
found to be equivalent to aging at a constant temperature
of 42-53°C, with maximum temperatures of 75°C.

INTRODUCTION

Establishing the long-term safety of photovoltaic (PV)
modules depends on screening the modules with appro-
priate accelerated-aging tests. Past studies elucidate how
PV modules may be tested to more quickly identify failure
modes [1-5]. McMahon documented how to calculate the
acceleration factor for accelerated thermal testing if the
temperature dependence of the aging is quantified [6].
Procedures for determining the RTI or RTE quantify
degradation of critical material properties at multiple
temperatures, providing a basis to extrapolate the
material’s thermal capability to timeframes beyond the
experiment timeframe.

This study documents only the thermal environment
and the test requirements associated with high tempera-
tures. The effects of humidity and ultraviolet (UV) light,
although critically important, are not treated here to allow a
more detailed examination of the thermal environment.
This study investigates thermal exposure including: (1)
long-term, cumulative exposure, and (2) short-term, high-
temperature exposure. Long-term material degradation
and the short-term effects of a phase change of a material
elicit different physical processes that must be examined

separately. This paper documents measured and mod-
eled PV-module temperatures and evaluates these in the
context of the requirements for accelerated testing.

THERMALLY ACTIVATED LONG-TERM AGING

Material aging accumulates from numerous stresses
including UV exposure, moisture, and mechanical loads.
Most aging processes are accelerated with temperature.
The thermal history experienced by a PV module can de-
grade some polymeric components even without addition
of UV, moisture, or other stress. This analysis focuses on
the role of temperature in aging, but also acknowledges
the importance of other stresses.

If a single mechanism determines aging within the
temperature range of interest, then the rate of aging of a
material can be approximated by the Arrhenius equation:

Rate « exp[_kl;" } ; 1

where E; is the effective activation energy of the aging
process, k is Boltzmann’s constant, and T is the sample
temperature.

The temperature dependence of the rate of a chemi-
cal reaction, as calculated from Eq. 1, is very dependent
on the activation energy, E,. Relative reaction rates are
plotted as a function of inverse temperature in Fig. 1 for
three values of E;. In general, reaction rates are depend-
ent on multiple mechanisms and may follow Eq. 1 over
only a narrow temperature range, because different deg-
radation mechanisms become important at higher tem-
peratures [7]. Nevertheless, chemists usually use Eq. 1 to
model the thermal dependence of reaction rates.

As shown in Fig. 1, for two processes with the same
reaction rate at 50°C, the rate at 100°C will be about 1000
times faster for a process with E; = 2 eV relative to a
process with E; = 0.6 eV. For all three cases, increasing
temperature accelerates the reaction rate, but accurate
prediction of the acceleration factor requires accurate
knowledge of E,. In general, the linear behavior shown in



Fig. 1 is observed only when a single reaction mechanism
is dominant and when no phase transitions occur in the
same temperature range.

The RTI" is based on application of eq. 1. Four time-
temperature data points are typically used to establish a
linear relationship of good correlation, thus providing a
basis to extrapolate the material’'s thermal capability to
timeframes beyond the experiment timeframe, something
a single-temperature accelerated test cannot do. The
samples are examined periodically to detect a 50%
change in the characteristic of interest. [8]
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Fig. 1. Relative reaction rates for chemical processes with
E; = 0.6, 1.1, or 2 eV plotted versus the inverse of the
reaction temperature.

The dependence on temperature, ie., E,, is effec-
tively determined as part of the RTI/RTE determination for
each characteristic of each material. In general, E; is not
known a priori, but may be estimated from known values
for similar materials. A review of aged polymeric materials
[9] found that the most frequently observed E; was about
1.1 eV. For this study, we vary E; between 0.6 and 2 eV,
consistent with the range of E, values reported in Ref. [9]
for 170 measured values of E,.

