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The following corrections are to be incorporated into the subject document:
Page . - Correction

1-5 Uhder the subheading Electrical Attributes, in the third line after
", . .generation efficiency, . . ." add "mismatch, . . ."

1-5 Under the subheading Mechanical Attributes, in the seventh line,
delete the word ". . . mismatch .. ." ’ ‘

1-7 To Task Group No. 1 — PV Array, add "Richard Donovan, Martin
Marietta Corp."

1-8 To Task Group No. 2 — Power Conditioning, Controls, Storage, and
Cabling, add "Bronwyn Brench, MIT/LL; Lane Garrett, Ecotronics,
Inc.; Robert Harris, Underwriters Laboratories, Inc,; Stephen Hester,
Pacific Gas and Electric Co.; Ramon Rosati, United Technologies,
Inc.; Dana Sears, Windworks, Inc.; Hiry West, McGraw Edison.",

1-8 Under Task Group No. 2, correct the spelling of the name "Frank
Masapina, ESB/Wisco, Inc." to "Frank Malaspina."

1-8 To Task Group No. 3 — Systems, add "Donald C. Carmichael, Battelle
Columbus Laboratories; Stephen K. Young, Science Applications, Inc."

3-11 Under MO.E.3, Commentary, the last sentence in the second para-
graph should read, "Under this condition, the over-currented cells dis-
sipate power equal to the product of current and the reversed voltage
that develops across the cells. The over-currented cells can be
heated to elevated temperatures high enough to meit solder."
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Correction

Under MO.M.7, Commentary, the first sentence in the second para-
graph should read: "Techniques that are useful in reducing stress
levels include reducing interconnect thickness; increasing expansion
loop height; increasing the distance (and thereby the interconnector
length) between attachments to the cells by measuring across the
intercell gap; selecting a material with a higher endurance limit;
modifying the lateral dimension of the interconnection loop so that

-maximum bending no longer concentrates at a single point on the

loop; and preventing solder- from filling (wicking) and stiffening
expansion loop radii [7]."

Under MO.M.9, Commentary, correct the ninth sentence (sixteenth
line) to read, "...and site dependence." Delete the remainder of
that sentence and delete the next three sentences.

Under MO.M.18, ‘Evaluation, correct the first sentence to read, "Test
TE.AR.M.8 ... ."

Under MO.D.2, Evaluation, correct the last sentence to read, ". .. for
concentrator receivers."

Under MO.D.3, Commentary, correct the last sentence to read, "Such
cycling may cause: (1) dulling or obscuring of reflecting or trans-
milting opties, or (2) eofroding of cell metallizations or terminals,"”
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PREFACE

This document was prepared in response to legislative directives of the Photovoltaic
Research, Development, and Demonstration Act of 1978 (P.L. 95-590). It presents
interim results of work funded by the Division of Photovoltaic. Energy of the U.S.
Department of Energy (DOE) to identify, develop, and promulgate performance criteria
and test methods for photovoltaic solar energy conversion systems. This effort was man-
aged by the Solar Energy Research Institute's (SERI) Quality Assurance and Standards
Branch. The report is the result of joint efforts by individuals from national and private
laboratories, industry, government, and public interest groups.

The study is intended to satisfy the goals of the National Photovoltaic Program by aiding
the photovoltaic community's effort to accelerate the commercialization of photovoltaic
systems, thereby.creating a viable energy option for the future. This document assists in
that acceleration by offering the performance criteria as a basis for standards develop-

-ment by voluntary consensus standards organizations. Equally important, it provides a

common base for both manufacturers and purchasers to use in evaluating and character-
izing performance traits of interest.
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SUMMARY

This document is a response to the Photovoltaic Research, Development, and Demonstra-
tion Act of 1978 (P.L. 95-590) which required the generation of performance criteria for
photovoltaic energy systems. Since the document is evolutionary and will be updated,
the term "interim" is used. More than 50 experts in the photovoltaic field have con-
tributed to the writing and review of the 179 performance criteria listed in this docu- -
ment. The performance criteria address characteristics of present-day photovoltaic
systems that are of interest to manufacturers, government agencies, purchasers, and all
others interested in various aspects of photovoltaic system performance and safety.

The performance criteria apply to the system as a whole and to its possible subsystems:
array, power conditioning, monitor and control, storage, cabling, and power distribution.
They are further categorized according to the following performance attributes: elec-
trical, ‘thermal, mechanical/structural, safety, = durability/reliability, installation/
~ operation/maintenance, and building/site. Each criterion contains a statement of
‘expected performance (nonprescriptive), a method of evaluation, and a commentary with
further information or justification. Over 50 references for background information are
also given.

A glossary with definitions relevant to photovoltaic systems and a section on test
methods are presented in the appendices. Twenty test methods are included to measure
performance: characteristics of the subsystem elements. These test methods and other
parts of the document will be expanded or revised as future experience and needs dic-
tate. A subject index to the performance criteria is also included.
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SECTION 1.0

INTRODUCTION

INTENT OF THE DOCUMENT

This document presents the state of the art in defining performance criteria for photo-
voltaic (PV) systems and their components—such as the PV array, power conditioning,
monitor and control, and storage subsystems. A performance criterion, for the purposes
of this document, describes a performance need or expectation that represents a charac-
teristic (distinguishing trait, quality, or property) of the PV system, subsystem, or com-
ponent that is directly or indirectly related to performance or safety. Each performance

criterion contained herein consists of a criterion statement, an evaluation statement that -
describes how compliance with the criterion statement is to be evaluated, and a -
commentary statement to provide necessary supportive or background information.

Performance criteria deal with the following seven attributes: electrical, thermal,
mechanical/structural, safety, durability/reliability, installation, operation and mainte-
nance, and building and site characteristics. They are directed not only to generic but to
specific applications such as remote stand alone, residential, intermediate load centers,
and central stations.

Performance criteria are not to be confused with performance specifications. Perform-
ance specifications are prescriptive; they specify the quantitative details of performance
or design for a subject part. Performance criteria, such as are found in this document,
are not prescriptive; they are performance oriented to allow for innovation and for a
variety of approaches to obtain desired objectives for a PV system or subsystem.

To the prospective user, the document is intended to be a resource that not only identi-
fies performance considerations but also provides guidelines, recommendations, and
important information applicable in the design, specification, procurement, installation,
maintenance, and use of PV systems and subsystems. The user of this document may be
anyone at any of the buyer-seller interfaces for PV materials and products; for example,
a manufacturer, supplier, architect, designer, or knowledgeable user.

A WORD OF CAUTION N

Although the collection of performance criteria is intended to provide a base for fair and
uniform product characterizations and comparisons, a word of caution is included here
for those who wish to use this document for the specification or procurement of PV prod-
uets. This document is meant to be comprehensive in nature and application. By no
means will all performance criteria be applicable or necessary for any given system or
subsystem. These performance criteria are not intended for blanket use in regulatory or
code documents. Furthermore, care must be exercised in selecting and applying individ-
ual criteria. Inappropriate or unnecessary application of performance criteria can lead
to needless expense and system complexity; it therefore defeats the goal of cost compe-
titiveness for PV.

It is also important to recognize that this dbcument, with its performance criteria and

evaluation statements, is in an evolutionary stage and is subjcet to modifications and
refinement as PV technology and experience grow. Few of the evaluation methods cited

1-3
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in the evaluation statements are consensus standards. The remainder of those identified
are at various stages of development and maturity. Several evaluation statements lack
an existing applicable test method. These deficiencies in the test methods for PV are to
be expected in a young, developing technology and industry. Test development needs are
being addressed within the Department of Energy's National Photovoltaic Program and by
several standards-writing organizations. In the interim, the test methods cited here must
be applied with appropriate care. The most effective use of this document will be
achieved through familiarity with the document itself, some expertise in PV technology,
and a thorough understanding of proposed PV applications.

SCOPE

This document is evolutionary in the sense that it is the product of many members of the
PV community who are continuing to prepare additions and refinements for inclusion in
subsequent cditions. As the lechnology and the commercialization of PV continue to
advance and as experience with PV broadens, it is expected that this document will
change to reflect these advances.

Performance criteria in the document are oriented primarily to PV systems using single-
crystal silicon cell technology for flat-plate and concentrator array subsystems. Within
this technology there are gaps; for example, in the tracking and control of PV arrays, in
concentrator optics, and in combined PV and thermal modules and arrays. The prepara-
tion of performance criteria in these areas is under way. To the extent possible, the cri-
teria were prepared so as not to exclude any of the developing cell technologies. As
these new technologies advance commercially, appropriate performance criteria will be
prepared and introduced in future editions.

Substantive comments on this edition and future ones are encouraged. All comments
should be addressed to: Branch Chief, QA&S Branch, Mr. G. Nuss, SERI, 1617 Cole Blvd.,.
Golden, CO 80401.

ORGANIZATION AND FORMAT

Performance criteria are organized according to the portion of the system to which they
apply. This allows a reader interested in a particular hardware element to locate all
applicable criteria quickly. The document is divided into sections dealing with the over-
all PV system and each of its major subsystems. Two sections are divided into subsec-
tions dealing with major subsystem elements.

Each performance criterion consists of three statements: a eriterion, an evaluation, and
commentury statement. 'The scope of each statement is described below.

Criterion: A qualitative statement that addresses the user need or expectation for a
given element. It is a general statement of what the element will be able to do.
The criterion does not specify any levels of performance. Unless otherwise
indicated, the criterion is intended for general application.

Evaluation: A statement that sets forth the test methods and other information on
which conformance with the criterion shall be evaluated. It states the standards,
inspection methods, analysis, review procedures, historical documentations, or test
methods that are to be used. In some cases, the review of documentation of in-use
performance or engineering analysis may be used as evaluative tools in lieu of
testing.

1-4
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Commentary: - A statement that provides background and presents the rationale for
the selection of the criterion, or evaluation, or both. It also may suggest or provide,
with supporting rationale, a basis for specific levels of performance that might be
used. A major reason for including a commentary with each performance criteria
statement- is to assure a workable process for updating criteria by establishing a
basis for selecting performance levels and methods of evaluation. This procedure
should aid the reader when questions arise about the basis for a particular crite-
rion. When appropriate, the commentary statement will provide particulars
regarding the use of the performance criterion for specific applications.

The performance criteria in a given section or subsection are categorized according to
seven attributes. Definition statements for these performance attributes are listed
below.

Electrical Attributes are used to describe the ability of systems and subsystems to
produce or manage electrical energy. Performance criteria include electrical power
generation efficiency, power conversion efficiency, sensing, switching, ripple and
transient control, and insulation to prevent electrical breakdown and excessive
leakage. :

Thermal Attributes are used to describe the ability of systems and subsystems to
produce or manage thermal energy. Performance criteria include thermal energy
generation and transport, thermal losses, heat transfer rates, and circulation
control.

Mechanical/Structural Attributes are used to describe (1) the mechanical and mate-
rial features of systems and subsystems that can affect their performance, or (2) the
ability of systems and subsystems to withstand normal transport and service condi-
tions that result in a mechanical stress, or (3) the ability of systems and subsystems
to maintain their structural integrity under in-service conditions. Performance cri-
teria include considerations related to: transportation; handling; mutual shadowing;
orientation of arrays; thermal' expansion; mismatch; fluid pressure; loading due to
wind, snow, ice, hail, or earthquake; and maintenance personnel.

Safety Attributes are used to describe the mitigation of hazards in systems and sub-
systems that could result in property damage, personal injury, or death. Perform-
ance criteria include fragile, toxic, and flammable materials; high temperatures; and
electrical shock, lightning, and high light intensity.

Durability/Reliability Attributes are used to describe the ability of systems and sub-
systems to perform functions designed for a specified interval under designated use
conditions. Performance criteria consider degradation due to exposure to moisture,
soilants, pollutants, ultraviolet radiation, thermal shock, and temperature cyecling.

Installation, Operation, and Maintenance Attributes describe system and subsystem
features for safe and proper installation, operation, and maintenance. Performance
criteria consider installation instructions, operating instructions, routine scheduled
maintenance, corrective maintenance, replacement, repairs, and access. '

Building/Site Attributes relate to integrating a system with a building and site. Per-
formance criteria are concerned about shadows from adjacent structures, accessibil-
ity to the building, penetration and loading of structures, and drainage.

1-5



An identifying code is used for the performance criteria and also for the test methods
(Appendix B) specified in evaluation statements. The code is designed to allow the
reader to recognize the hardware element and the performance attribute addressed. The
letter codes for hardware elements and performance attributes are listed below.

Hardware : Code
PV system SY
PV system monitor and control unit _ SM
Array susbsystem - _
Cell " CE
Module MO
Concentrator optics/receiver CR
Array/array field . ‘ AR
Power Conditioning Subsystem . : PC
Power Conditioning Monitor and Contrel Subsyqtem ~ MC
Storage Subsystem , ST
Cabling Subsystem CA.
Power Distribution Subsystem ; PD

Performance Attributes

Electrical

Thermal

Mechanical/Structural

Safety

Durability/Reliability

Installation, Operation and Maintenance
Building/Site

WO E 3 m

A performance criterion is assigned a code designation in the following manner:

hardware element.performance attribute.numerical order

Examples:

SY.E.2 system. electrical attribute. second in the series
MO.S.1 module. safety attribute. first in the series
ST.D.1 storage. durability/reliability attribute. first in the series

The first criterion code appearing on a page is printed in the upper right-hand corner of
each page to aid the reader in locating a given performance criterion,

A test method is assigned a code designation in the following manner:

TE.hardware element. perlormuance attribute. numerical order

Examples:
TE.AR.M.8 test method.array.mechanical/structural.eighth in the series
TE.PC.E.1  test method.power conditioning.electrical.first in the series

The code for the test methods appears in the upper rlght-hand corner of each page
containing that test method, to aid the reader in locating it.
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A glossary is provided in Appendix A. Many terms in the glossary have well-established
definitions; new terms are defined according to current knowledge and usage. Test
methods referred to in evaluation statements are located in Appendix B. Not all neces-
sary evaluation (i.e., test) techniques exist; therefore, a major secondary purpose of this
interim document is to identify test methods that need to be considered in future techni-.
cal development. The existing (nonstandard) test methods and those yet to be developed
will then become the basis for consensus standards deliberations and development. A
nomenclature list follows the appendices. A subject index of performance criteria is
provided at the end of the document to facilitate the location of performance criteria of
specific interest to the reader.

CONTRIBUTORS

This document represents the involvement, knowledge, experience, and dedication of
many members of the PV community in research and development, industry, universities,
the consumer group, standards organizations, and government. It was developed and pre-
pared for the U.S. Department of Energy (DOE) under the management of the Solar
Energy Research Institute (SERI). Project manager for the development of this docu-

ment was Richard DeBlasio. Major contributors to this document were Ron Ross, Jet

Propulsion Laboratory (JPL); Steve Forman, MIT/Lincoln Laboratory (MIT/LL); Hal Post,
Sandia National Laboratories; Harry Schafft, U.S. National Bureau of Standards (NBS);
and Steve Hogan, SERI.

The organizational structure involved in the preparation of this document is described
below. Three task groups prepared the performance criteria. This work, as well as the
design and review of the document itself, was coordinated by the Task Group Steering
Committee in consultation with the Coordinating Council. The design, review, and edit-
ing of the document were performed by the Technical Review and Editorial Team, with
assistance from SERI staffpersons.

Developing and preparing this document required a team effort. The time and talent of

all who took part in this effort are gratefully acknowledged. They are identified below
by their role in the groups involved.

TASK GROUP NO. 1 — PV ARRAY

Henry Curtis NASA/Lewis Research Center
Ron Diamond Applied Solar Energy Corp.
M.S. Imamura , Martin Marietta Corp.

Steven Gasner ' JPL

Chuck Herrington SERIT

Alan Hoffman (Deputy Chalrman) JPL

Steve Hogan SERI

William Kaszeta SES, Inc.

Bruce Larson Motorola, Inc.

Allan Levins Underwriters Laboratories, Inc.
Steve Patrick : Wyle Laboratories

Gene Ralph Spectrolab, Inc.

Ron Ross (Chairman) JPL

Tim Rule Arizona State Universitly

B. D. Shafer ~ Sandia National Laboratories
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David Curtice
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David R. Smith

Walter Stolte

Joseph Vivirito

Gordon Young

AND CABLING

Argonne National Laboratories
Sandia National Laboratories
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Systems Control

Electric Power Research Institute
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Texas Electric Service Co.
MIT/LL

MIT/LL

JPL

MIT/LL

ESB/Wisco Inc.

Windworks Inc.

MIT/LL (furmerly)
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Sandia National Laboratories
Bechtel National Ine,

United Technologies

Ford, Bacon & Davis (formerly)

" This task group prepared the performance criteria in Sections 4.0, 5.0, 6.0, and 7.0, and
the test methods in Appendix B having the identification codes TE.PC. and TE.ST.

. TASK GROTIP NO. 3 — SYSTEMS

Tom Basso
Runald Cull
Cary Jones

Hal Macomber
Ed Mehalick
Laxmi Mrig
Phil Pierce
Paul Piltman
Hal Post (Chairman)
Arthur Rudin
Miles C. Russell
Steve Sacco
Chad Schrock
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General Electric Company
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Westinghouse Electrie Corp.
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"ARCO Solar, Inc.

MIT/LL
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SECTION 2.0
. PHOTOVOLTAIC SYSTEM

INTRODUCTION

A photovoltaic (PV) power system is designed to convert solar energy into electrical
energy suitable for connection to an application load. To achieve this conversion, various
subsystems are required. Figure 2-1 presents an interface diagram for a generalized PV
power system that shows various required component subsystems and the different inter-
faces that exist between them. Performance criteria for other than the system as a
whole are discussed in other sections. For completeness, Fig. 2-1 includes a thermal sub-
system, which may be used for applications requiring combined PV/thermal modules.
Energy conversion for system applications can be represented by all or only some of the
subsystems noted, which are appropriately designed for the intended application. Simi-
larly, the system design should include a set of requirements for environmental condi-
tions applicable to the installation area, specific constraints associated with the applica-
tion, nominal design operating conditions to supply the load, and specific goals.

The performance criteria identified in this section relate to the total system and often
are general; however, more specific criteria will be available as additional information
from ongoing photovoltaic system and application studies becomes available. Knowledge
derived from experience with installation and operation of experimental facilities should
also be included in future revisions. Many system criteria presented here (in terms of the
total system) are related to and servé as lead-ins to the more specific subsystem per-
formance criteria. The criteria pertain to the performance of a system regardless of
application, unless an apphcatlon dependence is noted.

Performance criteria relating directly to loads are not included. However, system design
must consider potential interface problems with the load as well as possible modification
of the load to achieve cost-effectiveness or satisfactory operation.

Performance criteria for the thermal subsystem are restricted to those characteristics
unique to a combined PV/thermal system. As defined here, a combined collector is a sin-
gle collector that provides electrical and thermal energy conversion. The basic design
and operation of the thermal part of a combined system may be significantly different
from those for a solar thermal system. Performance criteria for those characteristics of
the thermal subsystem unaffected by these design and operational differences are identi-
fied in interim performance (IPC) documents for solar heating and cooling systems [1, 2]
and will not be discussed here. Criteria for the thermal subsystem, especially as it inter-
faces with the array subsystem, are presently being developed for the combined
PV/thermal system. These criteria will be included as they become available.

For those users desiring more information on system design and application analysis, see
Refs. 3 through 12, 16, 21, and 27. These publications may be purchased from the
National Technical Informatlon Service (NTIS); 5285 Port Royal Road; Springfield, VA
22161; (703) 557-4780.
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SYSTEM PERFORMANCE CRITERIA

Electrical Attributes

SY.E.1 System Power Performance

Criterion. The power produced by the PV system, with that available from auxiliary
sources, shall be sufficient to meet the peak power needs of the application. :

Evaluation. The output power capability of the system, with that available from auxil-
iary sources, shall be determined by analysis or by experimental measurement at the
input side to the load and compared with the power requirements of the load to verify
that the needs of the application are met. 4

Commentary. At the time of installation, system power performance should be verified
by experimental measurements to include array current-voltage (I-V) characteristies for
known irradiance levels and power output through the power conditioning unit (PCU) for
known operating conditions. During the developmental years of photovoltaic systems,
the consumer will need to know whether the system operates as the manufacturer says it
will. The consumer also will want to know whether or not photovoltaic modules are
damaged in shipping, handling, or installation. A current-voltage curve trace for the
photovoltaic array at installation will indicate whether any modules have failed electri-
cally. For an array with a high degree of series-paralleling in the module interconnection
scheme, a failed module will show up as a "stair-step" on the I-V curve. The PV array I-V
characteristic for most systems would be generated upstream of any power conditioning
equipment because of the limited input voltage or voltage range of the PCU.

As the commercial PV industry matures and module prices decrease, the added time and
expense of checking out a large array may not be warranted unless there is sufficient
reason to believe modules have suffered damage. Experimental verification of complete
system power performance before installation usually will not be practical. Therefore,
analytical methods employing functionally defined subsystems should be used to calculate
system power performance [13, 14, 15]. After installation, performance should be veri-
fied by operating the system durmg certain conditions and extrapolating the results to
expected future conditions of operation. .

It is extremely difficult to ascertain exact total system power performance based on one
day's system measurements because of wide variations in weather conditions. As a
result, photovoltaic manufacturers design their power systems using solar radiation data
that have been averaged monthly and annually over many years. '

System power rating is one method of specifying a system power output as well as a way
of comparing various systems. The system power rating would be based on the array
power characteristics at the Nomjinal Operating Cell Temperature (NOCT) condition and
an irradiance level of 1000 W/m*“. System power rating would then be determined by
adjusting the array power for losses associated with the cabling and power conditioning
subsystems at the array power level noted above. In the case of PV systems employing
an electrical storage subsystem, the system power rating becomes more difficult to
define. For this reason, the system power rating will include only the effects of PV
power-producing or power-conversion equipment and not of electrical storage devices.

2-5
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System power output depends on system configuration and site weather characteristies.
The system power level can be determined at each calculation point of the simulation
procedure described for system energy performance (see SY.E.2 commentary). A power
duration curve shows the number of hours the system is operating at or below a specific
power level. Similarly, a power duration curve can also show the annual system energy .
output at or below a given power level. Figure 2-2 presents an example of this type of
curve for a simulated residential system in the Southwest. From the figure, 10 MWh of
annual energy output is generated at a power level of 3 kW or less. The power curve
levels out at 9.8-kW peak power output but only 0.2 MWh of energy is generated between
a power output of 8.1 kW and 9.8 kW. The power conditioner assumed in this simulation
has an efficiency of 0.95 when operated at an input power level equal to the array NOCT
peak power output. Thus, the array NOCT power output of 8.1 kW (at an irradiance level
of 1000 W/mz), modified by the PCU efficiency and assuming zero cabling losses, yields a
reasonable system power rating of 7.7 kW. Similar plots for system power performance
in the Northeast and Southeast also indicate that the modified array peak power point at
NOCT represents a reasonable system power rating.

SY.E.2 System Energy Performance

Criterion. The energy produced by the PV system, with that drawn from auxiliary
sources, shall be sufficient to meet the cumulative energy needs of the application.

Evaluation. The energy output of the PV system on a daily, monthly, seasonal, or
annual basis shall be determined by analysis or by experimental measurement. This
energy, with that drawn from auxiliary sources, will be compared with that required by
the load to verify that the needs of the application are met.

Commentary. Experimental verification of complete PV system energy performance
prior to installation is usually not practical. Therefore, analytical methods using sub-
systems represented by empirical or experimentally determined performance character-
istics are used to calculate system energy performance. Hour-by-hour simulations for
representative days in each season may be sufficient to determine average monthly and
total annual energy supplied by the PV system, resulting in a much lower simulation cost
than that for hourly simulations over the entire year.

