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I'REFACE

i
The papers and presentations compiled in this volume form the Proceedings of the fourth

I in a series of Workshops sponsored by SERI/DOE tinder the general theme (_fphotovoltaicmodule reliability during the period 198_)-1990.

I The reliability of PV modules/systems is exceedingly important along with the initial costand efficiency of modules if the PV technology has to make a major impact in the power
generation market, and for it to compete with the conventional electricity producing

t technologies. The reliability of photovoltaic modules has progressed significantly in the lastfew years as evidenced by warranties available on commercial modules of as long as 12
years. However, there is still need for substantial research and testing required to improve

module field reliability to levels of 30 years or more.
Several small groups of researchers are involved in this research, development, and

monitoring activity around the world. In the U.S., PV manufacturers, DOE laboratories,electric utilities and others are engaged in the photovoltaic reliability research and testing.
This group of researchers and others interested in this field were brought together under

I SERI/DOE sponsorship to exchange the technical knowledge and field experience asrelated to current information in this important field. 'T'he papers presented here reflect
this effort.

I
Laxmi Mrig
Workshop Chairman

i SERI,._
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I Module Field Experience With Austin's PV Plants
John E. Hoffner

i City of Austin Electric
Utility Department

721 Barton Springs Road
Austin, Texas 78704

!
i. Background

I The City of Austin Electric Utility Department (The City here
after) has installed two, nominal 300-kilowatt photovoltaic
plants which are now being monitored and tested. The flat-plate

t system (PV300) was put into commercial operation in July of 1987and it has now been monitored for three years. The concentrating
system (The 3M Austin Center PV Plant) was recently dedicated in

I March of 1990 and is still going through adjustments and start-up procedures. The flat-plate system is fully owned by the City
while the concentrator is owned 69% by 3M and 31% by the City. A

i comparison of the specifications and plant features is shown inTable I. Further detail's on plant specifics can be found in
references 1,2 and 3. The two photovoltaic (PV) plants are
similar in their peak ratings, therefore it will be an

i interesting testing ground for comparing two, similar sizedphotovoltaic plants with widely varying technologies operating in
one City.

t The following paper discusses some of the module reliability
issues that have been observed during the first three years of

i operation for the 300-kilowatt flat-plate system. At the time ofthis presentation the concentrator plant had not been fully
tested and monitored for a reasonable period of time. Therefore,
module reliability issues related to the concentrator plant are

J not discussed in this paper.

2. Description

I 2.1 PV300 Modules (laminates)

l After" all the modules (sometimes referred to as laminates becausethey are unframed)had been installed at the PV300 flat-plate
installation in February 1987, all 6160 modules were tested using
a method developed by the New Mexico solar Energy Institute (ref

4). The objective of the tests was to identify non-producing• modules in the array field. The test procedure consisted of
shading up to three modules and measuring the current through the

I group by-pass diode, while the inverter was operating at a fixedvoltage. The testing procedure identified 39 non-producing
modules or a little over 1/2 percent of the modules. The low
faJ.lure rate did not raise great concern, because of the low

I percentage compared of 6160 modules. However, in
to the field

m 17
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Nthe following three months (March, April and May 1987) tests were I

carried out again and over I00 non-producing modules were

identified, or over I% of the field were non-functioning, m

Therefore, the number of failed modules appeared to be growing, R
and the manufacturer ARCO Solar (now Siemens Solar) assigned a

task force from its factory to identify the cause fcc the i

failures and to develop a solution for avoiding future failures, n

ARCO staff attributed the module failures to differential

expansion of a the copper busbar which the modules were attached _ i

to and the plastic cover over the busbar. Small ribbons which m
exit from the (+) and (-) end of the modules, are spot wielded to

a copper busbar. A plastic cover is then glued to over the busbar
to protect it from the elements and to prevent personnel from U
touching it. During manufacturing the glue that was used to

attach the plastic busbar covers squeezed over the ribbons which

bonded the copper busbar, the plastic cover and the ribbon all i

together in a continuous fashion. When the system was exposed to W
the heat of the sun, the copper and plastic expanded at different
ratesand the ribbons either sheared, or weresheared-off at the II

point of the spot wields. The module (laminate) then became open- U
circuited making it a non-producing part of the array field.

cutting each plastic cover to create RARCO offered the solution of

an expansion joint therefore reducing the potential for

differential expansion_ By June 1987 all non-producing modules

were replacede or repaired and the expansion joints were
installed. In July of 1987 when the plant was put into O
commercial operation it appeared that the module problem had been

solved. Since that time all modules have been teste,_ at regular m
intervals and it appears that the number of ribbon failures has |
been decreasing as shown in Figure 2. Only further testing and

monitoring over the next few years will verify that the problem i

has been solved. B

It is important to note that the failures never affected the

integrity of the modules themselves, merely the exterior

connection point to the busbar. Thus, the modules have been l
highly reliable for the first three years of operation. As noted

in an earlier paper (ref 2) the plant has had an availability of m

greater than 99% for the first two years of operation and an g
average capacity factor greater than 55% during Austin's peak
demand periods for electricity. U
2.2 PV300 Tracking System

The flat-plate installation is fitted with a passive tracking

system that utilizes 42 Robbin's Engineering tracking actuators. l
The actuators consist of a closed-loop system of freon and oil

which tracks the sun from east to west on a daily basis. The i

panels are installed horizontally and rotate around a north- J
south axis. The trackers were installed to increase Yearly
output and to increase power output in the late afternoons (5 or

6 PM) in summer when the city's peak demand period occUrs, l

L8
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_everal preliminary tests were conducted to examine the tracking

accuracy of the passive actuators. A protractor was used to

J measure the angle of the suns image that projected through the

cracks between the modules over the course of the day. The angle

measured was the angle of incidence of the sun with respect to

I the normal of the flat-plate from east to west. The
panels

incident angle with respect to the suns azimuth angle is ignored
because the panels only track in one axis.

im Tracking accuracy tests were conducted o_ two different sunny

days -August ii, 1987 and July 19, 1990 shown in Figures 3 and 4

I respectively. As can be seen, the angle of incidence withrespect to the normal of the panels is I0 degrees during the peak
sunlight hours from 9:00 AM to 6:00 PM (CDT). This is considered

to be highly effective since at I0 degrees or less only 1 to 2

percent of the suns energy is lost due to reflected
energy

(cosine i0 degrees = .98). Therefore, the passive actuators are

considered to be reliable for flat-plate, single-axis tracking PV

I 6_ystems.
During initial start-up and over the first year of operation,

i several tracking actuators experienced blow-outs through thecylinder seals. The problem was attributed to incorrectly

ins_alled O-rings by the manufacturer. After the first year it

appeared that the problem had diminished as shown in Figure 5.

i However, several more failures have occurred over that past yearcausing some concern. The actuators will be examined and

monitored over the next few years to evaluate their reliability.

Concludinq Remarks

i o The reliability of the flat-plate modules has been very high
with a plant availability of greater that 99% for the first

two years of operation.

I o The problem of differential expansion of the busbars andplastic covers appears to have been solved due to the
downward trend of module failures.

I o The integrity of the modules has been maintained throughout
the plant operation.

l o Tests the passive trackers indicate
on that they are capable

of tracking within i0 degrees of the sun (from east to west)
on sunny days during peak sunlight hours 9:00 AM to 6:00 PM.

i o The failures of the O-r_ngs associated with the passive

trackers appear to be increasing. The actuators will be

I closely monitored over the next few years.

!
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I TABLE 1 COMPARISON OF PLANT SPECIFICATIONS

PV300 PLAN__TT 3M/AUSTIN PLANT

SYSTEM TYPE flat-plate linear fresnel concentrator

i CELLS single-crystal single-crystal w/prism coversCELL EFFICIENCY 14.5 % 17.5 % I_''

ARRAY AREA 2620 sq M 2006 sq M l_j_
TRACKING single-axis two-axis

i DESIGN RATING 272 kw AC at SOC 273 kw at
AC project conditions

(NOCT=46.7 C) (cell temp=60 C,1000 w/sq M)

FIELD TEST RATING 250 kw AC at SOC I 250 kw DC at project test

t '

! -
! ,

z

N , _

I 1+) 1-) (+) 1-1 1.) (-1 (*}
(-)

........ MODULES m

! -

I (_) (+)
=

! -

r.-

FIGURE I SCHEMATIC OF SOLAR PANELS 4 SETS OF'I0 MODULES .
IIN SEIIIES

N Forty modules, each at 53 watts, are wb'ed together to produce
the desiredvoltageand current.Ten modulesarewiredin

_ -

_ parallelThen 4 sets of 10 modules are wired in series to form the -
solar panel. 21 r
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FIGURE 2 - Number of module (laminate) failures for l

the flat-plate system, PV300. Years 1987-1990.
Total field consists of 6160 modules.
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FIGURE 3 - Results of passive tracking accuracy test on i
flat-plate system, PV300_ Test date Aug. 1i, 1987.
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FIGURE 4 - Results of passive tracking accuracy test on

I flat-plate system, PV300. Test date July 19, 1989.
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FIGURE 5 - Number of passive actuator failures for the

I flat-plate system, PV300. Years 1987-1990.Field consists of 42 passive actuators.
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I Early Experiences of the 15 kW NMPC

i Demand-Side Management Photovoltaic Project

Bruce Bailey, Richard Perez, John Doty, Kurt Elsholz, Ronald Stewart

I Associated Weather Services, Inc.55 Colvin Avenue

Albany, New York 12206

I and

William Huse

I Niagara Mohawk Power Corporation300 Erie Boulevard West

Syracuse, New York 13202

!
i S_tmmary_- The Niagara Mohawk Power Corporation has begun operation ofa photovoltaic system in upstate New York to study the summer peak load

reduction capability of grid-connected PV systems serving commercial

buildings. The roof-retrofitted system consists of 151 m2 of, polycrystalline

I silicon module area rated at 15.4 kW DC, three one..axis trackers, and a highefficiency power conditioning unit. Preliminary results from the first two
months of operation indicate PV system output is at a high fraction of capacity

I when the building experiences its electrical demand peaks. Ongoing studiesare evaluating a cross-section of commercial customer load profiles in terms of
the probability of peak demand reduction.

I introductig..o.

The Niagara Mohawk Power Corporation (NMPC) has designed and installed

I a roof retrofitted 15.4 kW (DC) PV system in upstate New York for the purposeof evaluating the summer peak load reduction capability of grid-connected PV
systems serving commercial buildings. Theoretically, photovoltaics are weil-.

I suited to demand-side management (DSM) because the availability of insolationcoincides well with the typical daily electrical demand curve of commercial
customers. For a minimum 15-month period, the project will study the

i practical and technical aspects of PV system operation, including issues
dealing with reliability, power quality, load matching, need for storage, and
maintenance. Ultimately, the potential benefits of PV-based DSM systems, both
to the utility and to the customer, are to be evaluated for various types of

I commercial customers and for other areas of the NMPC service territory whereweather conditions may vary from those at the project site. This paper
presents preliminary performance results from the first two months of

I operation, July and August 1990,

I t+7 _l_

_ __



!
System Descriptioq I

The PV system consists of: 70 Mobil Solar RalS0 modules (151 m2 collector lm
area) having a combined rating of 15.4 kW DC at standard test conditions, three |
single-axis tracking frames (,,vith horizontal N-S axis) each with a SunSeeker
tracker' drive made by Robbins Engineering, and the new high-efficiency ai
Series 3200 Omnion power conditioning unit (PCU) which features automatic 1_
maximum power point tracking, The PCU outputs to an existing 480V 3-phase
electrical distribution panel within the host building,

m.

A dedicated PC-based data acquisition system, which includes a Campbell I
Scientific 21X datalogger and two multiplexers, polls 50 sensors every 10
seconds, stores 10-minute averages and runs preliminary data validation n
routines. Measurement parameters include' array output, array temperature U
and orientation, PCU performance, customer demand, and weather and
insolation conditions. A harmonics measurement system capable of recording
up to the 100th harmonic measures inverter voltage and current output for
one cycle every 10 minutes. II

The host building is the headquarters of the New York State Division of am
Military and Naval Affairs located adjacent to the Albany County Airport, This |
state-owned facility is primarily an office building that experiences a Monday
to Friday midday electrical demand peak. The facility's peak demand is a
approximately 560 kW compared to a base load of about 325 kW. The PV system Bmi
capacity was determined prior to building selection and thus represents a scale
model of what this particular facility could accept.

._d.lr.].Z_.__esu t tS I

Acceptance tests were conducted to verify that minimum system IRL
specifications were met. The specifications included the following: |

a) 15 kW DC output (+5%) at 1000 W/sq. m. at 25°C panel temperature. I
m

b) Total system efficiency near full load >__90%.

c) PCU power factor >__.0,95 under rated array output conditions and >__0.85 at I
25% of rated output. ml

d) Total harmonic distortion (THD) for current <_. 5%; Individual harmonic n
distortion <__3%; THD voltage <__.3%; Single frequency distortion <_. 1%. II

These and other tests (e.g., inverter start-up, stand-by operation, maximum I
power point tracking) found the system to be in compliance with original II
specifications. The stability of system and component performance will be
monitored for the duration of the project, PV system availability during the m

first two months of operation exceeded 90 percent, ii

Five Ra30 Mobil Solar panels underwent indoor and outdoor performance
tests at SERI's PV Module Testing and Performance Facility. The purpose for lm
testing was to establish benchmark module performance characteristics prior I1
to extended exposure tests at the project site. The Ra30 modules, one-sixth the

size in aperture area of the Ral80 modules, are being used for testing purposes I
i

= t48



I because of the logistical constraints posed by the larger Ra 1$0 modules in
shipping and indoor testing.

I Figure 1 illustrates average diurnal system output for July-August in terms
of theoretical DC, measured DC, and measured AC, The theoretical DC power (top

I curve) is calculated from measured plane of array insolation andmanufacturer's output specifications adjusted for operating panel
temperature. The actual DC output (middle curve) is rneasured at the PCU. This

I curve's lower value relative to the theoretical curve is attributed to several
factors, including measurement uncertainty, line losses, module mismatching,
and imperfect maximum power point tracking by the PCU, The last factor is
found to be the dominant effect for low insolation conditions; Figure 2 shows

I that the ratio of measured to theoretical DC deteriorates markedly at lowinsolation levels. The lower curve in Figure 1 reflects the DC-AC conversion
efficiency of the PCU. Near full load conditions, the PCU efficiency is

I approximately 93%.
The average demand reduction during the day for the July-August period as .

a result of the PV system is depicted in Figure 3. The upper curve defines the

I building's diurnal demand on the utility without the PV while the lower
system

curve shows building demand with the addition of the PV system sized 10 times
larger than the present scale model system. The difference between the two

I curves represents the average demand reduction value of the PV system.
Perhaps of greater interest is PV system performance at the times of the

i building's peak loads. To _he user, a DSM PV system offers the benefits ofdemand charge savings which are a function of the system's output when the
peaks occur. A compari.,;on of PV system performance With peak building
loads is shown in Figure 4. PV system output expressed as a fraction of its rated

I AC capacity is shown for the times when the top 5, 10, 25, 50 and 100 buildingloads (10-rain. average) occurred in July and August. This analysis shows that
PV system output is consistently high when it is most needed. Future analyses

i will be evaluating PV system output during the utility grid's demand peaks.Figure 4 also illustrates the importance of the selected system rating
reference. System availability at peak times is shown in terms of 1) AC output
vs. estimated system capacity at 30oc ambient temperature and 1000 W/m 2

I insolation, 2) AC output vs. estimated AC capacity at standard conditions (25oc
panel temperature, 1000 W/m2), and 3) AC output vs. DC rated capacity at

i standard conditions. For the present type of summer peak shavingapplication, the first rating may be the most appropriate measure because the

anabient temperatur'e is around 30oc when the building's highest peaks occur.

I Future Plans

The results presented here are based on only the first two months of a

I planned 15-month monitoring program and thus are preliminary. Pending -analyses will address overall system and individual component performance,
maintenance requirements, power quality, and the probability of peak demand °

I reduction. The value and sizing of storage will also be evaluated formaximizing the probability of energy availability at peak demand. An actual
battery storage system may be added to the project. We also intend to validale
widely used PV simulation programs such as PVFORM and evaluate their

I suitability for system design within NMPC's service area.
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.Whereas this project is sited at one individual building, the objective is to
evaluate the DSM value of PV systems used by. the commercial customer sector m

in general. Therefore, time series load data are being obtained from a cross- II
section of commercial customer types and geographical areas within NMPC's

ml

service territory. (comprising half of New York State's total land area). We
intend to evaluate the value of distributed PV systems to the utility in terms of
net demand reduction during peak periods. g

!
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I Figure 1 - Average PV system power output for July-August 1990
expressed as 1) theoretical DC determined from plane of array insolation and
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PV system; t,ower curve defines building demand with the PV system.

I

l 1 III AC (3OC air 1"} I AC (25C celt t") [] DC (250 cell T)

,° |
.,o

5O

% 40 I
30

,° I
10

I(1

, 1o =, 5o ,oo Ii
Number of H_ghes! 10-rnin. Loads

IFigure 4 - PV system capacity ratios (%) for three reference ratings
during the building's highest 5, 10, 25, 50 and 100 10-rain. loads in July-August

1990. Reference ratings are 1) AC output vs. estimated system AC capacity at I30°C ambient temperature and 1000 W/m2 insolation, 2) AC output vs. estimated

AC cap_city at 25oc panel temperature and 1000 Wlm2, and 3) AC output vs. 15.4
kW DC rated capacity at standard conditions. I
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SUMMARY Association(Detroit, Ml) and the Electric Power

I Research Institute (Palo Alto, CA).A 4 kW photovoltaic power system composed of
144 Sovonics RI00 amorpho:as-silicon alloy The project was developed as a learning tool lhr the
modules was constructed in southeastern Michig,'m utilities involved and as a public demonstration of the

I in early 1987. During more than three of capabilities and realities of photovoltaic energy
),ears

continuous operation., the system and its production. Toward those ends, the participams have
components have been reliable and durable, profitted greatly from the experience _mdknowledge

i Analysis of array performance has shown initial gained.degradation, followed by stabilization. Cyclic
efficiency variations have been found to be related Amorphous PV materials are uniquely different in
to solar spectrum,, ambient temperature and past their operating characteristics from crystalline and

I histor), of temperature, polycrystalline cells. They arc sensitive to a dilTcrcntpart of the solar spectrum, they exhibit strong
seasonal efficiency variations and are annealed by the

INTRODUCFION long summer heat soak. Another significant

I difference is that amorphous silicon is subject to anThis project was initiated as a joint venture bctween initial efficiency degradation (the Staebler-Wronski
01fcc elcctric utilities, a photovoltaic m[mufacturing Effecl) [ 1].

