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Abstract

Photovoltaic modules are exposed to extremely harsh conditions of heat, humidity, high voltage, mechanical stress,
thermal cycling, and ultraviolet (UV) radiation. The current qualification tests (e.g., IEC 61215) do not require UV
exposure high enough to evaluate a lifespan of 20 years or more. Methods to quickly test the UV durability of
photovoltaic materials are needed. The initial performance and material cost of encapsulant materials must be
taken into account, but equally important is their ability to maintain adhesion and transmissivity under UV
exposure.

This can be evaluated under highly accelerated conditions with light from a xenon arc lamp using glass that
transmits more UV radiation than standard cerium doped glass. The use of highly transmissive glass results in a UV
dose that is about 3.8 times higher with regard to adhesion. With this configuration the effect of 20 years of
exposure can be obtained in just over 6 months using standard commercial accelerated stress chambers.

Introduction

Polymeric encapsulant materials are used in photovoltaic (PV) modules to provide electrical insulation, protect
modules from mechanical damage and environmental corrosion, and to optically couple the PV cells to the front-
sheet material. PV module qualification tests (such as IEC 61215) are designed to provide minimum standards for
modaule durability and to demonstrate a degree of safety in the use of modules in the production of electricity. The
specific effects of these highly accelerated stress tests vary significantly from manufacturer to manufacturer and
even more so among different PV technologies. These tests alone do not necessarily predict the long-term stability
of a module design.

Because of the extreme difficulty of exposing production modules to concentrated light sources for long periods of
time, the UV exposure required by qualification tests corresponds to a timescale of a few months rather than years.
The IEC qualification tests 61215, 61646, and 61730-2 [1, 2, 3] include a “UV Preconditioning Test.” Here modules
are held at 60 2C + 5 2C and subjected to 15 kWh/m? between 280 nm and 385 nm with at least 5 kWh/m? between
280 nm and 320 nm. For comparison, the AM 1.5 spectrum [4] contains 35.3 W/m? and 1.52 W/m? in these ranges,
respectively. To achieve the necessary irradiance for the IEC tests using the AM 1.5 spectrum, it would take 17.7
days for the 280 nm to 385 nm range and 137 days for the 280 to 320 nm range. Considering that AM 1.5 has a total
of 1000 W/m? and that a more typical outdoor day/night average is about 250 W/m?, another factor of 4 is
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necessary to compare chamber exposure to outdoor exposure [5]. Even with this, the equivalent exposure time is
still only 71 days for 280 nm to 385 nm and 548 days for the 280 nm to 320 nm range. Similarly, IEC 62108 requires
a “UV Conditioning Test” consisting of 50 kWh/m? below 400 nm. This is equivalent to 45 days of AM 1.5 or about
181 days outdoors. Thus, these tests do not provide assurance that a PV module will withstand 20 or more years of
UV radiation. These tests are only designed to provide minimum standards for PV panel construction.

Obtaining a 20-year UV dose on a full-size module would be expensive and time consuming. Alternatively, one can
evaluate small samples of materials and/or minimodules constructed in a similar manner to a full-size module. A
method for evaluating the UV stability of PV packaging materials in a relatively short timeframe is necessary to
evaluate module reliability. This work discusses methods for quickly evaluating the potential use of polymeric
encapsulants in PV modules, including initial screening protocols looking at light transmission and encapsulant cost.

Experimental

UV exposure (602C/60% RH and 2.5 UV suns) was obtained using an Atlas Ci4000 Weather-Ometer® with a light
intensity of 114 W/m?2 between 300 and 400 nm. The Xenon arc lamp light was filtered using a type “S” borosilicate
inner and outer filter. The black panel standard temperature was maintained at 1009C + 7°C, resulting in a
temperature of 702C to 802C for the transparent glass lap shear samples.