System energy performance for a utility-connected PV system can be determined analy-
tically according to the following procedure:

specify system configuration;
specify load; ' .
use appropriate weather data (e.g., SOLMET data [17]);

specify array I-V characteristics as functions of irradiance, ambient air temper-
ature, and wind speed;

specify PCU performance; and

specify performance of any additional subsystems, as required (e.g., battery per-
formance).

From these data, PV system energy performance can be calculated using SOLCEL-II or
other appropriate computer simulation programs [13, 14, 15]. Depending on the accuracy
required, less sophisticated and less expensive simulation techniques may be used [16].



Solar Array Annual Energy Output

at Power Level P. (MWh)

9.8 kW

Phoenix Single Family Residence

]

]

19.6 MWh |
: |

-==19.8 MWh

10

Solar Array Maximum Power Output P (kW)

Figure 2-2. Integral Distribution of Solar Array Maximum
Power Point Power for Phoenix

3 -

J

Q>
4

%
@

1l

$69-d.L



TR-654
SR "@ SY.E.3

System energy rating has been proposed as one concept whereby different systems serv-
ing the same load at the same location can be compared based on a common uniform
computational method. However, the specific methodology for system energy rating is
still being developed and will be detailed in a future edition of this document. '

SY.E.3 Economic Performance

Criterion. The economics of a PV system shall be provided in terms appropriate to
the owner, the application, and the location.

Evaluation.  Photovoltaic system economics shall be calculated using methods and
inputs appropriate for different kinds of owners and different application character-
isties. For utilities, levelized energy cost should be calculated based on revenue
requirements. For other owners, net present value of the photovoltaic system is recom-
mended.

Commentarx The use of economic analyses permits comparisons among system designs
and investment opportunities. Economic parameters characteristic of the owner should
be used. Utilities generally employ a revenue requirements approach like the one pre-
sented in Ref. 18. Other owners generally prefer an after-tax analysis (see Ref. 16 and
20). Values for discount rate, income tax rate, loan parameters, tax credits, electricity
escalation, and depreciation parameters specific to the consumer should be used in -
costing. Estimates are required for PV subsystem costs, installation costs, indirect costs,
and annual operation and maintenance (O&M) costs. For grid-connected systems with
nonutility owners, conventional electricity savings should be calculated including the
effects of load profile/system output match, sellback rates, storage dispatch, and utility
rate structures.

Many of the methods now recommended assume constant average escalation rates, tax
rates, inflation rates, discount rates, and electricity rate structures over the analysis
period. The uncertainty associated with estimating these parameters may not justify the
requirement of more complex, time-varying procedures.

‘SY.E.4 Array Capability

Criterion. The capabilities of the array subsystem shall satisfy the needs of the PV
system.

Evﬂmhm. The solar energy converted by the array and the energy requirements of
the system shall be reviewed and then compared with the design and specifications of the
array subsystem to determine compliance.

Commentary. The evaluation of the array capabilities should be based on meeting sys-
tem design %unctions and performance requirements using design parametric studies for
the climatic region, operating conditions, and load characteristics for which the array is
intended. Array performance should Le buased on modtle electrical performance
measurements and, if appropriate, thermal performance.

The array selected depends on the design requirements. It may be selected to meet a

peak system output or an annual system output. It may be limited to a maximum size
because the roof area or ground area adjacent to the application site is limited. If thése
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restrictions are not imposed, the array capability is determined from the results of
system optimization studies that include performance and cost, and that use the goals
established by the system purchaser.

Array orientation is an important input to system performance calculations, affecting
system power and energy production. System design optimization calculations should be
used to select the optimum array orientation. Arrays can be either fixed, discretely
adjustable, or continuously adjustable. Fixed arrays may be limited by the building roof
orientation in the case of a retrofit installation. Optimum selection of the fixed tilt
angle depends on the load profile throughout the year. For instance, a summer peak
demand would result in a lower optimum tilt angle than would a winter peak demand.
Previous studies have shown, however, that on a yearly basis, deviations of + 15° from
latitude for the tilt angle and + 20° east or west of due south may not result in signifi-
cant decreases in incident energy.

SY.E.5 Power Conditioning Capability

Criterion. The capabilities of the power conditioning subsystem shall satisfy the
needs of the PV system.

Evaluation. The power conditioning requirements of the system shall be reviewed and
then compared with the design and specifications of the power conditioning subsystem to
determine compliance.

Commentary. The determination of the correct size of the power conditioner will be
based on a number of cost/performance trade-offs that depend on the requirements of
the application. For most systems, high power conditioner efficiency is of paramount
importance to assure maximum system energy output. Because PCU efficiency increases
with loading, the smallest power conditioner able to perform the required function should
be used so that it operates at a high percentage of full-load rating most of the time.

For systems without storage, which sell back excess energy to the utility grid, the power
conditioner is usually selected to have a full-load rating equal to or slightly less than the
peak power rating of the array. In systems that include storage, the power conditioner
size depends primarily on the application load. For example, in the case of a remote,
stand-alone system, the power conditioner can be selected to have a full-load rating con-
siderably lower than the peak array capability. On the other hand, for a PV system used
for peaking service, the PCU size may be considerably greater than that of the array
peak power.

Power conditioner performance requirements are based on the needs of the application.
A grid-connected system may require high quality waveform and low harmonic injection
current. Alternatively, a stand-alone system may have considerably less stringent
requirements. These requirements and certain economic considerations should be used to
select an appropriate power conditioning unit or units.

SY.E.6 Storage Capability

Criterion. The capabilities of the electrical storage subsystem, if it is ineluded, shall
satisTy the needs of the PV system.
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SY.E.7

Evaluation. The electrical storage requirements of the system shall be reviewed and
then compared with the design and specifications of the electrical storage subsystem to
determine compliance.

Commentary. For most stand-alone PV systems, battery storage is included to provide
power to the load for periods when the PV array power output is insufficient to meet the
load demand. For applications in which auxiliary power is provided, the question of
whether electrical storage is appropriate is determined according to which designs are
most effective and suitable, and how they compare economically. When auxiliary power
comes from a utility grid, a cost/performance trade-off analysis determines the amount
of storage, amount of power to be obtained from the grid, and amount of power to be fed
back into the grid (if permitted). With battery storage, the initial capital cost, the
round-trip efficiency loss, and the battery maintenance and replacement costs are signif-
icant parameters. With utility interconnection, the significant parameters are the utility
cost for incoming power and the credit given or value paid by the utility for outgoing
power.

SY.E.7 Auxiliary Energy

Criterion. The capabilities of the auxiliary energy subsystem, if it is included, shall
satisfy the needs of the PV system.

Evaluation. The auxiliary energy requirements of the system shall be reviewed and
then compared with the design and specifications of the auxiliary energy subsystem to
determine compliance.

Commentary. In general, optimum systems designed for nonremote applications include
no more than one day's electrical storage and two to three days' thermal storage of the
energy needed to satisfy the loads. Therefore, an auxiliary source of energy must be
available to satisfy the loads during several days of bad weather. In most cases, the util-
ity serves as such a source, but a small self-contained electrical generator can also be
used. The choice becomes one of performance, economics, and availability. For systems
providing thermal energy, the combined solar and auxiliary energy source must meet the
- system thermal design requirements.

~

SY.E.8 Lightning Protection

Criterion. PV systems shall be able to sustain induced current surges generated by
nearby lightning strikes without excessive damage or significant performance
degradation.

Evaluation.  Documentation of satistactory long-term performance under in-use condi-
tions is considered to be the best verification of the protection scheme. When adequate
information is not available, appropriate engineering analysis and tests should be consid-
ered to check or verify that lightning discharge current has a low impedance path to
ground in preference to all high impedance paths.

Commentary. The purpose here is to control the level of damage to minimize system
degradation and to prevent premature system failure. The criterion also addresses opti-
cal flash and the energy coupled into the system by the array structure and system wir-
ing. However, electromagnetic interference (EMI) is not addressed.

2-10
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PV systems are often installed on mountaintops and in other locations where the risk of
lightning can be severe. It is the respon51b11ity of the designer to determine the level of
risk from lightning and the economic considerations appropriate for protection
[23, 24, 25]. Primary protection for all system elements is afforded by good groundmg
practlces and protection devices to shunt unwanted transients to ground.

PV arrays often have large surfaces, are fully exposed to lightning, and are difficult to
protect by standard methods without affecting system performance. Photovoltaic mod-
ules probably will not be designed to withstand direct lightning strikes. However, the
field wiring of a large system should be protected so that a lightning strike to a field
cable would cause only local damage. Since one method of reducing damage is to mini-
mize the probability of a direct strike, lightning rods or other protective devices should
be specified as part of the system where they are warranted.

Array field support structures and collectors should be grounded appropriately. System
grounding should be evaluated as part of the system' design to assure adequate ground-
ing. Additional information is needed on the response of arrays to lightning, and on
optimum means of array protection.

Photovoltaic system power conditioning equipment is especially susceptible to damage
from induced surges. Protection of these components does not appear to present prob-
lems substantially different from those of conventional electric power systems and strue-
tures and, therefore, is covered by present codes and standards. Surge protectors should
be specified where required for protection against induced surges, with particular atten-
tion to isolating system controls from surge currents. Filters, cable shielding, and surge
suppression devices should be used to minimize transient effects and keep those induced
on long cable runs from damaging solar cells or other electronics.

These considerations make it necessary to evaluate lightning risks and include protection
as an integral part of system design. This ensures that lightning protection devices do
not adversely affect other aspects of system performance; e.g., array shadowing by
lightning rods adjacent to the array hampers the performance of the system.

In combined PV/thermal systems, designers should always consider the pOSSlblllty of
lightning-induced insulation breakdown resulting in electrical voltages and currents in the
thermal subsystem.

The safety of operating personnel should also be considered in the design of lightning pro-
tection and is dealt with in SY.S.1.

Mechanical/Structural Attributes

SY.M.1 Shipping

Criterion. Packaging of PV system components for shipping shall permit these
components to withstand normal hazards incurred during transport without physical
damage or loss of functional performance.

Evaluation. Documentation of satisfactory performance using equivalent packaging
procedures for shipping PV components shall be used. When adequate information is
unavailable, engineering analysis and review of carrier requirements may be used to
demonstrate that the shipping container/package can withstand any dropping, loading,

2-11
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vibration, and environmental stresses. Appropriate tests may be developed and used for
evaluation compliance. '

Commentary. Breakage and damage resulting from shipment is a major problem. Proper
. package design must consider the properties (ruggedness) of the equipment being
shipped. Standards exist that apply to different modes of transportation as well as dif-
ferent uses; i.e., domestic or export, governmental or commercial. However, in all
cases, the burden for safe packaging and shipment lies primarily with the manufacturer,
not with the carrier.

In general, common carriers require only that the shipping container be made of mate-
rials that afford safe handling, reasonable and proper protection of contents, and protec-
tion against damage to other freight equipment, It should be noted that the degree to
which shipping and packaging do not conform to the carriers' stated and published pack-
aging requirements can result in the carrier levying special rales und cliaiges.

Commercial equipment has several levels of packaging. The first or "commercial stan-
dard" is cardboard and strapping. The next level is reinforced cardboard with strapping
connected through a pallet. The next level is termed export boxing and is designed to
survive shipboard handling and above-deck storage. The package is typically made from
marine-grade plywood into a single, palletized shipping box lined with polyethylene with
glued seams. The top (also marine-grade plywood) is sealed with water-resistant glue and
then nailed. In this last case, the product inside must be wrapped and protected. Dessi-
cant is not used because in a sealed environment it quickly absorbs water. After reach-
ing its limit, it creates rather than eliminates a moisture problem.

Photovoltaic modules are particularly vulnerable to physical damage and should be ade-
quately protected within the shipping container by liners, partitions, wrappers, excelsior,
or other packing material. Specific stresses that occur during shipment include dropping
(shock), loading (containers stacked on top of it), vibration, and environmental elements.

Standardized tests for the above can be found in the literature (scec, c.g., Federal Test
Method STD No. 101 B).

SY.M.2 Handling

Criterion. Components of PV systems shall withstund, without physical damagc or
Joss of functional performance, the stresses that accompany handling in accordance with
the manufacturer's prescribed handling procedures and precautions.

Evaluation. Documentation of satisfactory performance is needed after in-use hund=
ling and installation of equivalent components. When adequule information is unavail-
able, engineering analysis and review of the mechanical design, specifications, and manu-
facturer's procedures relative to appropriate handling, storage, and installation of the ap-
plication shall indicate conformance.

Commentary. Handling of equipment by nontéchnical personnel before and during instal-
lation must be considered during the mechanical design phase. Except for components
directly exposed to the outside environment, physical stresses induced during transport
and handling are generally substantially greater than will be applied during system opera-
tion. 4 '
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Equipment hardware items (components, elements of subsystems, and subsystems) must
be built to meet installation stresses as well as those from shipping and handling. Rug-
gedness needs to be designed into the equipment. Components installed in large systems
may be exposed to less stress than those installed in small systems because of higher
levels of skill of installers for the former. On the other hand, equipment familiar to
solar installers might be treated with less care than equipment with which they are less
familiar.

Safety Attributes

SY.S.1 System Safety

Criterion. The design, construction, operation, and maintenance of the PV system
shall be in accordance with applicable safety codes and standards and regulatory
requ1rements

Evaluation. Review the design, the construction schedule and prbcedures, and the
operational procedures along with system design criteria to show conformance with
applicable safety codes and standards and with regulatory requirements.

Commentary. Safety reviews of system design, construction, and operating procedures is
an ongoing activity. It is wise to start this practice early in the design phase so that con-
stant review will ensure a safe system with minimal, if any, construction or operational
safety problems. If the application is large enough and the construction schedule tight, it
may be advisable to hire a safety consultant to independently review the safety aspects
of the design, installation, and operation.

Designed-in safety involves following code requirements, using "code-approved" (by inde-
pendent testing laboratories) equipment, and having "inspected" installations. The
National Electrical Code is a prime example, although other National Fire Protection
Association (NFPA) codes are important, particularly when considering insurance
requirements and related concerns of equipment flammability and toxic gas production.
Standards exist for testing building materials—UL 263 (ANSI 2.1), "Fire Tests of Building
Construction and Materials," and UL 790, "Tests for Fire Resistance of Roof Covering
Materials." .

Personnel safety is largely dictated by the Occupational Safety and Health Administra-
tion (OSHA) regulations: These reégulations apply to any construction site—residential

through central station—although only commercial-industrial facilities fa]l under the
operating personnel safety requirements; residences are exempt.

SY.S.2 System Grounding
Criterion. The maximum cell string voltage above earth ground of the PV system
shall be within the voltage isolation capabilities of the PV module and other subsystem

components during installation, operation, and maintenance.

Evaluation.  Wiring plans, drawings, specifications, and calculations must be reviewed
to determine proper placement and sizing of grounding conductors to: :

e limit the voltage to ground;
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e prevent excessive voltages due to lightning, line surges, unintentional contact
with higher voltage lines, or induced voltages from adjacent circuits or static
charges; and

e facilitate the clearing of ground faults by circuit protective equipment.

This review shall indicate conformance to this criterion. The sizing of a grounding con-
ductor shall be sufficient to carry the expected fault current indefinitely or until the cir-
cuit interrupting devices (if present) act to clear the circuit.

Commentary. System grounding stabilizes voltages and thereby prevents excessive stres-

" sing of insulation and facilitates the clearing of protective devices. Because of the many
possible configurations of a photovoltaic system, one cannot simply require a grounded
subsystem, such as the array, without complete knowledge of the grounding details asso-
ciated with the other subsystems and their components, such as the diesel generator, the
utility interface, or battery storage.

Since having more than one system ground may have detrimental effects on overall sys-

tem performance and petrsonnel safety, conformance to this eriterion must begin at the

system level and encompass all subsystem components. The grounding method must be
- compatible with durability and reliability requwements. :

SY.S.3 Equipment Grounding

Criterion. Electrical equipment structures shall be electrically connected to earth by
a permanent and continuous path.

Evaluation. A review of wiring plans, drawings, specifications, and calculations
(beginning at the system level and continuing to the equipment level) to determine proper
placement and sizing of grounding conductors shall indicate conformance to this crite-.
rion. The sizing of a grounding conductor shall be sufficient Lo carry the expected fault
current indefinitely or until the circuit interrupting devices (if present) act to clear the
circuit. :

Commentary. Grounding of electrical equipment structures, which includes all non-cur-
rent-carrying metal frames, supports, and enclosures for circuit conductors and equip-
ment, contributes to reliable ground fault protection by providing adequate conductors
for the flow of grouind fault current during line-to-ground faults. The equipment ground-
ing conductor is separate from the system ground (return) conductor. Equipment ground-
ing systems, consisting of interconnected networks of equipment grounding -conductors,
perform two basic functions:

e they limit the shock voltage on non-current-carrying metal parls and enclosures
for econductors, equipment, and devices to a safe value when ground faults occur;
and

e they prevent damage to the installation by conducting ground fault currents of
adequate magnitude to assure fast operation of circuit protective equipment.

To ensure the continuous performance of these basic functions, each equipment ground-
ing conductor and all connections in every ground fault current path must meet all of the
following requirements:
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e Conductors and connections must have sufficiently low impedance to (1) limit the
shock voltage on non-current-carrying metal parts and enclosures to a safe value
during ground fault and (2) conduet adequate ground fault current to assure fast
operation of circuit protective equipment.

e Conductors and connections must have adequate short-time current capacity to
conduct fault currents likely to be imposed on them for the time required to open
circuit protective equipment without being damaged by overheating.

e Conductors and connections must have adequate mechanical strength (or protec-
tion) to survive without becoming loose or breaking.

Conductor and connector materials must not deteriorate by corrosion.

e Conductor connections must be tight and remain tight to ensure the integrity of
equipment grounding networks throughout the life of the electrical system.

Equipment grounding connectors and connections must be arranged so that current will
only flow through them during ground faults. If grounded circuit conductors are incor-

' rectly grounded or bonded to equipment grounding conductors, there may be an excessive
flow of normal load current in the equipment grounding system that could lead to unwar-
ranted interruptions in the operation of the PV system.

SY.S.4 Electrical Interrupts

Criterioh. The system shall be provided with a means to interrupt current between
the subsystems.

Evaluation. Review electrical connection drawings and equipment specifications to,
determine compliance with electrical code requirements.

Commentary. The electrical subsystems must be safe when personnel check and service
them. The safety scheme must be able to isolate and/or interrupt the current between
the subsystems in case of a fault. The National Electric Code (NEC) provides require-
ments for electrical systems but does not address PV systems. Since the insulation sys-
tem of the PV array is considered part of the overall insulation system, it requires fur-
ther evaluation and study. ‘

SY.S.5 Fire Safety

Criterion. The materials used in electrical subsystems shall comply with applicable
codes concerning flammability, flame spread, and release of excessive levels of smoke or
toxic gases.

Evaluation. Review equipment specifications or test results to determine compliance
with applicable codes concerning flammability, flame spread and release of excessive
smoke or toxic gases.

Commentary. Fire safety requirements and tests, such as those developed by Under-
writers Laboratories (UL) and the American Society of Testing Materials (ASTM) may
verify fire-safe performance. The company underwriting the insurance coverage may
provide valuable assistance in ensuring that all safety requirements are met.
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SY.S.6 Installation Plan
Criterion. The system installation shall minimize safety hazards to installation per-
sonnel. : :

Evaluation.  The installation plan shall include clear and complete specified installa-
tion procedures that identify any unusual hazards. OSHA regulations should be observed
in determining acceptable procedures. )

Commentary. Because most installers are unfamiliar with PV systems, the system
designer has a greater responsibility to provide adequate instructions. Since the system
may present hazards when only partially assembled, the designer must plan the installa~
tion activities to ensure that hazardous conditions do not exist at any time; e.g., by
scheduling the installation of fault protection components as soon as possible. Specifi-
cally, the designer should remember that photovoltaic modules are energized when
illuminated whether or not they are connected into the system, which may be easily
forgotten by installers. Instructions should detail safe handling procedures for PV
modules during installation, ‘and modules should be designed with nonhazardous open-
circuit voltage, or with mtegral protection, such as short-cireuiting Jumpers to he
removed only when installation is complete. :

Structural hazards may exist if not all structural elements are in place before array
modules are mounted. If the array module is a structural element, the designer should
consider whether the array design will meet structural criteria at all assembly stages.

Lightning and other fault protection elements of the system design should be installed as
early as possible, so that the other elements are fully protected when installed.

Particular hazards exist with the installation of storage hatteries, because of their high
. fault current capability and the possibility of chemical burns from the electrolyte that
" may leak from cells damaged in shipping. Existing codes and standards for large storage
battery installations include provisions for protecting installers against these hazards.
These provisions should be incorporated into system installation planning and instruc-
tions.

On-site work should be planned so that simultaneously occurring activities do not inter-
fere with each other and create safety hazards. Installers' skill level requirements should
be specified as a part of the installation plan.

SY.S.7 Burn Hazards

Criterion, The casing of the system, individual subsystems, and all other exposed
parts shall not become so hot as to present a burn hazard to personnel working near the
unit.

Evaluation. A review of design drawings to verify that adequate surface cooling has
been provided will indicate conformance with the criterion.

Commentary. If requ1red the subsystems should be provided with internal cooling fans
and proper cooling air flow paths in order to maintain safe surface temperatures for
maintenance personnel and other workers. Where cooling may be impractical, burn
hazard areas should be indicated.
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Installation, Operation, and Maintenanc. Attributes
SY.I.1 Installation, Operation, and Maintenance Manual

Criterion. Guidance for the safe and successful installation, operation, and mainte-
nance of a PV system and its associated subsystems shall be provided in one or more
manuals. . A

Evaluation. A review of the manual(s) to assure that information necessary to install,
operate, and maintain the system, or subsystem, in a safe and reliable manner is provided
shall indicate conformance to this criterion. The following issues should be addressed:

Unpacking Procedure

Site Preparation or Special Considerations
Safe Installation Practices

Specifications Sheet

Theory of Operation )
Operating Procedures

Safe Operating Practices :

Start-Up, Check-Out, and Shut-Down Procedures
Maintenance Inspections

Inspection Intervals
Maintenance/Servicing Procedures

Parts List Identification ‘
Replacement Considerations

Warranty Information

Commentary. (See SY.S.6.) Optimum system performance and safe operation depend on
the proper installation of the system. Thus, installation information is of prime impor-
tance. Installation instructions should detail safe handling and assembly procedures for
system components. Since the system may present hazards when only partially assem-
bled, installation instructions should caution against possible hazards. '

In most cases, the daily operation of the photovoltaic system will be fully automatic and
require no special attention. However, start-up and shut-down procedure instructions are
required for user service. Start-up and shut-down procedures should be indicated on a
simple label. Indicators of correct system operation (i.e., indicator lights and operation
test points) should be mentioned. Additional specification of anticipated system operat-
ing conditions at system access monitoring points are required to facilitate operational
checks and troubleshooting.

Larger equipment, such as that used for intermediate load center or central power appli-

cations, shall include a minimum of two copies of current installation, operation, and

maintenance manuals. Manufacturers of commercial or consumer equipment suitable for

residential use shall make current operation and maintenance manuals available to quali-
_fied repair personnel."

A block diagram that indicates how the entire system functions shall be constructed with
a schematic diagram of each block highlighting the main power or electrical flow. If any
part of the circuit is unusual, a partial, simplified schematic should be provided to clarify
the operation. Inputs, outputs, and test points should be clearly specified. : .
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Comprehensive maintenance instructions shall be provided to the system owner that
include plans for maintaining the system for its service life. Warnings against hazards
that can arise during the maintenance of the system should be highlighted along with a
description of precautions to take to avoid these hazards.