Definition of equivalent temperature

The operating temperature for a module varies
throughout its life. If aging of a module follows Eq. 1, it is
possible to define an equivalent temperature, Teq, to
represent the aging that would have taken place if the
module had been aged for the same time, but at a con-

! UL 746B defines ‘“relative thermal index” as “an

indication of the material’s ability to retain a particular
property (physical, electrical, etc.) when exposed to
elevated temperatures for an extended period of time. ltis
a measure of the material’s thermal endurance. For each
material, a number of relative thermal indices can be
established, each index related to a specific property and
a specific thickness of the material.”

stant (equivalent) temperature. Teq can be calculated from
the thermal history of the module using Eq. 2:

_ 1 -
e C L/ 2)

where t is time and the limits of integration are times t; and
t,. This approach to defining an equivalent temperature is
described elsewhere [6,10]. For a given module-
temperature history, the equivalent temperature can be
calculated from Eq. 2 using numerical integration. From
the compilation [9] of common values for E,, analysis was
performed for three values of E..

The data history used to calculate Teq may be mod-
eled using weather data (ambient temperature, irradiance,
and wind speed) from a hot location, or may be taken from
actual module data. Here, we present calculations based
on both modeled and actual data.

Equivalent temperature for multiple locations

For this study, we used two module-temperature
data sets: one measured in Florida and one measured in
Colorado. Both sets of modules were deployed in open-
rack configurations with latitude tilt and 15-min-average-
temperature monitoring on the backs of the modules. The
Florida modules were deployed at the Florida Solar
Energy Center. These were Shell Solar modules with a
glass-CIGS-glass construction. The Colorado modules
were deployed at NREL and were (glass-silicon-back-
sheet) ASE GP300DG Si ribbon modules. Teq values for
the Florida dataset are summarized for each month of one
year in Table 1 and Fig. 2.

Module-temperature data were not identified for all
critical locations. To extend the study to some very hot
locations, we used Typical Meteorological Year (TMY),
specifically TMY3, data [11] to estimate the module tem-
perature from the irradiance and the wind speed using Eq.

3[12],
T, =Ty + Irradiance x exp[-3.473 - 0.0594 x WS]s (3)

where T, is the module temperature (°C), Irradiance is the
plane-of-array (POA) irradiance (W/mz), Tamp is the ambi-
ent temperature (°C), and WS is the wind speed (m/s).
The weather data were either measured or taken from the
TMY3 database. When taken from the TMY3 database,
the POA irradiance was calculated [13] from

cos[40! ]
cos[zenith] ’

Irradiance = GHI x 4)

where GHI is the global horizontal irradiance (W/mz) data
in the TMY3 database, the AOI angle is the angle between
the sun and the latitude-tilt POA, and the zenith angle is
the angle between the sun and the zenith. Equation 4 is
exact for the direct beam; conversion of the diffuse part of
GHI to the diffuse irradiance on the POA requires knowl-



edge of the ground albedo. The more exact calculation
changes Teq by < -1° or +1°C for albedo of 0 or 1, respec-
tively. Equation 3 is designed to predict the module tem-
perature for a rack-mounted, glass-glass module; it pre-
dicts the monthly average of the module temperature
within 2°C for the data in Table 1 and Fig. 2. Equation 3
tends to slightly overestimate the module temperature,
especially on clear nights when the modules radiate en-
ergy into space, causing them to cool 1°-2°C below ambi-

ent temperature. A comparison of about 10 days of
measured and modeled module-temperature data is
shown in Fig. 3. The measured data shown in Fig. 3 are a
subset of the dataset from Florida. The modeled module-
temperature data are carefully compared with the actual
measured module-temperature data in Figs. 2 and 3 and
Table 1—to gain confidence in Eq. 3 and to be able to
apply the methodology to any location for which we have
weather data, but no module-temperature data.

Table 1. Summary of thermal history over one year for a module deployed in Florida in an open-rack-mounted configura-
tion. The modeled module-temperature data were derived from the measured weather data using Eq. 3. Ty was calcu-
lated from Eq. 2 using the indicated values of E,. All temperatures are °C.