Lap shear tests were conducted as outlined
previously by Kempe et. al [6] using an
Instron Test Unit (model 1122/5500R). Two
%"-thick 3" x 3" [6.35 x 76.2 x 76.2 mm)] glass
pieces were used for the test specimens. The

F=5000N

F 3

adhesive was applied to an approximately l x |

19-mm? area at a thickness of about 0.5 mm | 19 mm 6.35mm _,
(see Figure 1). [ 76.2 mm | 1

The effective solar photon-weighted

absorptivity of polymeric encapsulant —76.2 mm—
materials (integrated between A=200 nm
and 1100 nm) was measured by curing thick
sections (1.5 to 5.5 mm) of polymer between
two pieces of 3.18-mm thick AFG Krystal Klear glass and measuring the transmission using a Lambda 9 UV-Vis
spectrophotometer equipped with an integrating sphere. Percent transmission is relative to the product of the AM
1.5 [4] irradiance in units of W/m?2/nm multiplied by the wavelength to yield values related to the photon density.
If one neglects reflection at the polymer glass interfaces, assumes highly transmissive materials, the total

Figure 1. Schematic of lap shear samples.

transmission can be estimated as
T- e'“p“a) Equation 1.

glass

Here Tyiass = 88.94% and is the solar photon weighted transmission through a piece of 6.35 mm-thick plate glass. ¢,
is the polymer layer thickness, and a; is the solar weighted photon absorptivity in the polymer.
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Results and Discussion

Encapsulant materials used on the front side of a PV device must provide good optical coupling for the maximum
transmission of incident photons. A large number of materials were evaluated, and the AM 1.5 solar weighted
absorptivity was determined (Table 1). The total transmission to a hypothetical cell through a 3.18-mm piece of
glass and through 0.45 mm of encapsulant was estimated as:

(100+ Tgmﬁ) -(t,0,)

=— .
cell Equation 2.
2 q

Here Tguss = 88.94% and is the global solar weighted photon transmission through a piece of glass two times as
thick. Equation 2 slightly overestimates the light because Tyassincludes light from multiple reflections; however, the

cell-to-polymer interface will
AM 15 Solar Trat"osg‘;;:"’“ also cause multiple
Aﬂ?ggéi?w through | Approximate reflections, so the net result
Encapsulant 3.18 mm glass | Cost Relative Comments . .
210100311‘;10 04 e 6 VA should still provide a good
(1/mm) Encapsulant estimate. The light that
%) .
o reaches the cell will then be
GE RTV615 0.000+0.003 | 94503 445 PDMS Addition Cure absorbed by the cell as
Dow Corning Sylgard 184 0.001 + 0.004 944+03 6.97 PDMS Addition Cure governed by the cell optics.
Dow Corning 527 0.001 0003 | 94403 2.33 PDMS Gel Addition Cure ) )
According to Equation 2, a
Polyvinyl Butraldehyde 0.014 + 0.005 939+04 1.50
perfectly transparent
EVA 0.014 + 0.005 939+04 1.00 encapsulant would transmit
Thermoplastic Polyurethane | 0.027 +0.004 | 93.3+0.3 2.00 between 200 nm and 1100
. nm. Because of the thinness
Thermoplastic lonomer #1 | 0.052+0.007 | 92304 1.00 Gl oty ot Etfvyloiei rid
Methacrylic Acid of the encapsulant layer, the
ic Aci absorption and scattering in
D700 0.067+0004 | 91703 094 i gl ption g
ethylene vinyl acetate (EVA)
Theroplastic lonomer #2 0147 £0007 | 884+04 2.00 C"'p“’a‘gﬁ;;;ﬁtchg';g””d only account for about a 0.6
+ 0.2% loss in the potential
Table 1: AM 1.5 [4] Solar photon weighted optical density determined from transmission measurements initial power output of a
through polymer samples of various thickness (1 to 5 mm) sandwiched between two pieces of 3.18 mm-thick
Krystal Klear glass. Only the solar spectrum below 1100 nm was used for transmission measurements. The module.
approximate cost factor relative to EVA is based on costs quoted by the manufacturer where no effort was made
to negotiate a better price. The true cost factor could easily be different by a factor of two. EVA will yellow somewhat