The manual shall list all parts of the system by subsystem according to shape, dimension,
material, weight, function, and performance characteristics. The manual shall include
sequence of operation and flow and wiring diagrams. It shall include a tabulation of
those performance requirements that are dependent upon specific maintenance proce-
dures. The maintenance procedures, including ordinary, preventive, and minor repairs,
shall be cross-referenced for all subsystems and organized into a maintenance schedule.
The manual shall deseribe operation procedures for all parts of the system. Similarly, it
should inelude an outline of troubleshooting procedures if system failure or degraded per-
formance occur. The outline should list system failure symptoms and probable causes,
‘along with a concise description of the troubleshooting procedure. Equipment and the
number of people required for the troubleshooting should be described. How and where
electrical readings are to be taken should be clearly indicated by text, photographs, and
drawings. Once the failed system/component is 1solated, procedures for repair or
replacement should be described.

The manual shall include all ordinary maintenance, preventive maintenance and minor.
repair work, and projections for equipment replacement. It should also include a format ,
for keeping maintenance records—type of maintenance, time required to perform the
maintenance, and other pertinent data.

Field inspections and maintenance operations require handling electrically active ele-
ments during daylight hours. A manual explaining special safety rules and regulations for
cleaning, replacing, and inspecting equipment shall be written. It is important that field
personnel understand these procedures. -

The manufacturer shall state the equipment wartanty period and specify which costs are
covered, such as parts, labor; and travel and per ¢iem for service personnel. Service
availability shall be stated.

' The above comments apply for all portions of the photovoltaic system and subsystems.
Special considerations for each subsystem shall be detailed in their respective installa-
tion/operation/maintenance sections.

SY.L.2 System Maintainability

~ Criterion. A maintenance manual containing safe and easy methads nf servieing sys-
tem and subsyslems using a minimum of special equipment should be provided. Hazard
warning labels should be included on those items or areas where potential problems exist.

Evaluation. A review of the maintenance manual and applicable documents and draw-
ings should be made. Attention should be given to maintenance intervals and procedures
as well as service procedures. It also is important to verify that appropriate sensors or
access for sensors have been provided for inspecting and monitoring essential parame-
ters. ‘ &

Commentary. Maintenance and servicing of the PV system is required to provide for
optimum and safe system operation. Some systems contain toxic or combustible materi-
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als (e.g., lead-acid batteries), or both, that could poison or burn maintenance personnel or
cause fires or explosions when repairs involve soldering or welding. Electrical isolation
of the system is mandatory to minimize electrical shock to maintenance personnel.

Parts, components, and equipment required for service, repair, or replacement shall be
commercially available through the manufacturer or supplier. Parts replacement may
vary from discrete components to plug-in circuit boards. In many instances, modular cir-
cuit boards are offered as replacements because of the proprietary nature of ciréuit
design, and often cost less than removing the module and replacing individual ecompo-
nents. The industry does not now have a specified time period during which replacement
parts are offered and, thus, should adopt a time period that will provide for system oper-
ation over its design life.

Adequately located test sensors will permit system monitoring and expedite maintenance
and repair. Typical test sensors include voltage, current, power, and temperature trans-
ducers and watt-hour meters. Specific measurements include array temperatures, DC
input voltage and current, DC input power, AC output voltage, inverter output in watt-
hours and VAR-hours and transformer output in watt-hours and VAR-hours. In addition,
reference cell temperature and short-circuit cell current could be measured from either
an in-place reference cell or portable test instrument. A digital voltmeter and X-Y plot-
ter combination may also be used to measure and plot the I-V characteristic of the
array. The amount and requirement for system monitoring sensors and the necessity for
recording equipment vary with the system size and the maturity of system design.
Larger systems and initial system installations require more monitoring capability.

For ease in service, problems must be diagnosed quickly, defective parts replaced easily,
and operation verified accurately. A proper manual is essential. In residential equip-
ment, a manual should be available to qualified service personnel. In larger installations,
such as intermediate load center and central station applications, a manual should be
available with the equipment. It should include simplified block diagrams, complete
schematic designs, and significant signal flow field test procedures.

Where possible, the unit should use plug-in modules that can be replaced without exten-
sive readjustment. Each subassembly should be documented, test points identified and
service checks defined. Substitution of parts or components should not be difficult.
Repair time can be reduced if substitute boards or modules are stocked by the mainte-
nance contractor with the number of functional boards or modules kept to a minimum,
consistent with cost requirements. In cases of PV modules or batteries, it is particularly
appropriate to ensure both safety and rapid interchange of the replacement parts
involved. Accessibility is also an important part of maintainability and is dealt with in
SY.L3.

These comments apply for all pertions of the photovoltaic system and subsystems. Spe-

cial considerations for each subsystem are detailed in their respective installation/opera-
tion/maintenance sections.

SY.I.3 Access for System Maintenance
Criterion. All items of equipment and system components that may require periodic

————m—— . 3 . 0 . 3
examination for adjustment, servicing, and maintenance should be accessible for inspec-
tion, service, repair, removal, and replacement.
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Evaluation. Drawings and specifications shall be reviewed and analyzed to determine
if the system design will facilitate effective maintenance. The clear working space shall
be checked against NEC requirements.

Commentary. Accessibility for system maintenance and servicing is required for each of
the different PV subsystems. The degree of accessibility may vary from subsystem to
subsystem.

For photovoltaic modules, concentrator receivers, opties, tracking controls, arrays, and
their appurtenances, maintenance entails routine periodie inspeetion, servicing, washing,
and removal or replacement. Maintenance should be performed without dismantling any
adjoining major pieces of equipment or structural elements. Individual modules or panels
should be replaceable or repairable with minimal disturbance of modules or panels in the
array. Modules, concentrator optics, panels, and arrays should be designed to facilitate .
easy cleaning of optical surfaces. (See Sec. 3, eriteria MO.M.9 (Optical Surfaces Soiling)
and MO.M.10 (Cleaning Tolerance).) Some equipment might be designed so that sequen-
tial installation is necessary, which could make it very difficult to replace an individual
panel without disturbing the entire array. :

Access roéds may be needed for the array field. The type of road needed will depend on
the way in which maintenance will be performed. ‘

For electronic components where "live" parts are exposed for servicing, inspection,
removal, and replacement within the array field, the minimum clear working space shall
not be less than in Table 2-1.

Table 2-1. MINIMUM CLEAR WORKING SPACE?2

DC Voltage to Gr'oundb

(Volts) Minimum Horizontal Spacing
More Than  Up to and Including meters (feet)
0 30 Not specified
30 : 150 0.91 (3)
150 600 _ 1.22 (4)
600 2500 1.52 (5)
8From NEC,
b

For circuits isolated from ground, this represents the maximum volt-
age possible with any other part of the circuit connected to ground.

The information in Table 2-1 may not be applicable to central station use. In an array
where the contacts of the plug and receptacle are not accessible to contact, the working
- spacings in the table generally will not be required.

Test access should include connectors for auxiliary test equipment if the level of mainte-
nance warrants them. In simple cases, a VOM or more complex equipment may be used
to facilitate rapid service with minimal cost.

The safety of service personnel should also be considered. The use of warning labels and
panel interlocks should mitigate or eliminate any dangerous conditions. See SY.S.l (Sys-

‘tem Safety) for general system safety considerations.
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SY.1.4 Insurability

Criterion. The design, construction, and operation of the PV system shall be in
accordance with applicable insurance requirements.

Evaluation. Review of the applicable insurances and the system design, construction
plans and procedures, and operating procedures, shall indicate conformance to this cri-
terion.

Commentary. Various insurance companies place requirements on system design, con-
struction, and operation [21]. These requirements come from the individual insurance
companies' risk assessment and field data. The type of insurances involved are typically
construction insurance, design or "trade-off" insurance, and owner's insurance.

Construction insurance typically specifies, based on the size and type of installation, the
precautions and equipment that must be provided before and during installation. Such
precautions are usually access control requirements (fencing to keep out intruders but
allow fire equipment in), and work control requirements (safety helmets, the buddy sys-
tem, ete.). OSHA requirements also affect work control requirements.

Design or "trade-off" insurance is an option where the cost of modifying equipment to
make it more rugged is traded for the cost of insuring it against the possibility of a dam-
aging situation occurring. For example, if a photovoltaic module were.designed to sur-
vive 31 mm (1.25 in.) hail and the module were to be installed in a region where 50 mm (2

- in.) hail was prevalent, the cost of redesigning the module for 50 mm hail would be
traded off against the present worth of insurance covering damages to the array should
50 mm hail occur in that region. The lower cost option would then be used in the system
design.

Finally, owner's insurance covers the owner's responsibilities with the operation of the
system. Installation design requirements included are particularly for a large installa-
tion. Examples of this are fire coverage, protection, access control, maintenance facil-
ity fire requirements, and operational policies.

SY.I.5 Regulatory Reqqirements

. Criterion. The PV system and all its components and subsystems shall meet all appli-
cable local regulatory requirements for construction, installation, and operation.

Evaluation. Review of applicable regulations and system design, construction plans
and procedures, and operating procedures shall indicate conformanece to this criterion.

Commentary. The major regulatory constraints on PV systems are the building codes
adopted by each jurisdiction in the United States [21].

A building code is a legal document which sets forth requirements to protect the publie
health, safety, and general welfare as they relate to the construction and occupancy of
buildings and structures. The building code development process in the United States is
quite complex. Building codes are normally enacted into law by local governments exer-
cising the authority delegated to them for this purpose by the individual states. There
are about 14,000 jurisdictions that issue building permits in the United States. Thus,
there is a considerable diversity of substantive provisions among the thousands of locally

2-21



- BES TR_654
S=?l @ SY.B.1

enacted codes, even though three-quarters of these codes are based on one of the four
model codes.

Except in some of the larger cities, drafting of building codes in the United States is

.. generally accomplished by the Model Code Association and allied groups. Three of the

model code organizations are regionally located and their membership is controlled by
local government code officials:

e BOCA - Building Officials and Code Administrators International, Ine. (Basie
Building Code)

ICBO - International Conference of Building Officials (Uniform Building Code)
@ SBCC - Southern Building Code Congress International, Inc. (Standard Building
Code)

The respon51b111ty for the fourth model code, the National Building Code, lies with the
National Conference on Building Codes and Standards (NCSBCS) for revision and update
using the American National Standards Institute (ANSI) consensus procedures.

A recommended model code [22] for the use of solar heating, cooling, and hot water sys- l

tems has been drafted and is currently under review. This document covers new solar-
related aspects of existing provisions pertaining primarily to structural, electrical, and
fire codes.

Building and Site Attributes

SY.B.1 Shading of the Array Field

Criterion. The location and orientation of the array field shall be such that the out-
put energy loss resulting from shading—by trees, external structures or appendages, or
other arrays within the field—does not exceed the amount allowed for in the system
design.

Evaluation. Calculations and array installation drawings shall be reviewed to deter-
mine areas of shading by objects such as mechanical equipment, chimneys, vents, trees,
buildings, or other portions of the array field. 'I'he design provisions for eounteracting
the effects of array shadowing should be reviewed and analyzed to determine their abil-
ity to limit localized "hot-spot" heating and optimize the annual electrical energy output.

Commentary. Data are available for calculating solar azimuth and elevation angle as a
function of site latitude, longitude, and time of day [19, 26]. In some cases, the analysis
of complex shadowing patterns may require a photographic investigation of the shading
through the tse of a scale model of the installation and a collimated light beam. Sophis-
ticated computer codes are also available to analyze complex shadowing geometries.

Consideration shall be given tb the site latitude, the height of nearby objects above the

collector, the azimuth angle of the objects relative to the collector, and the cut-off
angles at which solar energy can no longer be efficiently collected.
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Where shadowing occurs, efforts should be made to minimize this factor on the array
annual energy output. The effects of localized "hot-spot" heating due to shadowing
should be considered in the design.

When arrays are mounted on structures that move to track the sun, complicated array-
to-array shadowing patterns can occur that vary throughout the year. In general, de-
tailed analyses are required to determine the shape that the shadows produce on the af-
fected arrays, and the overall effect of the shadowing on annual system output.

SY.B.2 Environmental Impact

" Criterion. The construction and operation of a PV power system shall not produce an
unacceptable environmental effect on the immediate natural environment.

Evaluation. Plans and specifications shall be reviewed to énsure conformance with
appropriate environmental regulations.

Commentary. Each PV power facility construction project requires its own set of per-
mits, approvals, and certifications to satisfy environmental regulations [21]. Variations
in these requirements occur according to differences in the types and locations of the
projects. The National Environmental Policy Act (NEPA) may require that an environ-
mental impact statement (EIS) be filed by the responsible federal agency for any project
rcquiring a federal license, permit, or certification and for all controversial projects.
Under NEPA, only federal agencies are required to file an EIS. However, laws similar to
NEPA have been enacted in many states, so that many state, county, and city agencies
have similar requirements.

The environmental assessment report, prepared by the applicant or a contractor, should
address potential environmental effects that might result during the construction and
operation of the facility. The report should include a discussion of the unavoidable
effects as well as mitigation of impacts and should consider potential impacts on each of
the following: geology and soils, surface and ground water, climate and air quality,
noise, biology, land use, socioeconomiecs, traffic, aestheties, cultural resources, and pub-
lic acceptability.

SY.B.3 Siting
Criterion. The PV system shall be compatible with the site characteristies.

Evaluation. The PV system design, layout, and installation schedule and procedures
shall be reviewed to determine conformance with the system's design criteria and envi-
ronmental impact statement, assessment, or report.

Commentary. Proper design integration, considering site preparation and system
requirements, can save time and money and reduce frustration through a smooth instal-
lation schedule.

Many factors affect site preparation. The first is the site (geological) survey. This sur-
vey establishes the soil conditions which, in turn, dictate the foundation design. Expan-
sive soil, if not discovered early, could cause problems with array settling and upheaval.
If a site has mineral springs, a dewatering system of pumps and drains may be required to
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control erosion or array settling. In conjunction with site selection, an environmental
survey is also made. Depending on the application size as well as other considerations,
an environmental impact report may be required (see SY.B.2). This may be a statement
(if a small application), an assessment (if an environmental problem exists), or a report
(if a large application and/or many problems exist).

Once the site is selected, environmental concerns established, and the system configured,
the effect of site preparations on the construction schedule must be considered. This is
especially true as the application sizes get bigger and require more construction labor as
well as better field coordination.

One important aspect of the construction planning phase is insurance (see SY.I.4). Con-
struction insurance and owner's insurance specify certain site requirements before con-
struction begins (e.g., fire protection tanks, hydrants, extinguishers, ete., and access econ-
trol) and after the system begins operation (e.g., additional fire protection equipment and
operator emergenc¢y procedural controls). The system location and safety concerns for
passersby and observers will dictate the level of site isolation and protection required;
e.g., 2.4-m (8-ft) chain-link fence, guards, electronic surveillance, ete. An additional
aspect of construction planning, especially for larger upplications, involves the question
of whether to use temporary buildings for construction or erect permanent buildings
using them for construction purposes first and later converting them to their final use.
Similarly, matters concerning services such as water, sewers, etc., must also be consid-
ered.

SYSTEM MONITOR AND CONTROL PERFORMANCE CRITERIA
Eleetrical Attributes

SM.E.l1 System Monitor and Control Capability

Criterion. The capabilities of the system monitor and control shall satisfy the needs

of the PV system.

Evaluation. The monitor and control requirements of the system shall be reviewed and
then compared with the design and specifications of the system monitor and control to
determine compliance.

Commentary. A PV power system can satisfy the system loads in a number of different
ways. Energy collected by the solar arrays can be sent to satisfy loads directly. Loads
can also be satisfied by energy supplied by a battery, or from an auxiliary energy source
(utility, diesel generator, ete.). If the system includes a battery, it can be charged either
hy diverting some of the array energy from the loads, or it can be charged directly from
the auxiliary energy source. If the system has no storage, then excess arruy energy can
be sent to the utility for its use. When the system is designed, the optimum use of all
subsystems must be considered relative to the goals set forth for overall system per-
formance, and the system control must be designed to implement this strategy.

SM.E.2 Power Flow Control

Criterion. The system monitor and control shall determine and effect the flow of
power through the system to implement the strategy required by the system design.
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Evaluation. The required control strategy shall be compared with the drawmgs and
peclhcat ions for the monitor and control circuitry to determine compliance.

Commentary. The energy produced at the array must be used optimally to maximize sys-
tem efficiency and make the greatest use of the energy produced. Most solar energy sys-
tems include a number of options with regard to energy and power flow because of the
potential interactions between energy produced at the array, energy stored, energy
required by the on-site loads, and auxiliary energy available at the utility. In general,
computer simulations of annual system operation are used to compare the many possible
strategies and to choose the one best for the application. The system hardware—in
particular, the monitor and control circuitry—must implement the strategy selected.

SM.E.3 Load Management

Criterion. If load management is used, the system monitor and control shall coordi-
nate the level of system output and the magnitude of the loads in accordance with the
system strategy chosen.

Evaluation. The system operating strategy shall be compared with the schematic
drawings and specifications for the system monitor and control circuitry to determine
compliance.

Commentary. For some applications, the control of on-site loads by the PV system is
permissible and provides a means to effect an optimum match between system output
and on-site loading on a real-time basis, minimizing the need for auxiliary energy. Where
such a strategy is used, the monitor and control circuitry must sense the output capabil-
ity of the system and exert control over the load so that an optimum match is main-
tained. When the on-site load comprises a number of diverse loads, the monitor and con-
trol clrcultry must be provided with a strategy of pmorltles so that loads are shed and
picked up in the proper order of priority as system output varies.

SM.E.4 System Monitor

Criterion. The system monitor and control shall determine the operating character-
isties of the system and initiate necessary protective actions in case abnormal conditions
. occur.

Evaluation. Drawings and specifications for monitor and control ecircuitry shall be
reviewed to determine that instrumentation has been provided. for the measurement,
indication, and recording of all system characteristics deemed necessary to monitor sys-
tem operation and effect protective action under abnormal conditions.

Commentary. The PV system should be self-operating. During conditions of normal
operation, the monitor and control subsystem should monitor appropriate parameters for
inputs to the control circuits and display and record parameters, as necessary, to facili-
tate normal system operation, maintenance, and repair. The system monitor should also
sense abnormal conditions and, when necessary, initiate appropriate corrective or protec-
tive actions and indicate the need for servicing.
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SM.E.5 System Disconnects

Criterion. The system monitor and control shall effect a visible (positive) disconnect
between the system and its on-site loads and utility interconnection.

Evaluation. Schematic drawings and specifications shall be reviewed to verify that a
positive disconnect is located at the system output and that the monitor and control cir-
cuitry can open the dlsconnect when necessary.

Commentary. Conditions may emst within the system, the on-site loads, or the utility
grid where the PV system must be disconnected from the utility and loads. In some
cases, this may be done for the protection of the system, or for the protection of the
on-site loads, the utility, or its personnel. When repair or maintenance work must be
done on the system, a visible (positive) disconnect must be effected to prevent utility
line voltage from being present in the system. Additional disconnects may be necessary
to protect personnel from electrical hazards within the PV system (see SY.S.4). Code
requirements will vary throughout the country, and some may reyuire the existcneo of a
visible (positive) disconnect between the PV system and the on-site load and utility tie.
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SECTION 3.0
ARRAY SUBSYSTEM
INTRODUCTION

This section provides performance criteria for elements of the array subsystem hierarchy
illustrated in Fig. 3-1. This hierarchy is addressed in four subsections: for cells, mod-
ules, concentrator optics/receivers, and array/array fields. Performance criteria for
component elements, such as tracking and control, are subsumed in appropriate subsec-
tions. There are other elements that are not given separate performance criteria
because they do not have unique performance attributes. For example, there are no per-
formance criteria for panels because their performance requirements are not sufficiently
different from those for modules or arrays.

Essentially all field and laboratory experience to date has been with PV systems using
single-crystal silicon wafer technology. This section is based on the history of that tech-
nology and, in many cases, the attributes described were chosen to minimize or remove
the effect of specific failure modes of single-crystal silicon on system performance. As
other photovoltaic systems become commercially available, they will either be judged by
these criteria or other criteria will have to be developed. Some criteria developed for
single-crystal silicon wafer technology will have to be modified before they can be
applied to devices of other technologies and additional performance criteria may be
needed to properly evaluate the new systems. Users of this section will have to deter-
mine whether the present criteria apply to systems or devices using other technologies or
advances within the single-crystal silicon technology.

The emphasis here has been to prepare criteria and test methods that would prove useful
to the photovoltaic community in the near term. A few aspects of silicon technology
have not been included because of the insufficiency of present knowledge in a particular
area. These include criteria and test methods for photovoltaic arrays with thermal heat
output, some aspects of concentrating arrays, tracking, and control. Criteria and test
methods are now being developed in these and other areas and will be incorporated into
later drafts of this document as they become available. The test methods referred to in
this section with the code designation TE.AR. are located in Appendix B.

SOLAR CELL PERFORMANCE CRITERIA

Electrical Attributes

CE.E.1 Flat-Plate Solar Cell Electrical Output

Criterion. A flat-plate solar cell shall have an electrical output under illumination that
satisfies specifications.

Evaluation. The electrical output of a flat-plate solar cell is characterized by certain
electrical output parameters determined from the current-voltage (I-V) characteristic
curve of the cell. Test TE.AR.E.l (Electrical Performance Test—Flat-Plate Cells, Mod-
ules, and Arrays) shall be used to determine either the entire curve or some portion of it.

Commentary. The I-V curve determines a great number of cell electrical parameters.
These include the short circuit current (Isc), the open circuit voltage (Voc), the maximum
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power (P ), the voltage and current at maximum power (V Im), the cell electrical
conversion efficiency ( 1), the curve fill factor (FF) and, for Yonf® purposes, the output
current at a SpGleled voltage (I). The entire front area of the cell, including grids and
contacts, is used in efficiency ca‘iculations.

This method may be used for determining either the encapsulated or unencapsulated cell
efficiency. Encapsulated cell efficiency (1 ~)is often used to get a measure of the cell's
performance when combined with the anticipated encapsulant. It may be measured by
contacting a single cell in a module that is illuminated as per Test TE.AR.E.1.

Various considerations determine whether the entire curve or some portion of it is speci-
fied. For example, in a research environment it may be desirable to specify the entire
curve and associated output parameters; while in the manufacturing process environment
it is common to sort cells on the assembly line by examining the current output at a
single voltage level. The parameters measured also may be used in the sale or purchase
of cells, the matching of cells for assembly into modules (see MO.E.4), solar cell
research and the detection of cell degradation.

Cell output parameters vary with temperature and the level and spectral content of the
irradiance. For comparéson purposes these are normalized to and reported at a tempera-
ture of 28°C, 1000 W/m?* irradiance, and air mass 1.5 spectrum.

CE.E.2 Cdncentrator Solar Cell Electrical Output

Criterion. A concentrator solar cell shall have an electrical output under illumination
that satisfies specifications.

Evaluation. The electrical output parameters of a concentrator solar cell are character-
ized by certain electrical output parameters that are determined from the current-volt-
age (I-V) characteristic curve of the cell. Test TE.AR.E.2 (Electrical Performance
Test—Concentrator Solar Cells) shall be used to determine either the entu-e curve or
some portion of it.