I company, two research oriented organizations andan educational institution specializing in alternate The 4 kW amorphous-silicon PV facility studied in
energy technologies. The Consortium, led by The this project was constructed at the Auburn Hills
Detroit Edison Company (Detroit, MI), also Campus of Oakland Community College north of

I consists of Consumers Power (Jackson, Ml), The Detroit, Michigan. lt was lirst energized on May (3,Board of Water and Light (Lansing, MI), Encrgy 1987 and has been in continuous operation since that
Conversion Dcvices/Sovonics Solar Systems (Troy, time. During the 40 months since system start-up,
MI), Oakland Commun|ty College (Auburn Hills, considerable data have been collected and analyzed,

I MI), Michigan Resource and Research Conclusions have been reached with to
Energy regard



I
efficiency variations caused by temperature, solar The data collected in the micrologger is averaged I
spectrum, material degradation and annealing. Data over each hour and relayed via a telephone modem
are also available to evaluate long term energy to a computer at Detroit Edison's Laboratory in
production from this system in the Michigan Detroit. At that point, the data are stored in Lotus II
environment. Extrapolations of this data should 1-2-3 spreadsheets and performance graphs are I
yield perfortl_ance predictions in other solar produced.
regimes. This paper presents the details of these I
conclusions and shows much of tile data used in II
their discovery. ENERGY PRODUCTION II

In the 40 months of operation since system start-up
THE PHOTOVOLTAIC SYSTEM in May, 1987 through August, 1990, the entire PV Isystem has perl'ormed very reliably, No

components of any type have failed, nor have any

The PV system evaluated in this paper consists of been replaced. Although a few modules have I
144 model RI00 amorphous-silicon alloy modules experienced water leakage from improper sealing I
manufactured by Sovonics Solar Systems, lhc of during manufacture [4] [51, power generation is not
Troy, Michigan in late 1986. The cells are dual measurably different from the other modules and,

tandem construction designed for enhanced light consequently, they have been left in the system to I
capturing capability. Each module contains 420 further build the base of long term reliability B
cells, resulting in module ratings of approximately knowledge.
30 Watts. The array is organized into nine strings

of 16 modules each. Further details o1"tile array Figure 1 shows system availability of the Detroit I
and module connection schemes can be found in Edison PV system over a 39 month period from II

previously published papers [21 [31 [41. June, 1987 to August, 1990. Availability in this
figure is identified by positive net a.c. energy II

D.c. electrical energy generated by the array is production at times when, insolation is greater than I
converted to 60 Hz a.c. in a 6 kW Omnion power or equal to 100 Watts/m-. All but five months of
converter. There is no battery storage at the site. the 39 have an availability of merc than 90 percent.
Instead, the a.c. power is coupled directly into the Total availability over the 39 months is 95.9 I
campus electrical grid where it offsets the amount percent. I
of power the campus load draws from the electric
utility line. Although power from the array can Availability on a24 hour base, irrespective of
theoretically be returned to the utility company insolation, is shown in Figure 2. Because winter I
during times of low campus usage, this has most I

likely never occurred because of the large campus

load. OCC PV SYSTErl fSVK_II_fBBILITY I
II

Sun ) I O0 W/,,£ . Ju,_ B7 " _u9 90

THE DATA ACQUISITION SYSTEM 1oo .... . ........ ;,.--,:'P _
_, 9 o ;.il.l_t tPtI,tI7 ,.'llA[Z'IL_ ,_ i IC i-li,li II'IVIPlP' ,,1L,'IL,It.' ..it.,

The data acquisition system utilized at the campus _ oo ,.,,,,,,..,.H, .,_.,_, .,t, ,_,,WIL,11.1LIML-11..' ,'_t, lt,lt-,' dr,' >

.. VIHL*II.'II..'IMI/ ,."1I,dLdl/' ,IV .,'II.,' 4was installed by Detroit Edison to monitor . 70 klL,U'U,U4t4t," ,-_,':':'," ,_t, ,_',wvi
VIL'll'l|'lk'll,/ll. /lt,'qt.'lL,' ,'lt, /IL"

electrical performance of the PV system, capture '_ _.o _.,,,,',,',_',_.,_. .,,.,,,,. ,-.... _ II
V1M/.II.1L,II,II .,,_tz_:,'It, ,.ii/ ,.w

relevant environmental parameters and process the _. '""""""_" "_"_"_"..... .... "I I
results into a form that is readily analyzed. The .. 50 MI/II'IF1VII.'IV /li/li41/ ,:w /w'._ PiL,1l.ll.IMMl/ ,.'lt,lt,lt,.' ,.It,,' ,qt,

heart of the system is a Campbell Scientific 21X - _o _,,.,.,,.,H,,_. ,,.,,.,v .,,.. ....,_.. _'II,II.I|.'II,,IHI, ,_ /lt/1MV ,II/ .,IL.,

Pll'II'II,11"ll'IV .,1t,1_-1P' ,l|, ,,'II,'

Micrologger. Sensors connerted tO its input bring t:INEtEtf!IH/1["1_'1_"4_'1_/1[/ ,'llz".... ."....IV Iin d.c. array voltage and current, a.c. voltage and ; ao L .,,,H,.. ., ....VII.IL..II*IMHI, /II,.lI,,IV ,it,
_ ,'II'IIdI'IFIMI-' ,4HHI,! ,lP -...

phase angle, global and plane-of-array insolation, _: _o ;.w,Ht,H',. AH,.,,, .,. .1,.
;II'IL..II/1LII,II,' .4L,II/II_ Idp _W

ambient temperature and front and back surface o P.'-"'L,_'"'_"J:"k-_:'-_:_L_...... _._k<:r':I] I
temperatures of a rcpresentative module. In late .,ASONDJrM_MJJRSONDJFI"IAI'IJ .laSONrlJI:'MO_I'IJ;A I
spring of 1990, three experimental spectrum L-- .... -&-- .... ,- ....I , _ .... ---1
sensors were also installed at the site to assist in ,,._, t,,
spectrum related efficiency studies. Although data I

have been collected from these, it is too early at the Fig. 1. Monthly PI; system availability determined
II

time oi this writing to accurately correlate spectrum by positive a.c. power output dgring times of

to pe rform ance. insolation greater than i O0 Watts/m'. I

I
__.

....



I
I _'-_ Pv St'I-i,_ S T E _1 _ V B [ L t-'_B [ L [ T Y Figure 3 shows the d.c, energy produced by the

e, .. b........ 8, • ,,o,_ 90 array during each of the 40 operational months

I so (note that May, 1987 was only a partial monthbecause of initial system start-up on May 6). As
" _;;;; expected, energy generation is variable both.u 40 ,,lt, It. I -

,,_,,., monthly and seasonally. The best month's

_ L,tb'gdFI I"lVl_ '

o .,H,., ,.,,.,_., production was in July, 1987 when 652 kWh d.c..1.. VII"II"IVh I'lL/li ' 1 '

/I,.lP..|I.,,, 14t4M were produced. The lowest production occurred ira

3O

" I i. ..,H.,_ _,_L., December of that same year when only 124 kWh, e_m /IHMbll tdl/1VlM

:1 At4t,,t-"/1H,,1,,1,PIH|dM were generatedby the array.

I -- Z ;7 ,"II"|l"ll, AMMVII _[/JH["IH
" " !I ,,11AI,It., i,ll.li'll, ll ,,II_II/II,II/I
o /lVtHL,- _..1_,11...1_'11 ,1P1VIIdl.'l

° t !tItItH''''''";,.,HH_ _,_L.,_,.,, Capacity factor is the percentage of the actual

1I o ;i /lt4tdt,. ._H,.,_. electrical energy produced by a generating systemo • ,.'1HI,IV
> , .' .1 .4t41.,11/ AHHI'll

I .... lt.4t,lt, ,.ll.lHLdl compared with the theoretical energy production if
.g ' I ,.'|I/'IML, .4blblt. II

o ,, .,v_v ...,j.,,.,._,¢, the system, were producing at full output at ali
.,.,,,so,D.,¢_;,;,;;.,_so,_;;_,,,,_.,,,.s,_,D;d_,;_j,_ times. Figure 4 shows the d.c. capacity factor for
:...............2 ........................._ .........................2............ ..I the Detroit Edison PV system over 39 months of

i .o_, t_, operation, As with 24 hour availability, the monthsvary considerably with highs occurring in the
summer and lows in the winter.

Fig. 2. Monthly PV system availability determined

I by positive a.c. power output on a 24 hour daily Overall capacity factor is 14.5 percent. Valuesbasis, during the first year reached almost 15 percent,
whereas in the latter year they were just under 14

i percent. This change, while reflecting the initialdegradation of amorphous-silicon cells, would not
be apparent if the power rating of the array at time
of measurement were adjusted to represent the

I OCC PV rIONTHLY DC ENERGY OUTPUT actual instantaneousmaximumcapacityofthe
I ,.o, _,. ,9_: • ,,,,_,,.,. 3,. ,_9o, array. For our graph, ali computations were made at

_oo the design capacity of 4000 Watts d.c. A further
discussion of array efficiency degradation is found

I _ _.oo in the following .section.
• 5 O0

I _ .40 0
OCC PV SYSTEM DC ClqPaqClT¥ FIqCTOR

_, 300 . I Juno I , 1987 " _ugumt 31 , 19901

. ...............
I g a'oo _ e_u &.6 1

" eo

v 16 , /

,_ ;
16 -

I .2 _o ,

Fig. 3. r p, _:

I = o xXXC'XX4rX,_;u_ga_,_
J Je_OND J gM_rl J J e_OND J F rl_M J J _50hlD J FMe_tlj j _

I........ &............... 4...........................J......... _..I

days are short on sunlight and considerable cloud .o,, t,.

I cover prevails in Michigan at that time of the
year,

24 hour availability is considerably lower in winter
than summer. Since system start-up, overall 24 Fig. 4. Monthly PV system d.c. capacity factor

I hour availability is 35.8 percent, based on a design size of 4 kVI;d.c.
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I_-11_'1[PV HOI',JTHLY _lS ENERf;Y OUTPUT in the latter year and a half. While a number of II
factors can produce such a falloff in output, a

_oo ,,1_,> _, ,9_, • ,,o_,.t 3,. t97o, significant cause has been a drop in the level of

sunlight in southeastern Michigan since 1988. I
• _,oo Figure 7 shows the running yc,ar insolation

_oo measured at the site since system start-up. Figures m,
6 and 7 are quite similar. Individual variations in m

._ the energy output graph that are not seen in the II

° _,__o_1o !v ins°lati°n graph are m°stly ue t° array d°,mWt_tim' Iiii

o, These have occurred on sclveral occasions wheCS__'dO

, lightning activity in and around the ca pus has
,de caused power line surges throughout the campus

_' " : grid. The inverter responds to severe surges by
shutting down to protect its electronics from failure lm

_,,_EB_,,_,,_ Ju_ ,uL " ' o_c when it detecLs what it thinks may be a short circuit
,o _,t,, or severe overload. On occasion, the inverter has

,_7 em ,9a8 ,mea_r,_ m'_ ,9_o failed to automatically restart after such an event m
and has required manual restarting. Because |

Fig. 5. MonthlyPVsystema.c. energy production, performance data is not examined every day,
system outages have not always been noticed

quickly. I
A.c. energy delivered to the campus was less then In one case (July, 1988) an outage resulted from a
the d.c. production each month because oflosses in blown fuse in the campus grid during a severe
the inverter. Although instantaneous a.c./d.c, storm. Because the event occurred at the beginning
conversion efficiencies were in the range of 80 to of a holiday and vacation period, the loss of II

84 percent during times when the array was generation went unnoticed for 10 days. The result
operating at 40 or more percent of capacity, the was the loss of approximately a third of the month's m
overall monthly net production was below that potential energy production. Had it not been for U
figure. This is due to the fact that the inverter this event, July, 1988 would probably have been the
becomes a consumer of a small amount of a.c. month of highest energy production because of its
energy when the array d.c. production is very low abundant insolation, ml
(less that a couple hundred Watts) or when |
nighttime darkness occurs. Figure 5 shows the net RUNNING YEfiR ENFRGY 13LITPUT
a.c. energy delivered to the campus each month _.... ,-_,,_,_,_,.o,, 88 . ,,u,o,,t _o
during the test period. In this graph, nighttime
inverter energy consumption is subtracted from the _ W
daytime energy delivery to yield the net figures. In 5
effect, it is the usable energy delivered over a #, n
month's time. . _., , |

n I;

Because the seasonal variations of energy % o 3
production obscure the actual production capability o _
of the array, it is useful to analyze energy _ 5 e II
production using a "running year" computation. _ -
This is obtained by averaging the monthly _
productions over a complete 12 month period and

sliding the beginning and ending months along each o ........ U
month to produce points on the curve that represent Mj _ _,_ o, _,J ,-. ,,, _., ,, _..o _ r.,.,r _,,, ,1., _ ,,
the year's data with the ending month specified (see _- ..... ,,.---,._-_ ,,,,-__.--,,°----_ lm
Figure 6). If each year were identical in energy _o., ,o,n_ o_ _,_,_,_,_ _.,o_ U
production, the graph's bar components would ali mu _,c , ......... ,, e_ ,,c , _or, , .... _o_
be identical in height. Any variation sustained over

a few months shows a trend in energy production. I
J

lt can be seen from Figure 6 that the general trend Fig. 6. Running ),ear d.c. and a.c. energy

in our system has been to lower energy production production from the PV system.
U
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I
I ii'._t.lI_ r,lG (Et:,lt' IblSOLt_TIObl 145 DEGREE I Figure 9 addresses these questions more clearly.<.... _,_,_,_ Mo, 98 . _,_,,_.t 90 This curve plots array d.c. efficiency versus

, , calculated values of air mass over the entire 39

I ' 6 1 1 _ m°nth periOd atzins°lati°n values between 800 and

' -_ _ _ " - _ 1050 Watts/m . Because tile Sovonics RIO0l 4 ),_

ml , J _ modules exhibit performance variations related to

_ , _- ! i " _: ! the spectrum changes caused by air mass variations,
:i _ 1 I / i

i . _' , o , _ ¢: and because air mass is an hourly and seasonallyo _ o8_° o _ < $' < 3 ¢ " variable quantity, lt was used in this curve in an
z _ o _ _, { attempt to correlate efficiency with a measurable
±' .£ o 6 _;. _ ! _ and predictable paraineter. Each point plotted in

I _ n., ¢ Figure 9 is an average of the 20 points preceding_. ; 3 L: "" ' 1 and following in the data base This degree of

o , i ..... ' smoothing was required to reduce the individualo data variations to a more continuous curve.

l,,,,t....... i ,il_rl .................... i'I1_'1 .............. , ......... I'Pill ........

u°._ ,,o,,_. o," ,,-_,,,,, _-o- By following the time markings in Figure 9, itcan
be seen that the efficiency of the array declined

i . rapidly in the first few months, then reboundedduring the following summer. The second year's
efficiency generally tracks the same pattern as the

Fig. 7.' Running year insolation at the plane of the first year, but is lower by approximately O.1 percent

I array, absolute (2.8 percent relative). During the thirdyear, the fall-to-winter efficiency decline showed
values nearly identical to the second year,
indicating that a point of stability had been reached

I in the modules. During the third winter and early
PV SYSTEM EFFICIENCY

spring, the array actually performed better that in
the second year. The reason for this phenomenon is

Efficiency of the Detroit Edison 4 kW PV system not evident from Figure 9.

I was determined in several ways using a variety ofanalyses applied to the more than 1200 days of
continuous data. The most straight-forward
efficiency measurement is shown in Figure 8. Ali

I efficiency calculations were made using d.c. power OIZC PV _RRfiY ENERGY EFFICIENCYoutput, plane-of-array insolation and physical ,o,, _, ,98-, . ,_,,_..t ._,. _go
constants of the array for each hour of data whe_n _.

