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This paper describes the purpose, rationale, 
and approach associated with the development 
of performance criteria and test methods for 
photovoltaic arrays as part of the 
Department of Energy's National Photovoltaic 
Program. These development efforts 
represent a new approach by the federal 
government to encourage and facilitate the 
development of technology in an infant 
industry. Included is a description of the 
forthcoming document, Interim Performance 
Criteria for Photovoltaic Energy Systems, 
and some examples of definitions, criteria, 
and test methods that are contained in that 
document. 

1. INTRODUCTION 

The objective of the United States 
Department of Energy National Photovolteic 
Program is to bring photovoltaic 
systems--via research, development, and 
demonstrations aimed at achieving major cost 
reductions and market penetration--to the 
point at which they are able to supply a 
significant portion of the nation's energy 
requirements. To achieve significance as a 
renewable energy source, photovoltaic 
systems must be able to replace electrical 
energy currently being supplied by 
non-renewable sources. Thus, to enhance the 
likelihood of their eventual utilization, a 
key element in the overall photovoltaic 
program strategy is to support (1) the 
development of criteria to assess the 
performance of photovoltaic systems and ( 2 )  
the development and documentation of testing 
methods for quantifying satisfactory 
performance (e.g., to measure electrical 
output or to determine environmental stress 
durability). Industry end user established 
performance criteria and test methodologies 
that gain wide acceptance in the photo- 
voltaic community are essential for the 
protection of users (consumerr), in 
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promoting marketplace confidence, for 
comparing performance of different devices, 
and for ensuring reliable systems. These 
performance assessment needs were recognized 
in the provisions of the Photovoltaic 
Research, Development and Demonstration Act 
of 1978 (PL-95-590). Under that Act the 
Department of Energy, through the National 
Photovoltaic Program, has tasked the Solar 
Znergy Research Institute (SERI) to develop 
an Interim Performance criteria document for 
Photovoltaic Energy Systems. SERI 
established a Photovoltaic Perfonnance 
Criteria and Test Standards Project whose 
overall objective is to stimulate the 
development and adoption of industry- 
established material, component, subsystem 
and system performance criteria and 
standards for the design, application, and 
operation of reliable and safe photovoltaic 
power systems.(l) fa establishing this 
objective it was recognized that a 
traditional institutional framework for the 
development of consensus standards exists. 
One of the desired results of the project's 
efforts is the acceleration of the 
etandards-setting process, which in turn can 
facilitate the widespread commercialization 
of photovoltaic technology. 

2. PROJECT IMPLEWDTATION 

To achieve the overall project goal faur 
tasks were established: (1) definition of 
performance criteria and test methods, ( 2 )  
development of laboratory accreditation/ 
product certification guidelines, ( 3 )  
development of validation methodologies, and 
( 4 )  coordination of the efforts with 
consensus standards and code organizations. 
To accomplish these tasks various elements 
of the DOE photovoltaic program, the 
photovoltaic industry, public interest 
organizations, consensus standards groups, 
and others have been requested and are 
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. ~ providing resources and expertise. It rhould 
be emphasized that the principal efforts to 
date-and the focus of this paper--is the 
first task, the definition of performance 
criteria and test methods. 

The management structure for these efforts is 
given in Figure 1 togpther with the respon- 
sibilities of each management level. SERI 
began management of this project in 1978 with 
the establishment of the Coordinating 
Council. Its membership includes repre- 
sentatives from industry, voluntary consensus 
standards groups, public interest groups, 
independent test laboratories, prime con- 
tractors in the DOE photovoltaic program, and 
SERI. A steering committee made up of key 
program and project personnel oversees the 
development of performance criteria and test 
methodologies. The steering camittee works 
through three task groups: Task Group 1 on 
the array subsystea led by the Jet Propulsion 
Laboratory; Task Group 2 on power condition- 
ing, controls, storage, and cabling, led by 
the-Massachusetts Institute of Technology/ 
Lincoln Laboratory; and Task Group 3 on the 
total system led by Sandia National 
Laboratory, Albuquerque. Major support to 
the task groups and to the overall project is 
being provided by persons from uaiversities, 
and private industry, as well as from 
national laboratories such as Jet Propulsion 
Laboratory, MIT/Lincoln Laboratory, Sandia, 
National Bureau of Standards, and Solar 
Energy Research In~titute. 