Commen tary. The I-V curve determines a large number of cell electrical and perfor-
mance parameters. These include the short circuit current (I ), the open circuit voltage
(Voe)y the maximum power (P, ), the voltage and current at’ Taximum power (V )
the cell electrical conversion efflclency ( 1 ~), the curve fill factor (FF) and, for some
purposes, the output current at a specified voqtage (I.). The active area of a concentra—
tor cell for computation of efficiency is the area designed to be illuminated. This area
includes interior grids and contacts. The active area may exclude the area of the cell
that is covered by contacts at the outer edge of the cell provided the optical system
avoids illuminating this area. Both the active area and total area of the cell should be
included in the report. If deviations from these are applicable, the method of area and
irradiance determination must be completely described.

Various considerations determine whether the entire curve or some portion of it is speci-
fied. For example, in a research environment it may be desirable to specify the entire
curve and associated output parameters, while in the manufacturing process environment
it is common to sort cells on the assembly line by examining the current output at a
single voltage level. The parameters measured also may be used in the sale or purchase
of cells, the matching of cells for assembly into modules, solar cell research, and the

detection of cell degradation.
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Cell output parameters vary with temperature and the level and spectral content of the
irradiance. For comparison purposes, the % tput parameters are adjusted to and reported
at a temperature of 28°C and 1000 W/m# with the reference irradiance spectrum (see
glossary). Tables or plots of efficiency and fill factor as a function of incident irradiance
(air mass 1.5 spectrum) should be reported for 28°C and for a design operating tempera-
ture and irradiance.

Mechanieal/Structural Attributes

CE.M.1 Antireflection Coating Integrity

Criterion. The antireflection (AR) coatings of solar cells to be used in either flat-plate
or concentrator modules shall be capable of withstanding handling and exposure to water
vapor without delamination during subsequent fabrication and assembly steps.

Evaluation. The acceptability of AR coatings on solar cells shall be evaluated using Test
TE.AR.M.9 (Antireflection Coating Adhesion Test—Solar Cells). Changes in the color or
delamination of the AR coating will be evaluated.

Commentary. AR coatings on solar cells must be able to withstand the cleaning and
handling encountered during module manufacturing and be stable even in the presence of
moisture throughout the life of the cell. Poor adhering AR coatings often are destroyed
even on encapsulated cells because of moisture. The loss of an AR coating on a silicon
solar cell can cause as much as 30%-40% degradation in output power.

Certain cells are constructed of materials that are not intended for any exposure to air
and, therefore, are packaged to prevent such exposure. These cells are considered an
integral part of the completed module and are tested on the module level.

CE.M.2 Structural Loading Capability

Criterion. Flat-plate and concentrator solar cells shall be able to withstand steady-state

and transient structural loading stresses applied during normal service for their design
life.

Evaluation. Satisfactory long-term performance shall be documented under in-use condi-
tions. When adequate information is unavailable, fracture mechanics analysis or struc-
tural loading tests (see Ref. 1) may be used to evaluate cell structural loading capability.

Commentary. Cells can encounter various steady-state and transient struetural loading
stresses during cell manufacture, module fabrication, shipping, handling, installation, and
field use. During cell fabrication, wafers or cells with low fracture strength distribution
are likely to be fractured during subsequent cell processing and handling, or in field ser-
vice. To ensure the adequate strength of cells and provide a margin of safety against
cracking under rapid and sustained loading, it is common practice to perform a proof test
at a level somewhat higher than the expected condition. An assessment of several mech-
anical strength tests for silicon solar cells is given in Ref. 1.
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CE.M.3 Contact Metallization Integrity

Criterion. Solar cell eontact metallization for flat-plate or concentrator modules shall
be capable of withstanding the stresses imposed by the attachment and subsequent han-
dling of interconnects during manufacture and service use.

Evaluation. Contact metallization integrity shall be evaluated by using Test TE.AR.M.7
(Contact Pull Strength [Wire Pull Test]—Solar Cells).

Commentary. Solar cells used in flat-plate or concentrator modules must be basically
capable of being linked with an interconnector without loss of integrity of cell contacts.
Various interconnector attachment techniques and designs are likely to be used by the
module manufacturer, but in all cases the basic integrity of the cell contact metalliza-
tion is required. Since Test T.E.AR.M.T is a destructive test, it is used as a qualification
or in-process acceptance test on a sampling basis.

Certain cells are constructed of materials that are not intended to be exposed to air and
are therefore packaged to prevent such exposure. The contact metallization integrity
may best be determined by applying environmental stress to the completed module. In
most cases, Test TE.AR.M.7, used for discrete silicon cells, will be suitable to evaluate
the integrity of the provisions made for external contact (terminals).

Durability/Reliability Attributes

CE.D.1 Temperature Cycling

Criterion. Solar cells shall be capable of effectively withstanding the stresses induced by
temperature cyeling for their design life. . :

Evaluation. Satisfactory long-term performance shall be documented under in-use condi-
tions in the field configuration; i.e., a component of a module or concentrator receiver.
When adequate documentation is unavailable, the Solar Cell Temperature Cycling Test
(in preparation) may be used to evaluate thermal cycling degradation. '

The characteristics to be evaluated for determining temperature cycling withstanding
capability include output power degradation and altered physical appearance.

'Commentarz. Array subsystem elements encounter temperature cycling stresses as a
result of diurnal and climatic excursions. For various silicon cell types (fabricated with
different metallization processes) sensitivity to temperature cyecling stresses has varied
widely. Some insight into the mechanisms responsible for existing results has been
obtained [2].

CE.D.2 Humidity

Criterion. Solar cells used in either flat-plate or concentrator modules shall be capable
of withstanding the effects of humidity.

Evaluation. To determine the acceptability of solar cell materials (i.e., contact metals

and AR coatings) with respect to their stability in the presence of humidity, Test
TE.AR.D.3 (Humidity Test—Solar Cells) shall be used, except for those cells packaged to
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prevent exposure to air and moisture. For the latter encapsulated cells, the entire
encapsulated assembly shall be tested at the module level with Test TE.AR.D.4 (Humld—
ity Test—Array Elements).

- Commentary. Solar cells used in flat-plate or concentrator modules must be able to
withstand exposure to humidity. No matter what the encapsulation technique, short of
complete hermetic sealing, moisture will be present at the solar cell surfaces and con-
tacts. To ensure long-life operation of the module, the solar cell component must be
fabricated using moisture-resistant materials and processes. Therefore, the humidity
resistance requirement is placed on cells to be sealed in nonhermetic packages before
encapsulation.

Certain cells are constructed of materials that should not be exposed to air and, there-
fare, are packaged to prevent such exposure. These cells are considered an integral part
of the completed module and are tested on the module level.

MODULE PERFORMANCE CRITERIA

Electrical Attributes

MO.E.1 Module Electrical OQutput

Crltenon. A module shall have an electrical output under illumination that satisfies
ecifications. :

- Evaluation. The electrical output parameters of a module are those parameters deter-

mined from thc current-voltage (I-V) characteristic curve of the module. Test
TE.AR.E.]l (Electrical Performance Test— Flat-Plate Cells, Modules, and Arrays) shall be
used to determine either the entire curve, or some portion of it, for flat-plate modules.
The test method for concentrator modules is in preparation.

Commentary. The I-V curve is used to determine a lur ge number of module electmcul
parameters. These include the short circuit current (I , the open circuit voltage v
the maximum power (P ), the voltage and current a{" maximum power (V %ﬁe
module electrical conversxon efficiency ( n ), the -curve fill factor (FF) ang] for some
purposes, the output current at a specified vCltage (I ). The area used in efficiency cal-
culations is the entire front, normally illuminuled area of the module, including the
frame.

Various considerations determine whether the entire curve or some portion of it is speci-
fied. For example, in a research environment, it may be desirable to specify the entire
curve and associated output parameters, while in the manufacturing proeess environ-
ment, it is common to sort modules on the assembly line by examining the short-circuit
current and the current output at a single voltage level. The parameters measured may
also be used in the sale or purchase of modules, thé matching of modules for assembly
into arrays, and the detection of module degradation.

Module output parameters vary with temperature and the level and spectral content of
the irradiance. For comparing flat-plate modules the output parameters are given at the
electrical performance reporting conditions specified in Table B-1 of Test TE.AR.E.l.
Reporting conditions are being developed for concentrator modules.
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MO.E.2 Electrical Terminals

Criterion. Electrical terminals for modules and receivers shall be designed and sized to
facilitate field servicing and withstand the environmental and service stresses applied
during normal service for their design life.

Evaluation. Satisfactory performance shall be documented under in-use conditions.
When adequate information is unavailable, drawings, specifications, test data, and engi-
neering analysis shall be reviewed and analyzed to verify compliance with the criterion.

Commentary. The primary requirements for electrical terminals consist of adequate
current and voltage capacity, low ohmic contact resistance, and adequate environmental
qualification consistent with low cost. . Selection of a specific terminal depends on both
site and application. Remote applications will have lower voltage and current require-
ments than large industrial applications. -Environmental qualification consists of the
ability to withstand temperature cyecling, ultraviolet exposure, humidity, corrosive
atmosphere, fungus, and pull loads. More definitive performance criteria for electrical
terminals will be included in subsequent revisions of this report. The information pre-
sented has been included for completeness.

MO.E.3 Module and Receiver Fault Tolerance

Criterion. Modules and receivers shall endure commonly occurring circuit faults such as
cracked or mismatched cells, single-point open-circuit failures, and nonuniform illumina-
tion (partial shadowing) without catastrophic effects, such as major power loss, encapsu-
lant deterioration, or safety hazards. '

Evaluation. Drawings, specifications, testing, and engineering analysis shall be used to
evaluate the fault tolerance of the module circuit [3, 4. Experimental evaluation with
artificially introduced fault conditions can also be carried out. Experimental simulation
is particularly effective in evaluating module resistance to hot-spot heating.

Commentary. Field experience indicates that periodic circuit faults, such as partial
shadowing, cracking of cells, and interconnect open circuits, occur even in highly reliable
arrays. Under these fault conditions it is desirable to limit the degree of power loss and
to assure that possible hot-spot heating due to reverse biasing does not propagate the
fault by such mechanisms as solder melting, encapsulant deterioration, or dielectric
degradation.

Hot-spot heating is caused when operating.current levels exceed the reduced short-eir-
cuit current capability of an individual cell or group of cells in an array circuit. The
reduced short-circuit current fault condition can be caused by nonuniform illumination
(local shadowing), individual cell degradation due to cracking or soiling, or loss of a por-
tion of a series-parallel circuit due to individual interconnect open circuits. Under this
condition, the over-currented cells dissipate power equal to the product of the current;
the reversed voltage that develops across the cells can heat them to elevated tempera-
tures high enough to melt solder.

These problems can be alleviated by designing redundancy and over-current carrying cap-
ability into the cell circuit. Redundant cell contact attachment points and interconnects
are useful in reducing the probability of a single-point circuit failure causing an open-
circuit or a reduced short-circuit current condition. By-pass diodes, extensive cell
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paralleling, and a low cell shunt resistance are effective in minimizing hot-spot heating
by providing over-current carrying ability [3, 4. Good cell heat sinking and heat resis-
tant encapsulant materials and processes are useful in controlling the effects of hot-spot
heating such as gas generation and encapsulant deterioration.

MO.E.4 Mismatch Losses in Modules and Arrays

Criterion. Electrical mismatch losses caused by combining cells into modules and mod-
ules into arrays shall not exceed acceptable levels.

Evaluation. Engineering analysis or experimental measurement shall be used to evaluate
the extent of mismatch losses [5]. Mismatch losses shall be evaluated by determining the
difference between the power output of a cell or module network and the sum of the
power output of the individual elements making up the network.

Commentary. ' Because of manufacturing process tolerances, cells and modules of the
characteristics. When a number of cells and modules are combined in series or parallel
electrical circuits or both, mismatch losses occur that reduce the overall electrical effi-
ciency of the module/array and may lead to reverse-biasing and hot-spot heating. These
mismatch losses can be controlled by limiting the variation in cell/module performance,
by sorting and matching the performance of individual elements, or by using fault toler-
ant circuit design practices. Fault tolerant circuit design practices (performance cri-
teria in preparation) are also desirable to control subsequent mismatch due to differen-
tial aging and other similar processes.

Mechanical/Structural Attributes

MO.M.1 Flat-Plate Module Structural Adequacy

Criterion.. Flat-plate PV modules shall support all loads expected during the design life
of the module without structural failure or significant performance degradation.

Evaluation. The structural adequacy of flat-plate PV modules shall be demonstrated by
analysis. Documentation of satisfactory long-term performance under in-use conditions
shall be considered contributory evidence of structural adequacy. Additional contribu-
tory evidence of structural adequacy for modules may be obtained from the following
Tests: TE.AR.M.1 (Structural Loading Test—Flat-Plate Modules [Cyclic Pressure Load
Testl), TE,AR.M.2 (Temperature Cycling Test—Flat-Plate Modules), and Warped Mount-
ing Surface (in preparation).

Commentary. The structural design of frames and structural substrates for modules
depends primarily on the wind loading. Wind pressure loads on individual modules will be
higher than the net average pressure acting on arrays. The structural design of glass
superstrates for flat-plate modules, in many cases, will be dictated by minimum hail-
withstanding requirements. For larger annealed glass superstrate modules, normal pres-
sure loads (primarily wind) will control the structural design. Brittle materials, like
glass, require design considerations because their strength is a funection of surface condi-
tion (flaws and scratches), surface area of part, and time duration of loading. Some
guidelines for designing glass superstrate PV modules are provided in Ref. 6.
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MO.M.2 Concentrator Module Structural Adequacy

Criterion. In any sun-tracking operating mode, the concentrator module shall support
design loads (dead weight, wind, earthquake, and constraint loads) without structural
failure or performance degradation. In a nonoperating mode or position, the concentra-
tor module shall support all loads expected during the design life of the system without
structural failure or subsequent significant performance degradation when the system is
returned to an operating condition.

Evaluation. The structural adeqtiacy of concentrator modules shall be demonstrated by
structural analysis. Documentation of satisfactory long-term performance under in-use
conditions shall be considered contributory evidence of structural adequacy.

Commentary. Wind loading is recognized as a primary structural cost driver for concen-
trator modules. In some applications it may be cost effective to take advantage of the
reduced wind loading resulting from boundary layer effects near the ground (shielding
from adjacent rows of arrays or wind shielding devices) provided that the increased cost
of supporting analysis and documentation is defrayed by decreased structural costs. In
connection with concentrator modules it is appropriate to distinguish between operating
and nonoperating loads. The operating loads occur while the array is in a sun-tracking
mode. Operating. wind loads, for example, may be less than nonoperating wind loads,
because studies have shown that virtually all of the sun's irradiance occurs during periods
when relatively low wind speeds exist. The operating loads (dead weight—thermal and
wind) will significantly influence the structural design of the receiver and concentrator
module because the optical quality and alignment of the concentrator module will be
affected by these loads. Nonoperating loads occur at any time during the design life of
the array. Concentrator modules must withstand these loads without structural failure,
and permanent deformations of the concentrator module should not excessively reduce
its ability to collect solar energy.

4

MO.M.3 Shipping (see SY.M.1)
MO.M.4 Handling (see SY.M.2)
MO.M.5 Attachment Provisions for Flat-Plate Modules

Criterion. Attachment of flat-plate modules to their intended supporting structure shall
not result in deflections, stress points, or mechanical interferences of component parts
that degrade the performance of the module over its design life. .

Evaluation. Engineering analysis and drawings shall be reviewed to determine confor-
mance with standardized codes and recommended practices for strengths of materials,
flatness of surfaces, location, and clearances associated with mounting hardware (e.g.,
see ANSI - Y 14.5).

Commentary. Module mounting on support structures may use a variety of techniques
ranging from aligned through-holes fasteners to adhesive bonding. To minimize problems
in attaching modules to the supporting structure, the following factors affecting attach-
ment should be reviewed: flatness of the mating interfaces of structure and modules,
spacing allowances to adjacent modules, tolerances on sizes and locations of fasteners,
and load-carrying capability of the fastening or attachment device. These factors should
guarantee that no unacceptable deflections, stress points, or mechanical interference of
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component parts be experienced by the modules upon attachment to the intended sup-
porting structure. An example of a standard design practice from ANSI - Y 14.5 that
may be applicable is drilling holes for mounting materials. This standard practice calls
for the hole to be drilled at least 1.5 diameters from the edge of the material. This
practice is for single-piece materials (modules without frames) and is intended to mini-
mize shear stress loads. For modules with metal frames around the edges (that provide
more rigidity), holes can be closer to the edge.

MO.M.6 Twist Capability of Flat-Plate Modules

Criterion. Flat-plate PV modules shall be capable of withstanding small twists caused by
mounting on a nonplanar surface.

Evaluation. Satisfactory performance shall be documented during normal field installa-
tion. When adequate information is unavailable, engineering analysis or the Warped
Mounting Surface Test (Twist Test) (in preparation) may be used.

Commentary. The intent of this criterion is to preclude damage to a module caused by
the possible twisting of the module substrate when installed on a primary structure that
is not entirely planar. An alternate approach would be to specify a stringent planar
requirement for the primary structure. However, when module costs are reduced, struc-.
tural costs with such a requirement would be unreasonably high. Current modules show
no difficulty in tolerating small amounts of twist (< 1.25°) when the twist test is
performed.

MO.M.7 Interconnect Stress Relief

Criterion. Electrical interconnects between cells in modules and in receivers shall be
capable of withstanding environmentally induced strcsses applied during normal service
for their design life.

Evaluation. Satisfactory long-term performance shall be documented under in-use condi-
tions. Module drawings and specifications shall be reviewed to check that materials will
be thermally compatible and those used for interconncections will last the design life.
When adequate information is unavailable, Tests TE.AR.M.1 (Structural Loading
Test—Flat-Plate Module (Cyelic Pressure Load Test)), TE.AR.M.2 (Temperature Cycling
Test—Flat-Plate Modules) or TE.AR.M.3 (Temperature Cyeling Test—Concentrator
Modules) shall be used to evaluate the effect of cyclic loading on interconnects.

Commentary. Rceciver and flat-plate module interconnections can encounter various
loadmg stresses depending on the construction of the array in which they are installed.
The primary sources .of movement due to structural deflection of the array are caused by
positional changes during tracking; environmental loading due to wind, hail, and ice; and
relative positional changes between the array structure and the supporting foundation.
Induced fatigue is not immediate but will oceur over a long period of time. Differences
in thermal expansion coefficients of the solar cell, interconnects, encapsulants, and
receiver supporting structure will also cause stress. Fatigue often occurs at the solder
connection between the interconnect and the cell. Concentrator receiver interconnects
differ from flat-plate interconnects in that the former are typically longer and wider for
carrying higher currents.
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‘Techniques that are useful in improving stress include reducing interconnect thickness;
‘increasing expansion loop height; increasing the distance (and thereby the interconnector
length) between attachments to the cells by measuring across the intercell gap; selecting
a material with a higher endurance limit; modifying the lateral dimension of the inter-

" connector loop so that maximum bending no longer concentrates at a single point on the
loop; and preventing solder from filling (wicking) and stiffening expansion loop radii [7].

MO.M.8 Hail

Criterion. Modules and their exposed elements shall resist the impact of hailstones
expected at the site without significant damage or major impairment of the functioning
of the module or its optical elements. -

Evaluation. Engineering analysis, based on an assessment of the environmental condi-
tions at the specific site of interest, a comparison with test results from proven designs,
or the Tests TE.AR.M.4 (Hail Test—Flat-Plate Modules) and TE.AR.M.5 (Hail Test—Con-
centrator Modules) may be used to evaluate the ability of modules and concentrator
optics to withstand specified levels of hailstone impact.

Commentarg The intent is to preclude damage that would result in curtailment of mod-
ule electrical performance or result in premature failure. Susceptible points on a flat-
plate module include corners and edges, cell edges, and substrate supports; on a concen-
trator module, susceptible points are corners and edges of glass reflective surfaces and
cover plates on receivers. The optical elements of concentrator systems may be frac-
tured or dented by hailstones and functionally degraded.

Hailstone size depends to a great extent on site. Therefore, environmental conditions at
. a specifie site should be assessed before the design. The methodology given in Ref. 8 can
aid in that assessment. In lieu of site-determined hailstone size, Ref. 8 or 9 may be used
as a guide in establishing the hailstone size for a particular application. For assessing
risks to solar collectors, the U.S. Department of Housing and Urban Development (HUD)
[9] has recommended using a hailstone diameter equal to 8 mm (0.3 in.) times the average
number of hail days per year at the specific site.

Vulnerability to this environment may be reduced by appropriate material selection and
structural design. Reference.10 may be useful in determining the damage potent1a1 of
various hailstone sizes on glass sheet.

MO.M.9 Optical Surface Soiling

Criterion. Optical elements of modules, including receivers and optics, shall not retain
dirt to an extent that would significantly impair the function of the photovoltaic
equipment during its design life.

Evaluation. Satisfactory long-term performance shall be documented under in-use condi-
tions. When adequate documentation is unavailable, engineering analysis or an outdoor
soiling test may be used to evaluate optical surface soiling degradation. The characteris-
tics to be evaluated for determining soiling withstand capability include output power
degradation (specifically, changes in short-circuit current) and optical obscureness.
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Commentary. The effect of retained dirt on optical surfaces of photovoltaic equipment
is significant; e.g., flat-plate modules have experienced up to 60% power degradation
after outdoor exposure. The optical loss results from absorption and scattering by par-
ticulates that collect on and may even become embedded in the surface. Particulates
impinge on an optical surface through complex fluid mechanical interactions between the
dust-laden atmosphere and the photovoltaic equipment. Initial particle adhesion is dom-~
inated by surface energetics. However, condensed water vapor at the particle-surface
interface provides a vehicle for soluble components and dirt to form very strong chem-
ical and physical bonds between the dirt and the surface. To keep the surface of the
module free from dirt, the illuminated optical surface(s) should be smooth and generally
free of projections that could promote entrapment of dust and other debris. Particular
attention should be given to the selection of materials that will minimize the accumula-
tion of nonremovable contaminants, particulates, and stains on the optical surface. Also,
materials should be used that will promote self-cleaning by natural processes like wind
and rain. Field experiments with modules and top cover materials in different geo-
graphical locations indicate significant time and site dependence and site of soiling char-
acteristics. Removal mechanics (such as rain and snow melt) are the key to long-term
selection of materials that will minimize the accumulation of nonremovable contam-
inants, particulates, and stains on the optical surface. Also, materials should be used
that will promote self-cleaning by natural processes like wind and rain. Field experi-
ments with modules and top cover materials in different geographical locations indicate
significant time and site dependence and site of soiling characteristics. Removal me-
chanies (such as rain and snow melt) are the key to long-term soiling differences [11].
While an acceptable laboratory test method is desirable, research work to date indicates
soiling to be a very complex problem and development of a testing method in the near
term is not envisioned. Side-by-side outdoor exposure testing for long periods of time at
a variety of sites is currently the most effective way to evaluate soiling differences.

MO.M.10 Cleaning Tolerance

Criterion. Surfaces of modules, including receivers and concentrator optics, shall be
capable of withstanding periodic cleaning during normal service for their design life.

Evaluation. Satisfactory performance under in-use conditions shall be documented.
When adequate information is unavailable, drawings, specifications, engineering analyses,
and the manufacturer's recommended practice shall be reviewed and analyzed.

Commentary. Cleaning of optical surfaces can cause marring and scratching of those
surfaces to the extent that the electrical performance of the module is significantly
affected. Optical surface materials should be selected that tolerate physical and chem-
ical (e.g., solvents and detergents) cleaning techniques. Generally, manufacturers are
expected to supply cleaning instructions for the optical surfaces of their products. Along
with the cleaning instructions, the manufacturer should indicate any precautions neces-
sary to take with either cleaning fluids or cleaning procedures.

