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ABSTRACT 
v 

A 30-year lifetime for photovoltaic (PV) modules is necerrary for such 
applicatioar ar central-station power generation. A key to the achievement 
of thir target ir an uadetstanding of the failure mechanisms related to 
aging-induced degradation of materials in field envirouments, including the 
ability to forecast long-tern effects of exposure to high temperature and 
ultraviolet (UV) light. Some results of a rerearch program at the Jet 
Propulsion Laboratory, aimed at characterizing aging mechanisms in poly- 
meric W encaprulant mterials, are described. The developeat of an 
analytical rtructure for arsersing the rignificance of thermal-W-induced 
tranrmirriolr Lorsea in ethylene vinyl acetate in simulated 30-year field 
uporure at various U.S. site8 ir dircurred. 
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The use of photovoltaicr a8 an electric pow? source for applications such 
as central stations depends on a lifetime for photovoltaic (PV) modules 230 
years. Our source of concern in this regard ir the deterioration of module 
encapsulation materialr. This paper describes the resulcr 9f one povtion 
of a rerearch program at the Jet Propulrion trboratory aimed at detailed 
characteriutim of aging mechaairar in polymeric W encaprulant materiala 
(1, 21. The total program involver studies of electrochemical corrorion in 
the module ar determiad by sorption of moirture m d  changes in trmrparency 
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of the encapaulant, cracking and delamination (all due to phototheraul 
aging), and electrical breakdown of the encapsulant material due to voltage 
stresses. 

INTRODUCTION 

The first step in predicting 30-year life ir to implement a parametric tert 
program to collect data to characterize the material's aging dependencies 
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accurately over the time allowed for material and module development. 
Noemally, mearurable degradation cannot be effected by exposure to field- 
level environments within the time allocated, ro accelerated tea ting mu8 t 
be ured. The approach conridered here involver the acceleration of time 
and stresr Level by uporure in an environmental test chamber. 

A key part of any tert approach is to control and measure the environmental 
parameters precisely. Failure to do so leads to inaccurate data, or to 
such large data scatter that undtrr tanding parameter dependencies becomes 
difficult if aot imporriblt. 

Ia accelerated terting, relationrhipr muat be developed to allov extrr- 
polation back to d i e a t  rtrerr levelr. Key irrues here include the 
requence of rtrerr levela (diurnal and rearooal cycler introduce certain 
sequences), and uoalinearitier in degradation vr rtrerr level. Avoiding 
such phenoaeo. a8 phase changes is important. 

The approach uaed to obtain accurate extrapolation of accelerated test 
result8 to 30-ye.r field chditiona ir dircurred here for the problem of 
thermal and-ultraviolet (W) aging of a polymeric encapsulant, ethylene 
vinyl acetate (EVA), a widely used encaprulant for PV modules. 

The procedure involvea firrt a leart-rqrurer fitting of a mathematical 
function to available parametric aging data to allow interpolation and 
extrapolation of the measured degradation rater to field rtrerr levelr. 
N u t  the mathematical function ir ured, vith histories of expected field 
rtrerr levels, to predict the incremental degradation for each hour (hourly 
rate timer one hour) over the array lifetime. The hourly degradation 
incremntr are thca r d  to yield the final 30-year degradation level. 

For the care of phototherp.1 degradatiarr, a model of optical transmirrioa 
lorr vr tamperrcure and W level war developed. Am attempt war made to fit 
a mathematical function with physical significance in hoper that the Fitting 
conrtantr deterrind could be related to actual physical conrt~ntr. In c m -  
structing the equation8 for the model it war arrmrd that the encaprulant's 
optical tranrmirrih can be exprerrad a8 a function of the concentrrtion Q 
of r given reactive rpeciea. The rate of variation of che concentration, 
Q/t, ir therefore tho reaction rate. 

The EVA teat data indicate that competing reactionr occur simultrneoualy, one 
causing increare of  yellouing f r a  thermal upoaure omly, one cauring m 
increre of yellwing from W uporure, and one bleaching out the yellowing. 
Thur, a logical compoaent of the equation8 is a chena81-only tern plu8 two W 
radiatiomdepeadent tern, of opporite sign, one modeling the production of 
yellouing and one the bleaching. The thermal tera is modeled 88 an Arrheniur 
type tern becaure reaction rater leading to material degradation show a 
temperature dependence cloaely resembling ur Arrheniur relatiourhip. The 
rerultant luthaacical fuactim is defined by Eqnr. 1 and 2 below. The 
arbitrary conrtantr, a1 to a10, are determined by leart-squarer fitting 
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t h e  model t o  t h e  experimental opcical-transmirsion-versus-time d a t a  obtained 
over r period of time ac JPL using accelerated thermal-UV environments. 