I the insolation was between 800 and 1050 Watts/m'. .._! I ]
While it would have been desirab._e to raise the "_ 8, _o,_ ,_,B, _o,,0
lower limit to 900 or 950 Watts/m', that level of o " _,,-- '
sunlight intensity is not generally found in } _'_4_'_%%_/'ao_0_'_,r_¢_/

I November or December in southeast Michigan. In _ ....order to capture a reasonable number of sample _. t.b 8_ r.b_, _._,0
points, t_e lower limit had to be reduced to 800
Watts/m". _o _ ....

o

| -In Figure 8, the seasonal cycling of efficiency is .L _
clearly seen. EMciency lows occur during January

i and February and highs appear in August. There isalso a noticeable downward slope to the curve in °
the first 250 days. This is the Staebler-Wronski o o. e o. _ o. 6 o._ t .o _ z
Effect degradation observed in amorphous-silicon r,o,, _,,,_, _.,to, t

I materials [1]. What is not certain in this curve iswhen the Staebler-Wronski Effect diminishes to
insignificance and the seasonal cycle takes over as

i the predominant feature. Further it is not easily Fig, 8. Hourly array d.c. efficiency versus days
ascertained from Figure 8 whether the annual lows since system start-up measure4 at insolation values
and peaks are retaining the same values from year between 800 and 1050 Watts/m'. Data are shown as
to year or whether there is a continuing downward measured and are uncorrected for standard

i trend, conditions.
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Fig. 9. Hourly array d.c. efficiency versus days since system start-up measured at insolation values
between 800 and 1050 Watts/m r. Data are shown as measured and are uncorrected for standard
conditions. II

II
It is interesting to note that the winter efficiency long period in the winter and spring. The hot days ii
low does not necessarily occur in December, a time of summer, however, cause a slow but steady rise in
of the year when the air mass is highest. Further, the array efficiency until mid August. This is the
the efficiency high occurs in August, almost two s u m m e r h e at s o ak t h a t a n n e a 1s t h e ii
months after the air mass low. Although efficiency amorphous-silicon, raising its ability to deliver g
on an instantaneous basis is heavily influenced by usable electrons from the photons striking its
air mass, it is clear that over the long term (several surface. The summer of 1988 shows an especially m
months or a season), there is another over-riding strong summer rise with the peak hitting 3.8 percent Iinllucnce, in August. This was an unusually hot and sunny

summer. The rise that began in early summer of
One such influence is temperature. The winter low 1989 flattens out sooner and at a lower peak. That mi
temperatures are reached between December and summer was much cooler with fewer sunny days. |
February. During the summer, warm temperatures Further analysis of the efficiency versus
occur in June through August. The curve shows an temperature relationship can be seen in Figure 10.
efficiency drop during the fall and early winter with The data here is nonnalized over 39 months with
a minimum reached abruptly, then sustained for a each month's average plotted. While the actual In
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I
I values are not important here, the trends are quite RtlNIIINISYFfiREFFICIENCY fiil[I EIIPER_IURE

significant.Forexample,Jtisnotedthatthelowest .....a_7 . _,_,,_u,,t ._.-._o

i efficiency usually occurs when the temperature is _ si _

the lowest. Downward changes in temperature are ,:,
usually the indicator of a similar change in \_

efficiency. An upward change in temperature, _ o e _i 'g'\'__l _'_/

I however, begins the movement of efficiency in the _! ':' "upward direction, but the peak is usually reached a .o. : _
month or two later than the temperature peak, The _,

summer annealing effect is evidcnt in this delayed _ o _ "%
I " O 4

peak response.
E O 3

While it is apparent from Figure 10 that there are _ _. : ] """.,

changes in efficiency and temperature from one o _ JI year to another, it is difficult to quantify such long " * I -- _,term trends from this data presentation Figure 11 o . , ...... . r,, . . ,11 j .I A c, [I N [I .I g rl _ 11 .I .I F, S 0 ill O J F M A M J li

resolves this problem by plotting a running year
computation Normalized values of both efficiency _ _ .......... ' li 1' '1 -- : .... } .......... ' ' ' ......... [

and ambient temperature are plotted with each point _.... ,,,, _,.o, E_,_,_,_ .o_ _,
representingtheaverageofayear'sdata The .:, ,,,,,., t r,,,,,, o, .... _,r ,,, o ,,o,,
individual point is the ending month of the running

I year. In this graph the seasonal variations are Fig. 11. Normalized running year d.c. efficiencyeliminated and only the last month's values from and ambient temperature.
one year to the next are observed.

I The first obvious feature of this curve is the sharpdrop in efficiency seen on the left side. While
giving the appearance of declining efficiency into 1988. 'lqae array was first exposed to light in April,

i the latter part of 1989, this is actually not the case. 1987 and energized in May of that year. TheBecause each point is looking backward over a Staebler-Wronski degradation then occurred over
year's time, the permanent loss in efficiency ceased the initial 17 month period.
its decline 11 months before September, 1989. Ttae

I actual stabilization date of the PV array is near the Further study of Figure 11 shows the subtle effectend of September or the beginning of October, of temperature variations on the d.c. efficiency.
While not a perfect match, it is evident that long
term temperature variations cause similar changes

I in efficiency. Short term temperature effects onH0NI HLY J EMPERn I URES nND EFF I f. 1ENCI ES efficiency do not correlate weil, however. A curve
.,_,n. _98, • ,,o_o,_ J_9o similar to Figure 9 with ambient temperature

I ' t substituted for air mass was created earlier in the

o.._ project and displayed scattered data points and
_ _, much less of a direct relaItionship [4].

9

- O 7

I ._ Figure 8 showed the actual instantaneous operating,, _ 6 efficiency of the array over 39 months oi operation.
_: '_ _' Figure 12 condenses that data into running year

o _ averages to eliminate the seasonal variations.

I °_ o :, Instead of showing the cyclic peaks and ,,,alleys, it
o e displays a yearly average at each point. As in

Figure 11, the early degradation period is clearly
o _ evident on the left half of the curve, The lowest

I .......... portion of the curve corresponds to a period of
o r-

.I ,_ _ "/, CI tl [I .I g ¢"1_ I1J J _ "_ 13 t,; D J F I'1 _ M .I .I ¢_ S [I f',l g J F M fi M .I

L............2. .........,............2-.........................2................. lower average temperatures during the summer of
_o_,_h 1989 and the succeeding early winter. When

iii o ,._, .o_. ,.,,._ot,,_. . oc _, o,.oo, average temperatures became more normal in 1990,
| the array efficiency rose to a higher value and

stabilized there. It should be remembered when

Fig. 10. Monthly average d.c. efJi'ciency and viewing this graph that the efficiency figures are

I ambient temperature, yearly averages, not individual monthly values.
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RUNN [ NG 'f'E_R EFF I C I EI',JC'r' spectrum, calculated as air mass. The initial

, ..... _gs_ • _,_,_,t _990 Staebler-Wronski Effect degradation, which resulted

', _ in a permanent efficiency reduction, occurr d over ,,
,o an initial 17 month period, after which the array !3 G9

-'_ _-,_8 stabilized around an annual average efficiency of
o 3 _._ 3.56 percent.o 3 66,

1 .'.'3 64 ",, []
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I
Introduction

I In the early 1980s, three first-generation photovoltaic (PV) concentratorsystems were installed in Saudi Arabia, Phoenix, and Dallas. The systems in

Phoenix and Saudia Arabia used passively cooled point-focus modules built by

I Martin Marietta, and the one in Dallas used actively cooled line-focus modulesmade by ENTECH (formerly E-Systems) [1,2,3]. Although some problems were

encountered, especially with poor-quality solder bonds in the point-focus

modules, the modules in these systems performed remarkably well for first-

I generation technology. (Additional problems with the balance.-of-systemcomponents occurred, decreasing the overall reliability of the systems, but
that subject is beyond the scope of this paper.)

I Despite the success of the early module technology, there are still some
concerns about the long-term reliability of PV concentrator modules. There

are several reasons for this. First, energy-cost calculations generally

I assume a 20- to 30-year life in the field; the field experience with thefirst-generation systems is on the order of 6 to 9 years, considerably less
than 30 years [4]. Second, relatively few (compared to flat-plate modules)

i concentrator modules have been deployed in the field, due mostly to the factthat the economics of concentrators are geared toward larger power markets
that have not yet materialized. Third, concentrator module design has evolved

and changea substantially since the first generation systems were installed.

I Most of these new designs have not been installed in fielded systems. Andfinally, although a lot of the reliability work on flat-plate modules applies
to concentrator modules as weil, there are some reliability issues with

concentrator module designs that are different from those of flat-plate module

I desi
gns i

The purpose of this paper is to discuss the current issues of interest in PV

I concentrator module reliability. Before describing in detail the reliabilityconcerns about PV concentrator modules, it should be emphasized that, with

proper design and attention to quality control, there is nothing to prevent

concentrator modules from being as reliable as crystalline-silicon flat-plate

I modules have proven to hc. Concentrator modules tested outdoors, as well
as

in the first-generation systems, have generally been reliable, and no

degradation in cell output has been observed. Also, although they are not

I included in this paper, there are a few items currently of concern with the
Prepared by Sandia National Laboratories, Albuquerque, New Mexico 87185 and

Livermore, California 94550, operated for the U. S. Department of Energy under

I Contract DE-ACO4-76DPO0789.
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reliability of other PV module technologies that are not issues with PV

concentrator technology, such as the stability of amorphous-silicon m
efficiencies and concerns about EVA encapsulation [5,6]. |
Differences in Reliability Concerns Between Concentrator and Flat-Plate

Modules U
The biggest difference, from a reliability standpoint, between concentrator

modules and flat-plate modules is that concentrators have a much larger
volume. This large volume means that concentrator modules cannot be []

hermetically sealed; that is, vents must be provided to equalize the pressure g
as the temperature changes. Vents allow air of different relative humidities

to enter the modules, and, as the temperature changes, moisture condenses onto B
the interior surfaces of the modules. Any exposed electrical circuits inside |
the modules are therefore subject to contact with water, which provides paths
for leakage currents and/or short-circuits. This situation, besides being
potentially detrimental to reliability, also raises safety issues. Newer i

concentrator designs are addressing moisture intrusion by encapsulating the l
electrical circuits inside the modules.

Anotl_er difference between concentrator and flat-plate modules relates to heat
transfer considerations. Having areas of concentrated sunlight means that
there is a smaller area in which to remove a given amount of heat. Designing
for heat removal, whether by passive or active means, would not be too

difficult for PV concentrator modules except that the design is complicated by l
the conflicting requirement of high-voltage electrical isolation, Generally a
meta], heat sink of some sort (either a separate heat fin or a metal module

housing) is used to keep the cells cool. This exposed metal piece must be i
grounded and therefore electrically isolated from the cell string. This leads
to electrically isolating layers between the cell string and exposed ground
that are often very thin to promote good heat transfer_ This thinness can
create reliability problems with the electrical isolation between the cell |
string and the heat sink, especially under wet conditions.

IBoth flat-plate and concentrator module designs must account for differential
thermal expansion, but the main areas and materials of concern are different

for the two technologies. The two major areas of concern in concentrators are
the cell string with its associated relatively large-area solder bonds and the

seal between the lens and the housing, which may join metal and plastic over a |
length of several feet.

Other significant differences between concentrators and flat plates include I •
the possibility for off-track charring in the interior of concentrator lm

modules, which must be accounted for in the module design, and possible p

differences in hot-spot response. J
gFailure Modes

Probably the most common source of problems with concentrator module I
reliability is moisture intrusion. Failures due to moisture intrusion can be NJ
put into three categories. The first is a temporary decrease in power due to

a short circuit; when the water dries, power is restored. The power decrease mm
is generally due to low-voltage short circuits across individual cell |
assemblies or cell strings within a module or modules. The second category of
failure causes permanent damage and can occur when water causes a destructive

I
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short or arc. The most likely piace for this to happen is between a cell

l string and ground. Moisture intrusion can also create permanent open-circuitfailures if water gets into a solder crack and freezes. The third type of
failure due to moisture intrusion is caused by long-term degradation, such as

i corrosion. Examples of this type of failure include degraded cell
metallization and deteriorated optical properties.

Modules under test both in the field and during qualification testing have

I exhibited several types of failures resulting from moisture intrusion. Theseinclude short circuits between cell strings and ground and between terminals
and ground, high ground-fault currents which prevent'the inverter from

switching on, modules filling with water, corrosion, and degraded optics. The

I decrease in energy production of a system due to these failures is dependenton both the system configuration and the location of the failure, lt can
range from small short-term losses from individual cell. assembles to the

I entire system being shut down for a day or more after a rain storm.
Some other important failure modes in PV concentrator modules result from

differences in thermal expansion coefficients. In particular, the solder

i bonds that connect the cells are susceptible to fatigue. Each cell typicallycarries a current on the order of lO Amps, so the interconnects (usually
copper) must 'be robust enough to carry the current. The coefficient of

i thermal expansion for silicon is much smaller than that of copper, so thejoints between the interconnects and the cells must be designed to minimize
stress on the solder bonds. The solder bonds joining cells to copper heat

spreaders (if used) or other substrates mustalso be designed carefully to

I minimize the effect of differences in coefficients of thermal expansion,

If a metal housing is used with a plastic lens (as is frequently done), the

i difference in coefficient of thermal expansion between the metal and plastic
must be accounted for in the design of the lens seal. If the seal is too

weak, it will not survive thermal cycling. If the seal is too rigid, it will
not allow relative movement between the lens and housing, and the lens will

i buckle.
Other types of failures are less frequently encountered, but are worth

i mentioning. The materials in the module must be able to wit_stand long-term
ultr:Lviolet (UV) light exposure. Some recent module tests have resulted in
degraded or cracked lens seals, material embrittlement, and discoloration of

glass secondary optical elements. The discolored glass secondaries ultimately

I cracked when they became dark enough to absorb significant amounts of light.Off-track concentrated sunlight can char materials (such as encapsulants or

polymeric insulation) if the module is not properly designed. Improper design
also occasionally results in lenses being pulled out of modules by high winds

I and failures due to hot-spot heating. And finally, no discussion ofconcentrator failure modes is complete without mentioning the importance of
quality control during manufacture.

Current Issues in the Qualification of Concentrator Modules

Sandia has developed and published qualification specifications for PV

I concentrator modules [7,8]. The purpose of the tests is to screen new designsand new production runs for susceptibility to known failure mechanisms;

however, there is insufficient information correlating accelerated testing

l with field exposure to establish field lifetimes. The tests include
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ultraviolet radiation testing of materials, characterization of electrical
performance, checks to assure safety and structural integrity of modules, and g
accelerated environmental aging or cycling. They are modelled after the Jet
Propulsion Laboratories (JPL) Block V qualification specifications for flat i

plate modules [9], In addition to testing complete modules, separate tests
are conducted on cell assemblies and receiver sections because the receivers I

experience a more severe environment than the rest of the module.

iThe specifications are currently being revised to incorporate the latest
information on failure mechanisms and the relationships between accelerated
tests and field reliability. The major changes include an increase in the
number of thermal cycles required for receiver assemblies and the addition of i
a wet insulation-resistance test. i

The most critical components of a PV concentrator module are the cell I

assemblies. The cell assemblies, or receivers, collect the light transmitted |
by the module optics and convert it to electricity. Degradation of the cell
assembly, irlparticular degraded or broken solder bonds, causes a

corresponding decrease in electrical output as the resistance in the circuit i
increases. Complete breakdown of the cell assembly can result in loss of the I
solar cell altogether. Poorly designed cell assemblies can damage or break
the cells. n
In addition to being critical to module output, cell assemblies also see the

most severe environment of any module component. Since the cell assemblies

are exposed to concentrated sunlight, they undergo considerable thermal
cycling as the sun rises and sets and the temperature of the assemblies l
changes from night-time ambient to 60°C or more. Thirty years encompass
nearly Ii,000 daily cycles. Intermittent clouds add additional thermal

cycles. I

Because cell assemblies are so crucial to module output and because they see
the most severe environment, qualification of PV cell assemblies receives

Considerable attention in Sandia's reliability work. Tremendous progress has |
been made in this area' five years ago very few cell assemblies survived the

accelerated 250-cycle qualification test; now most survive I000 cycles. Our m

understanding of the correlation between field life and accelerated testing
has also improved [i0,ii]. Accordingly, the revised qualification u
specifications will require survival of a minimum of 800 accelerated thermal

cycles for cell assemblies and receiver sections; the current specifications
require only 250 cycles. The cycling frequency may also be decreased, but |
this requirement must be balanced against the need to complete the test in a
reasonable amount of time.

an

Testing in the field and in environmental chambers has established that J

moisture intrusion, especially condensation, must be addressed irl the

qualification of PV concentrator modules. This is important both for U
reliability and for personnel safety. Under contract to Sandia, JPL is g
developing a trial-use procedure for a wet insulation-resistance test. The

test will be performed at 500 Vdc in each polarity. The interior surfaces of

the module will be sprayed with water that contains a wetting agent, and the I

insulation resistance between the cell string and ground (or other appropriate l
locations) will be measured with a suitable high-impedance ohmmeter. This

requirement may allow only one polarity (the circuit or ground) tc be exposed I
i
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inside a module and could have a significant ilnpact on future concentrator

I module designs. The latest concentrator modules are already being designed topass this test [12].

i A number of other less consequential changes to the qualification
specifications are also being considered, such as increasing the nulnoer of

modules required for testing, adjusting the allowable degradation levels,

I adjusting thermal cycling temperatures and frequencies for complete modules,
and specifying tests for optical components, terminal robustness, and bypass
diodes.

i Summary
Despite the reliability concerns discussed above, ali of the problems can be

solved with proper design, manufacturing, and quality control; none of the

I problems require technical breakthroughs for solution. The reliability issuesfor concentrators are comparable in nature to many issues of concern in other
PV technologies. Concentrator cell technology has proven to be very reliable,
with no degradation in cell outputs observed in fielded modules.

I In certain climates, concentrators still offer potential for producing PV-
generated electricity at lower cost per kWh than flat-plate modules [13,14].

i Concentrator modules use much less cell material than other PV options and donot require extremely sophisticated production facilities, making their
production attractive to developing areas of the world. Most concentrator

modules require two-axis tracking and accept only the direct-normal component

I of the incident sunlight, but these factors are offset by module efficienciesthat are generally higher than those of other PV technologies.

I The references below give more comprehensive discussions of the topics
addressed in this paper. In addition to the references called out in the

text, some papers on cell assembly design and quality control for concentrator
module manufacturers are also included [15,16,17].

!
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Failures due to moisture intrusion can be put into 1
three categories: I

1. Temporary loss of power; when water dries, power is g
restored.

(Example' Short across one cell.) I

2. Permanent failure; water causes destructive short. III
(Examples: Short between cell string and ground; II

open circuit in cell assembly caused
by freezing.) N

3. Long-term degradation, such as corrosion. I
(Examples: Open circuit in cell grid line; deterioration I

of optics.) I
Safety is also a concern.

I
!

We have observed several types of failures resulting from _ g
moisture intrusion:

u

1. Cell strings shorting to ground, m

2. Terminals shorting to ground.

3. High ground fault currents, preventing inverter I
from coming on.

m

4. Modules filling with water.

5. Corrosion. B

6. Degradation of optics. I

Decrease in energy production is dependent on system I
configuration and location of failure. I
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I Differences in thermal expansion coefficients cause failures

I at material interfaces.

I' 1. Cell to heat spreader
(solder bonds)

I 2. Cell to interconnect

I 3. Lens to housing (gluebond)

!
I
I
I ---'--.... ' .................-
I Other types of failures are encountered less often.

I 1. UV degradation:

I -- Seals degraded/cracked
-- Embrittlement

I -- Solarization of glass secondaries

I 2. Lens failures due to wind

I 3. Off-track charring
4. Hot-spot failures

l

_" [___
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I
The purpose of the qualification tests is to screen new li

designs and new production runs for susceptibility to
known failure mechanisms.

