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ROSS: Ghat I would Like t o  do in the  next  30 minutes is f i r s t  provide an 
overview of photovoltaic performance parameters and materials of 
construction for the few of ycu in the audience who ere outside of the 
photovolraics progrm. Wny of you are within the program, so you will 
find th i s ,  obviously, a repeat, Next, I w u l d  like to  describe sane of 
the mrk w have done t o  ident i Ey the levels of allamble degradat ian for 
variws failure mechanisnrs , based on the e c m f  c goals of the progran. T 
w i l l  start with what we want to  achieve. fran the point of vie*; ~f overall 
product reliability, a d  then Look a t  the allowable levels of degradation 
in various specific mechanism categories. That will provide a frmmmrk 
for definiw what we man by quantifying degradatim and what we need in 
the way a€ assessment tools. 

A Generalized kliability-Lifetime Target 

Tb repeat the overall photovoltaic program goal, as Ed descrikl  it, the 
progran has been striviqg for a d u l e  price of 7C# a watt ,  a 1U% 
efficiency, and e 20-year lifetime. 'he cost and efficiency combine to 
yield an area coat of about $70 per square mtcr. Ran a lifetim p i n t  
of vim, the wonanists ass= no degradation during the 2Wyear l ife,  and 
zero perfomnce after 20 years. All of us know that products don't work 
ideally for 20 years and drop off. Tb provide a useEul eqineering 
lifetime requirement I have generalized the 20-year ideal life into what I 
call the generalized reliability dmabi l i ty  target. 'Ihat is: life-cycle 
econanic perfomme shall be equivalent to no degradation for 20 years. 
Ihe uivalency all- for sarre gradual deg-radarim over time, but also 
provi % s for extended operat ion byand 20 years, to yield a rota; 
integrated performance that is equivalent to 20 years with no 
degradat im. 'Ihe target is thus based on l i  fe-cycle modeling of the 
aggre te  energy obtained fraa the array and the aggregate Wl expnses . &" I wil be addreseicrg this in detail in a m m n t  , but f irs t  let me define 
sane of the photovoltaic definitions and mtmclature. 

htovol taic m l a t u r e  - 
I an goiq to be speaki% specifically of solar cells d e  fran single- 
crystal silicon or semicrysta~lim silicon, which i a  a mtr ix  of small 
sitlgle+rystala. The crystalline ailicon is manufactured into wafers that 
are typically 10 to 15 thousandths of an inch thick and 3 to 5 inches in 
d i w e t e r  . bbst eolar cells are made of p-type doped silicon, with an 
n-type doped layer on top, to give the p-n diode Junction. To collect the 
p e r ,  a nretallizatim is applied to the top surface--an open gridmrk to 
allow the light to reach the silicon cell. Ihe bottan is typically n 
c o n t i n u  mtallizat ion. Tbe cells are c d i n e d  electrically into 
modules where they are surrorrnded by a pttant  meterial and supported by a 
substrate a! the bt tm, a superstrate on the tap. or bath. Ef ther the 
top or botran of the rmdule m y  be a thin-film mterial, and I will 
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describe those in a little b i t .  The d u l e s  are subsequently aggregated 
into panels and arrays. '!be arrays themelves are connected t o  inverters 
to convert the dc power to ac. tk are going to be limiting our attention 
to the cell and d u l e  l e v e l ,  which is where most of the life-limi tiw 
Failure mechanisms are. 

W u l z  Construction k t e r  ials 

N e x t ,  I would like to briefly sumtrite the typical mterials used in 
present-day modules. As I corrmented earlier, the cells are primarily 
silicon, particularly the ones i n  the field, although new t h i n 4  i lm cells 
are also being developd. Dr. Dalal will be speaking of thin-film cells 
in the talk following mine. 

fie mrkhorse of metallization systezns for quite a period of time was 
developed during the space program in the late sixties, and is canposed of. 
a silver-titaniun-palladim sandwich. 'Ihe plladiun is actually i n  the 
center. In addit ion to the &-Ti-Pd system, we have silk-screened silver 
nletsllizat ions, a d  various nickel-plat ing system. lhese metallization 
sysrerrcs create most of the corrosion problerns associated with the ceils. 