The task groups' approach for developing is 
based on an iterative process whereby draft- 
ing assignments are given to individuals with 
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appropriate expertise who prepare written 
drafts. These are then reviewed by the task 
group as a whole and are accepted, 
corrected, or redrafted. After achieving 
agreement on content and wording, the draft 
statement is forwarded to SERl for inclusion 
in the appropriate performance document. 

3. PERFORMANCE CRITERIA DOCUWENT 

One of the principal deliverables to the 
photovoltaic community by the Performance 
Criteria and.Test Standards Project will be 
a document entitled "Interim Performance 
Criteria for Photovoltaic Energy Systems." 
The initial version of this document is 
scheduled to be published and distributed in 
mid-1980. The Interim Performance Criteria 
document provides performance and safety 
criteria and associated measurement 
techniques for criteria verification for 
terrestrial photovoltaic energy systems. 
This document is prepared from inputs to 
SERI developed by the task groups using the 
approach out lined above. ~ r i  terion is 
understood to be a characteristic (a 
distinguishing trait, quality, or property) 
of the photovoltaic system, subsystem, or 
component that is directly or indirectly 
related to performan:e and/or safety. 
Criterion verification refers to the 
techniques that can be used to measure 
performance and safety characteristics. 

The objective of the Interim Performance 
Criteria document is to compile ia a useful 
format criteria and test met5ods that can 
provije a technical resource far the entir* 
photovoltaic community (industry, users, and 
government). The documentation of 
performance oriented criteria will establisn 
a technical basis that can be used for 
procurement and evaluation programs for 
systens, subsystems, components, and 
materials; guidance for designers, 
producers, and the aarketing and opsration 
of photovoltaic energy systems; and a basis 
for the developaent of consensus standarjs; 
a basis for the development of more 
definitive performance criteria and test 
methods at a later date. 

The Interim Performance Criteria document is 
organized on the basis of performance 
criteria for system and subsystems for 
terrestrial photovoltaic energy systems. 
The photovoltaic system and each of its 
subsystems are identified as chapters and by  
sections, which includes one or more 
elements (i.e., cell, module, etc.) of the 
system or subsystem. Each section 
containing performance criteria is further 
divided by eight performance attributes 
including: electrical; thermal; mechanical/ 
structural; safety; durabilitylreliability; 
installation, operation, and maintenance; 
and building and site. 
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. 
All performance statement entries are 
presented in the criterion (characteristics), 
evaluation and c-entary format. The 
criterion includes a qualitative state- 
m e n t  The qualitative statement(s) 
addresses the user need or expectation for 
the element (e.g., cell) being evaluated. 
It is a general statement of what the 
element will be able to do and what charac- 
teristic(~) are to be measured. The 
criterion does not establish the minimum 
and/or maximum levels for.performance. 
Evaluation sets forth the methods of test 
and/or other information upon which an 
evaluative judgement or compliance with a 
criterion will be based. It states the 
standards, inspection methods, analysis, 
review procedures, historical docmenta- 
tions, and/or test methods which may comply 
with the criterion. It is expected, in some 
cases, that the review of documentation of 
in-use performance, or engineering analysis, 
will be used as evaluative tools in lieu of 
testing. Commentary provides background for 
the reader and presents the rationale behind 
the selection of specific date presented in 
the criterion and/or evaluation. It may 
also include, when desirable, a quantitative 
statement giving minimum and/or maximum 
levels of performance with supporting 
rationale. Test methods are given in the 
appendix of the document. 

The Interim Perfonnance Criteria document is 
intended to be a "living" document and will 
require updating as the photovoltaic 
technologies mature. For example, most of 
the field and laboratorv experience to date 
has been with photovoltaic systems based on 
the use of single crystal silicon wafer 
technology. The initial version of the 
Interim Perfonnance Criteria document is 
based on this history. Some of the criteria 
developed for single crystal silicon wafer 
technology will have to 'be modified before 
they can be applied to devices of other 
technologies. Additional performance 
criteria may have to be developed to 
properly evaluate systems based on these 
newer technologies. 

Rule making bodies should recognize that 
most of the performance criteria included 
are not appropriate for use in codes. 

T o  illurtrate how definitions, criteria, and 
test methods used in the initial Interim 
Performance Criteria document evolved, three 
case histories for the array subsystem are 
examined below. 