I
1. The tests do not establish field lifetimes.

!
2. Cell assemblies and complete modules are tested

separately. I

3. Specifications are currently being revised. I

I
!

--- m. iii i i i , ii iii m

We are considering a Wet Insulation Resistance Test. i

1. Response to the high percentage of failures due to
moisture intrusion. Itu

I
2. Test assumes water will, at some time, be present

inside modules. I

3. May require significant redesign of concentrator i
modules (already occurring).

I
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JPL is developing Wet-IR test parameters:

I • Perform the test at 500 V_ in each polarity

I • Maintain the temperature of the module and solution
at 22 __+3°C (72 _.+.5"F)

I • Wet all interior surfaces of the module thoroughly

i • Use a non-ionic, non-corrosive surfactant, such as

Triton X-100 (0.1% concentration), to wet the surface

I • Measure the insulation-resistance between the shorted
output terminations and ground plane (or solution)

I with a suitable high-impedance ohmmeter(Megohmmeter or Megger)

l • Obtain after initialreadings capacitive charging
-- currents have subsided (approximately 2 minutes)

I ....

i1 u i , ii ii , rltl .... i _ i iiii n _ iii til, I U 11111U II I1 I

I f,The number of thermal cycles for cell assemblies will be

I increased significantly.

i • Current specifications require 250; newspecifications will require at least 800.

I • Thermal cycling frequency will likely be
reduced from 36 cycles/day to no more than

i 24 cycles/day.
• Requirements for realistic test must be balanced

against length of time required for test.I
II

-- I __
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Several new tests will be added: I

• Nonintrusive hot-spot ' i

, UV exposure I
,, Terminal robustness

_' , Static loading I

• Bypass diode qualification i

• Twist i

Also, other more minor changes in allowable degradation Ilevels, number and frequency of cycling tests, and number ,.

of test modules required, ii _,_,_,,i illl i i,iiii J _" iii i i

II
I

Results from the Field Surveys of First-Generation ==
Systems have Demonstrated Concentrators to be a

Reliable Technology I

o No degradation in cell output has been observed, i
I

o Vast majority of modules show no degradation in output.

o Power degradation is due mostly to discreet module failures caused by
open circuits in solder bonds connecting cell assemblies.

o In general, the failures observed in the first-generation hardware can
be avoided with better production quality contro_and improved I
designs.

i
I
i
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I The World is Ready for PV
but

Is PV Ready for the World?

i John Schaefer
Electric Power Research Institute

I
Photovoltaic Module Reliability Workshop

i Lakewood, Colorado October 1990

i

I /f "_

I World is Ready for PV
The

i What emerges if we think globally?• Global climate change may be occurring now.

. • it surely will occur if we Increase carbon dioxide content.

i • Growth of coal burning In developing nations will dwarftoday's carbon dioxide production, so

• Race is between solar or nuclear development and

I industrialization of developing nations.• If we win the race there is an enormous market for PV,
among other benefits.

1
I " J
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The World is Ready for PV I

How large lethe utility market for PV?

• Ali I,l.S. electricity can be supplied by about 1,000,000 MW i
g- Assumes adequate storage and

- Good sunshln_ _33%CP") ,.__

• This ts a big enough electricity market that the PV Industry
can double every year for 15 years before saturating It. !

• In the western U.S. (WSCC) utilities can take at least 30,000
MW without significantly altering system operation. n

• But there le competition for this market: I
- Wind - Biomass

- Solar thermal - Nuclear _l

|- Geothermal

!
,r- , " .....---------'_ I

but iis PV Ready for the World?
Utilities are the first big market for PV, but what will lt take
to reach them? 'lm

• Utilities are difficult to sell; they Insist on a low J_
risk product. ,j

- They have no Incentive to take risks.
- But they do respond to public pressure. MI

• Utllltlos want PV to be: |
- On time,
- According to specification,

- Reliable, I- Backed by service, and
- Low In cost.

• How are we doing in msetlng these needs? i

II

II
v dl_
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I Is PV Ready for the World?

. Utilities' PV Manufacturers

Need=___.._.s .C°nsistently Satisfying NeedOn time one

i According to apec. noneReliable one

Backed by service one

I
l ,............. _i
i

I butIs PV Ready for the World?

i Utilities look at power plant performance. Thanks to theforesighted efforts of government and private programs we
have some results from PV power plants:

t Pheonlx-Sky Harbor Austin PV 300Hesperla.L_=go Detroit
SMUD Orlando

I Carrisa Plains PVUSAPhoenix-John Long

Each of these plants has taught us something of value.

r..

......... - " t n, _Ipqpllr,,',nl 'q,"q,_rl,n,M,_i_P '= , ..................lll_Ttlll_'(pllIl,l'l','rqrlal',,,ppul?II,'Pl'FP_rll_l'_il_1 r le,,nqi,r,_l!9,illlt,III.'llJrI....11'l'PllH 'n,r,,lll_qr11r,nllI fill'HPl" ,,r,,_,,,,p_,,,,r,,I:, ,_ nr,rl'"I ql_inii,_r,l.
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but iIs PV Ready for the World?
Do PV power plants produce the power outputs their builders

claim? Nameplate Measured I
Pisn..__L.l Ran__.a_g..(=_L Rating (kW_ V
Pitoentx-Sky Harbor 225 173

Heapsrla Lugo 1 500 362
Heaperla Lugo2 500 367 li
SMUD PV1 1000 932
CarrtemPlains 6500 5100

Phoenix-John Long 200 166 g
SMUD PV2 1000 875 li
Austin PV300 326 258

Detroit 4 4

Orlando 15 14 1

"---- ,..... J !
/

---- ,,,,, ,,.,, ,,,,

but iIs PV Readyfor the World?
Utilities will look at these capacity factor data:

Phoenix-Sky Harbor 10 22 22 29 out ot service |
Hesperia-Lugol 32 35 ,23 28 33 36

Hesperia-Lugo2 34 35 24 30 33 37 ai.
SMUD PV1 na 23 25 7 0 '13 !Carrisa Plains 29 30 29 25 24 21

Phoenix-John Long 21 22 23 20

SMUD PV2 23 23 19 9 li
Austin PV300 22 25 23 II
Detroit 14 15 14

Orlando-Solar Progress 20 16 I
li

...... s II
|
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Is PV Ready for the World?

B Utilities will look at these capacity factor data:

Phoenlx-Sky Harbor 10 22 22 29 out ot service

Hesperla.Lugol 32 35 23 28 33 36Hesperla-Lugo2 34 35 24 30 33 37
SMUD PV1 na 23 25 7 0 13

j Carrlsa Plains 29 30 29 25 24 21
Phoenix-John Long 21 22 23 20
SMUD PV2 23 23 19 9

Austin PV300 22 25 23

I Detroit 14 15 14! Orlando-Solar Progress 20 16

i but
Is PV Ready for the World?

ii Utilities will look at these capacity factor data:

!1 MWh
_am. J3E_.tg.E__ :t.9.gZJ3EE_ t_.._
Phoenix-Sky Harbor 10 22 22 29 out of servl_e

l Hesperla_Lugol 32 35 23 28 33 36 697 .: , Hesperia-Lugo2 34 35 24 30 33 37 514
SMUD PV1 na 23 25 7 0 13 4488
Carrtsa Plains 29 30 _ 29 25 24 21 9829.=

1_ Phoenix-John Long 21 22 23 20
!1 SMUD PV2 23 23 19 9 1381

Austin PV300 22 25 23

Detroit 14 15 14
Orlando-Solar Progress 20 16

I "- J
|
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Is PV Ready for'the World?

What are the sources of poor performance? I
I• Poor sunshine

• BOS components caused most outages: tb

I- PCUs, connections, switches, diodes, cables,
fuses, contactors and trackers.

- Losses total about 7000 MWh,

• Module degradation has emerged recently as a
source of loss. anl

- Brown cell at Carrlsa Plalne has cost about

9300 MWh. 'l

11

but 1Is PV Ready for the World?

What does ali this mean for us today In Lakewood? I
In

• We can learn from each other's experiences, and
mow on to new lessons rather than repeating the a=.
old ones. Io We will have to try new solutions to some
problems.

• What we're doing here today Involves difficult _
problems. =

• What we're doing here Is also very Important.

\ ......_ ,, ___J lI
,l
I
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I THE USE OF INDOOR LIGHT SOAK DATA TO PROJZCT
ENrJ OF' LIFE OUTPUT POWER OF HYDROGENATED

I A_'_,OR_hOUS SILICON SOLAR MODULES
D. Cunninanam and J. Morris

I Solarex, Thin ,;ilo Division' 826 Ne_-+town- ardlev Road
Newtown, PA 18._40

i I n t roduct i on

It is well known that tne oerformance of hydrooenated amoreilous

! silicon (a-Si:H) solar cells decreases when the cells are exoosed
to light [!i Studies of this limht induced degradation have
shown that: (1) under constant illumination the normal izec con-
version e ficiencv of a solar" col] decreases linearly with the

I log of time [1,2), and (2) for single junction solar cells therate of liQht induced degradation increases with increasing i-
layer thickness [I]. In addition it has been demonstrated that
the rate of dear'adation for multi-junction solar- cells is sicnif- "

icantly lower t. han for their single junction count,er_arts [3,4],
Stability studies sre tymically carried out in the laoorar, ory

i under controlled conditions, that is, under constant illumination
intensity and constant temperature. Tna solar cell characteris-
tics are measured at remul.ar intervals to determine tile effect of
continuous l iQht exoosure on the performance of the cell. in
contrast to well controlled indoor stability studies, modules

I _laced outdoors are subiect to wid_ variations in illuminationintensity and temperature. In addition, unless extraordinary
preca,4tions are taken, it is likely that the s#ectral content of
the liQht source used to degrade solar cells in the "laboratory is

I significantly differ'ent than that experienced by modules oiaceaoutdoors, lt is therefore not obvious that indoor light soak
data can be used to project the performance of a-Si:H mo.:uies
installed outooor's.

i_ In this paoer we compare projections of the normalized o_tDut
Dower of a-Si:H modules based or, indoor lioht soa'._ _ata to tne
observed normalized outout _)ower of modules which ha,-e been

I degraded outdoors. The comparison is made for both sinQle andtanaem junction modules, We find that the normalized outout
power _)roiected to 1000 hours of continuous illumination from
indoor l iQFlt soak data is in excellent aareement with that do-

l served for modules which have undergone 1 year' of outdoor expo-sure. For" sinale iunction modules comoarisor, of measurements
made at the end of the first and second years of outdoor exposure

i indicates that no detectable light induced degradation occurs
during the second year of outdoor exoosure.



|
Experimental Procedures _"

Module Fabrication I

The single and tandem junction modules used in this study were
fabricated on conductive tin oxide (CT0) coated glass by tile dc
glow discharge decomr,_osition of si lane and otiqer gases. In all II
cases the i-layers were a-Si:H. The sinQle junction ',_odules nad
i-layers aoDroximately 2600 Angstroms _r'J thickne,,:s l_nile ti_e

!thicknesses of the front and back i-layers of the ta;;_dems modules
were about 650 and 3000 Anqstr'oms, respectively. The modules
were all of monolithic construction: the sinQle junction modules
had 14 series connected segments and the tandem modules had 7

series connected segments, I
'ml

Outdoor Exposure

Thirty seven single iunction modules have been mounted outdoors
for over two years, These modules were mounted at an angle of 35 II
degrees to the horizontal, facing due south in Newtown, Pennsyl-
vania. The modules were held at, open circuit voltage. In Octo-
ber of 1988 seventeentandem junction modules were placed out-
doors. Newtown is located northeast of Philadelphia, Pennsylva- @
nia with aporoximate latitude of 43 deQrees, The climate is
temperate, often with high humidity. Over the course of a year"
the air temoerature may ranqe from a low of about -20 de_rees
Centigrade to a hiQh ofabout 35 degrees Centigrade. Each o_ the |
37 s'_ngle junction modules and the 17 tandem modules were taken
indoors and (after the module temperature stabilized) measured on
a calibrated solar simulator' according to a fixed schedule, i
After the measurements were taken, the modules were returned to II
outdoors the same day.

Indoor Light Soak i
Ill

To obtain data on the rate of degradation of modules which were
continuously illuminated indoors, 46 single junction modules and
18 tandem junction modules were exposed to a constant illumina- II
tion intensity using high pressure sodium vaoor lamps. The @
modules were mounted above the lamos at ooen circuit and tna la,ac,
intensity was adjusted to 100 +/- 5 mill iwatts per sauare centi-
meter uslna an aporooriately filtered crystalline silicon refer- _'
at,ce solar cell. Good s_atial uniformity of illumination _a's II
obtained by means of reflectors which had been coated with hicnly
reflective paint [5]. The temperature of the modules ourin9
light soak was maintained at 45 +I- 3 degrees Centigrade by means I
of continuousl running fans. The modules were under continuous I
illumination except when they were removed for testing. Tr,is
typically occurred after 2, 20 and 168 hours of exposure.

All I-V measurement, for the modules deQraded indoors and out- I.
doors were per'form,_J on a calibrated ¢Spire Corporation sc,lar
simulator [6],

|

|
I
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!
I Rest.!i ts

Sinr.._ie Ju;_ction t,lodules

I FiQ_Jre 1 shows the normal ized maxirr,,,m output power' plotted
a,-:air'Lst tiqe lo_. of ii lumina,tion t ime for' the sin,_.ie junction
m,:,,z._les ee,_', ._,:e'.'. indoors, in fieur,.', 1 til,,, data ta. ken _t ;', "_0_..

I a,",d 16b i"_our-: i._ e'<tra,._oiated o,,L tc, LP
" ,- J00 hour's c,l: continuous

e×p. os_.Jre. !n tri'fs and subseouent fieur'e.'._, the error bars ir_dicat, e
the sam.oie sta,'_da;'d deviation of the normalized outouL _ower', An
a,,,a'lvsis indicates that the observed variation may be attributed

I t,:, the reoea,_.ability of ir, dividua) samole measuremer, ts,
Fi,n,..,re 2 shows the normalized maximum po_.,,er" out.out of the 'single

i iU,lCtio,I1 modules deqraded outdoors Diotted a_air,st the io, _. of the
i_,.:mb e r o f d a v s o 1_ o u tci o o r" e x o o s tj r' e. T ine a v e r a S'e r, o r ma l i z e d
outeut, r_ower at. 'the end o1: one year and at the end of: t_," year's
(e':,,__ro×im&telv 730 da._s versus 365 days) of outdoor e'<mosure is
essentia iv the same, indicatir, Q that the modules have stabi-III

I "1;I Z e d
I

lr, the oresenL case we wisi_ to com@are the normal ized output
_:,ower obLained by extra,._olatinq tI_e inrjoor limht soak data out t.o

i 10,',0 iqo,:r's with the r, or'malized outout power of the modules de-,'.'.ra,:Jed outdoors after 1 year of exoosure, Fic_ure 3 is a histo-
oram of the r_or,_la] ized output power' of the thirty seven single
_ur;ction modules after one year of ou[door ex.oosure, For" refer-

I ence the best fit normal curve is. suoer'imoose.! on the hist,:,qram,[ne averaqe nor,,_,_l ize," out,put, p,.._v+er is 0,74, while the star, dar'd
d,-viatior, o': the sam,'.,le i:-:. 0,04, Fie,-re _. is a histoeram c,f ti_e
.,:.,:L r a _:,o i a t.e d t_e r ma l i z e d o u t _ u t p o ,ae r o f t h e c o mo a n i o n s i n r; ". e
iu:_ckion mo,_ule._ which were d,ear'a,_ed in,loot's, Th_ best i:it
r,:)_'me.i outv<', f,.',r" this data is .-.',i_o_,,r, s_..c,erimoosed, Tr, e averaQe
e.<r.r'a,::,olaLed r,:.rmal izec; ot-t._ut oewer for' tb. is samole it:, C,.76
w;",icn is in e.<cei lent agreement witn the average normal ized

I our._ut rDo_+er" of 0.74 found for" the moGul es deQraded outdoors,,,

Figure $ is a I_i:-,togram of the normalized out,put power" of the
sa,_e 37 sin,aie iunction modules after two years of outdoor exto-

l s_re, ,,'.:_. shown' in tt_e fi,_urm tr, e averaqe normal ized output _o_,,erof the modules is 0.7,1, with the samp'!e standard deviation of
0.05, Thls is very similar to the resu'i_s obtair_ed after the

i fir st year of ouLdoor' e:<posur,_',Tanoem I,i,oeuies

i Fi,'2-_.,r'e ,S snow:-, the normal ized outout po,,_er' l:,lo,tted aQair, s[ the
],.qq of i't!umina,'.ion time for the tandem modules eeu_raded in,-',oors,
,,+,_,_le Fi':ur'e 7 s;qo_s the norm:_t ized output, power of the t.anoe,_l
,,odule_. c,';otr, eC a,_ainst the Joe. of tt;e number of days of out. ooor

i e:+ _,ctbt.!r,e ,F.i,-,._,.e 8 i,s a nisto,?ram of the ex[r'a__olar, ed normalized ouT. o_-t

I

I

-I
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!
_,o',.,er oi: the 18 t_,,-_de,Ii j,._;,c.r, ic, n ,_lo,dules which were l ioilt, soaLed II
in,JOOFS , F or re f,,?rence tile best f i t nc, rnla'l curve i s suF-,er im_,o:sed Ior, the histe,_,-'a..,, The evera,_.' ex,tra,:,ola_.ed r,c,r'mal ized r.u,tpuL
c,ower for" ,L;,i's mrou_ of tanoem module-:, is 0.8!, with a ..:.._.mr=le
st_,;Jdar'd devi_Ki,)n of 0.04, Fi,_,._r'e 9 is the histoo;'am oi: the II
normal ized ot.,tm,tt, power ,:,f the i7 rant;ep mc,dui,:s "i iaht soaked II
outdoors for c, rJe yea;', In e:<c_-llent aqreement with the exLra,:,o-
i at.e,; resul t, the averaqe norln_'l ized C,Llto-t r, ower for tlni! qrouo

c,," n',od_"ies i: _:;.3", wiLrJ a sa,l, uie standar'd c,e_,iatior: ol; 0,03. I

[' i ".'.,:u E :: ion
III

IF, each c,f the histoo, ranls presented, the best fit normal curve I
was sur, or-imposed, In commarin 9 the histograms oenerated from
inooor _nd oL, Ldoor l i,_nr, soak data usina companion samples, there
is. no e,,'ieence to ir,d_cate that tr,ere are significar, t differences
it, the aver'aec normal ized output Dower of the indoor and outdoor
samples or . in the spread of the samg, i e data, The co,_,,oarisors
indicate that ineoor l ic;qt soak data taker_ out to !68 hours
( i ,e. , 1 week) end extraoo.'l ate.:; to 1000 hours of c,/)r, tir, uoLi% III
illu,]ti_,aI:io,-, r,la_v be used to pr'c,jec; the expected normalized II
output mower of solar modules, c;egraded for one year" outdoor'.:..