MO.M.11 Off-Axis Survival of Concentrator Module and Receiver

Criterion. The concentrator module and receiver shall not be damaged due to concen-
trated sunlight traversing off the normally illuminated receiver during normal operating
conditions (e.g., sun acquisition or desteering operations) or abnormal operating condi-
tions (e.g., tracking motor power failure).
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Evaluation. Documentation of satisfactory long-term performance under in-use condi-
tions or engineering analysis shall be used to evaluate potential degradation. The charac-.
teristics to be evaluated are the use of materials that may be combustible and ignite, or
soften or melt, thus impairing the mechanical integrity of the module.

Commentary. Concentrator modules and receivers can encounter complex steady-state
and transient thermal loading during off-axis pointing. Depending on the specific con- -
centrator opties chosen, the energy distribution can be highly nonuniform and may reach
very high levels of concentration in localized areas. Depending on the nature of the
off-axis condition (i.e., whether the array is moving or stopped) the module may be
exposed to intense energy concentrations for extended periods of time.

MO.M.12 Materials Compatibility

Criterion. Materials used in modules, receivers, and concentrator optics and the building
elements with which they interact shall have sufficient chemical compatibility to pre-
vent corrosive wear and deterioration that would significantly shorten their intended ser-
vice life.

Evaluation. Documentation of satisfactory long-term performance under in-use condi-
tions or engineering analysis shall be used. When adequate information is unavailable,
tests shall be performed.

Commentary. Dissimilar materials used in modules, concentrator receivers and optics
can be incompatible when exposed to thermal extremes and the humidity of the environ-
ment, or when they come in contact with corrosive chemicals such as heat transfer and
other fluids. When several different materials come in contact in an outside environ-
ment, a corrosive electrochemical couple can destroy the components quite rapidly if the
proper selection of materials is not made. When dissimilar materials are used in contact
with heat transfer or other fluids, testing to evaluate compatibility is suggested.

The use of protective finishes, corrosion inhibitors, or dielectric fittings that electrically
isolate dissimilar materials ‘may be desirable. For plastics, plasticizer migration may be
a concern. The presence of pinholes in protective coatings may drastically accelerate
corrosive action. In considering the compatibility of dissimilar materials, all elements of

a solar system should be evaluated—ineluding the energy transport system, struectural
support and connections, fabrieated parts, and roofing materials.

MO.M.13 Physical Deterioration of Gaskets, Sealants, and Polymeric Coupling Hoses
(See CR.M.4)

MO.M.14 Compatibility of Materials with Heat Transfer Fluids (See CR.M.5)

MO.M.15 Deterioration of Fluids or Phase-Change Materials (See CR.M.7)

MO.M.16 Effects of Decomposition Products (See CR.M.8)

MO.M.17 Corrosion by Leachable Substances (See CR.M.6)
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MO.M.18 Cell Temperature Control for Flat-Plate Modules

Criterion. Modules shall be capable of controlling electrical power loss and accelerated
encapsulant aging caused by high cell operating temperatures.

Evaluation. Test TE.AR.M.1 (Nominal Operating Cell Temperature Determination—Flat-
Plate) shall be used to measure the NOCT of a flat-plate module. Module drawings and
specifications shall be reviewed to check that encapsulant materials used will perform
for t})le expected design life. (See Durability/Reliability Attribute MO.D.2, Solar Weath-
ering).

Commentary. Electrical power output of solar cell modules decreases as temperatures
increase (e.g., silicon at a rate of approximately 0.5% per °C). Also, higher tempera-
tures will accelerate physical and chemical degradation of the module (e.g., corrosion).
These power reductions can be minimized by controlling the cell operating temperature
using techniques such as a substrate with high infrared emission, high thermal conduc-
tance, and low solar absorption; front cover/encapsulants with thin transparent materials
and relatively high thermal conductivity; and avoiding an air gap between the front

cover/encapsulant and the cells (i.e., avoid a greenhouse effect) [12-14]. ‘

Fins give a slight advantage (less than 5°C temperature reduction), but generally are not
cost-effective. The effectiveness of fins for roof mounting applications depends strongly
on the backside air infiltration level. Transparent substrates offer a negligible advantage
in open-frame mounting and can be a definite handicap for roof applications due to
greenhouse effects. Water cooling offers significant improvement in module perfor-
mance. However, it is not expected to be cost-effective unless the application already
involves heating or pumping water, or unless a gravity water system is feasible. At pres-
ent, care in thermal design and cost considerations result in a NOCT of 43°C to 48°C for
open back flat-plate modules. '

Safety Attributes

MO.S.1 Electrical Voltage Isolation

Criterion. PV modules shall provide an electrical insulation system to isolate live circuit
elements and protect against human injury or performance degradation due to electrical
shock or short circuits to the module mounting structure.

Evaluation. Review of model drawings and specifications shall indicate conformance
with the system voltage level and with the electrical safety protection system of the
intended class or range of applications. To verify adequacy of the insulation systems,
Test TE.AR.M.10 (Dielectric Voltage Withstand Test), leakage current tests (in prepara-
tion), and insulation resistance tests (in prepdration) shall be conducted on representative
samples both before and after environmental exposures.

Commentary. The insulation system shall be compatible with the intended class or range
of applications of the module (including system safety provisions such as array grounding,
lightning protection, and ground fault detection/interrupters) and with its installation,
operation, and maintenance procedures. A fundamental requirement of the encapsulation
and insulation system of photovoltaic devices is that it withstand the voltage imposed on
it in service throughout its design life. To ensure the adequacy of the insulation system
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and provide a margin for degradation from aging, it is common practice to select a test
voltage level for the Dielectric Voltage Withstand Test that is somewhat higher than the
expected service condition. Test levels commonly used by institutions such as Under-
writers Laboratories (UL) are:

e 1000 V plus twice the maximum rated voltage of the insulation system for sys-
tems with rated voltage levels above 50 V; and

® 500 V for insulation systems with rated voltage levels below 50 V.

As a measure of the extent to which the Dielectric Voltage Withstand Test has stressed
the insulation system, a maximum allowable leakage current of 50 u A during the test is
usually specified.

Insulation resistance tests are typically conducted with the module insulation system sub-

"jected to a test voltage equivalent to the system operating voltage. The required mini-
mum insulation resistance of 50 k Q is consistent with UL recommendations for keeping
shock sensation below "let-go" current levels.

MO.S.2 Flammability

Criterion. Modules and arrays forming or attached to roofs shall not reduce the required
fire resistance of roof covering materials.

Evaluation. UL Standard 790, Tests for Fire Resistance of Roof Covering Materials,
shall form the basic test procedure.

Commentary. UL 790 does not specifically detail the testing of a photovoltaie array ab
part of the roof covering, although the types and methods of fire exposure and the condi-
tions of acceptance for classification may be applied to a particular PV assembly. /A
proposed UL Standard 1279, Standard for Solar Collectors, will contain information on
testing solar collectors that may be applicable to photovoltaic arrays.

Durability/Reliability Attributes

MO.D.l1 Temperature Cycling

- Criterion. Modules shall be capable of withstanding the stresses induced by temperature
cycling Tor their design life without significant degradation of module performance.

Evaluation. Satisfactory long-term performance undcr in-use condilions shall be docu-
mented. When adequate information is unavailable, engineering analysis or the Tests
TE.AR.M.2 (Temperature Cycling Test—Flat-Plate Modules) or TE.AR.M.3 (Temperature
Cycling Test—Concentrator Modules) shall be used to evaluate thermal cyeling degrada-
tion. The characteristics to be evaluated for determining temperature cycling withstand
capability include output power degradation and altered physical appearance.

Commentary. Modules encounter temperature cycling stresses as a result of diurnal and

climatic excursions. Susceptible parts of the module include the encapsulant system,
cells, interconnects, and bonding materials.
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MO.D.2 Solar Weathering

Criterion. Modules, receivers, concentrator opties, their components and materials shall
not be affected by exposure to solar irradiance in service to an extent that will signifi-
cantly impair their function during their design life.

Evaluation. Documentation of satisfactory long-term performance under in-use condi-
tions, acceptable test results, or engineering analysis shall be required. Where adequate
documentation is unavailable, Tests TE.AR.D.] (Solar Radiation Weathering Tests—Mate-
rials and Components), and TE.AR.D.2 (Solar Radiation Weathering Tests—Modules and
Minimodules) may be used. The characteristics to be evaluated for determining solar
weathering capability include output power degradation and physical appearance altera-
tion. A test method is being developed for concentrator receivers and optics.

Commentary. Conformal polymeric encapsulants, organic potting materials, adhesives,
and organic adhesion-promoting treated materials are particularly susceptible to solar
ultraviolet-induced weathering under prolonged exposure. Field observations have shown
the occurrence of delamination of cell-encapsulants substrate-superstrate, encapsulant-
substrate and encapsulant-cover 1nterfaces, carbonation, cell-eracking, encapsulant dis-
coloration, and contact corrosion.

Moisture (dust, rain, dew, high humidity, condensation), in combination with solar ultra-
violet radiation, is a principal agent in producing adverse synergistic degrading effects in
materials. This has led to the inclusion of water spray and moisture cycles in acceler-
ated and simulated exposure test methods.

The use of diagnostic tests, including baseline photographs, transmittance data of cover
materials, and electrical performance characteristics (IS o , I-V curves, Pm’ ete.), are
usually required to estimate the effects of exposure-mduced degradation in reducing
module efficiency and operating characteristics.

MO.D.3 Humidity

Criterion. Modules, receivers, concentrator optics, and tracking controls shall be cap-
able of withstanding the stresses induced by humidity for their design life without signif-
icant performance degradation.

Evaluation. Documentation of satisfactory long-term performance under in-use condi-
tions shall be required. When adequate documentation is unavailable, engineering analy-
sis or Test TE.AR.D.5 (Humidity Test—Array Elements) shall be used to evaluate humid-
ity degradation. The characteristics to be evaluated for determining humidity withstand
capability include output power degradation and physical appearancc alteration for mod-
ules and receivers, optics obscureness or altered alignment for concentrator opties, and
functional performance degradation for tracking control.

Commentary. Humidity, which is one form of atmospheric water vapor, can significantly
degrade the performance of photovoltaic equipment as a result of moisture migration and

- penetration. High relative humidity at elevated temperature can be especially stressful.
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Corrosion can be accelerated by humidity. Hygroscopic materials are sensitive to mois-

ture and may deteriorate rapidly under humid conditions. Absorption of moisture by

many materials results in swelling that destroys their function and causes loss of physical

strength and changes in other important mechanical properties. Insulating materials that

absorb moisture may suffer degradation of their electrical and thermal properties.

Cycling temperature and humidity may cause condensation of moisture inside the equip-

ment that could cause malfunctions resulting from electrical shorts. Such cycling may

cause dulling or obscuring of reflecting or transmitting optics, terminal corrosion, and
cell metallization.

MO.D.4 Rain

Criterion. Modules, receivers, and concentrator optics shall be capable of withstanding
exposure to rain for their design life without significant performance degradation.

Evaluation. Documentation of satisfactory long-term performance under in-use condi-

~ tions shall be required. When adequate documentation is unavailable, engineering analy-
sis or the Rain Test (in preparation) shall be used to evaluate rain tolerance. The charac-
teristics to be evaluated for determining rain withstand capability include output power
degradation and altered physical appearance.

Commentary. Rain can degrade the performance of modules and receivers because of .
moisture penetration. Absorption by many materials results in swelling, which may
degrade performance, cause loss of physical strength, and affect other important me-
chanical properties. Insulating materials that absorb moisture may suffer degradation of
their electrical and thermal properties.

MO.D.5 Electrical Terminals (See MO.E.2)

Installation, Operation, and Maintenance Attributes

MOJUI.1 Physical Interchangeability

Criterion. Modules of the same model by the same manufacturer shall be physically
interchangeable.

Evaluation. Drawings and speclflcatlons of the module shall be rev1ewed to see that
modules are interchangeable.

Commentary. The intent of this criterion is to provide reasonable assurance that mod-
ules placed in the field can be installed, replaced, and operated with a minimum amount
of handling by field personnel. - Tolerance on all external module dimensions shall be
maintained at a level consistent with module interchangeability. Surfaces, mounting
holes, and any attachment interfaces shall be maintained within the tolerance specified
in the interface control drawings.

MOJ1.2 Access for Maintenance (See SY.L.3)
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MOJ.3 Field Monitoring (See AR..6 and SY.I.2)

CONCENTRATOR OPTICS/RECEIVER PERFORMANCE CRITERIA

Electrical Attributes

CR.E.l Receiver Electrical Output

Criterion. A receiver shall have an electrical output under illumination that satisfies

specifications. '

Evaluation. The electrical output of a receiver is characterized by certain electrical
output parameters determined from the current-voltage (I-V) characteristic curve of the
receiver. Test TE.AR.E.2 (Electrical Performance Test—Concentrator Solar Cells) shall
be used to determine either the entire curve or some portion thereof.

Commentary. The electrical output parameters of a receiver include the short-circuit
current (I c;’ the open-circuit voltage (V_ ), the maximum power (P_), the voltage and
current af maximum power (V_, Im), the cell electrical conversion eﬂiciency (n ~), the
(curve fill factor (FF) and, for some purposes, the output current at a specified voltage
I).

\

The active area of a receiver for computation of efficiency is the area designed to be
illuminated. This includes interior grids and contacts and gaps between cells. The active
area may exclude the area of the cells that are covered by contacts at the outer edges of
the receiver, provided that it is reasonable to expect the optical system to avoid illumin-
ating these areas. Both the active area and the total area of the receiver should be
inecluded in the report.

Receiver output parameters vary with temperature and with the intensity and the spee~
trum of the irradiance. Receiver electrical performance reporting eonditions are being
developed. : : ‘ '
CR.E.2 Electrical Terminals (See MO.E.2)

CR.E.3 Module and Receiver Fault Tolerance (See MO.E.3)

Mechanical/Structural Attributes

CR.M.1 Attachment Provisions

Criterion. The provisions for attaching a replaceable receiver to the support structure
shall not cause significant out-of-focus distortions of the receiver when it is subjected to
the operating mode structural load.

Evaluation. Documentation of satisfactory long-term experience under in-use conditions
shall serve as the primary evaluation method. When adequate information is unavailable,
design drawings, specifications, and engineering analyses shall be used to evaluate the
receiver attachment provisions with respect to the aforementioned criteria.
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Commentary. Receiver attachment provisions must accommodate the various structural
specilied loading conditions. In particular, these attachment provisions shall minimize
the constraint forces acting on the receiver because of temperature changes and any
other differential movement between the receiver and the support structure. Since the
field removal and replacement of a defective receiver can be anticipated at some time
during the life of the system, these attachment provisions shall be designed to permit
expeditious replacements, without disturbing the operation of other modules in the field.

CR.M.2 Off-Axis Survival of Concentrator Module and Receiver (See MO.M.11)

CR.M.3 Materials Compatibility (See MO.M.12)

CR.M.4 Physical Deterioration of Gaskets, Sealants, and Polymeric Coupling Hoses

Criterion. Gaskets, sealants, and polymeric coupling hoses, whether dry or in direct con-
tact with heat transfer fluids, shall not have their physical properties adversely affected
by contact with these fluids to the extent that their functioning is significantly impaired
during their design life.

Evaluation. Documentation of satisfactory long-term performance under in-use condi-
tions or engineering analysis shall be required. Acceptability of gaskets and sealants
shall be determined by the methods outlined in ASTM D 3667-78 and in Appendices B and
C of NBSIR 77-1437. Where adequate information is unavailable, coupling hoses may be
tested using methods that meet the criterion.

Commentary. Gaskets, sealants, polymeric coupling hoses, and similar organic materials
frequently swell when exposed to liquids and, thus, may lose their ability to function.

The joints near coupling hoses are a potential source of leakage; therefore, the selection
of coupling hoses and clamps'is quite critical. Many failures have been noted with
clamping hoses having serew or spring-type clamps. The hose tends to harden beneath
the clamp when the hose is exposed to high temperatures, causing it to lose resiliency
and leak. Further tightening of the clamps temporarily stops leakage but aggravates
hardening. This results in a hard, nonresilient ring under the clamp that can no longer be
tightened. Silicone rubber hoses and EPDMs (Ethylene-Propylene-Diene Monomers), if
properly vulcanized, tend to maintain their resiliency. The silicone rubber hoses, how-
ever, tend to be so pliable that if screw-type clamps with perforated bands are used the
material is extruded through the perforations in the band. If this material is used,
smooth band clamps also should be used.

CR.M.5 Compatibility of Materials with Heat Transfer Fluids

Criterion. Materials designed to be used in contact with heat transfer fluids shall not be
corroded or otherwise adversely affected by these fluids to the extent that their function
will be significantly impaired under in-use conditions during their design life.

Evaluation. Documentation of satisfactory long-term performance under in-use condi-
tions or engineering analysis shall be required. Acceptability of gaskets and sealants
shall be determined by the methods outlined in Appendix B of NBSIR 77-1437. Where
adequate information is unavailable, materials may be tested using methods that meet
the criterion.
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Commentary. Corrosion of metals by heat transfer fluids could be a serious problem in
solar energy systems. - The Society of Automotive Engineers (SAE) Standard J447, "Pre-
vention of Corrosion of Metals," provides guidance in preventing corrosion. Experience
indicates that tight closed-loop systems help. :

Any use of inhibitors should be keyed to the characteristies of all elements of the energy
transport system to which it is exposed, including collectors, piping, connectors, tanks,
pumps, valves, and heat exchangers. With nontoxic heat transfer fluids, any inhibitors
should be selected to maintain desired fluid properties. (See CR.M.6.)

CR.M.6 Corrosion by Leachable Substances

Criterion. Chemical substances that can be leached by moisture from any of the materi-
als within- the system shall not cause corrosive deterioration of solar components or
building elements that would significantly impair their function over their design life.

Evaluation. Documentation of satisfactory long-term performance under in-use condi-
tions or engineering analysis shall be required. Where adequate information is unavail-
able, testing methods that meet the criterion shall be used.

Commentary. Salts that can be leached by moisture from some types of glass fiber and
mineral wool insulation or from organic components may cause corrosion of nearby sys-
tem components. Chlorides or sulfates are of particular concern in regard to metallic
corrosion. Corrosion of solar components can alse be caused by substances leached from
roofing materials.

CR.M.7 Deterioration of Fluids or Phase-Change Materials

Criterion. Fluids or phase change materials shall not freeze, give rise to excessive pre-
cipitation, lose their homogeneity, boil, change absorptivity, or change pH or viscosity
beyond design ranges when exposed to their maximum and minimum service temperatures
and pressures during design life.

Evaluation. Documentation of satisfactory long-term performance under in-use condi-
tions or engineering analysis shall be required. Where adequate information is unavail-
able, testing methods that meet the eriterion shall be used.

Commentary. Although boiling can be prevented by pressurization, excessive tempera-
ture can break down some constituents of the fluid to form organic acids. Buffers can
counter the pH balance but only until they are exhausted. Some changes in pH are
acceptable, but when the allowable range is exceeded, the transfer fluid or the buffers
must be renewed. This can be an acceptable maintenance requirement.

Thermal eyeling may cause precipitation to occur that may lead to a buildup of solids in
pump seals and valve seats and cause a malfunction.

If they are taken into consideration in the design, viscosity changes may lead to pumping
problems (such as excessive pumping power requirements or overheating).
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CR.M.8 Effects of Decomposition Products

Criterion. Chemical decomposition products that are expelled from solar components or
building elements under in-use conditions shall not cause the degradatlon of solar com-
ponents or building elements to an extent that would significantly impair their function
over their design life.

Evaluation. Documentation of satisfactory longhterm performance under in-use condi-
tions shall be required. Where adequate information is unavailable, engineering analysns
or testing methods that meet the criterion shall be used.

Commentary. Although components and materials, such as gaskets, sealants, and coat-
ings, may yield degradation products during their service life without impairing their
function or aesthetic properties, these degradation products could significantly impair
the performance of other components in the system.

Heat transfer fluids, including inhibited water, may decompose and cause scale buildup
that may cause deterloratlon. This is particularly true of hot water heaters where supply
water is heated directly in the collector and dissolved solids (caleium salts) precipitate.

CR.M.9 Interconnect Stress Relief (See MO.M.7)

Durability/Reliability Attributes

CR.D.1 Temperature-Humidity Cycling Stresses

. Criterion. Receivers shall be capable of withstanding the stresses induced by'tempera—
ture-humidity eyecling for their design life without significant performance degradation.

Evaluation. Documentation of satisfactory long-term performance under in-use condi-
tions shall be required. When such documentation is unavailable, the Test TE.AR.M.6
(Temperature/Humidity Cycling Test—Concentrator Receiver) shall be used to evaluate
receivers. The characteristics to be evaluated shall include output power degradation:
and altered physical appearance.

Commentary. Receivers will encounter the combined effects of temperature-humidity
“cyeling stresses as a result of diurnal and climatic excursions.  Temperature and humldlty
may combine to produce effects that ecould not be caused by either one alone. These
include temperature- and moisture-induced expansion of plastics and freeze-thaw
effects. Susceptible parts of the receivers include cells, interconnects, encapsulant sys-

tems, and bonding materials. To determine satisfactory long-term performance under in-
use conditions, a five-year minimum of actual environmental evaluation is suggested.

CR.D.2 Electrical Terminals (See MO.E.2) -
CR.D.3 Solar Weathering (See MO.D.2)
CR.D.4 Humidity (See MO.D.3)

CR.D.5 Rain (See MO.D.4)
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CR.D.6 Temperature Cycling (See MO.D.1)

Installation, Operation, and Maintenance Attributes

" CRJ.1 Field Monitoring (See AR.L6)
ARRAY/ARRAY FIELD PERFORMANCE CRITERIA

Electrical Attributes

~AR.E.1 Array Electrical Qutput

Criterion. An array shall have an electrical output under illumination that satisfies spe-

cificatons.

Evaluation. The electrical output of an array is characterized by certain electrical out-
put parameters that are determined from the current-voltage (I-V) characteristic curve
of the array. Test TE.AR.E.l1 (Electrical Performance Test—Flat-Plate Cells, Modules,
and Arrays) shall be used to determine either the entire curve or some portion thereof.

Commentary. The I-V curve is used to determine a large number of array electrical par-

ameters. These include the short-cireuit current (I_ ), the open-circuit voltage (V_ ), the
maximum power (P_), the voltage and current at Maximum power (V_, I ), the array
electrical conversion efficiency (1 ), the curve fill factor (FF) and, for some purposes,
the output current at a specified voltage (I ). The entire front area of the array,
including the frame, is used in efficiency caleulations.

'The parameters measured also may be used in the sale or purchase of arrays, the match-
ing of arrays for assembly into array fields, and the detection of array degradation. The
array may represent a source of high power output, and, as such, it may be impractical to
measure a complete I-V curve. To interconnect arrays and match them to a given load it
is often desirable to determine the current at a single voltage level.

The values of the array output parameters vary with the temperature and irradiance con-
ditions. For comparison of flat-plate arrays output parameter values are normalized to
and reported at the electrical performance reporting conditions specified in Table B-1 of
Test TE.AR.E.l. Reporting conditions are being developed for concentrator arrays. The
physical size of many arrays precludes indoor measurement of the output parameters

and, hence, these parameters are often determined under outdoor illumination. :

AR.E.2 Array Field Electrical Output

Criterion. An array field shall have an electrieal output under illumination that satisfies
specifications.

Evaluation. The electrical output of an array field is characterized by certain electrical
output parameters that are determined from the current-voltage (I-V) characteristic
curve of the array field. This curve, -or some portion of it, may be determined from a
direct measurement of the array field according to Test TE.AR.E.l (Electrical Perfor-
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mance Test—Flat-Plate Cells, Modules, and Arrays) or from engineering analyses of the
I-V curves of measurable portions of the array field. The test method for determining
current-voltage characteristics of concentrators is in preparation.