Month Ambient T Measured Module T Modeled Module T Equivalent T

Ave. | Max. Ave. Max. Ave. Max. E;=0.6¢eV E.=11¢eV E.=2eV
Jan 18.0 | 33.6 211 58.3 231 63.8 26.1 30.8 37.0
Feb 15.8 | 27.2 19.7 58.1 21.6 57.8 26.4 32.0 38.2
Mar 19.6 | 30.7 25.0 62.0 26.3 59.4 32.0 37.5 43.4
Apr 21.0 | 314 26.8 61.6 27.9 60.1 33.8 39.2 44.7
May 23.8 | 30.2 29.5 60.0 30.2 58.7 34.8 39.5 44.9
Jun 26.0 | 344 31.8 70.6 31.9 63.7 37.3 42.3 48.5
Jul 26.6 | 34.4 32.3 69.1 31.8 62.3 38.7 44.3 50.5
Aug 28.4 | 40.7 33.5 66.5 35.1 69.9 39.8 44.9 50.3
Sep 26.2 | 3441 32.2 69.7 32.9 65.7 38.6 44.0 49.9
Oct 23.0 | 33.2 28.4 67.1 29.6 63.3 35.0 40.3 46.2
Nov 185 | 29.3 22.7 61.3 24.2 56.3 28.6 33.6 39.6
Dec 201 28.4 23.2 56.4 24.3 54.3 27.2 31.4 37.3
Year 22.3 | 40.7 27.2 70.6 28.2 69.9 33.3 39.5 46.4
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Fig. 3. Comparison of measured module-temperature

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Fig. 2. Thermal history from Table 1, including Teq
calculated for E; = 1.1 eV. The lines across the top
estimate the expected maximum operating temperature
and the associated required RTI/RTE rating.

In Fig.4, Teq values calculated for the measured
data in Florida and Colorado and modeled from the
average weather data [11] for Luxor (Egypt), Riyahd
(Saudi Arabia), and Kuwait International Airport (Kuwait)
are plotted as a function of Tamp. The open symbols show
monthly averages; the solid symbols indicate the annual
average. The relationship between average ambient tem-
perature and the equivalent module temperature appears

data with analytical data (Eq. 3) for 10 days in Florida.

to be relatively independent of location, i.e., site-specific
climate.

Hottest locations

As shown in Fig. 4, the calculated Teq shows a clear
correlation with the average ambient temperature. Al-
though the local sunshine, wind speed, and other vari-
ables affect the equivalent temperature, these effects are
relatively small. Data for average ambient temperatures
are readily available for many locations around the world.
In Table 2, Bangkok, Thailand, has the highest average




Table 2. Summary of annual average ambient temperature

o T | ] OIQ?VDAWAé for some familiar locations [15] _
s0 0% Iy Location Average temperature (°C)
sl %&] | Bangkok, Thailand 28.1

- 08, A Jakarta, Indonesia 26.8
40 &y < T Lagos, Nigeria 26.5
o O <4< - -
/- O - - Karachi, Pakistan 26.0
30 |0 a 4 New Delhi, India 25.0
~ N } } } T Kinshasa, Zaire 24.5
O vA % - .
=50 - v, 0o WA Miami, FL, USA 24.0
5 t o3 4 E Hong Kong 23.1
§ 40 A - Baghdad, Iraq 22.7
e L - 0 ] Phoenix, AZ, USA 226
Z a0 0 o @@vq < _ Tucson, AZ, USA 21.1
< O g I Cairo, Egypt 21.0
> T a=11e T 2 z
2 0l m i Tripoli, Libya 20.4
w l l l N
50 Mg Forgs ' ' Angg Tel Aviv, Israel 19.4
O Colorado 5,00 S_ao Paulo, Brazil 18.3
40H A Kuwait og % 4 Lima, Peru 18.2
V  Saudi E%&EA San Diego, CA, USA 17.8
30 |[LO Eovet ¥ - Sydney, Australia 17.5
o 5 @4 < Tehran, Iran 16.7
0 O [Ea=06ev | Mexico City, Mexico 15.9
[ | | | Lisbon, Portugal 15.9
0 10 20 30 Shanghai, China 15.4
Average ambient temperature (°C) Rome, ltaly 15.4
. . Tokyo, Japan 14.5
Fig. 4. Teq vs. monthly average ambient temperature. The Madrid, Spain 142
solid symbols represent the average for the entire year. | - -
i stanbul, Turkey 14.1