2 
T / T ~  = 1 + alQ + a2Q + a3Q 

3 
(1 1 

where 
T = transmission at 610 nm t - time 

ro = initial transiuirrion ae 440 nm T = temperacure, K 
Q = concentration S W level, suns 
ai = constant 

As this model is a function of both temperature and W level, it is instruc- 
tive to plot Q/t f r m  Eqn. 2 vs there tw par~meters. Figure 1 shows an 
Arrhenius plot for two W level8 that dmnstrates the Arrhenius dependence, 
which is well modeled by a rate that doubles with every LO'C increase in 
temperature. Figure 2 shows a  plot of Q/t vs W level as a function of tem- 
perature. The striking aspect of Fig. 2 is the nonlinear dependence of reac- 
tion rate on W level, with a minimum occurring around the 2-sun exposure 
level. A unic sun level is the amount of UV present when insolation is 
100 IdJ/cm2. The W level is modeled ia a fixed 52 of the insolation level. 

The value sought ir the optical transairsion through the encapsulant, which 
varies vich Q, as a function of time. Since Q/t varier with temperature and 
W level, it murt be integrated over time. To determine the transmission in 
a field environment, it is necessary to develop a model of the environment 
that provides the values of temperature and W level at the site of interest. 
This war doae using solar radiation surface uteotolo#ical observations 
(SOWET) typical meteorological year weather data for various rites and modul 
mounting configurations. The hourly PV cell temperature was computed based 
on the itradiance level incident an the array, and the hourly ambient air e c p  
perature from the S O W  datatape. An asrumption is made in thir use of the 
model that the order in which errviroumental levels occur is not important. 

The number of annul hours #pent at a given site in a given range of W radia- 
tion levels and module operating teqmratures is determined by scanning the 
SO- tape for a complete year, which results in a matrix of numbers of hours 
at the various combinations of W rrdiation a d  tamperature levels. The pro- 
duct is then taken of the elements of this matrix with the elements of a 
matrix of  reactioo rates, Q/t, determined for the 8- teqerrture and W 
levels (using tqn, 2). The sum of the product8 of the elements yield8 the 
concentratioa Q at the end of oae year; this im multiplied by 30 ta  obtain tho 
30-year value. Eqtutioo 1 ir then ured to determine the transmission loss at 
the end of 30 yearr. 

The final determirution of W performance degradation requires a convolution 
of the encapsulaat transmission curve with a cell-terponse curve (Fig. 3 )  and 
solardirtributioo curve. The cell-response curve is representative of 

cryrtalline silicon; other types of devices have their own response curves. 

Aa uurple of the resulcr obtained with this approach is the 30-year PV power 
lor8 determined for EVA-eacapsulated modules in Phoenix, Arizona. T w  types 
of module mounting, ground..rounted and roofaounted, were considered, each 
with crystalline silicon cells. The mounting configuration affects the 
module operating temperature, which in turn afkcts the reaction rates and 
subsequent yellowing. The 3O-year transmission loas for crystalline modules' 
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Fig. 1. Arrhmiur plots of reaction rate (Q/time) versus 
temperature for EVA. 
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Fig. 2. Reaction rate (Q/time) versus W levil a8 & 

functioa of temperature for EVA. 
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Fig. 3. Thirty-year percentage of tranrmirrion versus wavelength for 
three sampler of EVA with a typical spectral rerponre curve 
of a crystalline silicon cell. . C. 

reached a very acceptable level of f r a ~  3.5X to 82; roof-mounted modules had 
the greater lorrer due to higher operating temperaturer. 

CONCLUSIONS 

A key finding is that the reaction rate for phocothemul yellowing is a 
highly non-linear function of the W level, vith the thermal-only rate 
(W - 0) greater th.a the rate for full sunshine. Bleaching of the yellowing 
productr appears to be an important reaction at typical 1-sun W levels. 
Temperature ir probably the key driver in photothermally induced tranamiasio~ 
lorr; temperature dependencier are uell approximated by krheniur relation- 
shipr vith a rate doubling approximately every 1O.C. 

The hportance of obtaining a complete characterization of parameter 
depmdancier, precirly memured and controlled, cannot be overempharized. 
As noted abova, when reaction rater proceed rlowly at ambient conditions, 
accelerated terting becomer necerrary. The care conridered here had two 
rtrerr variables; the degradation of polymeric encaprulation with temperature 
ir better understood than that with W radiation. 

Thir approach is applicable to studies of the photothenml degradation of 
materials other than PV encaprulmtr and should be of interest to researchera 
involved with long-tern reliability of productr expored co the run. 
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