Interconnects, used to connect the cells, ace made primri ly  of copper; 
saare aluninun. Copper, clad wi th  other mterials, is slso being used to 
obtain improved fat igue res is tame. 

'Ihe superstrates on the top of the d u l e  are rypically glass or Tedlar; 
both of these have excellent antisoiliw characteristics and 
weatherability. 

me pottant materials are EVA, silicone rubber, plyvinyl buryral, or E M .  

'Ihe substrates an the battan, i n  the case where glass is used on the tap, 
are typically a Mylar or Wlar laminant. In the case where thin f i l m  
like Tedlar are used on the top, the substrate is a s t r u c t u r a l  material 
like aluninun, steel, or glass. S a m  of the earlier modules were made 
w i t h  fiberglass substrates, either plyestet or epoxy glasses, 

Qpical presentday photovoltaic d u l e s  are raninally about four feet 
long and rawing in width £run about a foot up to two feet. 

Typical Failure kchanisors 

Next, let me sumrarite the failure mhanisms that  are associated, or have 
been associated in  the past, with these various parts of the d u l e .  

Solar cell cractiq Is  probably the most severe and m s t  prevalent failure 
mchanism in the f i e l d .  It is also probably the largest contributor to 
power loss. The cells are very britt le ,  like a sheet of glass, and can be 
e a s i l y  cracked by bending or differential expamian stresses. If the 
cells are not proper Ly intercamected with redudant i n t e r c m t s ,  cracks 
can o p e n ~ i r c u i t  the array and cause substantial anrounts of power loss. 
'Ihermal cycling, h m i d i t y  c y c l i q ,  and hail impact stress are the primary 
culprits. 



Interconnect breakage is another historical fa i lure  mechanism, starting 
with spacecraft arrays, and has been prevalent in sane terrestrial 
arrays. I t  too is caused by differential expansion of materials due to  
thermal and hunidity c y c l i q .  Open c irc~~i t ing  of the cell strings is, of 
course, the mjor problem. 

Another impxtant failure mechanism is cell m t a l l i z a t i o n  delamination, 
which causes series resistance increase due to increased contact res i s -  
tance between the mtallization and the silicon wafer. Temperature/ 
hunidity/elec tricsl-bias corrosion-type mchanism are key in this area. 
Pgain, power loss due t o  increased ser fes resistance is typ i ca l l y  the way 
i t  is m n i  Ees td . 
We next have a whole series of encapulant-related mechanisms such as 
delamination, cracking and yellwing that I have grouped into a camnxl 
category. A l l  of the normal weatherim e n v i r m n t s  are involved here: 
temperature and hunidity cycling, ultraviolet ,  hai 1, w i n d  and atmospheric 
oxidants -- a l l  cambining in  chemical reactions with the encapulants. 
This is one of the mre difficult areas of degradation to q u m t i f y .  
kcept  in the case of yellowing, where you have a transmission loss, the 
praninent affect is simply a reduct ion in  the envirormental protect ion 
af ford4  to the solar cells and the c i rcu i t ry .  'Ihe net result of 
encapsulaot degradation is largely an acceleration of the  other 
d a n i s n w ,  such a s  m t a l l i z a t i m  ccrrosion. 

Electrical insulation breakdm fran long-term dc stresses i q  one of the 
mre interestiq degradation mxhanism we are looking a t .  

Optical soilirg is a very important mechanism because i t  has a direct 
pwer loss associated with it. 

Another mechanism is bt-spot  heating. Solar cells have the property that 
if you reverse bias them, with the voltage in the opposite direction of 
the normal voltage, yw can create localizd heating. One of the 
envirarnents the eaapsulant systm m s t  withstad is elevated 
temperatures associated with localizd hot-spot heatirg within the cell, 
up to 160oC if not properly controlled. 