The data for Florida (Table 1) and Colorado were collected -

] . San Francisco, CA, USA 13.9

for rack-mounted systems; the data from the Middle East Boaota. Colombi 131

were modeled from weather conditions using Eq. 3. ogota, -oombia -

Beijing, China 11.8

ambient temperature of 28.1°C. Other reports indicate |-ondon, UK 1.7

that 29°C may be the highest documented average tem- Par|§, France 11.0

perature for any city [14]. Berlin, Germany 8.9

Teq values from Fig. 4 are summarized in Table 3.
Additional uncertainty is associated with the mounting
configuration and the difference between measured tem-
perature of the module and the temperature of its compo-
nent materials. Roof-mounted modules are expected to
operate at higher temperatures. Tgq for roof-mounted sys-
tems shows stronger dependence on total solar irradiance.
Similarly, tracked systems experience higher average
module temperatures. This will be treated in more detail
elsewhere.

Table 3 shows that T, for the hottest locations in the
world vary between 42° and 53°C, depending on the E;
used in the analysis. For more moderate climates, values
of Teq range between about 30° and 40°C. The
temperatures in Table 3 are substantially lower than the
maximum temperatures for the modules on the hottest
days. Because some polymers may age in this tempera-
ture range, it may be useful to accelerate this degradation
by the application of a higher temperature.

Currently, modules are stressed at 85°C and 85%
relative humidity for 1000 hours as part of the IEC 61215
and IEC 61646 qualification tests [16]. The methodologies

Table 3. Summary of average ambient temperatures and
Teq values from Fig. 4 using E; = 0.6, 1.1, and 2 eV for
rack-mounted PV modules. All temperatures are °C.

Location Average Equivalent module tem-
ambient perature

0.6 eV 1.1eV 2eV
Hot location 29 42 47 53
Kuwait 26.5 38.9 452 521
Saudi Arabia 26.2 40.2 46.2 52.9
Egypt 24.8 39.3 45.3 52.2
Florida 22.3 33.3 39.5 46.4
Colorado 11.2 26.1 34.1 41.9

for determining RTI and RTE have subtle differences that
are difficult to define because of flexibility in how the
standards are applied. Both IEC 60216-5 and UL746B
use simultaneous aging with a reference material to
identify the aging, or correlation, time, which is usually
between 20,000 h and 100,000 h. [8] Although these times
are shorter than desired for PV module lifetime, UL uses
this approach, based on years of observations that
materials that retain their properties for 100,000 hours in
the field can be regarded as stable for most applications.
Table 4 compares the time and temperature that would be




needed to simulate 20,000-100,000 hours in the field for
the Tamp of 29°C, the hottest average temperature
documented for any city in the world.

Table 4. Extrapolated Teq for a location with an average
Tamp Of 29°C (see Table 3) and the corresponding test
conditions that would be needed to simulate 20,000 or
100,000 hours at that temperature.

E, Teq Time at 85° C Temperature for
(eV) (°C) (h) 1000 hour test
°C
Correlation time (h) | 20,000 | 100,000 20,000( )100,000
0.6 42+5 1410 7040 91+7 | 125+8
1.1 47+5 290 1450 736 89+7
2.0 535 35 173 67 +6 766

Discussion of long-term thermal aging

Table 4 suggests that, for aging mechanisms with
large E,, a test condition of 1000 hours at 85°C (as is used
in the damp-heat test) applies similar stress to that applied
during the RTI/RTE testing. For aging mechanisms with
small E,, the damp-heat test does not apply as much
stress as the RTI/RTE testing.