The first problem to be addressed was the 
one of terminology. At the beginning of the 

standard6 activity a variety of terms was 
being used by the photovoltaic community for 
the same items or characteristics. Confusion 
relative to exactly what was meant by the 
terms "array ," "panel, " and "module" was 
abundant. The problem was approached by 
preparing a limited number of self-consis- 
tent nomenclature sets covering the complete 
hierarchy of photovoltaic array elements 
from the cell through the entire field of 
arrays. These candidate nomenclature sets 
were then debated and modified by the pro- 
ject's complete coordinating council at one 
of its earl? meetings. After considerable 
deliberation the terminology defined in 
Table 1 and illustrated in Figure 2 was 
accepted. These definitions encompass both 
flat-plate and concentrator array elements. 

4.2 Cell Contact Metallization Integrity 

An example of a mechanical/structural 
criterion and test method developed for 
solar cells is the one for contact 
metallization integrity. The purpose of 
this criterion is to ensure that the contact 
metallization of solar cells is capable of 
withstanding stresses due to the attachment 
'of interconnects during manufacture and 
field use. Drafting responsibility vas 
assigned to a solar cell manufacturer with 
broad experience in such testing associated 
with both terrestrial and space photovoltaic 
applications. The criterion statement is 
given in Table 2 and the test method in 
Table 3. 

4.3 nodule Thermal Characterization 

An example of a thermal performance criterion 
and test method of widespread interest to the 
photovoltaic community is cell temperature 
control for flat plate modules. From the 
space program and early terrestrial exper- 
ience it was well known that high cell 
operating temperatures adversely affect 
electrical performance and cause accelerated 
aging of the encapsulant. Based on YPL's 
experience in the assessment and testing of 
the thermal performance of flat plate 
modules, drafting responsibility for the 
criterion and test method was assigned to 
them. The resulting criterion statement is 
given in Table 4. The test method referenced 
is the procedure for determining the nominal 
cell operating temperature. 

5 .  CONCLUSIONS 

The development and dissemination of 
performance criteria and test methods for 
photovoltaic systems represents a portion of 
the activities of the federal government to 
encourage and facilitate the development of 
technology in this growing industry. The 
compilation of criteria end test methods 
provides a technical resource for the entire 



Table 1 - Array Subsystem Def in i t ions  

-" 

ARRAY FIELD - The aggregate of  a l l  s o l a r  photovol ta ic  a r r a y s  generat ing power wi thin  a 
given system. 

ARRAY SUBFIELD - A group of s o l a r  photovol ta ic  a r r a y s  associa ted by a d i s t ingu i sh ing  
f c a t u r e  such a s  f i e l d  geometry, e l e c t r i c a l  in terconnect ion,  o r  power conditioning. 

BRANCH CIRCUIT - A number of modules or  p a r a l l e l e d  modules connected i n  series t o  provide 
dc power a t  t h e  sys tan  vol tage.  

ARRAY - A mechanically in tegra ted  assembly of modules or panels toge ther  with support  - 
s t r u c t u r e  and foundation, t r ack ing ,  thermal con t ro l ,  and other  components, as requ i red ,  t o  
form a dc pcwer producing un i t .  

PANEL - A c o l l e c t i o n  of  modules fas tened toge ther ,  pre-assembled and wired, designed t o  - 
provide a f i e l d - i n s t a l l a b l e  u n i t .  

MODULE - W e  smal les t  complete, environmentally protected assemblj- of s o l a r  c e l l s ,  o p t i c s ,  - 
and other  components (exc lus ive  of t r a c k i n g ) ,  designed t o  generate  dc power under 
unconcmtrated t e r r e s t r i a l  sun l igh t .  

CONCENTRATOR - The o p t i c a l  concentra t ing por t ion of a module designed t o  opera te  with 
concentrated s u n l i g h t  on t h e  rece ive r .  

RECEIVER - The component designed t o  operate  under concentrated s u n l i g h t ,  incorporat ing 
t h e  concentra tor  c e l l  assembly, and providing thffmal energy removal. 

CONCENTRATOR CELL ASSEMBLY - The smal les t  complete assembly of s o l a r  c e l l ( s )  (which may be 
cnvirmmental ly  p ro tec ted)  designed to generate  dc power under concentrated t e r r e s t r i a l  
s u n l i g h t .  

SOLM CELL - The basic  photovol ta ic  device which generates  e l e c t r i c i t y  when exposed t o  
sun l igh t .  

Table 2 - Solar  Cell Contact Meta l l i za t ion  C r i t e r i o n  

CRITERION. S o l a r  c e l l  contact  meta l l i za t ion  f o r  f l a t  p l a t e  o r  concentra tor  modules s h a l l  
be capable of withstanding t h e  stresses imposed by t h e  attachment and subsequent handling 
o f  i n t f f c o m e c t o r s  during manufacture and s e r v i c e  use. 