Rdiability ksim App - roaches 

In the next prtim of oy presentation, I mid l ike  to brief ly  surmarize 
means of addreesiq tbese degradation problems. Basically, there are 
three approaches. One is to try to control the piece part failures 
thmmelves, by derstandiw the fdamental mhanism and identifying 
materials or desi approaches that solve them. A s m m d  approach is to 
incorpbrete rd 3 ancy to allow a certain n h r  of failures, but a t i l l  
maintain electrical cmtinuity and pawer fran the array. As a third 
approach, m can iql-t maintenance and replacmnt atrategier that are 
available to us. 

)1Dw do we trade ofE these various solution approaches? As an exiqle, I 
would l i k e  to consider so laree l l  crackiw,  which happens to be probably 
the mat  prevalent Failure a~chanim in the field. We have god 
historical data £ran tm large appliat ions,  with a b e t  100,000 solar 
cells each, that were involved with very extensive audits. We fovnd that 



abut 1% of the cells were breaking in the f i e l d  every year due to various 
mechanism: h a i l ,  differential expansion, flaws that were there that 
simply opened up because of the differential expansion. But not all of 
the broke9 ones failed. The mtall ization bridges the cracks quite often, 
and mintains continuity. It turns out that the n h r  of cells that 
failed with an open-circuit failure, or a large loss of power, is only on 
the order of a b u t  1 per 1000. Ibis was at a very heavily dsmaged site, 
so we consider th is  nuher of failures to be an upper bound. A typical 
failure level is expected to be on the order of 0.0001 per year. 'Ehis 
very low failure rate places scme fairly severe constraints on us in  ternre 
of trying t o  measure it accurately. 

Wantifying the Effect of Cell Failures 

To get a feeling for the simificance of the cell failure level, consider 
an array that is wired w i t h  a l l  of the cells i n  the source circuits i n  
pure series. A 15-volt system, which is typical for a 12-volt battery- 
charging system, will have 36 cells in series. If we fa i l  one cell per 
10,WU per year, at  the d of 5 years om power plant will be d m  about 
1.8%. Not too bad. If we increase the voltage to 150 volts, a little low 
for residential applications, but in  that: ball park, w f id the increase 
of the seriesi% of cells has hurt us. With the sam l eve l  of cell 
failures the p a ~ e t  is down 16% after 5 years. A t  a central per-s tat ion  
voltage level, around 1500 volts, we find that one cell failure p r  10,000 
pet year cell failure is disastrous, We have lost 85% of our power in 
five years. Clearly, rn either have to achieve breakage levels far belaw 
one p r  10,000 per year, or we have to imorprate redundancy strategies, 
or both* 

Tha question then banes, how do you caarpute the power loss of e canplex 
rdundant systan with a failure rate of only one per 10,000? I t  is very 
d i f f i c u l t ,  because you have such sporadic failures, and such a nonlinear 
electrical circuit. Hawever, we have developed a methodology, a whole 
family of graphs, that allows us to canpute the expected power lose of a 
plant as a function of the series paralleling and cell failure rate. & 
can thus understand the pdwer losses assaciatd with different set ies- 
parallel networks. 

?he next question that arises is: Is it worth adding the  extra 
interconnections fran an econanic point of view, or do you simply mke a 
xeplacement when s failure occurs? lb achieve an a m r  ro this  question 
we have p r f o m d  econanic analyses trading off the life-cycle costs of 
implementing redundancy as opposed t o  replacemnt strategies. Piere are 
tm s~enarioa that CIR have looked a t ,  one here we have no replacement 
whatsoever, and one where r ~ l e  replace every time a cell fa i l s ,  assuning we 
can find the fa i ledeel l  module and are able to replace it at a naninal 
cost, fie optimal strategy fran a life-cycle-cost point of view is no 
maintenance whatsoever, basically live with the failures, and have 
sufficient redurrdancy--something m the order of 200 series blocks per 
source circuit. The paralleling isn' t particularly sensit he, althwgh 
single striogs, or eight or more parallel strings, is best. 