Fieur'e 3 ar, d fieure 5 are the histograms of the nor'realized output _/
c,ewer of the sinG'le junction modules at the end of the first and |
second years of outdoor exoosur'e. There is no si,3nificant dif-
ference in the avera_._e normal ized output power or in the spread
of the data. This ir,dicates that bv the end of the first year' of I
outonnr., p×oosure_ t"e_e,__ modules h&ve re ached their stabii ized II
erf ic iency .

lhe sodium vapor lam,:,s used for indoor limht soak emit sEror',Qly
at wavelen,ati-,s of 575 nm and $25 nra. The 9pod agreement between II
tr, e avera,:_e pro iected normal i zed output Dower and the averar_.e
o0served normal iz::-d output, power indicates that the spectral
c,:,nr, er_t of the light sour'ce used to dieqrade the a-.Si:h mor-,-ies i,s _1
r,,';t an important, consideration. Th'j,s resut t is consisten,': with
tnst reoor'te..l by Benr_ett. et ai[3).

Conci us ions • I

We have como.=.r'ed the average normalized output power ef sinqle
and tandem .iunctior, modules which have b_n.., p'la,"ed_ outdoors _o_. I
one year tc t.hat pro.iected by extrapolation of 'indoor light soak I
oat. a. taken in one week, out to 1C00 hours, ihere is exce'llent
a,_reement between the avera.me r'_cIrma] ized power projected frIOM ....

indoor data and the averaqe r,,armai ized output power observed
after one ,/ear' of outdoor exoosrre for both sinole and tandem
iunct, ion moouie.s. Thus we are able to accelerate outdoor degra-
(Ja-ion by a factor of about 50. This is possible because ]i_.ht:
ir,cuced eegra,aation of a-Si:il i.s not sensitive _o" _.ne s,_e,:tral
content of the lic.ht used to degrame the solar cel}s and b._.cause I
of the low sensitivity of Gemradation rate over the temperature

!
. !
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range and time scales involved in this study. In addition, we

I find for single junction modules outdoor light-induced degrada-tion effects occur during tile first year of outdoor exposure,
with no detectable additional degradation during the second year.
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I Dale E. Tarrant CulnSe2 M_ule Enviror_ntal Reliability

i Cu_nSe z MODULE ENVIRONMENTAL RELIABILITY
WRF

Dale E. Tarrant, Robert R. Gay, Jean J. Hummel,

i Cynthia Jensen, A1 R. Ramos
Siemens Solar Industries

i P.O. Box 6032Camarillo, CA 93011

Summary

Environmental testing data are presented and discussed in relation

I to the qualification of CuInSe 2 (CIS) as a durable photovoltaicmaterial and to the Interim Qualification Tests and Procedures for
Terrestrial Photovoltaic Thin-Film Flat-Plate Modules (IQTP).

i Groups of modules having no significant change after i0humidity-freeze cycles are reported. Heating during module
packaging or during environmental testing to temperatures above
those normally encountered by modules in outdoor service may

I introduce a temporary power loss; the power reco,,ers with time tonear the initial power. Data indicate that temperature alone,
rather than temperature combined with humidity, causes the

i temporary power loss and that CIS is not inherently sensitive tohumidity. Hermetic seals are not in general necessary for CIS
materials. The IQTP may improperly indicate poor performance if
the temporary power loss is not considered in electrical

i performance testing between different sections of the environmentaltest procedure_ and at the end of all environmental tests. Data
are not available to validate accelerated testing as a means of

I predicting long term in-service performance; however, correlationsbetween outdoor and accelerated testing are seen.

I i. Introduction
Thin film CuInSe 2 (CIS) is a promisiDg high power, low cost

photovoltaic material, both as a stand alone single junction

I circuit and as the narrow band gap component in tandem junctioncircuits [1-3]. Research on CIS devices and modules has advanced
the technology rapidly over the past five years. CIS technology is

i now moving from the research lab to the pilot production floor.The focus of CIS technology d2velopment is increasingly directed
toward large areas, process uniformity, process reproducibility,

i and module durability. Prototype monolithic, integrated CISsubmodules (unlaminated and unframed modules) with power densities
greater than i00 W_m 2 have been fabricated on low cost, large area
substrates using equipment an_ processing techniques compatible

l with commercial production.We previously reported a 35.8 W, 0°4 m2 submodule, fabricated
in our research and development facility in Chatsworth, California

|
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[4]. Since then, CIS fabrication activities were relocated to a
new pilot production facility in Camarillo, California. Initial a
operation in this facility has produced a 37.8 W, 0.4 m2 CIS
submodule with 2.51 A short circuit current, 23.9 V open circuit
voltage and 0.631 fill factor tested at 25°C under I000 W/m 2 ASTM
air mass I. 5 global illumination [5] . The electrical J
characteristics of the submodule average to 36.6 mA/cm 2 short

circuit current density and 451 mV/cell Voc, and equate to
efficiencies of 9.7% on an aperture area of 3905 cm 2 and 10.4% on i
an active area of 3629 cm 2. The average interconnect width on the
submodule is 0.041 cm.

As reported in reference 5, when the submodule aperture area
efficiencies previously demonstrated on 0.i m 2 areas are achieved g

on 0.4 m 2 areas, submodule power will increase to 43_6 W. Future
0.4 m 2 CIS submodule performance has been modeled using the
junction characteristics of the 14.1% efficient 3.5 cm 2 CIS cell i
previously reported [4], and using interconnect widths and contact
resistances typically measured on 0.i m2 submodules [5]. The model I
projects that the performance of 0.4 m2 submodules will rise to |
51.8 W when the junction efficiency previously demonstrated on
small-area cells and the patterning routinely demonstrated on 0.i
m2 submodules are realized on the larger area [5]. l

In this paper, accelerated environmental testing data (based m

on Block V [6] procedures) are presented and discussed in relation
to the qualification of CIS as a durable photovoltaic material and
to the new Interim Qualification Tests and Procedures for |
Terrestrial Photovoltaic Thin-Film Flat-Plate Modules (IQTP) [73 .
Correlation between outdoor sel_ice and accelerated testing is also t
considered. ' |
2. Submodule fabrication

Tl_e basic CIS cell structure includes a ZnO front transparent l
electrode, a thin (less than 50 nm) CdS layer, a CIS layer, a Mo
back metal electrode, and a soda lime glass substrate. Gallium is m
added to the CIS layer in low concentrations to improve cell |
performance. A detailed description of the CIS cell structure and

an analysis of CIS junctions are presented elsewhere [8,9].
Monolithic, integrated CIS submodules are fabricated on 4140

cm 2 glass substrates. The 32.2 cm x 128.6 cm substrate size is m
also used in Siemens Solar Industries' standard crystalline silicon
and thin film silicon:hydrogen alloy (TFS) products. Thin film
layers are deposited using equipment that is suitable for pilot i
production and capable of high effective deposition rates with high
materials utilization efficiencies. Multibeam laser scribing and
multitip mechanical scribing reduce the total patterning cycle time |
and provide narrow (0.025 to 0.041 cm) electrical interconnects
across large submedule substrates.

Submodules are divided into 53 cells, each measuring 0.57'7 cm
wide, including an interconnect (Fig. I). The submodule m
interconnect region is shown in the expanded cross section of Fig.

!
9o !
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1 and is discussed in detail elsewhere [4,10]. Approximately 240

i cm 2 of substrate perimeter area is used for lead attachment. Thisperimeter area is subsequently covered by the module frame during
packaging operations.

! 3. Module packaging

i Submodules are encapsulated to mechanically protect the thin
film layers and the encapsulated submodules are framed to

strengthen the module package and provide for mounting. We have

investigated a variety of module packages that were originally

developed for Siemens Solar Industries' crystalline silicon and TFSproducts. These include glass/polymer and glass/metal sheet

configurations used in crystalline silicon products, and

i glass/glass configurations used in TFS products. Recent efforts onCIS modules have emphasized the glass/glass package configuration.
Before submodules are laminated, electrical leads are soldered

on each side of the circuit. A cover glass sheet is then laminated

to the submodule plate with thermally cured ethylene vinyl acetate(EVA) to form a durable glass/EVA/thin film circuit/glass laminate.

The cover glass is low iron, watez_hite glass, which reduces

I photocurrent loss due to absorption in the cover glass. Thepresent design uses a 0.3 cm thick thermally tempered cover glass
with approximately the same dimensions as the submodule substrate.

i A reaction injection molded (RIM) plastic frame provides additional
mechanical support and finishes the prototype module package.

Heating the submodule during lamination causes a temporary

power loss. With time the power returns to nominally the same

I power as before lamination. The improvement with time afterheating has been called recovery and, as will be discussed, must

also be considered during accelerated environmental testing since

I the submodules are heated to temperatures that would not normallybe encountered in outdoor service. Figure 2 shows power recovery

with time after lamination. Power changes are dominated by changes
in the slope a_ open circuit component of the fill factor.

I 4. Environmental testing

I Module stability is being evaluated under continuous outdoorexposure at test sites in Colorado and California (Fig. 3).

Submodules laminated between a cover glass and a backing metal

i sheet _:ith EVA have changed less than 6% after 17.5 months of
continuous outdoor exposure at the SERI PV Outdoor Test Site in

Golden, Colorado [II]. Similar stability has been observed on

submodules laminated in glass/glass packages with EVA after Ii

I months of cumulative outdoor exposure at test sites in Chatsworthand Camarillo. This group of modules received 6.5 months of

continuous outdoor exposure, followed by a 6.5-month period

l indoors, followed by an additional 4.5 months of continuous outdoorexposure. The interrup, ion coincides with the relocation of

Siemens Solar's CIS operations from Chatsworth to Camarillo.

!
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Module durability is also being evaluated using test li

conditions defined in the 1981 JPL Block V standard test sequence

[6]. The test sequence was developed to predict the durability of J_
crystalline silicon modules, but has also been applied to thin film _m
modules [12]. Initial tests on early prototype modules showed that

the humidity-freeze (HF) portion of the environmental test sequence _l
caused power losses ranging from 15% to 50% [5]. Evidence of J
moisture penetration and delamination was observed.

Recent module test groups include a variety of different edge

seals at laminate edges. Before module test groups are laminated, R

adhesion measurements are made on representative samples using
W

adhesive tapes with pull strengths of 1=90 oz/in. The stability of

modules after I0 HF cycles is expressed as a ratio of the power Pma×
after the test to the P_x before the test. Distribution plots are I
used to identify trends within large test groups.

As reported in reference 5, data on recent test groups ,m

indicate that stability through I0 HF testing correlates strongly l
with adl_esion at the CIS/Mo interface (Fig. 4). In module group A,

the median module retained 93% of initial power after I0 HF cycles.
All of the group A submodules passed tape adhesion tests at a i

minimum pull strength of 25 oz/in. In module group B, the median i

module retained only 58% of its initial power after I0 HF cycles.
The group B submodules typically passed tape adhesion tests at a i

pull strength of only 1 to 5 oz/in; The impact of different edge I
sealing techniques was obscured by tl%e strong dependence on film
adhesion.

Modules from group A recovered with time and after about 30 i

days a significant number have nominally the same power as before
J

HF cycling (Fig. 5), Group B modules did not recover

significantly. Two subgroups are seen in the group A data: modules R
that recover to about the 98% of initial power and modules that u

recover to about the 92% of initial level. Differences between the

subgroups l_ave not been correlated with adhesion. This loss and mm

recovery from I0 HF cycling is similar to the thermally induced n
loss during lamination.

Experiments were performed to distinguish between temperature

alone and temperature combined with humidity effects during D

environmental testing. Temperature cycling with and without high i
humidity produces nominally the same temporary loss in power (Table

1). Temperature and humidity cycling defined by Block V

procedures produces nominally the same temporary loss as the Block U
V cycles with the humidity eliminated and nominally the same effect
as for the 50 temperature cycles section of the Block V

environmental tests. The results after recovery are also nominally B
the same (the after recovery data include 200 rather than 50

i

temperature cycles).

Additional data support the findings of a solely thermal

contribution to the temporary power loss during HF cycling and that m
CIS is relatively insensitive to moisture. Edge delamination of

RIM-framed modules was previously reported [5]. This has been i

resolved by improvements in RIM framing. However, the performance |

!
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!
of delaminated modules after i0 HF cycles is nominally the same as

i for modules that did not delaminate. Insensitivity to moisturepenetration in the delaminated modules is indicated. Insensitivity

to moisture penetration is also indicated by tests on structures

designed to prevent moisture penetration. A variety of moisture

l barrier edge seals and larger than norm_l vapor resistent perimeter
I areas have been tested through I0 HF cycling with no significant

performance differences.

i A solely thermal contribution to the temporary losses duringHF cycling has been demonstrated and indicates that CIS is
relatively insensitive to moisture. Therefore, a hermetic seal is

not in general necessary for CIS materials. This does not imply

i that all CIS materials are inherently insensitive to moisture; the
insensitivity to humidity has been demonstrated for only group A
CIS materials.

i In the IQTP, electrical performance tests between differenttypes of environmental cycles and at the end of environmental

cycles may improperly indicate poor performance if the temporary

power loss and recovery are not considered. After environmental
testing, time should be allowed for the power to stabilize. The

IQTP calls for successful completion of electrical-performance

tests after the thermal-cycle test and before proceeding to the

I humidity-freeze test. Time should be allowed for the power tostabilize between the thermal-cycle and humidity-freeze tests or an
exception should be made for materials that are known to have a

i temporary power loss that is related to accelerated testing and notto outdoor in-service performance. For the data presented here,

measurements after HF cycles are first made one to three days after

i0 HF cycling. For the modules presented in Table I, electrical

I performance tests, even after three would have
days, improperly

indicated poor performance. After recovery, the perfoz_ance is

excellent. Three days after HF cycles, modules from group A of

I Figures 4 and 5 recover to 93% of initial power. After recovery,a subgroup of modules recover to 98% of their initial power. It is
possible that these modules would be rejected if measured

i i_nediately afte_ HF cycles. Also, distinctions between the twosubgroups (Fig. 5) wo,_ld have been missed with only a pass/fail
criteria. Without racovery most of the modules tested would have

passed the IQTP criteria of losing less than 10% of initial power;

g however, distinctions between modules in the range from 90% to 100%of initial power would have been lost. Different CIS materials

that pass the 90% pass/fail criteria may not perform equally well

I in service.Data are not available to validate accelerated testing, such

as IQTP, as a means of predicting long term in-service performance;

i however, correlations between outdoor and accelerated testing are
seen in some cases. Figure 6 is a plot of power versus the number

of days of outdoor exposure (at Siemens Solar Industries in

Camarillo, California) for: the average power of II group A

i modules, two modules from group B, and the best performing modulefrom group A. As for the HF cycle /erformance, modules from group

!
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A are stable while modules from group B lose power. Differences in

the processing of CIS can affect outdoor reliability and I
accelerated test results° For these two groups, short term (about

i00 day) in-service performance follows the same trend as

accelerated testing, g

5. Conclusion

Recent significant improvements in CIS performance have been g
attributed to improved adhesion at the CIS/Mo interface. Groups of

modules having no significant change after I0 HF cycle's have now

been demonstrated. Heating during module fabrication or

environmental testing to temperatures above those normally
i

encountered by modules in outdoor service may introduce a temporary

power loss; the power recovers in time to near the initial power.

Data indicate that temperature, rather than temperature along with J
humidity, causes the temporary power loss and that CIS is not in

general sensitive to humidity° Hermetic seals are not inherently I

necessary for all C IS materials. The IQTP may improperly indicate N
poor performance if the temporary power loss and recovery are not

considered in electrical performance testing between different

sections of the environmental test and at the end of all i
environmental tests. Data are not available to validate i
accelerated testing as a means of predicting long term in-service

performance; however, correlations between outdoor and accelerated m

testing are seen. |
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Table I.

Module recovery after temperature cycling. Power after B
environmental testing and recovery divided by power before U
environmentaltesting.

!_ ' , ...... '_',' ,,, ,........................................ , .............. Lp, , .... , ,,,, ........ ,_ _ _

Average
Standard Deviation

i
Number Partial Full

of Recovery Recovery

Modules R

Lot I B
50 temperature cycles 4 0.89 ....

0.02 ....
m

200 temperature cycles 4 .... 0.97
.... 0.06

Block V humidity-freeze cycles 8 0.86 0.93 g
0.04 0.03

Temperature c_cles of Block V 4 0.83 0.98 H
humidity-freeze cycles but 0,07 0.06 II

without humidity

Lot II i

Temperature cycles of Block V 4 0.92 1.03 am
humidity-freeze cycles but 0.02 0.02 |
without humidity

...... .... _L ' i --- B

!
!
!
!
!
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i Fig. i. Cross section of CIS module.
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i Fig. 3. CIS module stability outdoors.

!
|
I LO3,



I
Dale E. Tarrant , CulnSe2 Module EnvirorvnentaL Reliability 1

,I
!
N
!
|

/"_' m@

'_ J Group A Good Adhesion i
_ Group B Poor Adhesion ii % I

° __ o _
• _ I ,liR

li
= " i """ I \Z .,." . nn
_ °

0.3 0.4 0.5 0.6 0.7 0.8 0.9 110i

Pmax after 10 HF
U

Pmax before 10 HF

!
Fig. 4. CIS module stability after I0 humidity-freeze cycles.