EVALUATION. Contact meta l l i za t ion  i n t e g r i t y  s h a l l  be evaluated by using s o l a r  c e l l  
Contact P u l l  St rength Test  (Method 303). For t h i n  f i lm s o l a r  c e l l s ,  contact  meta l l i za t ion  
i n t e g r i t y  may bes t  be determined by applying environmental stress to t h e  completed module. 

COMMENTARY. So la r  c e l l s  used i n  flat p l a t e  o r  concentra tor  modules must have t h e  b a s i c  
c a p a b i l i t y  of  being connected t cge ther  with an interconnector  without l o s s  of i n t e g r i t y  of 
the c e l l  contacts .  Various in terconnect  attachment techniques and designs a r e  l i k e l y  t o  
be used by t h e  module manufacturer but i n  a l l  cases  t h e  bas ic  i n t e g r i t y  of  t h e  c e l l  
con tac t  is required.  Since t h e  above t e s t  is a d e s t r u c t i v e  test, it is used as a 
q u a l i f i c a t i o n  or in-process acceptance tat on a sampling basis .  The Contact Pu l l  
S t reng th  Test  used f o r  d i s c r e t e  s i l i c o n  c e l l s  w i l l  be  s u i t a b l e ,  i n  most cases ,  t o  eva lua te  
t h e  contact  i n t e g r i t y  of  t h e  provis ions  made f o r  s r t e r n a l  c o n t a c t s  ( t e rmina l s )  t o  t h i n  
film devices. 



Table 3 - Contact P u l l  S t reng th  (Wire P u l l  Test )  f o r  Solar  Cells 

1. Purpose. The s o l a r  c e l l  con tac t  p u l l  s t r e n g t h  t e s t  is used t o  determine how w e l l  a 
con tac t  is adhering t o  t h e  c e l l  su r face  and t h u s  eva lua te  t h e  i n t e g r i t y  of 
in terconnect ions  t o  thase  con tac t s .  

2. Apparatus. P u l l  t e s t e r  equipped with a dynamometer f o r  measuring p u l l  f o r c e  and a 
clamp f o r  holding c e l l  and t h e  a t t ached  wire (Unitek Micropull Model 6-092-03 o r  
e q u i v a l e n t ) ;  No. 26 gauge wire  (Fed. Spec. QQ-W-343D o r  equ iva len t ) ;  s o l d e r i n g  i r o n  
and so lde r .  

3. Preparat ion.  

St - tp  1 - Cut p iece  of No. 26 gauge wire (Fed. Spec. QQ-W-343D o r  equivalent)  o f  s u f f i c i e n t  
l eng th  f o r  clamping i n  t e s t e r .  

S t e p  2 - Bend wire  a t  .O88 5 .013 cm (0.035 2 0.005 inches)  from end i n t o  a 900 + 30 - bend wi th  a .025 cm (0.010 inch)  r ad ius .  

S t e p  3 - Solder  t h e  bent wire  t a b  onto t h e  "N" con tac t  ( o r  "Pn depending on t h e  con tac t  of 
test) of the  c e l l  s o  t h a t  t h e  whole .089 cm (0.035 inch)  dimension o f  t h e  wi re  
has  a smooth uniform s o l d e r  f i l l e t .  P o s i t i o n  t a b  a t  900 from c e l l  su r face  
according to Figure  A. 

4. Test  Procedure. 

S tep  1 - Clamp c e l l  w i t h  a t t ached  wire i n t o  p u l l  t e s t e r .  

Step 2 - P u l l  wire  tab  w i t h  inc reas ing  fo rce  u n t i l  a predetermined acceptable  con tac t  
s t r e n g t h  l e v e l  is reached ( t y p i c a l l y  about 5 Newtons) or  u n t i l  a mechanical 
f a i l u r e  i n  the  contact  o r  the  c e l l  i t s e l f  is experienced. 

S t e p  3 - Record t h e  maximum f o r c e  achieved and t h e  observed mode of  f a i l u r e .  

5. Evaluat ion.  I f  t h e  s o l a r  c e l l  con tac t s  a r e  a b l e  t o  withstand t h e  predetermined 
minimum accep tab le  s t r e n g t h  c r i t e r i a ,  then t h e  contact  design and processes  a r e  
accep tab le  and should have high r e l i a b i l i t y .  I f  f a i l u r e  occurs  below minimum 
accep tab le  and t h e  mode of f a i l u r e  is con tac t  peel ing,  then t h a t  manufacturing batch 
( o r  poss ibly  t h a t  con tac t  design) should be d i s q u a l i f i e d .  