Establishiqg Alloweble Degradation Levels 

With this brief understanding of the failure mechanisms and available 
solutfm strategies, let me next address the problm of establishing 
allowable degradation levels. A useful figure of merit for the 
significance of each mechanism is the level that will lead to  a 10% cost 
increase in the total energy frm the plant, assuming o p t h l  
series-parallel redundancy. Our results show that i f  we have about 6 per 
10,000 cell failures each year in the f ie ld ,  it w i l l  increase the cost of 
energy a b u t  la; the d u l e  failure rate is around 7 per thousand per 
year for a 10% cost increase. 'Ihis is for a zero discount rate, which 
turns out to be fairly appropriate for assessmnt. I f  you were to mrk 
w i t h  an econanic discount rate of lm, these nunbers are changed scmewhat, 
but not terribly different. 

k x t ,  I have generated a strawman degradation allocation for the levels of 
degradation &at can be a l l d  fur each mchanisn category and still 
achieve 20-year life.  I have arbitrarily chosen 1 per 10,000 per year for 
the cell failure rate. That is probably fairly easily achievable and 
represents only a -11 percentage of the total allowable degradation. 
For d u l e  failure rate, which is very d i f f i c u l t  to quantify Eran field 
data because the deeig~ls are changing so rapidly, I have assigned 5 per 
1000 per year, A 1% per year linear drop In p e r  is all& for things 
like yellwing, or increased series resistance of the metallization from 
corrosion. A 5% fixed drop in power is allowed to handle soiling. 

To mke up for the energy loss associated with these mechanisms we need to 
extend the actual product l i fe  another 5 years, out to  abut  25 years. 

In elmnary I hope X have given you a fezli% for the kind of degradation 
levels and Failure rates we can stand in vat ious mechanism categories, 
The subject of the Research Fbrun is the available means for quantifying 
the extent to which prcducts wt these degradation levels, without having 
to wait for 25 yeare to find out. 



Array Reliability-Durability Targets 

8ASELI NE PROJECT GOALS: 

PRICE: 70tNYAlT ( 1 9 W  
EFF IC IENCY: L 10 PERCENT 
LIFETIME: NO DEGRADATION FOR 20 YE4RS 

GENERALIZED RELIAB l LlTYlDURABlUjY TARGO 
11 FE-CYCLE ECONOMIC PERFORMANCE 
SHALL BE EQUIVALENT TO NO DEGRADATION 
FOR 20 YEARS 

NORMAL l ZED 
POWER 
our PUf 

0 M 
YEARS 

Array Nomenclature 



Typical Materials of Construction (Cells and Modules) 

COMPONENT 
- - 

TYPICAL MATERIALS 

CELLS 

CELL METALLIZATION 

CELL INTERCONNECTS 

SUPERSTRATE 

POTTANT 

SUBSTRATE 

SILICON, CdS, a -Si 

Ag-Ti-Pd, SILK SCREEN SILVER 
Ni-PLATINGISDLDER 

COPPER, ALUMINUM, CLAO METALS 

GLASS, TEDLAR 

EVA, SILICONE RUBBE% PVB, EMA 

MYLAR, TEDLAR, FOtl LAMINAHTS 
FIBERGLASS (POLYESTER, EPOXY) 
ALUMINUM, STEEL 
GLASS 

Key Failure Modes and Mechanisms 

KEY ENVIRONMENTAL 
FAILURE MECHANISM STRESSES EFFECT 

SOLAR-CELL CRACKING 

CELL INTERCONNECT 
BREAKAE FATIGUE) 