!
!
!
!

104 i



i

I Date E. Tarrant CulnSe2 Modute Enviror_entat Reti_bitity

|
,|
I
!
!
i 5 r\

n
• %i

l" °' _ 'o 1

I o 3 %
lm
• 1

E 2 / I
| z /
m

I -
0

I 75 80 85 90 95 100 10_ 110
% Loss After Recovery

I
Fig. 5. CIS module stability after I0 humidity-freeze

I cycles and
recovery.

I
I
,!
_ I0_



jI_ _ .... Iii Ld,., hl .... I,IjklL_ .,., JI _, ,_ , ,kl " ", ' ,_, JkIILJI , ,,,, ,_., ,,d,_,h,, ,_IUl, ,, ,,,IJ,h,, , ,. ,,_

I
Dale E. Tarrant CuinSe2 Module Environmental Rat iabi I i ty I

|
i
i
i

1._[ .... I
1.04' • Best From

1.00_ _ • Average of

0"98t__ ,_'_ ' A Group A

0.82 ' ' _ L__ t
0 20 40 60 80 100 120 140

Days of Outdoor Exposure W

!
Fig. 6. Dependence of CIS stability outdoors on processing, m

|

!

!



t t /_'

II i

I RELIABILITY S!rUDIES'
m OF
II EUREKA MODULES!

!
II

CHRONAR
II CORPORATION
II
Ii
II
II
II
11

J. GREZ
J. KOLESAR

F. KAMPAS

I07
_m



!
!

CHRONAR CO I
ENCAPSULATION GROUP li

!
M. GHERDAN |

J. GREZ
d. KOLESAR g

H. MATAS |

G. MCCOMISKEY |
P. SCHLAGEL

I
|

!
!
|
!



|
!

II EUREKA MODULE
ii DESIGN FEATURES
!
| a-Si Thin Film PV31"x 61"
| Glass/EVA/Glass Laminate

| 1/2" wide Border Isolation

| Absence of Conducting Frame
Mounts are interior to Module

| Sealed Connectors on Wires

| Ultrasonically Bonded Busbars

II Double Strength Glass50 Watts Stablilized
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EUREKA MODULE 1
HOT SPOT TEST II

, I
A l'xa' version of a Eureka I

Module went through the
Hot-Spot test in UL 1703, ii

performed at room temperature, I
.withno change, in efficiency I

and no visible damage.
A, full size Eureka Module is I

currently being tested at 50 C. |
I
!
!
!
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II EUREKA MODULE
II BYPASS DIODE THERMAL TEST
I
I This test has not been, carried

out at the present time.
II The location of the bypass diode
II has not been established.

I
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EUREKA MODULE !
HAIL IMPACT TEST II

|
Two Eureka Modules were tested , |
by Southern Electric International.

!
They withstood without damage
impact of 1" diameter ice balls " |

at 52 mph. The modules were not |

damaged until corner target |locations were struck with ice
balls travelling at 120 mph. |

!
!
!
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!
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I EUREKA MODULE
Ii MECHANICAL LOADING TEST

I
, This test is scheduled to

| be performed in the next month.
!

,.

!

!
|
!
|
I
!
!
|
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EUREKA' MODULE I
THERMAL CYCLING II

Chronar has only one II
environmental chamber that |
can hold a full size Eureka I1

Module, and it is being used II,
for humidity/freeze cycling.

A Eureka Module was cut in half II
and one of the halves thermally |

cycled 200 times in a smaller III
chamber, lt showed a peak power

drop of 5%. II
!
!
!
!
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II EUREKA MODULE
II HUMIDITY/FREEZE CYCLING
!
| The average change in power output

of a Eureka Module resulting from
ii " humidity/freeze cycling is -2%.
|
!
|
!

!
|
!
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EUREKA MODULE I
WET HI-POT TEST 1 II

!
In,order to pass the Wet Hi-Pot Test |

and the Wet Insulation Test, we
adopted a commercially available II

sealed connector. This connector II

can pass the Wet Hi-Pot test I
(completely immersed) after

humidity/freeze cycling. Modules II

with this connectorhon them are II
currently undergoing umidity/freez e |

cycling. |

!
I
I

l
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a, EUREKA MODULE
| WET HI-POT TEST 2
|

Leakage currents from the
| long sides of Eureka Modules
| are typically about
| 4 microAmps and go up less

R than a factor of two on
humidity/freeze cycling.

I
|
I
I
|
!
|
!
!
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EUREKA MODULE II
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j Encapsulation and Termination Processes for High
Reliability of Thin Film Modules

l Gilbert Duran, UPG

!
i Paper Not Available at Time of Printing
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!
SUMMARY

!
The reliability of a large-scale photovoltaic module is probably

the most important performance parameter related to any

photovoltaic product, lt is also the most difficult to
extrapolate to a real time base from short term accelerated Q
or real time reliability testing.

This paper attempts to describe a methodology utilized at Photon

Energy Inc. (PEI) that forms an early basis for making reasonable

reliability projections for a relatively new product. Many of the i

details have been given earlier.[li R

Utilizing both accelerated testing methods and real time outdoor

life testing methods, the following statements can be made: i
I

Thermal cycling experiments indicate there are no significant

issues due to glass-metal bonding in the PEI design.
g

* The humidity freeze thermal cycling testing regime indicates

that further improvements can still be made in order to better

insure the long-term reliability of the product. R

" Water permeability values into the modules of less than 50 mg

per year per linear foot of edge are becoming the norm. l
U

* Early life testing results at SERI (and PEI) indicate no

significant inherent stability problems with this technology, l

INTRODUCTION
m

It has long been observed that thin film photovoltaics in general i

must be well encapsulated in order to withstand the extremes of

humidity and temperature in the outdoor environment_
Identification of the issues related to encapsulation techniques g
was primarily based on a review of ,Jet Propulsion Laboratory

(JPL) papers and meetings with R. Rosses group at JPL[2-3]. A a

number of issues were defined during this period. |
The objectives of the program at PEI are designed to :

i

* Identify issues l

* Present and evaluate solutions
M

Insure that a viable product is being produced

I
!
!
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I Within this program, the general categories of experimental focus

related to these objectives include:

* Accelerated life testing

| I. Thermal cycling - structural integrity

I 2. Humidity freeze cycling - structural integrity andpermeability

I 3. Permeability of water vapor
Real Time Reliability Studies

l I. Outdoor changes

2. Permeability of water vapor

i EXPERMENTAL

The catagories outlined above will be reviewed. The thermal

cycling and humidity-freeze cycling tests have been done
u

primarily at the SERI Outdoor Reliability and Testing

Laboratory. J4] The water permeability studies were begun by JPL

Imw and continued at PEI.

Ac_le_.t_ife Testin_

I The major issue for encapsulation is the rate of water
permeability into the structure. A simple, low cost, highly

illuminating means for determining leakage of water vapor is

l reviewed.

The test modules evaluated here were assembled by edge-sealing a

l metal backsheet to a 24" X 24" X 1/8" tin oxide coated glasssubstrate on a 0.5" border. For permeability studies of the

various adhesive and techniques, smaller substrates were used (4"

i X 6" X 1/8"). Placed inside the internal volume was a Humiseal
humidity indicator strip that had been dried completely at 65°C

(completely blue in color). The indicator strip turns various

shades of pink as the amount of water present increases.

l The stripes contain a dessicant and will therefore absorb some

water itself prior to indicating pink. Calibration of this strip

i to determine this limit of detection was undertaken. It wasfound that the limit of detection for water, from a completely

dry state, increased the weight of the strip by 10± 5 mg. These

I strips respond within minutes to their surround.
The actual thermal cycling tests were done at JPL and SERI.

Modules were cycled from -40°C to 90°C four(4) times per day for

l 200 cycles. At various times through the proceedure the moduleswere removed from the chamber and visually inspected. The

i relative humidity(RH) during these cycles was <25% at the highest

i_ temperatures (ambient RH at room temperature).The only additional

;_ parameter for the humidity freeze thermal cycling tests was that
i the relative humidity was maintained at "85% RH at the 85-90°C
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The permeability to water vapor within a structure was determined
using the i0 mg limit of detection to water vapor of the Humiseal
strips and the time required to turn the strip pink in a specific |
environment. By observing the sample at regular intervals, one

can determine the time it took to begin turning pink (the limit

of detection) quite accurately. Since the indicator is known to

absorb '_i0 mg of water at that point, the permeability is
i

determined within roughly 100% of the value. That magnitude of

error is quite accurate enough to allow for a number of B
determinates. i

With techniques such as these in hand, one can easily address the B

major issues relating to encapsulation. Thermal cycling (both |
wet and dry) and permeability to water vapor can form a good

basis for extrapolation. m
Real Time _eliability Studie_

The measurement of performance changes over time in the outdoor i

environment is the primary means for life testing. However, as g
extrapolation from accelerated permeability studies is often

extremely difficult to do with satisfactory confidence, it is i
necessary to have some baseline studies based on real time for B
determining permeability.

Performance monitoring on submodules has been undertaken by SERI R
Outdoor Reliability Testing Lab under Laxmi Mrig. These M

submodules were all under load during exposure. Testing was done

approximately monthly. B

In addition to performance monitoring, the baseline studies for

water permeability in the field in E1 Paso were done using 12" X i
12" X 1/8" substrate encapsulated on to a 3/16" border with a B
humidity indicating strip placed inside, the glass was painted

black so that a similar temperature would be reached by these

test modules as by a photovoltaic(_V) CdTe module in operation.
These 2 samples were left outdoors for over 14 months. l

RESULTS, DISCUSSION, AND CONCLUSIONS R
i

The samples sent to JPL and tested at 85°C, 85% RH showed a

number of adhesives that passed _I0 mg water after as few as 180
to 300 hours. This made an excellent screen for choice of |
adhesives. One particular choice of material, design and method

went for over 2,000 hours passing less than i0 mg of water° The

perimeter of the 4" X 6" sample was 20" permeability of the i
design was therefore <30 mg per year per linear foot at 85°C, 85% m
RH.

Structural integrity was also a major issue with the presence of i
glass to metal bond. The expansion coefficient differences had

to be addressed properly. Thermal cycling tests were the t
obvious means to improve the method and design. A number of g
samples of different design were thermally cycled for up to 200

cycles. Many failed. A number of good designs showed no

failures after 200 full thermal cycles up to the 12" X 12" size i

at JPL. Substrates measuring 24" X 24"also were found to g
satisfactorily pass 200 Cycles with no delamination problems at

|



SERI. Less than i0 mg of water had entered the module after

I these 200 cycles. The same 24" X 24" modules were then subjected
to the humidity freeze cycling. After roughly 40 such cycles a

failure of part of the edge bond was observed. Though there was

I a small statistical sample size (2) and the humidity freezecycles were done after a fair amount of stresses were already

incurred, due to the previous cycling, modification of the edge

l design to minimize stresses due to formation of ice is presentlybeing addressed.

The upper limit for the amount of water entering the modules

during the humidity-freeze cycles can be approximated. In ~I0
I

days approximately i0 mg of water had entered the structure. We

might have used 40 since there were 40 cycles; We have also not

l included the contribution of the previous 200 cycles at 25% RH,;We have _Iso not included the acceleration factor for diffusion

at the 85 Celsius temperature that could be a factor of 8 to 16

l over operating temperature. An incursion of 10mg water in I0 daysis 3.7 g per year over 8 linear feet of bond line or .5 g water

per year per linear foot.

l Referring back to the outdoor permeability experiment notedearlier, it was found that after fourteen(14) months the pink

color of the humidity sensor inside was apparent. This experiment

l started in August of 1989 and was extended over one winter andone susm_er prior to passing over i0 mg of water. The

permeability calculated to be 2 mg per year per linear foot of

l edge. It should be noted that this experiment was done in E1
Paso where winter RH is often <i0 % and the RH in the summer 40

to 70%. The permeability of such a design is, however,

sufficiently low that reasonable lifetime may be extrapolated.

l The results for real time life tests are given in Figure i. [5]

For the majority of submodules tested, the stability appears

l quite good. The initial differences in preparation between eachof the submodules was one of a secondary type seal, (i.e. edging

method)° There does not appear to be any correlation between

l that initial experiment design and the observed llfe testing
variations. The small degradations observed on some samples have

therefore attributed to quality control and assurance issues.

I In any event, it is apparent from this figure that CdTe basedsubmodules do not have any significant inherent stability

problum.

l In summary, the highlights of the reliability testing done at
JPL, SERI, and PEI are:

I * At JPL - 4" X 6" edge sealed modules survived over 200 thermal

cycles from -40°C to 90°C without any signs of delamination

(25% RH). No high humidity or freeze cycles were done at JPL.

l * At SERI - 24" )_i24" edge sealed modules survived 200 thermal

cycles from-40°C to 90°C without any signs of de lami nat ion and

l without passing i0 mg of water.



!
* At SERI - Over 270 days of outdoor life testing has shown

little, if any, degradation of the PEI modules tested° B
i

* At PEI - Permeability values into the modules of less than 50

mg per year per linear foot of edge are becoming the norm. i
l

* At SERI - Humidity freeze thermal cycling results indicate that
further improvements can further extend the confidence of

extrapolating lifetime, g
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| OUTDOOR LIFE TESTINGDATA MEASURED AT SERI

I Module Output (Watts)
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0.4 ___ .........__ .....
"R_'-"Rr -' _ • --'tf_,.-......__,_v ',M , ,,,u

O.4 O'; ' ..... _---'_ _' "' ....

I 0.35
0.30

t 0.25
0.20

I 0,16 ......

0.10

I 0.06
0.00 -- ' _ ,,=,, I I I I ...... L •
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i 8ubmodule Dellgnatlon
Figure 1: Outdoor Life Testing

i Data Measured At SERI
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402 POLYMERS IN SOLAR ENERGY UTILIZATION

!

. !
No

H o _

_CH 2 .---- C CH'P _ _.CH2---. Cd CH.P _ _CH 2 --.-. C CH-P II I _ ! ! 1 i I
0 O 0 O 0 0

\/ \/ \/

lC\ lC\ /c\ . I
14 C3H7 t4 C3H7 H C3H7

PVB Jo !I1

"PCH2 "--" C ----- CH2 ----- CH-P

!

lioty (1-b_ryrile, 3.oxo ltlrlmlllhylilill

o o |II ii

2 -PCH2----- C---.-. CH2.-.--- CH.P. C3H7CHO _CH2--.--. C..-- CH2__.CH. i.

I '
I o I? i

NaOH C --"-- C2H7
li

o I
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I1 11 Ii
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I I
H H

poly (1-hydioliy. I
, poly logo tilwiir_li C 3-oAo iluu.llhVtllnll ] .

[ •
li

4 CH2 -- C .," ,':.H" CH t"

"color canter" _ ' I

Figure 8. Possible PVB Browning Mechanism.
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390 POLYNtERS I:N SOLAI_ ENERGY UTIL[ZAT[O>;

I basic mechanism of this process, identified over 35 years ago by
Bolland and Cee ('2), is as follows"

!
r i (rate of initiation)

i (i) Initiation .....__- free radicals

T(0

I (2)[-_R. + 02 _= _02.

I i propagation
kpi

(3)i R02 + RH _P.00H + • j

I 2k t(4) R02" + R02"--------_.-produc_s - termination at 02 saturation

|
!
!
!
!
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l EVA Sheet as received

Nel_o_ C-H ":g;)

I
_ ClS

C-C

I " -. °" ( "
i

!, I , I ..j .... ,..... I _ _ _2

3dO 298 296 294 292 290 288 286 284 282 280

I Binding energy, eV

|,

I C1s
BcownedEVA and • ESCA & MIR.lR show an in.

Residueon Melalli,rat creas_in C 0 in browned EVA

li • Accelerated oxidation of EVA
occursat met_llizatiorl surface.
A layer oi polymer, several

FreshEVA and thousandAng$1romsthick, wa_

I PolymerPeet oxidized.t Upon peelingEVA from cell,
teat occursat teilClion inlet.
face between heavily and

i lightly oxidized EVA layers.

Ii oo L
!•.- Peelsurface sho_s

i oxidation
polymer,

I ,•298 ,294 292 .290 288 ,286 .284 .282 .280 MllallizaliOn Walar 7

l]indin9 Enerzjy.IV

l AND MEGERLE E/Icopsu#ml Dcgradalion Figuz'e 9. ESCA AnalysLs oi EVA.
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FIELD TEST RESULTS FOR THE 6-MW CARRIZO SOI_AR

t PHOTOVOLTAIC POWER PLANT
_

Andrew L. Rosenthal,(._,..a

I Cary G. Lane

i Southwest Technology Development InstituteP.O. Box 30001, Dept. 3SOL
-_ New Mexico State University

1 Las Cruces, New Mexico 88003-0001

_i ABSTRACT

,,,, Testing of subgroups, trackers, and laminates was performed at the

Carrizo Solar Photovoltaic Power Plant. Testing was performed to
characterize the effects of EVA degradation at the plant. EVA degradation

t is believed to have been accelerated by the high operating temperaturesaccompanying the use of mirrors to concentrate sunlight. Testing of 128
laminates revealed that degradation is highly non-uniform. Measured

::_ laminate peak power values ranged from 8.6 W to 47.8 W with an average
g value of 32.6 W. This average was 35.9 % below the installed laminate

rating at similar conditions. Mismatch between laminates contributed an
-II additional power loss of 11.1%. Mismatch was found to increase with

M
laminate temperature. One tracker was tested with and without mirror
enhancement. It produced 3046.5 W with mirrors and 3275.9 W when the

mirrors were covered. Preliminary results indicate that removal of the
mirrors would increase the plant's peak power output on hot days.

I INTRODUCTION

The world's largest photovoltaic (PV) power plant, the Carrisa Plains PV

came in late 1983. The facility was owned by Arco
Power Plant, on-line

Solar, Inc. until late 1989 when it was purchased by Carrizo Solar

. Corl3oration. The plant consists of ten segments, nine of which utilize 60-degree angled mirrors in a "v-trough" shape to increase the total radiation
on the surface of tile laminates to a nominal two-suns. Segment 10 (added
to the plant in 1985) does not utilize mirrors for irradiance enhancement.