Commentarz The electrical output parameters of an array field include the short-cir-
_cuit current (I c), the open-circuit voltage (V ), the output current at a specified volt-
age (I,,,) the maximum power (P.,,), the voltage and current at maximum power (s Vin)s
and the electrical conversion etx}llclency (n ~). The area used in conversion effl clency
calculations, to reflect land utilization, is defined by the line connecting the outer
bounds of the arrays in the array field projected on the horizontal.

These electrical output parameters may be used to monitor performance, detect any
degradation of the array field, and compare performance with other array fields.
Because the array field represents a source of high power output, it may be impractical
to measure a complete I-V curve. In this case, an I-V curve may be determined from
measurements or data from individual branch circuits or other measurable parts of the
array field.

The values of the electrical output parameters of an array field vary with temperature
and irradiance. For comparison of flat-plate arrays, output parameter values may be
normalized to and reported at the electrical performance reporting conditions specified
in Table B-1 of Test TE.AR.E.l. The physical size of the array field requires the electri-
cal parameters to be measured outdoors. The methods presently available to normalize
the measured or determined parameters to the standard reporting conditions are such
that they may not be accurate.

AR.E.3 Lightning Protection (See SY.E.8)
AR.E.4 Array Capability (See SY.E.4)
AR.E.5 Mismatch Losses in Modules and Arrays (See MO.E.4)

Mechanical/Structural Attributes

AR.M.1 Flat-Plate Array Structural Adequacy

Criterion. Flat-plate arrays shall support all loads expected during the design life of the
system without structural failure or significant performance degradation.

Evaluation. The structural adequacy of the array structure for a given application shall
be demonstrated by structural analysis. Documentation of satisfactory long-term per-
formance under in-use conditions shall be considered contributory evidence of structural
adequacy.

Commentary. The loading criteria to be used in evaluating the array structure are pri-
marily dependent on geography, use, and construction. Wind loading is recognized as a
primary structure cost driver for photovoltaic arrays. In some applications it may be
cost-effective to take advantage of the reduced wind loading due to boundary layer
effects near the ground, shielding from adjacent rows or. arrays, or wind shielding
devices, provided that the increased cost of supporting analysis and documentation is
defrayed by decreased structural costs.
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ARM.2 Concentrator Array Structural Adequacy

Criterion. In any sun-tracking operating mode, the PV concentrator array shall safely
support operating design loads (dead weight, wind, and constraint loads) without strue-
tural failure or performance degradation beyond that accounted for in the energy loss
budget for the system. When in a nonoperating mode or position, the concentrator array
shall support all loads expected during the design life of the system without structural
failure or subsequent performance degradation when the system is returned to an operat-
ing condition.

Evaluation. The structural adequacy of the array structure for a given application shall
be demonstrated by structural analysis. Documentation of satisfactory long-term per-
formance under in-use conditions shall be considered contributory ev1dence of structural
adequacy.

Commentary. The loading criteria to be used in evaluating the array structure are pri-
marily dependent on geography, use, and construction. Wind loading is recognized as a
primary structural cost driver for photovoltaic arrays. In some applications it may be
cost-effective to take advantage of the reduced wind loading caused by boundary layer
effects near the ground, shielding from adjacent rows of arrays, or wind shielding de-
vices, provided that the increased cost of supporting analysis and documentation is
defrayed by decreased structural costs. In connection with concentrator arrays, it is
appropriate to distinguish between operating and nonoperating loads. The operating loads
are those that occur while the array is in a sun-tracking operating mode. Operating loads
cause structural deformations which affect the ability of the concentrator array to
accurately track the sun. Operating wind loads might be significantly lower than non-
operating wind loads because studies have shown that virtually all of the sun's insolation
occurs at relatively low wind speeds. Nonoperating loads occur at any time during the
design life of the array. In addition to withstanding these loads without structural fail-
ure, permanent deformations of concentrator array structures should not reduce exces-
sively the ability of the array to collect solar energy.

AR.M.3 Off-Axis Survival of Field Components (See AR.S.1)

Safety Attributes

ARS.1 Off-Axis Survival of Field Components

Criterion. Field components shall be capable of tolerating concentrated sunlight travers-
ing off the normally illuminated area during normal operating conditions (e.g., sun acyui=
sition or steering operations) or abnormal operating conditions (e.g., power failure of
tracking motors) without significant degradation.

Bvaluation. Off-axis survival shall be demonstrated by engineering and safety analyses
during field layout and design. The characteristics to be evaluated are adequate spacing

of components and use of shields or barriers, any redundancy in component design, use of

noncombustible materials, and use of materials that will not soften or melt.

Commentary. Concentrators can impose complex steady-state and transient thermal’

Ioads on adjacent structures during off-axis pointing. Depending on the specific concen-
trator, optics ‘chosen, and the field layout, the energy distribution on adjacent structures
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can be highly nonuniform and may reach very high levels of concentration in localized
areas. The nature of the off-axis condition—that is, whether the array is moving or
stopped—determines the extent to which adjacent structures may be exposed to intense
energy concentrations for extended periods of time.

Linear focusing concentrators inherently concentrate light off the receiver at the ends of
the trough during normal operation while tracking and the effect of this concentrated
light must be accounted for in field layout.

ARS.2 Safety Procedures (See SY.S.1)
ARS.3 Flammability (See MO.S.5)

Durability/Reliability Attributes

AR.D.1 Humidity (See MO.D.3)

Installation, Operation, and Maintenance Attributes

ARL] Access for Maintenance (See SY.1.3)

ARJL.2 Array Spacing for Shadowing (See SY.B.1)

ARUI.3 Installation, Operation, and Maintenance Manual (See SY.I.2)
ARJ.4 Installation Plan (See SY.S.6) |

ARLS System Maintainabiiity (See SY.1.2)

ARI.6 Field Monit_oring

Criterion. Modules, receivers, tracking and control apparatus, and arrays shall provide
monitoring capability for evaluating clcetrical and thermal performance.

Evaluation. Drawings, specifications, and the operating/maintenance manuals shall be
reviewed to determine that appropriate accessible and monitoring points (e.g., electrical
terminals) have been incorporated.

Commentary. The location of accessible and appropriate sensors will permit array-
related parameter monitoring and expedite the maintenance.and repair of equipment.
Periodic monitoring of modules (arrays, concentrators, etc.) is sometimes necessary to
check for hot-spot heating, power degradation, ete. Test points at the appropriate ele-
ment are useful for monitoring the above conditions.
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SECTION 4.0
POWER CONDITIONING SUBSYSTEM

INTRODUCTION

The power conditioning subsystem comprises the power conditioning units (PCU) and
power routing switches required to link one or more power sources to one or more loads.
It also provides necessary subsystem supervisory functions and signal wiring. The power
conditioning subsystem may be controlled by the system monitor and control unit through
the power conditioning monitor and control subsystem, which responds to both internal
and external signals for supervision of PCU operation. To avoid conflicts, all signals to
and from PCUs and power routing switches should be routed through the power condition-
ing monitor and control subsystem. The system monitor and control unit is deseribed in
Section 2.0; the power conditioning monitor and control subsystem is described in Sec-
tion 5.0.

An inverter is a PCU which changes a DC input to an AC output, and may be used in two
types of systems: stand-alone (SA) and utility interactive (UI) systems.

An SA system is one in which the inverter operates independently of a utility line; it
never operates in parallel with the utility line. The output voltage of an SA inverter is
fixed; the output current drawn is determined by the loads. Generally, all load require-
ments (real, reactive, transient) must be supplied by the inverter. It is possible to draw
supplementary power, if needed, by disconnecting the load from the inverter and con-
necting the load to the utility (if available) by electronic or mechanical switching. A DC
power supply can be used to provide supplementary power to the DC input of the
inverter. A diesel generator or other supplementary energy source can be used in a
stand-alone system.

A Ul system is one in which the inverter or system operates in parallel with a utility line
to supply a common load and may supply power to that line. The output voltage of the Ul
inverter is set by the utility line; the inverter controls the output current. Contrast this
capability with that of the SA inverter described previously. The power supplied by or to
the utility is the difference between that supplied by the PV system and that used by the
load. Transient overloads, such as those required for starting a motor, would normally be
supplied by the utility. Proper function of the inverter may or may not be dependent on
the connection to the utility line.

A Ul system could be designed so that power is never delivered to the utility. In this
case, the PV power system must operate in a load-following mode whenever array capa-
bility is greater than the load, thus not using all available energy. Alternatively, another
discretionary load (battery charger/battery or water heater, for instance) may accept
excess PV power available. A Ul system may also employ equipment to operate the array
at the maximum power point (see glossary). In this case, a sufficient load must always be
available to absorb all available array power.

Both stand-alone and Ul systems may include an energy storage device to store PV and/or
off-peak utility energy for use at night or when load demand exceeds available PV power.

Performance criteria in this section are applicable to both SA and Ul applications unless
otherwise indicated. In some cases, specific comments relative to one or the other
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application are made in the commentary statements, as appropriate. Later editions of
this document will include performance criteria for other types of power conditioning
units, as described in the glossary. Test methods referred to in this section with the code
designation TE.PC. are located in Appendix B.

PERFORMANCE CRITERIA

Electrical Attributes

PC.E.1 Input Voltage Specification

Criterion. The PCU shall perform as specified for any applied DC input voltage within
the input voltage and environment operating range specified.

Evaluation. Test TE PC.E.1 (Power Condltlomng Unified Test Procedure for Sohd-State
Inverters).

Commentary. It is recommended that PV array voltage ranges be standardized so that
PCUs need not be custom designed for each application. For SA and transformer-iso-
lated UI units, 100 V to 300 V have been used for up to 50-kW ratings in both single and
three-phase systems. Other voltages may become desirable as new power switching
devices are developed. Recently, Ul inverters for up to 10 kW have been designed for the
160 V to 240 V input voltage range. If line-commutated Ul inverters are to be used with-
out transformer isolation, the input voltage range should be consistent with restrictions
on maximum DC input voltage; e.g., 90% of the RMS AC utility voltage for single-phase
units and 135% (6 pulse) and 141% (12 pulse) of the RMS AC line-to-line utility voltage
for three-phase units. Similar restrictions apply to self-commutated inverters without
transformer isolation.

P.C.E.2 Input Ripple Current Ratio

Criterion. The input ripple current ratio for the PCU shall be less than that value speci- -
fied for the unit for a specified range of input impedances.

Evaluation. Test TE.PC.E.1 (Power Conditioning Unified Test Procedure for Solid-State
Inverters).

Commehtarﬁ. Measurerhent system bandwidth is restricted so that switching transients
at have le practical effect on loads (other than EMI considerations) will not produce
‘migleading measurements.

Ripple superimposed on the average current drawn from the PV array can reduce average
array output power and, if excessive, can cause the inverter to malfunction. At the max-
imum power point the PV array impedance (for small changes) can be approximated by a
resistor numerically equal to the voltage divided by the current. Generally this inere-
mental resistance is minimum when the array maximum power point voltage is lowest
(either by design or because of high-temperature operation), leading to the worst ripple
currents for a given PCU. The effects on a PV array of ripple current drawn by a con-
nected load is discussed in Ref. 1. In systems with storage, the effects of ripple current
are still under investigation. k
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An analysis of how the inverter input ripple current is affected by the instantaneous
power balance and the input filter circuitry is shown in Ref. 2. As described in this ref-
erence, the input filter strongly affects the amount of ripple fed back to the source.
Array nonlinearity can also introduce additional harmonies. Filters, if required, should
be placed at the input to the PCU to prevent conduction of internally generated signals
to the PV array, from which they could be radiated to cause electromagnetic interfer-
ence (EMI).

PC.E.3 Input Current-Voltage Characteristics

Criterion. The input current drawn by the inverter as a function of applied input voltage
shall satisfy the input current-voltage characteristics as specified for a given set of out-
put load and voltage conditions.

Evaluatlon Test TE.PC.E.1 (Power Condltlomng Unified Test Procedure for Solid-State
Inverters).

Commentary. The curreht-voltage input characteristics of the inverter are important
because they provide insight into system performance under variable conditions of PV
array output and system load.

If a closed-loop maximum power point tracker is included in the PCU package, it must
temporarily be overridden in order to measure input characteristics.

PC.E.4 Output Voltage for Stand-Alone Inverter

Criterion. The output voltage of an SA inverter shall satisfy specifications for amplituJe
adjustment range and response speed. /

Evaluation. To be prepared for a future edition.

Commentary. Inverters designed for SA systems applications should provide a nominal
AC output voltage at one of the electric utility standards, such as 120/240 V single-phase
or 120/208 V three-phase. It will usually not be necessary or desirable to adjust the out-
put voltage by means of. front panel controls, because most loads are able to operate
within nominal utility tolerances An internal adjustment range of + 10% of nominal is -
common.

Since most loads that would be connected to the inverter can operate with utility power,
they will tolerate the normal fluctuations found on a utility line. This level of regulation
should, therefore, be sufficient except for special cases. Voltage regulation aspects are
the static and dynamic response characteristics of the inverter.

If the inverter can handle momentary overloads, such as motor starts, the manufacturer
should specify its regulation characteristics under such conditions, if they differ from
normal operations. Some inverters, such as those used for variable-speed AC motor
drives will require additional specifications.
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PC.E.5 Output Characteristics for Utility-Interactive Inverter

Criterion. The Ul inverter shall be capable of operating with specified output character-
istics when connected to a utility line of specified characteristics which constrains the
inverter -output voltage and frequency and presents a specified impedance to the
inverter.

Evaluation. Test TE.PC.E.1 (Power Conditioning Unified Test Procedure for Solid-State
Inverters). ‘ : '

Commentary. In a Ul system, the output of the inverter is connected directly to the util-
1ty line; therefore, output voltage and frequency are fixed. The inverter should be cap-
able of operating over a range of output voltages and frequencies that are compatible
with the utility line characteristics. The nominal output voltage, frequency, and opera-
tional range, expressed as a percentage of nominal, shall be specified.’

For Ul inverters operating in parallel with utility sources of comparable capacity, as in
small diesel-powered systems, protective measures and a description of adjustments (if
applicable) should be provided to prevent the voltage or frequency of the combined power
system from exceeding safe levels.

For inverters using a three-phase utility connection, the manufacturer should state the
allowable phase voltage imbalance and phase deviation from nominal.

A standard U.S. test line impedance for single-phase residential Ul inverters will be

determined. Line impedances substantially different from the standard test impedance

may affect inverter specifications, such as harmonic current injection and device stabil-

ity. A range of line impedances should be considered in the design of the equipment.

Line commutated inverters rely on the utility line to supply commutation energy for
| proper circuit operation, if no filter is present.

PC.E.6 Unbalanced Load for Stand-Alone Inverter

Criterion. The inverter shall be able to sustaih an unbalanced load equal to a maximum

stated level.

Evaluation. Test TE.PC.E.1 (Power Conditioning Unified Test Procedure for Solid-State
Inverters).

Commentary. In a three-phase system, modern utility-supplied loads usually exhibit
some imbalance among phase loads. The same is true for two sides of a 240-V single-
phase center tap system. A I'CU should be capable of operation in these unbalanced
loads and should protect itself and the load if the limits of load imbalance are exceeded.

PC.E.7 Intermittent (Inrush) Capability of a Stand-Alone Inverter

- Criterion. The inverter shall be capable of providing reactive and real power output in
excess of its rated output power consistent with its overload specification.

Evaluation. Test TE.PC.E.l (Power Conditioning Unified Test Procedure for Solid-State
Inverters).
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Commentary. Overload capability is the ability of the PCU to provide output in excess
of specified ratings. This may be required in order to put high inrush current loads into
operation. Overload capability may be a necessary performance requirement. Applica-
tion of a load within the specified overload rating of the PCU shall not activate protec-
tive devices, turn off the PCU, or damage internal components.

Where necessary, SA systems should be specified to supply sufficient rated or overload
capacity (including reactive currents) to provide inrush currents to start equipment such
as compressors, motors, and tungsten-type loads. If the power system does not include
storage, then the real (nonreactive) portion of the overload capability may be limited by
the PV array. If storage is provided, then real power will likely be limited by the over-
load rating of the PCU. These overload ratings may permit high inrush currents for short
times and a longer time for overload capability (e.g., for motor starting and inertial
loads). Note that higher-than-necessary overload capability may unnecessarlly decrease
efficiency and increase the cost of the PCU. Overload capability is part of a complex
trade-off against such things as efficiency and cost; therefore, increased overload capa-
. bility is not necessarily a benefit.

PC.E.8 Load Power Factor for Stand-Alone Inverters

Criterion. All inverter output specifications shall be met when the load displacement
power factor is within its specified maximum allowable limit.

Evaluation. Test TE.PC.E.1 (Power Conditioning Unified Test Procedure for Solid-State
Inverters). '

Commentary. Displacement or fundamental power factor has traditionally been the
loading used to specify inverter capability. As the use of nonlinear loads increases, such
as AC-powered switching power supplies, the effects of harmonic currents drawn from
inverters have become more important. The effects of nonlinear loads and limitations on
them shall be stated. -

A power transfer map (as defined in the glossary) may be used to specify the allowable
load power factor,

PC.E.9 Output Power Factor or VARs for Utility-Interactive Inverter

Criterion. Output total power factor or VARs shall be within specifications over the full
rated range of operation of the inverter,

Evaluation. Test TE.PC.E.1 (Power Conditioning Unified Test Procedure for Solid-State
Inverters).

Commentary. When an inductive load is connected to a utility line, the current (defined
into the load) lags the voltage. This eondition is a lagging power factor or a consumer of
reactive volt-amps as defined in utility terminology.

Conversely, a capacitive load presents a leading power factor which supplies reactive
volt-amps. To prevent confusion, the UI inverter should be treated as any other utility
load and the direction of the current reference should be toward the inverter. If the
power factor is adjustable, its range should be specified. :

4-7
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PC.E.10 Output Voltage Harmonic Content for Stand-Alone Inverter

Criterion. The output voltage harmonic content shall be equal to or less than that speci-
fied over the full rated range of operation of the inverter.

Evaluation. Test TE.PC.E.l1 (Power Conditioning Unified Test Procedure for Solid-State
Inverters).

Commentary. The amount of voltage distortion that can be tolerated depends on the
equipment connected to the inverter and the susceptibility of this equipment to nonsinu-
soidal waveshapes. Most loads have been designed to operate from utility lines that have
a low harmonic content. Some loads are sensitive to waveform distortion. The total
harmonic voltage distortion accepted for powering critical computer loads is 5%; no
more than 3% is in any one harmonic.

Allowance of higher distortion may permit the design of higher efficiency or lower cost
equipment or both. The PCU output waveform may be purposely nonsinusoidal (such as a
square wave) in some specialized applications. See Ref. 3 for additional information.

PC.E.11 Output Current Harmonic Content for Utility-Interactive Inverter

Criterion. Output current harmonic content shall be equal to or less than that specified.
over the full range of operation of the inverter while operated into a utility line of speci-
fied characteristies.

Evaluation. Test TE.PC.E.l1 (Power Conditioning Unified Test Procedure for Solid-State
Inverters).

Commentary. The amount of voltage distortion that can be tolerated on the utility lines

epends on the susceptibility of the equipment connected to it. The measurement and
specification of voltage harmonic content is therefore preferred at the utility system
level. The Ul inverter can be modeled as a generator of harmonic currents. Measure-
ments of these harmonic currents are required to calculate the effects of the inverter on
the distribution system. Measurements of the individual harmonics are desirable to help
select suppression techniques, because the amplitudes actually generated frequently dif-
fer from those indicated by simplified theory. The resultant voltage harmonics at the
point of equipment connection, and at other points in the utility distribution system, will
depend on system impedances at harmonics and inverter harmonie current content. Care
should be taken to avoid resonances. The ability of the utility to absorb these harmonic
currents without damage and with acceptable resultant voltage harmonics may be speci-
fic to the site. Adequate information about the line impedances at harmonics at residen-
tial and other locations on low voltage distribution lines is not yet available, but rela-
tively large amounts of harmonic current may be acceptable for the near term. As the
number of Ul inverters in a particular residential distribution area increases, a more
restrictive inverter specification (or distribution systems modification) could-become
necessary, consistent with utility standards which may be developed. A standard U.S.
test line impedance for single-phase residential Ul inverters will be determined.

Intermediate PV power systems may be large enough to make custom filters economi-
cally feasible. Measurements made on an individual installation will determine the filter
required. Similar comments apply to central power applications, which use custom
designed filters. -

4-8
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PC.E.12 Output Frequency of a Stand-Alone Inverter

Criterion. The output frequency of an SA inverter shall satisfy specifications for nomi-
nal value and stability.

Evaluation. A frequency measuring instrument with an accuracy and readability of
0.1 Hz shail be used. The frequency adjustment range (if adjustable) shall be checked at
nominal input voltage and full rated load. The frequency shall then be set at the nominal
operating frequency and the unit allowed to temperature stabilize.

Any frequency change shall be noted and then the frequency shall again be set to its
nominal value. The input voltage and load shall be varied over the full specified operat-
ing range and the frequency shall be recorded. If required, the frequency shall be mea-
sured at environmental extremes. If it can be shown that the frequency is independent of
output load, testing may be confined to the individual circuit or card that contains the
elements determining frequency.

If the inverter contains provisions for phase lock to an external reference, phase error
shall be recorded as the external reference frequency is varied between specified
limits. The locking range is defined as the range of reference frequencies within which
the inverter can achieve phase lock.

If the specification includes a requirement for a maximum rate of phase change, this
shall be measured by using instrum entatlon which provides an abrupt change of phase into
the reference frequency terminals.

Commentarx. Most loads to be used with an SA inverter have been designed for opera-
tion at either 50, 60, or 400 Hz. A majority of these loads can tolerate at least a 5%
deviation from nommal but some loads, such as clocks, require long-term frequency
accuracy.

PC.E.13 Tum-on Cfnracteristim

Criterion. The inverter shall be capable of satisfying the specified turn-on characteris-
tics of input or output voltage, current, or power, after input power has been applied to
the inverter, or when the inverter is recovering from a load or source fault condition.

Evaluation. The turn-on input or output transients shall be recorded by an oscillosecope
equipped with a camera or a suitable chart recorder. Turn-on shall be checked at several
combinations of low and high input voltage and no load to full load as specified in Test
TE.PC.E.1 (Power Conditioning Unified Test Procedure for Solid-State Inverters). If
applicable, short circuits (or overloads) shall be applied to the inverter and photographs
taken of the recovery transient.

Commentary. Power system equipment is usually designed to turn on gradually, or "walk
in." This is done to minimize transients in the AC or DC side of the power system by
“allowing power flow to change slowly. This walk-in capability should also operate in
remote-controlled units when switching from the standby mode to the operate mode.
Walk-in capabilities are especlally important in UI PV applications because of the limited
power available during morning turn-on procedures.
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If an inverter requires a power surge when it is turned on, or when it is connected to the
utility, then this transient power requirement limits the system's useful power range.

PC.E.14 Efficiency

Criterion. The conversion efficiency shall be no lower than the values specified over the
stated range of electrical and environmental conditions.

Evaluation. Test TE.PC.E.1 (Power Conditioning Unified Test Procedure for Solid-State
Inverters).

Commentary. Efficiency is the fraction of input power converted into useful output
power. Two efficiency definitions have been established by the Institute of Electrical
and Electronics Engineers (IEEE) Industrial Application Society (IAS) and are as follows:

e P428-D1 2.3.11 Total Efficiency. The ratio of the total output power to the total
input power ineluding the contribution of all harmonies.

e P428-D1 2.3.12 Fundamental Efficiency. The ratio of the fundamental output
power to the fundamental input power.