Many aging mechanisms are accelerated in the
presence of moisture, which has not yet been considered.
A prior study suggested that an increase of 1% in relative
humidity accelerates aging about the same as 1°C rise in
temperature for degradation associated with corrosion
[17], but it is not likely that this correlation would hold for
aging of all polymeric materials. For cooler locations the
numbers in Table 4 would be decreased. Thus, the damp-
heat test appears to be more stringent than the RTI/RTE
test when E; = 2.0 eV and less so when E; = 0.6 eV. A
quantitative comparison of the different test methods
depends on E,, the correlation time, and the failure criteria
(the RTI depends on 50% degradation; whereas the IEC
damp-heat test checks module performance). If RTI/RTE
testing predicts adequate stability, then for E; = 2 eV, the
damp-heat test should also predict adequate stability, but
when E; is small, there is added risk if damp-heat is used
alone.

SHORT-TERM, HIGH-TEMPERATURE EXPOSURE

If a PV module experiences a temperature that
causes a dramatic phase transition of a component mate-
rial, the module may degrade very rapidly. The physical
process driving such changes is very different from the
thermally activated aging described by Eq. 1, as discussed
above. Thermally activated degradation is a cumulative
process that depends on the entire thermal history,
whereas changes caused by exposure to temperatures
near a phase-transition temperature may occur very
quickly and may be dependent on a single high-tempera-
ture event. Thus, the evaluation of the possibility of a
phase transition focuses on the high end of the tempera-
ture distribution curve. The very highest temperatures are
expected on the hottest days of the year, when the sun is
brightest. One set of temperature data is shown in Fig. 5
for the same Florida dataset described above in Table 1.

Hottest module temperatures for multiple locations

The Florida dataset is shown along with similar data
for other locations in Fig. 6. The multiple datasets are the
same as those used for calculating the data in Fig. 4. The
module-temperature data are expected to be strongly de-
pendent on module mounting configuration. To better
explore this, the module temperatures were modeled with
a modified version of Eq. 3, using coefficients that are
known to approximate the temperatures observed for di-
rect roof mounting [12]:

T, =T (6)

am.

» +Irradiancex exp[-2.98—0.0471x WS]

The distribution of module temperatures for the roof-
mounted configuration is shown in Fig. 7. The module
temperatures calculated for 40°C ambient and 1000 W/m?
from Eq. 3 for open-rack mount and Eq. 6 for direct roof
mount are 70.0°C and 90.8°C, respectively. These are
similar to temperatures typically measured for modules
using the IEC 61730 temperature test.
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CONCLUSIONS

Regarding long-term thermal aging, we conclude that
rack-mounted modules in the hottest parts of the world
age as though they are constantly maintained at a tem-
perature of about 42°-53°C. Other conclusions include:

1.- Based on data in Table 4, for large (small) values of
E,, the thermal stress aspect of the damp-heat test is
less (more) severe than the long-term aging test
conditions to determine RTI/RTE.

2.- The addition of humidity during the damp-heat test
may affect the numbers in Table 4.

3.- To fully understand the relationship between the
RTI/RTE and damp-heat tests, the E, values must be
quantified. Furthermore, the combined effects of
temperature, moisture, UV, and time need to be
considered.

4. - This study should be extended to roof-mounted sys-
tems.

Regarding short-term exposure to very high tem-
peratures, we conclude that rack-mounted modules expe-
rience temperatures as high as 75°C and roof-mounted
modules experience temperatures as high as 96°C. Mod-
ules may experience even higher temperatures at the
junction box, or if cells are shaded. Some new encapsu-
lant materials may not be able to withstand these high
temperatures. It may be valuable to add a test that ex-
poses the module to a high temperature for a short time
(~1 h) to determine whether a radical phase change of a
material may have a detrimental effect on the module.
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