after environmental
exposure. The optical transmission of thin aged encapsulant samples were obtained as an estimate of the yellowing
potential of these encapsulants. Following the same procedures for calculating Table 1, light transmission
measurements were made of UV-aged polymer samples behind glass. It was estimated that 0.45 mm-thick sections
of EVA and GE RTV 615 placed behind 3.18 mm Krystal Klear glass would transmit 88.7 £ 2% and 93.6 + 2% after
being exposed to 14,364 h and 15,238 h respectively of 60 2C/60% RH/2.5 UV suns. The small 0.9% transmission
loss for GE RTV 615 is principally due to minor etching and corrosion of the glass.
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For a 15% efficient module, this 4.9% transmission difference between EVA and RTV615 would resultin a 7.4W loss.
Because this exposure has a far greater UV dose than would be experienced over an expected module lifetime, this
should be considered an upper limit for lost irradiance. Taking a lifetime average transmission loss difference of
7.4/2 = 3.7 Wp/m?, in addition to the initial 0.5 Wp/m?, as a time average power loss for using EVA instead of a
silicone, one would expect an additional 4.2 Wp/m? performance loss. The monetary value of 4.2 Wp/m? gives an
upper limit to the additional cost that might be acceptable for a better performing encapsulant. EVA is the dominant
encapsulant used in the PV industry not because it is the best material but because the performance gain from
using other encapsulants is not very large. While this higher transmission alone probably does not justify the
additional expense of silicones, it may justify the additional cost of better EVA formulations and/or other alternative
resins.

Lap shear samples of EVA were made using low Fe glass both with (6.35 mm thick Krystal Klear) and without Cerium
(1990s vintage 5.61 mm-thick PPG Starphire [7]) to evaluate the effect of enhanced UV transmission on the
adhesion of EVA [8, 9, 10]. The on 14

transmission of UV light through sk 5.6 mm 0ld Starphire Glass
some sample glasses is shown in 5.6 mm Old Solarized Starphire 1.2
. 80 F . -  6.06 mmKK Glass
Figure 1 before and after 0 | —— 3mmKKGiass 10
solarization at 2.5 UV suns in an | & - IR EL =
. & 60 | Hemisperical Tilt Irriadiance 08 =
Atlas Ci4000 Weather-Ometer® [11] E = R
. . 50 =
(see Figure 2). The UV-B region = i =
. = 40 6 o
extends from 290 to 320 nm and is | = =
. S 30 =
the region of the solar spectrum | & -
typically causing the most damage 2 .
to hydrocarbon-based polymeric 10
H 0 = L L L 0
materials. Here we see that the - - = o
addition of minute amounts of Ce to
Uv-B | UV-All | UV-Al

the glass dramatically reduces the

transmission of UV-B radiation and Mg )

that solarization of the glass extends ) , . , ,
. . Figure 2. UV light transmission through a variety of glass samples plotted along with the
this absorption to even longer | v 5 spectrum for comparision. Samples labeled “solarized” had been exposed to

wavelengths. 114 W/m? (300 nm to 400 nm) in a Ci4000 Weather-Ometer® at 60°C and 60% RH.

The effect of increased UV-B transmission on the adhesion of EVA was evaluated using glass lap shear samples
exposed to 2.5 UV suns. The fit lines in Figure 3 are exponential decay curves offset from each other on the time
axis by a factor of 8. This fit is empirical in nature and valid only for the initial changes in adhesion. The degradation
of adhesion for the Ce-doped glass initially dropped to values between 2 MPa and 4 MPa, where it remained for
about 10,000 h. Once the adhesive strength began to drop, failure was typically around 80% to 90% on the side
facing the UV lamp, indicating that the UV light was responsible for the loss in adhesion.