_: Though the plant has demonstrated high availability, energy production

I efficiency has declined linearly at the rate of 8-12 % since 1986per year

=.
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[l]. In 19840 plant ac efficiency was t0.3 %. The 1989 plant ac efficiency I
was 6.9 %. The primary cause of the decline in plant efficiency has been
attributed to thermal degradation of the Ethylene Vinyl Acetate (EVA) t
encapsulant by the high operating temperatures associated with sunlight I

concentration [2]. The most notable outward evidence of EVA degradation

has been a browning of the laminates in the mirrored segments. ( }i_i_,._..

To gain insight into the nature of this degradation, members of the staff "li
of the Southwest Technology Development Institute (TDI) under contract |
with the Electric Power Research Institute (EPRI) performed I-V (current-

voltage) testing at the plant in June 1990. I

EXPERIMENTAL " i

I-V curves were taken with portable equipment capable of testing It
systems with operating parameters up to 600 V and 125 A. Irradiance
was monitored with a silicon pyranometer. This pyranometer is cosine
corrected for accurate readings up to incident angles of 80 degrees. I

_ Temperatures were measured with Type K thermocouples affixed to the III
backs of the laminates.

, |Each mirrored segment is organized into seven 12-tracker groups. The
groups are designated by the letters A through G. Electrically, three
trackers in series are designated as one subgroup. There are 28 subgroups '_
in parallel per segment. Each two-axis tracker consists of eight panels in
series. Panels contain 16 laminates (modules): 4 laminates per parallel /
block with 4 blocks in series. II

: TDI tested several subgroups and trackers. Tracker 7G6 (the sixth i
tracker of Group G in Segment 7) was chosen for testing down to the panel II
and laminate level. This tracker was selected because it was in a

convenient location and not because of any known characteristic in its II;
performance history.

I

I-V curves were taken of components with mirrors (two-sun irradiance) l
" and without mirrors (one-sun irradiance). Throughout the test period, the

trackers continued to follow the sun in two axes. One-sun illumination
conditions were achieved by covering the mirrors with opaque plastic. II

¢-,.,
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RESULTS

I Figure 1 shows the [-V characteristic for Tracker 7G6 in its normal
operating state with the tracker foilowing the sun and ali mirrors in piace.

II
50 ............ i ....... ; __ ,

Track 7G6:

Prop = 3710.0 W

I _ __FF = 41.3 %

E 30 ....
<.,

II -¢=-

= 20

! \
li %

%

I ",- :--_ .... • -::- - • ' ' % • • • "' " , , , • r ,

0 50 100 150 200

N Voltage (Volts)

i
Figure 1. Tracker 7G6 (With Mirrorsl.

I The tracker [-V curve has a fill factor of 41.3 percent and a maximum
power of 3.71 kW. This curve ,.vas taken when the average laminate

i temperature w'as 74 °C.

After this curve ,,,.'as taken, the series connections between the eightpanels of tracker 7G6 were broken. I-V curves were taken of each of the
eight panels. During this time. the tracker continued to track normally and

I ali of the mirrors remained in piace. Figures 2 and 3 show the I-V curvesfor Panels 1-4 and 5-8, respectively

I
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Figure 2. Panels 1-4 of Tracker 7G6. N

........ Panel5

" Panel
40 .... i ..... Panel
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Figure 3. Panel'_ 5-8 0f Tracker 7G6. III
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Open circuit voltages and short circuit currents were closely matched for

I ali 8 of the panels. Panel 2, however, produced a maximum power muchless than the other seven panels. The seven similar panels operated with
an average maximum power and fill factor of 475.6 W and 44.2 percent,

I respectively. Panel 2 produced a maximum of 333.7 W with a fill
power

factor of 30.2 percent.

Panel 6 I-V curves were taken at two different temperatures to quantify
the effects of temperature on panel performance. These curves are

i presented in Figure 4. Panel 6 had performance characteristics typical ofthe majority of the panels tested.

j 50
Panel 6: 63°C

I Pmp= 557.1WVmp = 15.7 V
40 Imp = 35.5 A

| i
_. 30 Panel 6" 76°C

N E Pmp = 483.9 w
'_ Vmp= 14.3V

Imp = 33.9 A

n - ]= 20
i_..

:3

| o i10 i

| i
0 ! !

I 0 10 20 30
Voltage (Volts)

Figure 4. Panel 6 at 76°C and 63°C (With Mirrors).

- Ii For Panel 6, the open circuit voltage increased 1.9 V as the temperature
l dropped 13.2 °C. This represents 0.14 V/°C or 0.57 percent/°C. The series

resistance, estimated as the negative reciprocal of the slope of the curve at

I the ()pen circuit condition, remained unchanged at 0.2 ollms. Fill factor for
: the curve at 76 °C was 44.8 percent. At 63°C, the fill factor was 47.7

I perce_t_
q
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I-V curves were taken of ali 128 laminates (mirror enhanced) of tracker Ii,
7G6. Table 1

presents a summary of the peak power values determined I
for these laminates,

Table 1 I
PEAK POWER VALUES FOR 128 LAMINATES

Sum of 128 Peak Power Values 4171.0 W I

Average 32.6 W
Minimum 8.6 W i
Maximum 47.8 W li

Standard Deviation 6.9 W i

At this point, the mirrors of Panel 6 were covered. I-V curves were again ii
taken on this panel and its laminates. Figure 5 compares I-V curves of I
Panel 6 operating with and without mirror enhancement.

!
50 [

Mirror Enhanced: I_[ Pmp -5571 W
,/Vmp = 15.7 V

40 ! Tmod = 63 C............ __"_,,_.... / .... Imp = 35.5 A I

I= I

Unenhanced: /" 'i_tl5_ I
::3 Pmp 424 9 W /" • 'It,_,

° \:.... |
Vmp - 18.8 V

10 Imp = 22.6 A - _ o

Tm°d= 35°C _'_. I

\\ •
0 • , "-, _ "--'---- I

0 10 20 30 g

Voltage (Volts) I

Figure 5. Panel 6 (With and Without Mirrors).
II
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I Without mirrors, Panel 6 operated with a fill factor of 59.7 percent andmaxirnum power of 424.9 W. With rein'or enhancement, Panel 6 operated
with a fill factor 47.7 percent and a maximum power of 557.l W. Use of

I mirror enhancement increased the maximum of Panel 6 by 132.2W
power

(31.1 percent).

i Figure 6 compares the I-V curves taken on Laminate 11 of Panel 6 with
and without mirror enhancement. This laminate had performance

i charecteristics typical of the majority of the laminates of Panel 6.

i 15"i .......... _ .... ;......
[ Mirror Enhanced:
! Pmp = 41.2 W

I = 4.0Vi Imp = 10,3 A

_" 10 __FF = 55,0% __

| ° It,,,,,,
,k_.

"n

("1 5 Unenhanced: I

Pmp = 28.8 W

i Vmp = 4,8V j
Imp = 6.0 A
FF = 65.7 % ;

I Tmod = 35.0 °C io I f
0 2 4 6 .8

I Voltage (Volts)

II
, , Figure 6. Laminate 11 (,With and Without Mirrors).

I Under mirror enhancement, Laminate 11 had a fill factor of 55.5 percent
and maximum power of 41.2 W. With the mirrors covered, Laminate 11

I had a fill factor of 65.7 percent and a maximum power of 28.8 W. Use of
mirror enhancement increased the maximum power of Laminate 11 by

12.4 W (43 percent).
Table 2 presents the performance values for the t6 laminates of Panel 6

I raeasured with and without mirror enhancement.

!- _-_
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Table 2

PANEL 6 LAMINATE PERFORMANCE DATA i
III

WITHOUT MIRRORS

Mod u le Max. Fill IIi
iTemp. lrrad. Voc [sc Power Factor

oC ........... , JLaminate ( °C.,_Q-0__(W/m2) (V) (A) (W) ('%)
T6P6L16 36 1040 6 6 6.5 29.2 67.9
T6P6LI5 35 1046 6 7 7.0 32.1 68.8 J
T6P6L14 35 1046, 6 6 7.3 29.8 62.0
T6P6L13 35 1046 6 5 6.2 27,7 68.7 m
T6P6LI2 34 L036 6 5 6.3 23.8 58.3 |
T6P6LI 1 35 1050 6 5 6.7 28.9 65.7
T6P6L10 35 1050 6 5 6 1 24.0 60.3 a
T6P6L09 35 1054 6 6 6 8 29.8 66.6 II
T6P6L08 34 1054 6,6 6.7 27.1 61.4
T6P6L07 33 1057 6.5 6.7 29.3 67.0
T6P6L06 33 1057 6.5 7,0 27.5 61.0 mm
T6P6L05 3 4 1058 6.4 6.1 22.3 56.7 1!
T6P6L04 35 1066 6.7 7.2 22.5 47.1
T6P6L03 35 1066 6.6 7.1 28.9 61.5 m
T6P6L02 35 1066 6.4 6.2 2C 9 52.8 n
T6P6L01 3_5 1069 6,4 6,3 26.2 64,9
Average 34.7 1053.8 6.5 6.6 26.9 61.9
Max 36 1069 6.7 7.3 32.1 68.8
Min 33 1036 6.4 6.1 20.9 47.1 III

WITH MIRRORS tModule Max. Fill

Temp. Irrad. Voc Isc Power Factor m
Laminate (°C) (W/m2) (V) ___L.&2__L_W_) (%) . |
T6P6LI6 60 2005 6,2 11 0 40.2 69.4
T6P6L15 60 2019 6.2 12 3 43.4 57.1 Mh

T6P6L14 60 2027 6,1 12 "7 39.3 50.4 J[
T6P6L13 60 2027 6.2 11 1 39.6 57.9 ii

T6P6LI2 62 2010 6 1 10 9 32.4 48,4
T6P6Lll 62 2016 6 1 15 1 41.2 55.5 I
T6P6L10 63 2005 6 1 10 7 30,8 47.1 m
T6P6L09 64 2005 6 1 12 4 40.4 53.6
T6P6L08 64 2009 6 1 11 8 34.2 4'7.1 III
T6P6L07 64 2001 6 1 12 1 39.2 53.6 |

' T6P6L06 64 2007 6.0 12,2 34.7 47.0
T6P6L05 65 2007 6.0 10 8 29.4 45.2
T6P6L04 63 2011 6.3 10 4 20.7 31.7
T6P6L03 64 2011 6.2 12 4 37.8 49,4
T6P6L02 65 1977 6.1 10 7 27.7 42.3

T6P6L01 65 2004 A.] 1I 1 3Y.5 fi.,_L5 I
Average 62.8 2008,8 6.1 11 5 35.5 50.1 Q
Max 65 2027 6.3 12.7 43.4 59.4

= Mi n 60 1977 6.0 10.4 20.7 31.7 B
U
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In going from a nominal irradiance of one-sun (unenhanced) to two-suns

I (mirror enhanced), the average power of the laminates increased from26.9 W to 35.5 W, an increase of 32.2 percent. In all cases, laminate fill
factors increased when the mirrors were covered. The average fill factor

j increased from 50.1 to 61.9 At the laminate I-
percent percent. two-suns,

V curves show a degree of flattening that indicates a rise in series

i resistance.
Of importance is the range over which the different laminates encounter

U their maximum power points. Under one-sun conditions, the 16 laminatemaximum power points showed a standard deviation of 3 1 W. Under two-
suns, the standard deviation was 5.8 W. This larger standard deviation

suggests that mismatch between laminates will occur more at two-sunthan one-sun conditions. For the one-sun condition, the sum of the 16
laminate peak power values was 430.0 W while the I-V curve (shown in

I Figure 4) displayed maximum of 424.9 W. This indicates loss due
a power

to mismatch was 5.1W (1.2 percent). Under two-suns, the sum of the 16

i indi,_idual laminate maximum power values was 568.5 W. The I-V curvefor the panel (using the 63°C curve) had a maximum power of 557.1 W, a
loss due to mismatch of 11.4 W (2.0 percent).

I Further testing of trackers and subgroups indicated that the number of
severely degraded panels and laminates may be greater in the plant at

i large than in tracker 7G6.

I-V curves were taken on Tracker 8A7 in its normal operating condition

I with all mirrors exposed to the sun and later with ali of the tracker's
mirrors covered by opaque plastic. Figure 7 presents these [-V curves for

i Tracker 8A7.

l lp

I
|
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5el....................................L I
Mirror Enhanced'

40 Pmp 3046.5 W _/_
Vmp = 108.1V II

E Imp = 28.2 A
Tmod = 67 °C i

30 FF = 35.4 % |
-tr" t

° It,_ 20 Unenhanced:

• Pmp = 3275.9 W
Vmp 148,9 V |

l.....Imp = 22,0 A

10 j Tmod: 35°C m
FF = 55.7 % B

i

I0 II0 50 100 150 200 250

Voltage (Volts) I

Figure 7, Tracker 8A7 With and Without Mirrors. I

Of interest is the fact that the maximum power increased when the
mirrors were covered. As observed above, mismatch increases with II

temperature, particularly in panels with severely degraded laminates. The
of degraded laminates is indicated by the low fill factor of the Rpresence

mirror enhanced I-V curve (35.4 percent).

Tracker 8A7's greater maximum power production without mirror 1
enhancement is not unique. I-V curves were taken on Trackers 8Al
through 8A9. Three of these trackers, 8A4 through 8A6, have been t
operating for several months with their mirrors permanently removed. ii
Table 3 presents performance data for .these nine trackers.

1
li
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i Table 3TRACKER PERFORMANCE DATA

i WITHOUT MIRRORSModule Max. Fill

i Temp. lrrad. Voc lsc Power FactorTracker _ (°C) (W/m2) (V) (A) (W) (%)
8A4 35 1080 204,0 26.3 3221,5 60.0

t 8A5 35 1080 202.0 26,3 3122,3 58.8
8A6 35 , _ 1080 .......202,0 .27,3 2746,1 49,3
Average 35 1080 203.3 26.6 3030.0 56.0
Max 35 1080 204.0 27,3 3221.5 60.0

Min 35 1080 202.0 26,3 2746.1 49.3

WITH MIRRORS

illHa M od u le Max. Fill
Temp. Irrad. Voc lsc Power Factor

I Tracker (°C) (..W/m 2) (V)_ (A) (W) (%) .8Al 70 1900 168.0 43.9 2692.4 36.5
8A2 70 1900 192.0 46.1 2773,5 3 1 3
8A3 ' 70 1900 190.0 44.0 3372.7 40 3

I 8A7 70 1900 193.0 43.3 2895.3 34 68A8 70 1900 193,0 42,4 3433.0 42 0
8A9 70 1900 192.0 42.1 3531,3 43 7

I Average 70 1900 188,0 43.6 3116.4 38 1Max 70 1900 193.0 46.1 3531,3 43.7
Min 70 1900 168.0 42.1 2692.4 31.3

!
In this small population there were two trackers (BAl and 8A2) that

i showed performance similar to 8A7' low fill factor and low maximumpower.

I Figure 8 compares the l-V curves taken for the mirror enhancedSubgroup 8A1-8A3 and the unenhanced Subgroup 8A4-8A6.

!
!
!
II
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• Subgroup 8A1!8A3 1
Mirror Enhanced:

40 Pmp = 8473,3 W m
gVmp = 304.8 V

Imp = 27.8 A

_'E 30 I gE = 36,3i % I<

F- l.. )
f"

'-- 20 ) Subgroup 8A4-aA6 i

:_ / Unenhanced: I l
O _-- Pmp = 8756,9W m_

) Vmp = 410.2V
10 -- Imp = 21.3 A /

FF = 55,0 % I

I
o I0 100 200 300 400 500 600

Voltage (Volts) I

/

Figure 8. Subgroups 8AI-8A3 and 8A4-8A6. I

The maximum power of the unenhanced subgroup exceeded the lh
maximum power of the mirror enhanced subgroup by 283.6 W. Unlike the |
comparison preseated for tracker 8A7, it must be remembered that these
curves compare different subgroups.

I

DISCUSSION I

When installed, the laminates of the first nine segments were rated at

39.75 W at standard test conditions (STC, 1000 W/m 2, 25 °C cell I
temperature, air mass 1.5) [2]. The 60-degree mirrors have been
calculated to add an additional irradiance (received at the surface of the I
cells) of 60 percent [1]. ltence, at STC, the original rating for the mirror- m
enhanced laminates was 63.6 W. If we assume a voltage-temperature

coefficient of 0.5 percent/_C, the rating at 65°C would be 50.9 W. The 128
laminates of tracker 7G6 had an average peak power (mirror-enhanced) of

mj

32.6 W. Hence, peak power per laminate has declined 18.3 W (35.9 I

228 mi
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percent) due to degradation. The sum of the 128 laminate peak power

I values was 4171.0 W. The tracker's measured peak power was 3710,0 W.This represents 461 W (11.1 percent) of power lost due to mismatch.

Comparison of laminate performance with and without mirror
enhancement indicates that the increased operating temperatures

i associated with the use of the mirrors increase mismatch losses. For the16 laminates of Panel 6 of Tracker 7G6, mismatch increased from 1.2

percent without mirrors to 2.0 percent when the mi_,ors were used.

I Results of testing other trackers indicate that these data may representbetter than average performance for the plant. In some cases, the increase
in mismatch losses results in lower power output for operation with mirror

enhancement than without. Tracker 8A7 was tested with and without
mirror enhancement. With mirror enhancement, the tracker produced
3046.5 W while operating at a temperature of 67°C. Without mirror

I enhancement, the tracker produced 3275.9 W while operating at a
temperature of 35 °C. Other trackers or_erated with performance

i characteristics similar to Tracker 8A7.
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Table 1 I

PEAK POWER VALUES FOR 128 LAMINATES
g

Sum of 128 Peak Power Values 4171,0 W

Average 32.6 W
Minimum 8.6 W NI
Maximum 47.8 W

Standard Deviation 6.9 W J

!