PULL PULL 

l26 GAUGE WIRE 
PERPENDICULAR 
TO CELL SURFACE 

t 

sow 
CELL 
BAC 1; 

CENTER WIRE ON 
CONTACT PAD OR BUS 

NOTE: SOLDER WRE T O  0.120 inch (0.305 am) 
C E U  WITH UNIFORM FROM EDGE 
SMOOTH FILLET 

Fig. A. Solar Cel l  Test Pos i t ion  
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photovol ta ic  community ( indur t ry ,  u ~ e r s ,  and 
: government), and provides a b a s i s  f o r  the  ARRAY 

- development of consensus ntandards by 

consensus standards o rgan iza t ions ,  &ch a s  
American Society  f o r  Test  and Mate r ia l s ,  the  
I n s t i t u t e  of E lec t ron ics  and E l e c t r i c a l  PAWEL 

Engineers,  and o the rs .  C r i t e r i o n  and t e s t  
methods a r e  published i n  t h e  In te r im 
performance C r i t e r i a  document only a f t e r  a WDUU 
c r i t i q u e  and review by peers  i n  t h e  
conrmunity . 
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Table 4. Cel l  Temperature Control C r i t e r i o n  f o r  F l a t  P l a t e  Modules 

CRITERION. Modules s h a l l  be capable of c o n t r o l l i n g  e l e c t r i c a l  power l o s s  and accelera ted 
encapsulant aging caused by high c e l l  operat ing temperatures. 

EVALUATION. Test  method 200.1 s h a l l  be used t o  measure t h e  Nominal Operating Cel l  
Temperature of a f l a t  p l a t e  module. Module drawings and s p e c i f i c a t i o n s  s h a l l  be reviewed 
t o  check t h a t  encapsulant mate r ia l s  used w i l l  perform f o r  t h e  expected design l i f e .  (See 
Durab i l i ty /Re l iab i l i ty  A t t r i b u t e  MS05, Sola r  Weatherlng. ) 

COMMENTARY. E l e c t r i c a l  power output of PV s o l a r  c e l l  modules decreases with increasing 
temperature (e.g., s i l i c o n  a t  a r a t e  of approximately 0.51 per OC). Also, higher 
t c m p e a t u r e s  w i l l  acce le ra te  physical  and chemical degradation of t h e  module ( e . g . ,  
corrosion) .  These power reduct ions  carr be minimized by c o n t r o l l i n g  c e l l  operat ing 
t snpera tu re  using techniques such as: a s u b s t r a t e  with high in f ra red  m i s s i o n ,  high 
thermal conductance and low s o l a r  absorpt ion;  f r o n t  nover/encapsulants w i t h  t h i n  
t ransparent  mate r ia l s  and r e l a t i v e l y  high thermal conduct ivi ty  and by avoiding an a i r  gap 
between t h e  f r o n t  cover/encapsulant and t h e  c e l l s  ( i .e . ,  avoid a "greenhouse" 
design).  1 ~ 2 ~ 3  

f i n s  give  a s l i g h t  advantage ( l e s s  than 5% temperature reduc t ion) ,  but a r e  general ly  
not c o s t  e f fec t ive .  The e f fec t iveness  of f i n s  f o r  roof mounting app l ica t ions  depends 
s t rong ly  on backside a i r  i n f i l t r a t i o n  l eve l .  Transparent s u b s t r a t e s  o f f e r  a neg l ig ib le  
advantage i n  open f a m e  mounting and can be a d e f i n i t e  handicap f o r  roof app l ica t ions  due 
t o  greenhouse e f fec t s .  Water cooling o f f e r s  s i g n i f i c a n t  improvement i n  module 
performance. However, cool ing w i t h  water is not expected t o  be c o s t  e f f e c t i v e  un less  t h e  
app l ica t ion  already involves t h e  use of t h e  heated water,  t h e  pumping of t h e  water,  o r  
un less  a g rav i ty  water system is poss ib le .  A t  p resen t ,  ca re  i n  thermal design and c o s t  
considerat ions  r e s u l t s  i n  t h e  NOCT f o r  open back f l a t  p l a t e  modules of 4 3 0 ~  t o  480C. 
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