When EVA is formulated for use in PV applications, a UV absorber is added to reduce degradation. Exposure to UV
radiation causes deadhesion preferentially on the side facing the light source because this interface receives a full
dose of the light transmitted through the glass. For the lap shear samples in this work, the refractive index
difference between the glass and the polymer is small, so the reflection at this interface is negligible. Therefore,
the amount of UV radiation reaching this interface, I(A), is equal to the lamp irradiance, /.amp, reduced by reflection
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at the glass-to-air interface and by the absorption from a single pass through the glass to the polymer/glass
interface:

(n-n )?+k%  *k
I(K)+[ 1 2 e A

Lamp . Equation 3.
(%Z+ n, ) +k2

Values for AM 1.5 were used as an approximation for /.amp because the Weather-Ometer was set up to duplicate
natural sunlight. According to Rubin [12], the real component of the refractive index for typical soda lime glasses
can be approximated within £1% by

2 0.003962

n=15130-0.003169)." + P Equation 4.
A

With these estimates for n and the transmission of light through a sheet of glass, after solarization, values for k
were estimated on a wavelength by wavelength (solved numerically using Excel™) and accounting for multiple
reflections. From this, the irradiance at the glass- to-polymer interface (see Figure 4) of the lap shear samples using
the different glasses was estimated using Equation 3.

5 An action spectrum describes the

effectiveness of incoming photons (as a

Non-Ceriated Glass #1

@ Non-Ceriated Glass #2
4 Ce Containing Glass #2 \

Lap Shear Strength (MPa)

0 1 1 1

1 10 100 1,000

Exposure Time (hr)

10,000

100,000

Figure 3: Lap shear strength of EVA after exposure to 60 °C/60% RH/2.5 UV suns.

E(MN ~ I[(W)heB*

function of wavelength) for producing a
specified type of damage. For exposure to
a specific distribution of photons, I(A), the
activation spectrum describes the relative
degradation function of
wavelength. The activation spectrum is

rate as a

thus the result of weighting the action
spectrum against a specific wavelength
distribution of photons. Unless there are
specific absorption bands in the region of
interest, the action spectrum of the
incoming  photons  typically
exponentially [13, 14] with wavelength (~e
8%). With this approximation the activation
spectrum [E(A)] is given by

varies

Equation 5.
and the effective UV dose (D) can be estimated as:
-Bh
D ”ﬂO\')M A\ Equation 6.
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where I(A) is the radiant energy in (W/m?/nm), A is the wavelength, and B is an empirical constant quantifying the
wavelength sensitivity. The effective dose, D, describes the degradation caused by exposure to a polychromatic

light source, I(A).

In the Weather-Ometer®, the heat load 2 T'— AW 1.5 Global Inadiation

on the different lap shear samples .y Tefzel 0.038 mm /
would be expected to be nearly ’g Starphire Solarized 5.61 mm [
identical, so temperature differences = o Krystal Klear Solarized 3.18 mm |
would not explain the accelerated loss ;; Krystal Klear Solarized 6.35 mm

of adhesion. For the ceriated and non- E; - Difference Between Starphire

ceriated glass used in the various lap % A IO e [\/ |

shear samples, the effective dose, D, E 04 A \ \

should differ by a factor of 8. Numerical E / 5

solution of Equation 6 results in an 02 | /Jﬂ\‘ /

estimate of the wavelength sensitivity " <

of B = 0.07 (1/nm). From this, the 0 — . . : . . . .
activation spectrum for adhesion loss 200 300 310 320 330 340 350 360 370 380 390 400
was estimated for a number of front- Wavelength (nm)

sheet materials. Using 3.18 mm-thick Figure 4. Estimated irradiance at the glass/EVA interface.

low Fe, ceriated AFG Krystal Klear as a
standard for light transmission, the

effective dose acceleration factors — — Action Spectium
were calculated (see Figure 5). 0.91 Tefzel 0.038 mm
4.8X
0.8 | , _
The use of an exponential action e ST 5.0
. - = 071 ’
spectrum has empirical significance, = Krystal Klear 318 mm
. . 06 1X
but in the absence of rigorous g
. . . = 05 = Krystal Klear Solarized 6.35 mm
evaluation, it is only a first-order o U9

. . . m
estimate. The effect of different action S 044
spectra was evaluated to determine the 2 03]

(&)
sensitivity to this assumption and to = sz
determine the potential range of -
possible acceleration factors. A linear ,

. . 0 ' ——ri -~ . . - : : :
action spectrum was estimated and the 200 300 310 320 330 340 350 360 370 380 390 400
cut-on wavelength A, was adjusted so Wavelength (nm)
that the ratio of effective dose for the . o , . ) . )
c q Ce ¢l | h | Figure 5. Activation spectrum showing relative damage potential of light transmitted

€ and non-L.e glass 1ap shear Samples | 6,91 different front-sheet materials using an exponential action spectrum.

would be 8 (see Figure 6).