FIELD TEST RESULTS FOR THE 6-MW CARRIZO SOLAR
IIPHOTOVOLTAIC POWER PLANT

Andrew L. Rosenthal I

!
!
!
!
!
!
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• Table 2

I PANEL 6 LAMINATE PERFORMANCE DATA
WITI-IOUT MIRRORS

I Module Max. Fill,.:mp. lrrad Voc Isc Power Factor
Laminate (°C) (W/m2) (V) (A) (W) (%)

I T6P6L 16 36 1040 6,6 6,5 29,2 67.9T6P6LI5 35 1046 6.7 7.0 32.1 68,8
T6P6L14 35 1046 6.6 7,3 29.8 62.0

1_ T6P6L13 35 1046 6 5 6,2 27,7 68,7
II T6P6L12 34 1036 6 5 6,3 23,8 58,3

T6P6L11 35 1050 6 5 6.7 28,9 65,7

I T6P6L I0 35 1050 6 5 6,1 24.0 60.3
T6P6L09 35 1054 6 6 6.8 29,8 66,6
T6P6L08 34 1054 6 6 6,7 27.1 61.6
T6P6L07 33 1057 6 5 6.7 29,3 67,0

I T6P6L06 33 1057 6 5 7.0 27,5 61,0T6P6L05 34 1058 6 4 6,1 22,3 56,7
T6P6L04 35 1066 6 7 7,2 22,5 47,1

I T6P6L03 35 1066 6,6 7,1 28,9 61,5T6P6L02 35 1066 6.4, 6,2 20,9 52.8
T6P6L01 _. 1060 6,4 6,3 26 2..... 64.9

i Average 34,7 1053.8 6,5 6.6 26,9 61,9
Max 36 1069 6.7 7.3 32.1 68.8
Min 33 1036 6.4 6.1 20.9 47.1

I WITH MIRRORS
Module Max. Fill

i Temp. Irrad. Voc lsc Power FactorO . r ......... ,Laminate , C) (W/m2) (V) (A) I'.W) (%)
T6P6L 16 60 2005 6,2 11.0 40.2 69.4

i T6P6L15 60 2019 6.2 12.3 43.4 57.1
T6P6L14 60 2027 6.l 12.7 39,3 50.4
T6P6L13 60 2027 6,2 11.1 39.6 57.9
T6P6LI2 62 2010 6.1 10.9 32.4 48.4

I T6P6L11 62 2016 6.1 15,1 41,2 55,5T6P6L10 63 2005 6,1 10.7 30,8 47,1
T6P6L09 64 2005 6.1 12.4 40,4 53.6

I T6P6L08 64 2009 6,1 11.8 34,2 47.1T6P6L07 64 2001 6 1 12,1 39,2 53.6
T6P6L06 64 2007 6 0 12.2 34,7 47,0
T6P6L05 65 2007 6 0 10.8 29.4 45.2

I T6P6L04 63 2011 6 3 10,4 20,7 31.7T6P6L03 64 2011 6 2 12.4 37.8 49,4
T6P6L02 65 1977 61 10.7 27.7 42,3

I T6P6L01 65 2004 6,1 li,l_ _7.5 55.5Average 62.8 2008,8 6.1 11.5 35.5 50.1
Max 65 2027 6.3 12.7 43.4 59,4

I Min 60 1977 6.0 10.4 20.7 31,7
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Table 3 I

TRACKER PERFORMANCE DATA
J

WITHOUT MIRRORS

Module Max. Fill m
IITemp. Irrad. Voc Isc Power Factor

Tracker ("C) (W/m2) (V.) (A) (W) (%) _
8A4 35 1080 204.0 26,3 3221.5 6010 i
_:_',A5 35 1080 202.0 26,3 3122.3 58,8 o
8A6 35 1080 2,02,0 _ .... 2746,1 ...... ,49.3

Average 35 1080 203.3 26.6 3030.0 56,0 lm
Max 35 1080 204.0 27,3 3221.5 60,0 I1
Min 35 1080 202.0 26.3 2746,1 49,3

WITH MIRRORS I
Module Max. Fill

Temp. lrrad. Voc Isc Power Factor _]
Tracker (°C) (W/m2) ,"V) (A.)__.___Lw_w_). (%) II

8Al 70 1900 168.0 43 9 2692.4 36.5
8A2 70 1900 192.0 46 1 2773.5 31.3 m

, 8A3 70 1900 190.0 44 0 3372.7 40.3 II
8A7 70 1900 193.0 43 3 2,895.3 34,6
8A8 70 1900 193.0 42 4 3433.0 42.0

8A9 70 1900 1,9.,2,0 42 1 3531,3 43,7 Iii
Average 70 1900 188.0 43.6 3116.4 38,1
Max 70 1900 193.0 46.1 3531,3 43.7

Min 70 1900 168.0 42,1 2692.4 31,3 I

!
!

FIELD TEST RESULTS FOR THE 6-MW CARRIZO SOLAR m
PHOTOVOLTAIC POWER PLANT I
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I MIRROR MADNESS

I by John Kusianovich

Carrizo Solar Corp.

Star Box 105, Santa Margarita, CA 93453

i Introduction: This paper discusses some of the aspects of the

I time exposure of photovoltaic panels in a power plant during six years
of commercial operation.

!
The World's largest PV module destructive tester is located at

I California Valley, CA, and has been in operation since 1984. To date it

l has successfully destroyed several hundred PV modules under actual
operating conditions. Some of these were completely burned by current

I marly were only lightly by
overloads while others toasted high cell

temperatures. The latter are the subject of this report.

I The toasted look is apparently caused by the EVA sealant behind the

I cover glass turning a lovely golden color after exposure to high cell
temperatures over a long time period. This has reduced the light

i transmission by about ten per cent. This is based on flash testing of

some of the modules in the LAPPS at Siemens Solar. (figure i)

i The peak power output of the plant has dropped to 4 megawatts from

the theoretical 6.5 MW. Therefore, reduced light transmission is not
J

the whole story.

l In June 1990_ a team from New Mexico State University did field

testing for EPRI and discovered other aspects of the problem.

I
J

=
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The discoloration of the EVA also may help raise the cell operating g

temperatures to the point that the IV curves are depressed to the extent i
g

that severe voltage mismatches occur.

The paper presented by Andrew Rosenthal (Field Test Results for the B

6-MW Carrizo Solar Photovoltaic Power Plant) just prior to this
mm

explained these effects in great detail, thus cleverly saving me the i

trouble. I
When the mirrors are covered or removed the IV curves jump back to

a normal shape, just as if a great weight had been lifted from their l
m

shoulders.

This seems to indicate that the laminates are not permanently I

damaged by the browning other than the reduced light transmission |
mentioned above. See attached IV curves referred to above.

As we disassemble trackers into 16 laminate panels and then break i
lm

them down irl the warehouse into individual laminates for shipment to

customers, we run an IV curve on each of them. They are sorted into 3 i

categories" above 32 watts, 20-31 watts, and below 20 watts. The
m

outcome from segment 6 is shown in the table. (figure 2). This is our _

worst segment (84 trackers, 128 laminates each) for power output, 125kw I
g

vs 260kw for our best segment.

we have tried with no success to guess by looking at I
Interestingly,

the laminates to tell their power output. There is no correlation m

between how badly browned they are with the wattage. Some with the cell i

edges crinkled put out 38 watts, while some that are barely tan put out i
i

18 watts. The original manufacturing spec is 40 watts. By the way,

these are all ARCO single crystal silicon cells, g
U



!

I Three trackers with the mirrors removed a year ago are now
f

I producing as much power as a typical set of trackers with mirrors. The
mirrors produce a nominal 2 X concentration. When they were removed a

I year ago the power output was about 12% less than a mirrored array. The

voltage for the non-mirrored trackers is higher also which makes the

I ,inverters work better. 360V vs 400V, for example.

I So you ask, why not just remove the mirrors instead of the
laminates and continue to operate for ever? Very simple, no one wants

I to buy 16 foot mirrors. Plenty of people want to buy cheap PV modules.

PG&E doesn't want our electricity enough to allow us to pass on the cost

i of any plant improvements. Isn't the price for our electricity going up

l with the price of oil? No, PG&E's avoided cost is tied to natural gas
and has actually gone down since the unpleasantness in Kuwait!

I Photos received from Bill, Cerrito at Photocomm indicate that

similar ARCO laminates that they are removing from a solar pumping plant

I exhibit the same browning after 6 years in the sun as ours even though

i they were exposed to only one sun not 2x.
They also exhibit an interesting behavior that we have noticed,

I namely the browning disappears over time if the cover glass is broken.

We have deliberately broken two laminates and are photographing them

I over time to confirm this on a controlled basis.

|
!
!





LAMINATE WATTAGE TOTALS

LAMINATE RATING

I FACTORY 32+ 32-27 27-20 20-10 WATTS PANELTRACKER RATING WATTS WATTS WATTS BURNT/BUBBLE TOTAL
t_lPS

i ,,i , .., ,,, J

6AI 8.0 103 24 ..... * 1 128
6A2 8.0 82 44 " 2 ' 128
6A3 8.0 68 51 * 9 128

I 6A4 8.0 105 23 * 0 128
6A5 8.0 108 15 " 5 128

6A6 80 119 9 " 0 128

6A7 8.1 92 32 * 4 128

I 6A8 8 I 107 18 _ 3 1286A9 8.1 106 4 NEED 2 112

6A10 8.1 107 18 TO 3 128

I 6Ali 8.1 114 13 RETEST 1 1286A12 8.1 114 11 " 3 128

7G5 N/A 69 54 * 5 128

i 6BI 7.4 65 51 * 12 128
6B2 7.4 38 84 * 6 128

6B3 7.4 46 78 * 4 128

6B4 7.6 97 23 * 8 128

I 6B5 7.6 103 25 * 0 1286B6 7.6 77 46 * 5 128

6B7 7.6 47 49 * 16 112

i 6B8. 7.6 40 56 NEED 32 1286B9 7.6 56 50 TO 6 112

6B10 8.1 70 21 RETEST 21 112

6Bli 8.1 107 17 = 4 128

I 6B12 8.1 58 57 , 13 1286CI 7.5 49 50 s 13 112

6C2 7.5 65 58 s 5 128

I 6C3 7.5 56 66 * 6 1286C4 7.5 98 19 " II 128

6C5 7.8 55 46 '* II 112

I 6C6 7.8 44 74 * IO 1286C7. 7.8 88 30 " IO 12B

6C8 7.8 97 27 * 4 12B

6C9 7.8 91 30 3 4 128

I 6C10 N/A 25 50 16 21 1126Cll N/A 32 7! 13 12 128

6C12 N/A 28 ?0 30 0 128

I 6DI N/A 06D2 N/A 0

6D3 N/A 0

I 6D4 6.7 0
6D5 6.7 !5 88 11 14 128

6D6 6.? 31 82 9 6 128

6D? 6.9 14 76 11 11 112

I 6D8 7.B6D9 7.8

6DIO 7.8

I 6DI1 7.86D12 7.8 48 35 12 iY 112

TOTALS 2934 i"/45 105 320 5104 ,

i PERCENT 0.57 O. 34 0.02 0.06
L'-_--

:-
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| SOLAREX EXPERIENCE WITH
I EVA ENCAPSULATION

!
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I
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HISTORY Iii
I

• BLOCK IV - 1979 II
I

• DOE SPONSORED DEMONSTRATIONS R

- Solarex house at Northeast Residence ii

- MIT house at Northeast Residence |
- Solarex house at Southwest Residence

- Carlisle house |
- Block V

!
, QUALIFIED TO BLOCK IV & V |

•. POSITIVE FIELD EXPERIENCES ii
U

. COMMERCIAL MODULE PRODUCTION ii

BEGUN IN 1982 II

. TODAY ALL SOLAREXTERRESTRIAL i
MODULES ENCAPSULATED USING EVA

I

|
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I
I MODULE CONSTRUCTION

!
• LOW IRON TEMPERED GLASS

| SUPERSTRATE

I
° CLEAR EVAABOVE CELL MATRIX

I
° INTERCONNECTED MATRIX OF CELLSI

II _ EVA WITH CRANEGLAS BEHIND CELLS

| • BACKSHEET OF

| POLYETHYLENE-MYLAR-TEDLAR

!
!
II
!
I
!

E-.
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!

GLASS

!
!

[ ]EVA
!

I 11 1[ 1I l MATRIX li
III

I ]EVA

!
, JBACKSHEET |

!

LAMWICH LAYERS I
II
!
!
II

=- 2.50 I
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I GLASS

!
III { I[ J[ !! J MATRIX / EVAi iiii l'r-- : III .....

BACKSHEET

!

| LAMWICH '
AFTER

| LAMINATION
!
I
I
|
|
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EVA FORMULATIONS J
I
!. SPRINGBORN A9918 -

DUPONT ELVAX 150 WITH |
- 0.2% Uniroyal Naugard antioxidant
- 0.1% Ciba-Geigy Tinuvin 770 UV |

Stabilizer
o 0.3% American Cyanamid Cyasorb |

UV-531 UV Stabilizer |
- 1.5% Lupersol 101 organic peroxide

curing agent |

. IN 1987 SWITCHED TO SPRINGBORN |
FORMULATION # 1 5 2 9 5
- Lupersol TBEC replaces Lupersol 101 |

- Reduces temperature-time cycle |

• PRIMER |
- Not in EVA formulation
- Apply directly to glass |
- Better assurance of primer at II

interface =

- No problem with evaporation from
film
No unwanted chemical reactions with |I

excess primer |
2.52

-- =
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I

o

| . SPRINGBORN SOLAREX'S ONLY

| QUALIFIED VENDOR

| ° MIXING COMPLETED & EXTRUSION
BEGUN RAPIDLY OR MATERIAL BEGINS

| TO CURE

| o EXTRUSION PERFORMED SLOWLY OR '

| RESULTANT FILM WILL SHRINK
EXCESSIVELY DURING LAMINATION

!
!
I
I
!
!
!

|
!
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I
LAMINATION PROCESS , II

. REQUIRES SPECIFIED TIME AT CURE ii

TEMPERATURE |

!
. INADEQUATE CURE RESULTS IN |

- Flow of encapsulant at operating

temperatures |
- Delamination during .use and during

humidity - freeze test |

!
. SOLAREX PERFORMS ENTIRE PROCESS |IN LAMINATOR

- Easier to ensure proper cure |
- Volatile by-products of Lupersol

decomposition are removed from |

laminate ii

!
!
I



|
!
!
II . DO NOT USE METALLIC BARRIER IN
I

BACKSHEET

| - Do not want to trap by-products of
Lupersol decomposition

!
!
| , USE LUPERSOL TBEC INSTEAD OF 101

- More efficient cross-linking reaction
| - Process at lower temperature

for shorter time
| - Fewer volatile by-products to remove

| from laminate

!
!
!
I
!
!
!
| -=2_
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ACCELERATED TESTING I

!

• HIGH TEMPERATURE SOAK TESTS |

- Exposure to 90, 105 & 130°C |
. 7,200 hrs at 90°C with no change

- 7,200 hrs at 130°C resulted in major |
mechanical & optical degradation.

Transmission to 74% |
" Thermolysis of EVA

(30 to 40 kcal/mole) |

• Produces acetic acid |

• UV STRESS TESTS |
- RS/4 Lamp at 50°C
- 35,000 hrs of exposure- no change |
- Equivalent to 27 years of solar UV I

. PHOTO THERMAL AGING |
- Heated to 70, 90 & 105°C while

exposed to natural sunlight for |
12,000 hours

- At 70°C - no change |
- At 90°C - slight yellowing of EVA
- At 105°C - moderate yellowing |

- TBEC yellowed less than 101 |.
-_ 256

|
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!
II FIELD EXPERIENCE

!
| . NO FIELD FAILURE OF SOLAREXPRODUCT DUE TO DEGRADATION OF EVA

I
. 9 YEARS EXPOSURE- SOUTHWEST RES

| - Power same as before shipment
- No delaminations or other signs of

| mechanical problems

| - Visual browning which goes away
when textured glass is covered

| with alcohol
- Metallization pattern is yellowed

I
. CONCENTRATOR SYSTEMS

| - Higher operating temperatures &
possibly increased UV cause EVA

| darkening & loss of module power

| like at Carrisa Plains
- Consistent with accelerated test

| results

!
I
!

257 _



I

CONCLUSIONS II

I
• UNDER NORMAL FLAT PLATE OPERATING

CONDITIONS (T<75°C) |
- No reported power loss
- No reported mechanical degradation |

- Accelerated tests would predict only II
slight yellowing of encapsulant

- Field experience for 9 years |
(in worst case conditions)
confirms accelerated test results |

II
, QUESTIONS LEFI'TO ANSWER I

- What causes yellowing? |
- Will the process ultimately degrade

II

module performance and if so |
when?

- Are today's modules as susceptible as |
the early modules to yellowing li

(TBEC vs 101)? II
- What changes can be made in the II

formulation to eliminate or retard U

the yellowing? |

I
I

2.58
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Rhotodeqradat_,o_ o,f_UUs%a_,l,_,,Xed__ _,

I C. Andrei, X. _ogea _md V. D_brescu,

!. _cc. :UPAC _acr:yi_,ol. S_p. 28 _ 329
+-__ '_ '/',

::_-_-<,;& :-._oc, ) : ._,____.J k

I _,- o_o.o,=.-, -¢=o

I

Gll3- _ = ° C_
-CH/ \H

"il ---t I--- -_-c,q=:;_-_,c_:.-_,. _I_ocH_caO

I N C _ l
I

C;q_

! •
_ ompounds Resulted Y_om I_adiation'c_

EVA Copolymer at: 27°C lo= Three hours

i ::..----_L___ __ - . I I -- --

Compound _ ff ± 10_

I , , ,, , .... _, _ .......

CI_COOH 72.82

i c%cao 22._oCH_ 4.15
CO_ 0o 19
CO 0.04
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Formulation Thermal Processing

| Elvax 150 (Du Pont) _ .+ --'- Compounding (~90°C)
Pre-mixed additives

| (UV absorber, curing 1
II agent, anti-oxidants) Extrusion of uncured
U ' EVA sheet (< 120°C)

Encapsulation

. Coverglass (7059) --
• Uncured EVA sheet

| - Metallized cells and
interconnections ------ Lamination (110-120°C)

• Uncured EVA sheet 1• Teflon back sheet __
II Curing( )

/4z_-/ _'o't.

!
!
I

m
E
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