Generally, harmonics of the fundamental frequency do not contribute useful power to a
load and may cause undesirable heating effects in load equipment such as motors and
transformers. However, for loads such as incandescent lights and resistance heating
elements, harmonics can contribute useful power.

Electrodynamometer power meters will measure total power to at least 1 kHz. The same
measurement can be made with Hall effect multipliers or electronic analog multipliers.
The derivation of the fundamental component of voltage and current prior to multiplica-
tion would unnecessarily complicate efficiency measurements. It is therefore recom-
mended that the total efficiency shall be measured since suitable equipment is generally
available. If total harmonic distortion is low, the differences are negligible.

"The system designer should bear in mind that, in general, the inverter will not operate at
maximum rated output. If an oversized inverter was chosen to accommodate transient
loads, but it will nofmally operate at partial load, then the specification should cover the
partial load efficiency and not the full load efficiency.

PC.E.15 Input Undervoltage/Overvoltage Survival Capability

Criterion. The PCU shall survive specified oﬁervoltage and undervoltage conditions at
its 1nput without damage.

Evaluation. Satisfactory performance of a reference unit shall be determined in a quali-

fication test which subjects the unit to undervoltage and overvoltage. The unit shall

automatically disconnect from the input source, or otherwise take protective action,

- when input voltage falls outside the design range. Restart of the inverter shall provide
operation within specifications.

Commentary. When a PCU is operated directly from a PV array, an undervoltage condi-
tion will occur when more power is demanded from the array than is available at the

4-10
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maximum power point. An overvoltage may occur in cold weather when msufflclent
power is drawn from the PV array.

Input overvoltage may damage an inverter; thus, a disconnection or short-circuit (crow-
bar) between the PV source and the inverter may be necessary. With an undervoltage
condition present, the inverter may not provide the specified output power quality and
the inverter must be safely turned off or the load disconnected. The inverter should be
capable of surviving any input undervoltage condition without damage to itself or the
load. '

The input voltage design range requires a complex trade-off against such items as effi-
ciency and cost. Inverters of various designs will have different short- and long-term
capabilities regarding input under- and overvoltage. The manufacturer should supply
applicable information. '

If the under/overvoltage circuitry acts to trip an input circuit breaker, and if such cir-
cuitry senses input voltage after the circuit breaker, some additional circuitry (such as
time delays) must be provided to permit reliable turn-on of the unit.

For unattended operation, an inverter in a system without energy storage should be cap-
able of automatic turn-on or turn-off at sunrise and sunset. In addition, large power
fluctuations, such as those caused by transient cloud cover, should not cause system mal-
function. /

PC.E.16 Output Undervoltage/Overvoltage

Criterion. An SA inverter shall disconnect, or otherwise protect the inverter or load, or
activate an alarm (or both) when the output voltage is beyond specified limits.

A Ul inverter must disconnect from the utlhty line as specified when the utility voltage
is beyond specified limits.

Evaluation. A recommended test procedure will be prepared for a future edition.

Commentary. This performance criterion may not be required for all SA applications.
Output undervoltage could be caused by inverter malfunction or output overload. Output
overvoltage in SA inverters is usually the result of inverter malfunction.

Since overvoltage to the load is potentially harmful to that load, some protection may be
afforded by an automatic load disconnect. While failure in the overvoltage mode is
common in DC power supplies, it is uncommon for AC inverters; therefore, the need for
protection must be weighed for each type of inverter design and application.

For Ul inverters, the output voltage of the inverter when it is connected to the utility
line is determined solely by the utility since the utility power capability will usually far
exceed that of the inverter. An undervoltage or overvoltage condition from the utility
indicates a serious utility problem. A UI inverter must be disconnected from the utility
to protect the inverter and utility personnel when an out-of-specification condition
exists. The undervoltage/overvoltage sensing may also be an inherent part of an inver-
ter's protective design in sensing that the utility voltage has disappeared. System
restart, after shutdown due to utility removal, can be manual, or if restart is automatie,
the utility power first must be restored and stable.

4-11
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Many options exist for residential and intermediate load center power systems. The sys-
tem could be designed so that, should utility failure occur, the system disconnects from
the utlhty and reverts to SA operation to supply local loads as much as possible. Loss of
utility in central power applications precludes further operation, and manual restart w111
probably be required.

PC.E.17 Output Underfnequency/Overfreqﬁency

Criterion. The inverter shall provide an alarm or automatically disconnect to protect the
load or inverter in the event of output under- or overfrequency.

Evaluation. An evaluation procedure shall be performed if the inverter contains an out-
of-Trequency alarm/shutdown circuit. Inverter frequency may be varied or an external
variable signal may be applied to the frequency detecting circuitry (whichever is appro-
priate). Trip/alarm frequencies shall be compared to specifications.

Commentary. In a SA application, an under- or overfrequency output indicates failure
within the inverter. Such failure, if severe, can cause damage to the inverter or the con-
nected load. In most inverter designs, failure in frequency regulatlon is unlikely; there-
fore, this protection may not be required.

For UI applications, the output frequency (when the inverter is connected to the utility)
is determined solely by the utility since the utility power capability will far exceed that
of the inverter. Any under- or overfrequency condition indicates a serious utility prob-
lem. '

Thermal Attributes

PC..T.1 Overtempecrature

Criterion. If the equipment is provided with such protective devices, automatic shut-
down shall occur or remote alarms shall become operative when the unit operating tem-
perature is beyond its specified range.

"Evaluation. The temperature sensors shall be heated or cooled with a suitable source and
monitored -while temperature and shutdown/alarm signals are monitored.

Commentary. Electronic equipment is designed to operate within specified temperature

ranges. Critical components, usually semiconductors, are provided with minimum cooling

consistent with long-term reliability and economic considerations. An overtemperature
~condition may be the result of blockage of air passages or loss of forced air.

- Mechanical/Structural Attributes

" PC.M.1 Operational Temperature, Pressure, and Humidity

Criterion. PV inverters shall be capable of operating over the specified range of ambient
temperatures, pressures, and humidity conditions.
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 Evaluation. Satisfactory thermal performance of a representative complete unit shall be
determined in a qualification test capable of producing the range of specified tempera-
tures for the unit. Pressure and humidity specification conformance shall be determined
by test or experience and design analysis.

Commentary. Like any piece of electrical equipment, the inverter must perform satis-
factorily over the ranges of temperature, humidity, and pressure to which it will be sub-
jected in operation. The pressure range should include the barometric pressures at all
locations at which the unit might be installed.

Special consideration is necessary if unit operation below 0°C is required, because com-
ponents may be affected by these temperatures.

Although the unit may be installed in a' temperature- and humidity-controlled room, unit
failure should be avoided if the building HVAC system should fail. One possible set of
operating conditions might be:

e Ambient temperature 0°C to 40°C

o Relative humidity: - up to 96%, noncondensing

@ Barometric pressure:  69.3 kPa to 101.3 kPa (520 to 760 mm Hg)
If required, the inverter should be provided with internal cooling fans and proper cooling

air flow paths to maintain satisfactory performance over the specified temperature,
pressure, and humidity ranges. A

Safety Attributes

PC.S.1 Safety

Refer to performance criterion SY.S.1. See below for additional commentary warrantmg
particular attention.

Commentary. In addition to _the issues mentionéd in SY.S.1, the following characteristic
should be considered.

Charged capacitors represent a safety hazard to service personnel. Permanently con-
nected bleeder resistors will discharge the capacitors, but they lower system efficiency;
therefore, a trade-off must be made, balancing safety against ‘efficiency. Another
method of discharging capacitors is by using a discharge button and a voltage indicator,
or a safety interlock system. These methods, although somewhat more costly, optimize
both safety and efficiency.

The system generally should be designed so that the voltage across the input capacitors
falls to below 30 VDC within one minute after power is removed from the inverter, or
upon access to the inverter for servicing.

See also SY.I.1, Installation, Operation, and Maintenance Manual, for futher information.
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PC.S.2 Burn Hazard (see SY.S.7)
PC.S.3 Fire Safety (see SY.S.5)

PC.S.4 Electrical Isolation and Insulation

Criterion. Input and output power connections shall meet the specifications for electri-
cal isolation from equipment ground. If the input and output power leads are stated to be
electrically isolated from each other, the isolation shall meet its specifications.

Evaluation. The dielectric withstand voltage shall be tested in accordance with Method
30T of MIL-STD-202.

e The magnitude of the test voltage should be as specified in Table 4-1. The peak
voltage that may be present between conductors shall be considered when com-
puting test voltages. Test voltages greater than 1000 V RMS shall be applied
gradually at a rate not exceeding 500 V RMS/s.

Table 4-1. DIELECTRIC WITHSTAND VOLTAGES AT ATMOS-
' PHERIC PRESSURE

RMS Test Voltage (V)

Working Voltage@ (V) 94.8-108 kPa (711-813 mm Hg)
Less than 25 ’ 50

Greater than 25-50 incl. ' 100

Greater than 50-100 incl. + 300

Greater than 100-176 incl. 1000

GGreater than 175-700 incl. 4 2.8 x working voitage
Greater than 700 1.4 x working voltage + 1000

8The working voltage is defined as the maximum instantaneous volt-
age stress that may appear under normal rated operation across the
insulation heing considered. Thic insulation may be belween con-
ductors or between a conductor and case. '

The nature of the potential is AC.
o The duration of the application of the test voltage is a minimum of 5 s.
e The points of application of the test voltage is as stipulatéd below:-

(a) The DC input leads are tied to chassis, and the test voltage should be applied
between the AC output leads and the chassis. The transformer core should
be connected to chassis and all means of disconnection activated.

(b) The AC output leads are tied to the chassis, and the test voltage should be
applied between the DC input leads and the chassis.
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(e) If it is proposed to apply the test voltage between the DC input leads and
the AC output leads, these tests need not be made if the test voltages in (a)
and (b) are greater than that proposed for (e). Two sources of test voltage
shall be used, proportioned and phased so that the input-to-output test volt- -
age satisfies Table 4-1, but the input-and-output-to-chassis voltage does not
exceed that used in (a) and (b).

o The high voltage source shall have a minimum of 0.5 kVA for voltages over 1 kV.

e Examination during and after the test shall determine evidence of arcing, flash-
over, breakdown of insulation, and other damage.

" The insulation resistance of the 1nverters shall be tested in accordance with Method 302
of MIL-STD-202. .

e The test condition Letter B, 500 V.

e The points of measurement shall be as in the withstand voltage test described
above.

@ The electrification time shall be 1 min.

Note: The measurements may be made at any temperature above 20°C and at
ambient room humidity, but rejections shall be based on measurements made at
25°C, (+10°C, -5°C) and at a relative humidity not greater than 80%. The insulation
resistance shall be a minimum of 10 MQ . ,

Commentary. Ungrounded power systems can be a safety hazard, and for that reason it
may be desirable to provide both AC and DC grounds. A decision must be made as to
whether to ground the electrical system, and if the decision is positive, then the inverter
AC and DC connections must be electrically isolated from each other, usually by a trans-
former, which may increase costs and power losses. If the input and output are not elec-
trically isolated from each other, then either the DC or the AC side must be ungrounded.

Equipment grounding, in contrast with system grounding, relates to the manner in which
nonelectrical conductive material, which encloses electrical equipment, is to be inter-
connected and grounded. The inverter should have no connection between the power
connections and the equipment chassis or case (see NEC).

The dielectric withstand and insulation resistance tests are used to prove the integrity of
the insulation on all transformers that interface the DC and AC circuits, as well as the
insulation of heatsinks and other components.

The withstand voltage test is a go/no-go type of test. Successful completion of the test
gives some assurance that no gross defect is present in the insulation structure. ‘The
ability of a withstand test to expose incipient faults is less certain, therefore this test is
often supplemented by the measurement of insulation characteristies such as msulatlon
resistance. :

This test was written with reference to MIL-STD-202 because it was available, not
because of a requirement for a highly reliable military type of construction.

IEEE STD 62-1978 'provides a good discussion of the subject. It refers to the following

standards, which may be more suitable for these criteria. Refer also to.
Test TE.AR.M.10. :
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e IEEE STD 4-1978, Standard for High Voltage Testing Techniques.

e ANSI/IEE STD 43-1974, Recommended Practice for Testmg Insulation Resistance
of Rotating Machmery.

e ANSI/IEEE STD 95-1977, Recommended Practice for Insulation Testing of Large
AC Rotating Machinery with High Direct Voltage.

Whenever ungrounded lines are connected to an exterior element, such as a solar array, a
voltage limiting device should be connected from each line to ground to prevent possible
static charge buildup or lightning-induced voltages in excess of the capablhn&s of the
insulation. In addition, refer to SY.S.1, SY.S.2, and SY.S.3.

A good discussion of these subjects can be found in IEEE Std. 142-1972, Recommended
Practice for Grounding of Industrial and Commercial Power Systems.

Installation, Operation, and Maintenance Attributes

PC.I1 Installation, Operation, and Maintenance Manual

Refer to performance criteria SY.I.l. See below for additional commentary'warranting
particular attention. '

Commentary. The service manual shall provide detailed directions for discharging
capacitors, and applicable warning notices shall be displayed on the equipment chassis.

PC.I1.2 Maintainability (see SY.I.2)
PC.I.3 Accessibility (see SY.L.3)

PC.1.4 Local Monitoring

Criterion. Malfunction and alarm conditions shall be suitably displayed as specified.
Indicators or test points shall be available as specified to enable maintenance personnel
to verify equipment operation and facilitate corrective procedures.

Evaluation. Review of drawings and equipment to determine conformance with eriterion.

Commentary. Proper equipment operation can be displayed with the use of status lights
or meters that display input and output voltage, current, and power. Alarm display lights
can indicate impending failure and failure display lights can indicate the cause of equip-
ment shutdown/disconnect. As equipment reliability is demonstrated in the field or as
installation circumstances warrant, local monitoring devices may be removed for eco-
nomic reasons in small installations. Larger systems may retain extensive instrumenta-
tion where operating personnel are on duty. ‘
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'PCJIl.5 Local/Remote Controls

Criterion. Adjustments and controls located on or inside the equipment shall be marked
as to their function as specified. If remote control can be exercised, then switches and
indicators shall be available to disable such remote operations.

Evaluation. Local controls and adjustments shall be exercised to verify their operation.
The remote control operation shall be similarly exercised and it shall be verified that-the
disable function removes the remote control capability. Repeat the procedures after the
equipment is installed. '

Commentary. Some examples of functions which may be remotely controlled are UNIT
ON/OFF, OUTPUT VOLTAGE, and OUTPUT POWER. Even though normal system opera-
tion includes the capability for remote control, it is desirable to provide means for local
control to facilitate troubleshooting and service. To protect service personnel, the
remote contro] function must be locked out or otherwise disabled.

The remote control interface should be standardized as soon as possible. A suggested
interface is an external contact closure in Class 2 control circuits. Optoisolated digital
inputs may also be used.

PC.I.6 Local/Remote Monitoring

Criterion. Local and remote status monitoring shall be as specified.

Evaluation. Review of dfawings and equipment. Remote indicators that are compatible
with the specified interface shall be connected; operation, including alarms, shall be ver-

ified. Repeat the procedures after the equipment is installed.

Commentary. The remote monitor interface should be standardized as early as possible.

4-17
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SECTION 5.0

POWER CONDITIONING MONITOR AND CONTROL SUBSYSTEM

INTRODUCTION

The power conditioning monitor and control subsystem supervises proper power
conditioning subsystem operation in response to internal and external signals. Such a
subsystem may be described by levels, types, and functions. Because of the large number
of possible combinations of monitor and control configurations, the scope of this section
encompasses designs ranging from simple switch-operated subsystems to highly complex
minicomputer-operated subsystems. The following paragraphs describe several facets of
control systems including levels, types, and functions of control, and other considera-
tions.

There are two monitor and control levels in a typical PV power system. The highest level
is the photovoltaic. power system monitor and control unit, which receives information
from and sends information to the thermal and power conditioning subsystems through
their monitor and control units; typically, the operator interacts with this unit. Per-
formance criteria for this unit are located in Section 2.0.

At the next lower level is the power conditioning monitor and control subsystem. This
subsystem monitors the operation of the power conditioning subsystem, controls the sub-
system directly, receives and carries out commands from the system monitor and control
unit (if there is one), and ensures the safe operation of the subsystem. The subsystem
elements may be distributed among various PV ecomponents instead of being a diserete
unit.

Types of control may be categorized as switch-activated, electromechanical, and ele
tronie. A switch-activated control, typically manual, is the most basic type. It connec
various components within the power conditioning subsystem or connects subsystems,
such as battery storage, to the power conditioning subsystem. Electromechanical control
is typified by relays—electrical and mechanical couplings—that open or close. Electronic
control includes microprocessors or equivalents that use analog or digital signals for use
in startup, shutdown, and optimization of the power conditioning subsystem.

Control functions can be divided into three broad categories: operating mode selection,
startup, and shutdown. The control signals from the monitor and control system to the
equipment and devices controlled indicate the type of control action to be taken. The
signals may be either digital or analog; analog outputs may be provided for continuous
control. Voltage, current, and bandwidth ratings of the control elements must be com-
patible with signal and termination requirements.

Ta operate the monitor and control subsystem properly, interface signalling must provide
accurate and reliable transfer of information. Consideration should be given to the oper-
ator interface, to ensure effective communication between operator and subsystem. An
acceptable interface must perform satisfactorily in the presence of electrical noise and
other adverse environmental conditions. Default operation created by interface failure
should be recognized and defined. Standardization of control interfaces is important for
compatibility.
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Electrical interference may be a problem wherever there is close coupling between
power conditioning and control systems. Eleetrical interference is any spurious voltage
or current arising from external or internal sources that appears in a circuit. When these
voltages or currents become too large, the system is adversely affected and malfunc-
tions. Circuits can be separately characterized by their susceptibility to such interfer-
ence and by their generation of such interference.

Software is a very important part of any design utilizing processor control. With availa-
bility of low-cost microprocessors increasing, the inclusion of software control can be
expected to increase correspondingly. Just as any system is only as good as its weakest
link, so any monitor and control system is as weak as its algorithm. It is important to
outline the crucial interaction between hardware and software considerations in a sys-
tem. Much effort should be spent in selection of a system, its components, and analysis
of system algorithms to ensure that the system operates efficiently, safely, and with only
the amount of operator involvement intended.

Computers, including microprocessor-based systems, are normally susceptible to "erash-
ing" where electrical transients, lightning, induced surges, or RF noise can force an
address or instruction error that will cause the program to falsely jump into an unallowed
and often repetitive routine. Under such a condition anything can happen, and is usually
manifested in a hard or soft system failure. Until the system is reset (reinitialized) or
the program is reloaded, malfunctioning will continue. Adequate safeguards (usually both
hardware and software) must be included to ensure maximum "up time" on the system.
Crash-proof systems are usually designed for a specific application with a fixed amount
of code.

Testing residential PV equipment is important because it must often be maintained by
persons with backgrounds in heating, ventilation, and air conditioning or by electricians
who work with eonventional systems.

A prospective manufacturer should evaluate the cost of appropriate test equipment ver-
sus Lhe amount of time saved by service personnel in ease of repair and the increased
need for service. Because of the cost of service to the residential customer, servicc test
procedures should be streamlined to eliminate field repairs as much as possible. Test
procedures should be comprehensive to ensure safety.

Monitor and control provide a central means for running special tests on other parts of
the power conditioning and associated subsystems, such as the electrical storage element
and the array. Such tests could be used to vary operating conditions to reveal problems
not otherwise apparent, and could be undertaken in conjunction with direct access to
appropriate parts of the subsystem (or self-testing capabilities could be included).

PERFORMANCE CRITERIA

Electrical Attributes

MC.E.1 Pre-Startup Conditions

Criterion. The monitor and control subsystem should provide for proper startup of the
system after all pre-startup conditions have been met.
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Bvaluation. Monitoring of signals to and from the monitor and control unit should dem-
" onstrate the sequence and type of signals to be consistent with the designed startup pro-
cedure. .

Commentary. There exist circumstances (failure of a component, overheating of part of
the system, no voltage being supplied by the array, ete.) under which startup should not
be initiated because of system and personnel safety considerations. In a manually oper- '
ated system, the operator may have a checklist to go through before operating the switch
that turns on the system. In an automated system, the monitor and control unit may
have built-in precautions that prevernt initiation of startup until all necessary conditions
are met. Once the necessary conditions are met, either manual or automatic startup ini-
tiation should result in a sequence of events that results in a properly functioning system.

MC.E.2 Startup (Automatic or Manual)

Criterion. When startup is properly initiated, the electrlcal parameter levels between
subsystems should fall within the specified hmlts.

Evaluation. A check for compatibility of equipment specifications should be done. Any-
where a transient signal caused by startup might interfere with the operation of a com-
ponent or subsystem, monitoring of electrical levels may also be a necessary test.

Commentary. All startup modes should satisfy voltage and current constraints impésed
by the components involved. Startup is a control action that allows energy to flow in the
power conditioning unit(s). All configurations of any power conditioning unit should be
tested for the following:

Possible failure of each component and whether startup is inhibited;

e Compliance with specified electrical constraints for each component involved in
startup; and .

e Possible effects on other mterconnected components or subsystems to determine
safe operation.

MC.E.3 Manual Shutdown
Criterion. Manual shutdown shall be possible.
Evaluation. System shall be inactivated when manual shutdown procedure is followed.
Commentary. Some means of manually shutting down the monitor and control subsystem
is important for all systems. This may extend from simple switch shutdown or other
power disconnection for small systems to more elaborate master shutdown provisions in
large systems.

MC.E.4 Automatic Shutdown

Criterion. If automatic shutdown is included, it shall occur if operation is attempted
outside specified levels on either the system or the subsystem level.
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Evaluation. Analysis of possible failure modes of each component shall demonstrate that
any abnormal operating mode can safely achieve shutdown. Failure-free analysis and’
operational testing are applicable.

Commentary. Protective control actions operate to shut down the unit automatieally
upon detection of abnormal operating conditions, such as high temperature, unbalanced
operation (for three-phase systems), overvoltage or undervoltage, overcurrent, and loss.
of synchronism.

This criterion may not be required on small systems. Many control configurations are
possible for specific modes of operation. Failure of any one or more of the components
' may result in safe shutdown of the unit, or an appropriate part of it.

Failure of systems interconnected with the unit shall result in shutdown of the unit if
unsafe operation is possible. If shutdown is not required for transients, such as voltage
dips on the utility line, it shall be shown to cause no damage to equipment or operators.
If automatic restarting is included, then it must pass the same tests applied to the
startup function.

MC.E.5 Power Supply Voltage Level and Range

Criterion. The monitor and control subsystem shall operate in the manner specified when
connected to a power source whose supply voltage is within the specified range of input
voltages for the subsystem.

Evaluation. The subsystem must operate properly at maximum and minimum power sup-
ply output voltages and frequencies.

Commentary. Power supply inputs should be compatible with available sources. Stan-
dard input voltages are dictated by the location of the system. In the United States, the
commonly available residential voltages are 120 VAC or 240 VAC single-phase, or
208 VAC three-phase, 60 Hz. It is also desirahle that outputs of aontrol system powcr
supplies be compatible with present industrial practice, (e.g., +5 VDC, %12 VDC,
+15 VDC, and +24 to +28 VDC). In some cases (e.g., stand-alone applications), power
supplies may not be required if the appropriate DC levels are available for logic and
controls.

MC.E.6 Power C_onsumbtion

~ Criterion. Power consumption of the monitor and control subsystem shall not exceed its
specified limit,

Evaluation. Power consumption should be measured over the full specified operating
range.