Using A, = 368 nm, the activation spectra for different front-sheets were calculated and the acceleration factors
relative to 3.18 mm-thick Krystal Klear glass were evaluated. A similar analysis was conducted using a step function
action spectrum yielding A, = 354.

Although significantly varying action spectra were used, the UV dose acceleration factors did not vary dramatically
(see Table 2). The data for the step function were the most different, but it is clear that this result is far from the
true action spectrum. Because the differences in the transmission of the various glasses differ the most at shorter
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- - wavelengths, action

) Exponential Linear Step
Action Spectrum spectra that
B =0.07 (1/nm) A, = 354 (nm) A, = 368 (nm) emphasize this region
Tefzel 0.036 mm 4.83 4.30 3.63 (exponential function)
Vintage Starphire | 5.61 mm 3.85 3.40 3.19 yield higher
Krystal Klear 3.18 mm 1 1 1 acceleration factors
Krystal Klear 6.35 mm 0.48 0.43 0.40 than — those that
emphasize lower
Table 2. Approximate UV dose acceleration factors for different front-sheets. wavelengths.  Thus,
the exponential action

spectrum can be regarded as an upper limit. The true acceleration factors are likely to reside somewhere between
the linear results and the exponential function results.

Using 3.18 mm Krystal Klear glass as a reference, the low-Fe, non-ceriated PPG Starphire glass transmits UV light
that is estimated to cause delamination 3.85 times faster. The environmental chamber irradiates the samples with
2.5 times as much UV radiation as the standard AM 1.5 spectrum. The Weather-Ometer® runs 24 hrs a day this

gives a further UV dose acceleration of -
approximately 4 for a non-tracking i — AR Spedinm
system [5]. This vyields a total Tefzel 0.038 mm
08 43X
acceleration factor of 3.85 x 2.5 x 4 = ) ]
07 Vintage Starphire 5.61 mm
38.5. Therefore, to get a UV dose 2 3.4X
equivalent to 20 years of exposure, 6.2 | E % (ysslKees18mn
to 7 months of exposure is needed in | § 05 — Krystal Klear Solarized 6.35 mm
0.43X
the Weather-Ometer. Without the use g 04
of this highly transmissive glass it would E 03
[&]
take 2 years to get a UV dose equivalent | < ,
to 20 years. 0
. 0
Conclusions 200 300 310 320 330 340 350 360 370 380 300 400
Materials used for PV encapsulation Wavelength (nm)
must be evaluated for their ability to Figure 6. Activation spectrum constructed using a linear action spectrum. A, = 368 nm.

transmit light and to maintain
mechanical integrity for extended periods of time under long-term UV exposure. A survey of candidate
encapsulants has indicated that, although absorptivity can vary greatly, the use of thin encapsulant layers makes
absorption differences of secondary importance. Similarly, the effects of severe degradation have only a minor
effect on light transmission. Current qualification standards do not adequately evaluate the effects of UV radiation,
requiring additional tests if one wants to be confident in the longevity of PV modules. Exposure of PV materials to
UV radiation in an environmental chamber using highly UV transmissive glass allows UV doses equivalent to 20
years of exposure (as compared to stress behind 3.18 mm-thick Ce-doped glass) in about 6 months. This allows
reasonable evaluation of PV materials. Highly accelerated stress tests like this are necessary to evaluate the effect
of UV radiation on module performance. This also highlights the potential risks of using non-Ce doped glass in PV
applications.
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