ENCAPSULANT 
DELAMIIYATLUN. 
CRACKING, AN0 
YELLOWING 

ELECTRICAL INSULATION 
BREAKDOWN 

THERMAL CYCLING, 
HUMllllf Y CYCLING, 
HAIL 

THERMAL CYCLING, 
HUMWY CYCLING 

1 EMPERAT~AEIHUMlOlTY 
ELECTRICAL BIAS 

TEMPERATUREIHUMIDITY 
CYCLING, ULTRAVIOLET, 
HAIL, WINO, 
ATMOSPHERIC OXiOANTS 

VOLTAGE STRESS 
HUMIDITY, TEMPERATURE 

DEW, AT MOSPHERlC 
CONTAMINANTS 

CELL STRING, 
OPEN CIRCUITING, 
LOSS Of CURRENT 

CELL STRING, 
OPEN CIRCUITING 

INCREASED SERlE S 
RESISTANCE, LOSS 
OF POWER 

LOSS OF POWER, 
ACCELERATION OF 
OTHER FAILURE 
MECHANISMS 

MOOULE FAILURE 

LOSS OF POWER 



Effect of Cell Failures on Array Degradation 
(No Circuit Redundancy) 

{Cell Failure Rate R = 0.0001 per year) 

ARRAY SER l ES POWER LOSS 
VOLTAGE CELLS AT 5 YEAR S 

POWER LOSS = L - [ l  - (YEARS x RI]' 

Life-Cycle Energy Cost vs Series-Paralleling 
{Optimum Maintenance) 
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W 
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Economic Impact of Degradaticn Types 
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T Y  PL OF DEGRADATION 

FIXED CELL FAILURE RATE"" 

FIXED MODULE FA1 LURE RATE 

.INEAR DROP IN POWER 

:IXEO DROP IN POWER 

DROP I N  MODULE WEAROUT LIFE 

UNITS 
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LEVEL CAUS tNG 10% 
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k = O  
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""SOURCE CIRCUIT - 8 PARALLEL x 200 SERIES 6LOCKS WITH DIODES 

Straw man Degradation Allocations 
Equivalent to 20-Year Life 
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FIXED CELL FAILURE RATE 
CELL CRACKING, 
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[ MODULE WEAROUT LIFE I O0SOLESCENCE, 
CORROS l ON 

LINEAR DROP IN POWER 

FIXED DROP IN POWER 

I OEGRADATION ( 
ALLOMTI  ON 

YELLOW I NG , 
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CELL DEGRADATION 

SO1 LING 
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DISCUSSION 

WILLET: I just wanted to knaw how sensitive your econunic analysis is to 
such things as interest rates. 

ROSS: 'Zhe discount rate was on the viewgraph and that basically reflects 
interest rate. You can see i t  is sensitive, but not terribly sensitive. 
This is comforting because it says that WE don't have to worry about 
trying to outguess where the econmy is going. 

WAKSMAN: I had a question abut treating the degradation rates as constant 
factors over time. Sane of these p r a t e r s ,  such as soiling, I would 
imagine would go up to a certain level and then level out, whereas others 
such as yellowing could very well get more and more intense. They my not 
be constant-rate factors, and I d e r  i f  y w  bui l t  these considerations 
into your d d s ?  

ROSS: f i a t  is exactly what I have done. 'Ihe fixed drop in power, in fact, is 
due to tmdule soiling, because our experhntzl  measurements in the f ie ld  
today indicate that soiling rapidly reaches a equilibriun state and then 
stays at that level, fluctuating due to natural enviromntal cleaning 
processes, Other processes, like yellowing, yie ld  a gradual increase, We 
have a s s d  a Linear rate for yellwing, which is obviously a 
-if ication, but the econrmic assunptions place mst of the wei&t on 
the first few years of product life and diminish in hprtance as you get 
out beyond 15 years ( i f  you have the higher discount rates). So the 
linear approximation is still a pretty good approximtion for a lot of 
these mechatzisras. 