Commentary. The supply's power consumption should be specified so that it can be prop-
erly wired into the system and its effect on system efficiency can be determined. The
consumption of this power supply should be minimized to keep overall system efficiency
high. Many DC supplies operate most efficiently at full load; therefore, if the supply
rating is not much greater than the system requirement, the power supply losses will be
minimal. However, reliability considerations might dictate a specification of a power
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supply with a considerably higher rating, causing a trade-off between conflicting reliabil-
ity and efficiency requirements. Because the monitor and control power supply require-
ments are likely to be relatlvely small compared to the system output power, the supply
efficiency will probably be a minor concern.

MC.E.7 Interference Susceptibility

_Criterion. Within the interference levels specified, the monitor and control operation
shall not be affected adversely by electrical interference. :

Evaluation. The monitor and control subsystem shall be subjected to electrical interfer-
ence to ascertain proper operatlon under the influence of the specified limits of interfer-
ence.

Commentary. For interference to affect performance, its source must be electrically
coupled to the instruments' c1rcu1ts magnetically, capacitively, conductively, or by a
combination of these.

Unwanted voltages enter an electrical signal transmission system by:
e inductive pickup for AC fields electromagnetic coupling;

e electrostatic or capacitive coupling with other circuits;

e direct coupling with other circuits by ground current loops, a common return lead
. for more than one circuit, or leakage current paths; or

e thermoelectric and corrosion voltages generated by dissimilar material combina-
tions.

These conditions should be con51dered in the design (refer to IEEE or FCC standards for
futher information).

Safety Attributes

MC.S.1 Safety Control

Criterion. Control equipment shall allow for manual and/or automatic shutdown in the
event of an emergency. :

Evaluation. System plans and schematies should show conformance with this provision.

Commentary. One of the prime reasons for having -control equipment is safety; this
equlpment should be capable of shutting down the system to avoid damage to equipment
~and injury to personnel. Where applicable, indications of unsafe operation should be pro-
vided. A safety control can be implemented directly from a central unit or in a distrib-
uted manner by interlocks and disconnects. As the size of the system increases, it is
desirable to increase the number of emergency shutdown locations. In some cases, the
safety control equipment can provide additional hazards that would not exist if it were
omitted. For example, lower voltage ranges are desirable in safety control lines and are
less hazardous. Therefore, the safety control equipment and control algorithms should be
designed carefully for both adequate performance and reduced risk. -
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Durability/Reliability Attributes

MC.D.1 Cabling and Connectors (see CA.D.1)

Installation, Operation and Maintenance Attributes

MC.IL.1 Installation, Operation and Maintenance Manual

Refer to performance criterion SY.I.1. See below for additional commentary warranting
particular attention.

Commentary. The following additional items should be included in the manual where
applicabie:

e Software program instructions should be listed in tabular form and be complete,
accurate, and clear,

e All programs should be represented diagrammatically in standard flow-chart
symbology to depict sequential program operation.

e Software should be divided into functional elements or modules. Programs gen-
erally can be modularized into functional elements useful in both their develop-
ment and usage. Proper modularization is an asset in troubleshooting and modi-
fication and a very important consideration in large programming structures.

e Programs should be written in an acceptable programming language.

e Calibration requirements should be identified and minimized as much as pos-
sible. The stability of equipment should ensure that system calibration is seldom
(and preferably never) required under normal conditions and operations. Ideally,
customer service organizations should not be required to maintain special cali-
bration facilities (except those of a minimal nature) to check test instrument
calibration. However, where calibration is necessary, facilities should be pro-
vided for such calibration.

M.C.1.2 Manual Control Panels

Criterion. Control panels included in the system should present information explicitly
and provide control in a manner easily comprehended by the operator.

Evaluation. Design review and visual inspection.

Commentary. Since the control panel of any photovoltaic system is the interface
between the machine and .the operator, it is important that in all control panels (includ-
ing master control panels and subsystem control panels such as monitor and control) dis-
play and control functions be legible. A control panel should also provide explicit indica-
‘tion of both normal operating and emergency or failure conditions and present system
operating information in a manner easily comprehensible to the operator. An entire body
of design information on human factors has been developed over a period of many years,
and all control panels and other human-machine interfaces should be developed by per-
sonnel whose knowledge of human-factor design criteria is sufficient to provide a control
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panel easily read by persons with minimum training. This is particularly eruecial in resi-
dential and small-scale operations. Proper attention should be paid to the use of stan-
dard colors for standard functions, such as red for danger, ete. It is desirable that all
control panels appropriately announce failure or impending failure, both visually and
audibly (signaling), and warn of dangerous situations such as equipment overheating, fire,
and other conditions that may jeopardize system integrity. To keep- costs of residential
units low, attention should be given to using standard enclosures; the importance of ease
in servicing cannot be overstated.

MC.L.3 Maintainability

Refer to performance criteria SY.I.2. See below for addmonal commentary warranting
particular attention.

Commentary. The following items should also be considered for ease of maintenance:

e Built-In Test Equipment (BITE) may be used wherever justified by cost, ease of
service, or other conditions.

e The level of technical analysis required by service personnel should be identified
as a significant part of test procedures. BITE equipment should be used wherever
justified since extensive on-site analysis requirements can be expensive. The
manufacturer may provide service personnel with test boxes to locate failures.
Use of these test boxes should provide positive results, eliminating any ambigu-
ities in equipment servicing. It is often less costly to replace a more expensive
module than to analyze and locate ambiguous problems. A well-designed control
system for some applications may include an internal microprocessor to perform
continual analysis, provide normal control functions, and indicate any problems
that may arise.

e If desired, an internal test by manual initiation may provide system operatlon
information.

MC.L4 Accessibility (see SY.L3)

MC.L5 Environment

Criterion. All equipment must operate in and withstand expected environmental condi-
tions.

Evaluation. Appropriate test procedures shall confirm operation and tolerance to speci-
fied environmental conditions.

Commentary. For each application, a corresponding set of environmental requirements
must be satéﬂed to assure reliable operation. Even where installations are made in rela-
tively benign environments, tolerance must be provided for vibration and shock encoun-
tered in shipping and handling. Operation must tolerate temperature ranges which may
be broadened by installations away from human habitation or in enclosed, nonventilated
areas where unexpectedly high temperatures can occur. For monitor and control sys-
tems, humidity is prlmarxly pertinent with respect to corrosion and can cause premature
system failure if not given adequate consideration. Cellar installations could be particu-
larly vulnerable. Salt-air coastal environments also could increase vulnerability.
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Elevation is a factor primarily related to air cooling. Equipment designed for sea level
operation is generally designed for operation to 1500 m, and higher environmental condi- -
tions must be accounted for accordingly or excessive heating may result. For low power

- control systems, this should be less significant than for associated power conditioning
equipment. Conversely, cleanliness may be a more important factor with regard to mon-
itor and control systems where low-level, high-impedance signaling is involved, and they
may depend on many plug-in, low-current contacts that cannot tolerate dirt.
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SECTION 6.0

. STORAGE SUBSYSTEM

INTRODUCTION

Without storage, solar energy must be used when it is received. However, many power
requirements are not coincidental with available sunlight. To satisfy such loads, solar
energy must be stored. With storage, solar energy can provide power to system loads,
regardless of time and weather.

The wide range of solar photovoltaic (PV) energy applications for energy storage requires
that different types and amounts of energy be stored for varying lengths of time. Energy
storage requirements are associated with basic differences in energy storage subsystem
sizes, applications, regional variations, and time frames for implementation of such sub-
systems. At present, commercially available batteries, such as lead-acid and nickel-
cadmium, are used to provide storage in PV applications. Programs are being conducted
to develop other storage devices; e.g., advanced batteries and electrochemical systems,
chemical and thermal systems, and magnetic and mechanical systems (flywheels). For
further information on long-term development programs, see Refs. 1, 2, and 5.

The typical storage battery is an electrochemical apparatus comprising one or more con-
nected cells that convert chemical energy into electrical energy. The cell is the smallest
unit of a battery system. Cells are connected in series and/or parallel to obtain a desired
battery voltage, power, and capacity. The essential parts of a cell are two dissimilar
electrodes (anode and cathode) immersed in an ionic conductor called an electrolyte.
The cells are enclosed in a leak-proof jar, or container, provided with binding posts to
which electrical connections are made. Detailed information on the specific chemistry
and chemical action of the storage battery can be found in Refs. 3, 4, 5 and 7.

The battery energy storage subsystem is used to store electrical energy collected by the
PV array and to supply energy to the load during periods when the PV array is not produc-
ing enough power. In certain system designs, the battery storage subsystem may also be
used to store energy supplied by an electric utility or other supplemental energy systems,
such as a diesel generator. Two recent works (Refs. 5 and 6) should be useful in selecting
the appropriate battery.

Battery characteristics are governed by the type of cell selected (e.g., lead-acid, nickel-
cadmium). However, many design variations are commercially available for each battery
type. This must be considered in selecting an appropriate battery. For example, a
charge-retaining lead-acid battery designed for low-rate discharge would be destroyed by
the duty cyele typical of residential systems. Thus, it is essential that the system
designer be familiar with battery characteristies or solicit the aid of a battery manufac-
turer in specifying the optimum battery for a given PV system design.

Key characteristies useful in gauging battery performance include capacity, efficiency,
and expected (or warranted) life. However, these characteristics are functions of
operating parameters such as temperature, voltage range, and charge and discharge
rate. Meaningful specification of key battery characteristics must include a delineation
of operating or test conditions.
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Battery characteristics such as physical size (dimensions) and weight can be specified and
checked by conventional methods. Certain other characteristics (e.g., gas emission)
require equlpment that is available but generally not used except by the battery manu-
facturer in its design process. At this time, there are no tests for battery life except
destructive testlng of the cell. Thus, type qualifying or random testing may be used
where cell life is to be verified.

The performance criteria in this section are intended to point out information that must
be provided to allow proper battery selection and utilization. Included in some of the
commentaries are applications to remote-site, intermediate load centers and central
generating stations. Battery design for PV applications is a unique branch within battery
development programs, and many design criteria are yet to be developed. While the per-
formance criteria addressed in this section refer, for the most part, to lead-acid and
nickel-cadmium batteries for residential PV systems, it is not intended that development
and use of new cell types in PV systems be constrained. Test methods refcerred to in this
section with the code designation TE.ST. are located in Appendix B.

PERFORMANCE CRITERIA

Electrical Attributes

ST.E.1 Battery Capacity

Criterion. After complete formation cycles, the capacity of the battery storage subsys-
tem shall be equal to or greater than the capacity specified for given test conditions.

Evaluation. For motive power, lead-acid batteries, NEMA STDs Pub. No. IB 2-1974,
Sec. 1.03-1.04, may be used when appropriate.

For large, lead-acid storage batteries, as used in generating stations and substations,
IEEE STD 450-1975, See. 5.1-5.5 may be used when appropriate.

Test TE.ST.E.] (Test Procedure for Measuring Battery Capacity and Round-Trip Effi-
ciency) may be used for determining the capacity of lead-acid ar nickel-cadmium batter-
ies. '

In cases where the above circumstances do not apply, refer to the manufactuner's
instructions.

Commentary. The capacity of a battery storage subsystem can be expressed in ampere-
hours Zcoulomblc capaclty), or watt—hours (energy capacity), or both, at a specific dis-
charge rate.

" A test of capacity may be made prior to installation in the form of an acceptance test
and after installation in the form of a service or performance test. Tests may then be
periodically repeated according to the requirements of the user. When the battery begins
_to deteriorate, testing will indicate whether the battery has failed. Usually, the industry
defines battery failure as a capacity below 80% of the rated capacity value. Implicit in
this is a need to‘be absolutely sure that all parties concerned are referring to the same
capacity; i.e., new or end-of-life.
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A new battery may require several charge/discharge cycles to attain its full capacity
(eyeling up) if formation is incomplete.

The capacity of any battery is a function of discharge rate, final discharge voltage, and
temperature. Capacity decreases with inereasing final discharge voltage and discharge
rate, and increases with temperature. Thus, these operating parameters must be
included in capacity specifications.

Tests may be conducted under standard operating conditions, under conditions typical of
the application, under expected extreme operating conditions, or all of these. The essen-
tial element is that there be agreement between the vendor, the purchaser, and the end
"user about the appropriate test method and operating conditions.

Tests of capacity do not relate to safety; therefore, they generally should be conducted
at the discretion of the purchaser or end user to verify specified performance, as
desired. Questions of warranty may also require battery capacity tests. At present:
many capacity tests are conducted as part of experimental or demonstration projects to
provide data for future designs. This latter situation is different from a purely commer-
cial installation and generally warrants more testing in all areas.

ST.E.2 Battery Efficiency

Criterion. The efficiency of a new baftery storage subsystem shall be equal to or greater
than the efficiency specified for given test conditions.

Evaluation. For round-trip efficiency, use TE.ST.E.]1 (Test Procedure for Measuring Bat-
tery Capacity and Round-Trip Efficiency). For total in/out efficiency, use TE.ST.E.2
(Test Procedure for Measuring Total Battery In/Out Efficiency).

Commentary. Efficiency may be measured in terms of ampere-hour (coulombic) effi-
ciency, watt-hour (energy) efficiency, or voltage efficiency. Generally, the watt-hour
efficiency is more useful for purposes of system design, whereas the ampere-hour effi-
ciency is more common in battery design terminology. Voltage efficiency is rarely used.

As with capacity, efficiency is a function of the battery operating parameters. Thus,
specification of efficiency should include the operating parameters under which the test
is conducted. The energy efficiency is lower at high rates of discharge. It is also a func-
tion of cell temperature, which must be considered during the design of the battery stor-
age subsystem. Efficiency may decrease as the cell ages. Generally, efficiency is speci-
fied only for new cells.

Note the difference between round-trip and total in/out efficiency. The round-trip or
cycle efficiency is useful for comparisons among batteries, and the total in/out effi-
ciency is useful when examining a battery's performance within a PV system. The in/out
efficiency will most likely not be measured once commercialization begins; however, for
designer evaluating purposes, this test evaluation has been included.

From a system point of view, it is often desirable to have a battery efficiency that
reflects the fraction of input energy available to the load over long periods of time.
Parasitic losses within a PV system would not necessarily show up in a simple round-trip
efficiency test. Parasitic losses can include the energy used to operate a battery venti-
lating system and air-lift pumps, the energy lost through self-discharge, or through
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equalization. The in/out efficiency test method takes into account these parasitic losses
by calculating the efficiency over numerous battery discharge/charge cycles.

ST.E.3 Voltage Window

'Crlterlon. The battery shall provide the speexfled capacity when operated within the
ecified PV system's voltage window.

Evaluation. Compliance of this criteria with specifications can be evaluated by use of'
Test TE.ST.E.l (Test Procedure for Measuring Battery Capacity and Round-Trip Effi-
ciency).

Commentary. The voltage window is the range of voltages over which the battery is to -
be operated within the PV system. This window will usually be limited by the system's
inverter; therefore, the battery manufacturer must be aware of the limitations so that
the most suitable voltage window may be determined. The decision should be made only
after consultations are completed between the battery and inverter manufacturers and
the PV system designer. -

The battery voltage is affected by the state-of-charge, charge/discharge rate, and tem-
perature. The PV system designer must make certain that the battery will perform as
desired, within the specified voltage window, under the full range of operating condi-
tions. The PV system's voltage window should be chosen such that at low discharge rates,
the battery will not be overdischarged, and at high discharge rates, a usable capacity
(amount of energy) can be supplied to the loads.

ST.E.4 Discharge Rates

Criterion. The-battery shall perform as speclfled when operated over the specified range

of discharge rates.

Evaluation. This criterion's compliance with specifications can be evaluated by use of
TE.ST.E.1 (Test Procedure for Measuring Battery Capacity and Round-Trip Efficiency).
This test may be repeated at both the highest and the lowest discharge rates.

Commentary. If the PV system is to be used over a wide range of discharge rates (i.e.,
the application has a wide range of loads), a capacity test may be desirable at both the
high and the low rate to cover both "worst case" conditions.

Normally, the high discharge rate is used to determine the final discharge voltage. How-
ever, if the lead-acid battery is operated at very low discharge rates, it is possible to
over-discharge the battery to the extent that the specific gravity of the electrolyte is
converted to a level well below the recommended limit, making it extremely difficult to
recharge. Therefore, the discharge rate must not be overlooked when designing the PV
-system,

ST.E.5 Equalizing Charge

Criterion. The capacity of the battery shall be restored to its specified value after com-
pletion of the specified equalizing charge procedures.
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Evaluation. The battery shall be equalized as specified by the manufacturer. Battery
current and terminal voltage shall be recorded throughout the equalizing charge. In the
last hour of the equalizing period, each cell voltage shall be taken and recorded. At the
end of the equalizing charge, each cell's specific gravity and cell temperature shall be
read and recorded. Readings shall be checked for any large variations in SpGlel§ gravi-
ties and voltages; i.e., if the specific gravity variation is greater than 0.020 g/em® or the
voltage variation is greater than 0.100 V/cell, then the battery manufacturer should be-
notified, further checks or tests should be made on the suspect cell, and the equalizing
period might have to be performed more often or for longer periods of time.

Commentary. Individual cells in a lead-acid battery often exhibit different self-dis-
charge rates, capacities, and efficiencies. The purpose of the equalizing charge is per-
iodically to bring all cells to a common state of charge and thereby minimize deteriora-
“tion of certain cells. This is most important at the beginning of battery life in order to
fully form the cells.

A second purpose of equalization in lead-acid batteries is to mix the electrolyte in the
cells by generating gas bubbles. This eliminates stratification, which otherwise occurs
during charging. Batteries with other mixing methods (such as mechanical stirring or air-
lift) do not need this aspect of equalization.

The lead-acid battery manufacturer normally specifies a voltage, higher than that used
for normal charging, of 2.60-2.75 V/cell for 5-10 V/cell hours. The equalizing charge
may be carried out weekly, biweekly, or less often dependlng upon the particular applica-
tion and use of the battery.

Not all batteries require an equalizing charge. For example, those that are on a float
charge rarely need to be equalized. Nickel-cadmium batteries also rarely need to be
equalized. If the battery's cells have a wide variation of capacities, then a normaliza-
tion* may be desirable. This can be accomplished by a complete discharge to 1.0 V/cell
followed by an overcharge, returning to the battery approximately 140% of its capacity.

Thermal Attributes

ST.T.1 Battery Uperating Temperature

Criterion. The battery shall provide the specified capaéity when operated within the
specified cell temperature range.

Evaluation. This criterion's compliance with specifications can be evaluated by the use
of TE.ST.E.l' (Test Procedure for Measuring Battery Capacity and Round-Trip Effi-
ciency). This test should be performed at the expected temperature extremes with the
manufacturer's recommended cell modifications (larger case, modified specific gravity,
ete.). A table of "Cell Size Correction Factors for Temperature“ can be found in
ANSI/IEEE STD 485-1978, Table 1.

*Normalization is the terin generally used by the mckel—cadmlum industry for equahza—
tion.
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Commentary. The charge/discharge characteristics as well as efficiency, capacity, life-
time, and final discharge voltage are functions of battery or cell temperature. Thermal
management of the battery storage subsystem in the form of adequate heating and cool-
ing must be provided to avoid excessively low and high temperatures, respectively (see
also IEEE STD 484-1975, Sec. 4.1.1(4)). The battery electrolyte can be tailored to suit
the temperature environment; however, lifetime and capacity are often reduced.

As the electrolyte temperature decreases, the battery's capacity falls off. Below 0°C
(32°F) the reduction in capacity is somewhat greater per degree than that between 25°C
and 0°C. At very low temperatures, a lead-acid battery is susceptible to damage by
-freezing electrolyte, especially at low states of charge. Nickel-cadmium batteries are
not aff ected by freezing. '

As the electrolyte temperature increases above 25°C, the battery's capacity increases,
within certain limits. High temperatures also increase the general rate of deterioration
in a battery. Electrolyte temperatures up to 52°C (125°F) ean be compensated by
decreasing the cell's specific gravity without serious reduction in the useful life of the
battery. .

Mechanical /Struc tural Attributes

ST.M.l1 Battery Structural Adequacy

Criterion. The batteries shall be supported throughout the deéign life of the system
without struc tural failure (including those subsystems subject to seismic disturbances).

Evaluation. The structural adequacy of the battery supports shall be demonstrated by
struc tural analysis.

Commmtarg. Battery supports are generally found in the form of "racks" or "feet" by
which the batteries are slightly elevated to provide insulation, to allow access for the
forks of a lift truck or lifting device, or to provide air circulation for ventilation and
cooling. In some cases, the battery may be designed to sit directly on the floor.

Refer also to IEEE STD 484-1975, Secs. 4.1.3 and 4.2.1.

Safety Attributes

ST.S.1 Battery Electrolyte

Criterion. Provisions for personnel safety in the event of an electrolyte sp1]1 shall be
located in or next to the battery area.

Evaluation. Review of the battery design and battery equipment list of maintenance
manual. _

Commentary. Exposure to the sulfuric acid electrolyte of a lead-acid battery or the

potassium hydroxide in a nickel-cadmium battery must be considered in the design.
Standard techniques for protection of personnel and administrative procedures must be
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followed to comply with the minimum requirements of OSHA. This is not required for
residential applications. For lead-acid batteries, these are outlined in Title 29,
Part 1910, Subpart 1: Personal Protective Equipment and in Subpart G: Occupational
~Health and Environment Control. .
Recommended protective measures include respiratory and eye and face protection as
primary measures, and electrolyte handling gloves (rubber) and other clothing for protec-
tion of the body. The installation of electrolyte-resistant flooring in the vicinity of the
batteries might be considered. To augment these protective measures, see also ST.B.1.

Burns caused by lead-acid battery electrolyte should be treated as per NAVSHIPS Manual
9623-907. Safety precautlons to be followed while designing and installing lead—-acld bat—
tery facilities are described in IEEE STD 484-1975, Sec. 3.0 and 4.1.1.

Residential systems must be constructed to keep children and unauthorized personnel-
safely away from electrolyte and high-voltage areas.

ST.S.2 Battery Voltage and Current

Criterion. The battery shall be provided with adequate protection agamst high battery
voltage and current.

Evaluation. Review of the battery design and electrical connections for adequate provi-
sions of insulation, current interrupting devices, and grounding. (See also SY.S.3 and
SY.S.4). ’

Commentary. IEEE STD 484-1975 provides information on protective equipment and pr
cedures for safe handling of the battery (Sec. 3.0), mounting of the battery and grounding
the racks (Sec. 4.1.2), and alarms recommended for generating stations (Sec. 4.1.5). |

All terminals and 1nterce11 connectors in PV battery systems over 60 V should be covered
with a nonconducting material to avoid accidental contact (dead top). For residential
systems, it may be prudent to configure designs that permit minimal contact by the
homeowner with any electrical portions of these systems. For large systems, access is
likely to be restricted to knowledgeable technicians. However, this does not reduce the
need to desxgn a safe system.

Further protective measures include:

e Maintenance on batteries should be performed with the batteries open-circuited
and isolated from ground. Such isolation should be tested before any mainte-
nance is performed that requires electrical contact with a battery terminal.
Personnel may be insulated from ground by using protective clothing, or a rubber
sheet over parts of the floor and walls with which contact might be made, or
both.

e Battery terminal covers not interfering with the work immediately in progress
should be in place. Care should be taken to avoid dangling conductive test items
or other material which could cause a short circuit.

e Electrical shock hazard may be reduced by arranging the cell layout so that volt-
age differences between adjacent cells or rows of cells are minimal. Also, the
battery may be separated into individual groups by disconnect switches (National
Electric Code, Article 480-6).
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¢ Only qualified personnel should be allowed into the battery room, and the battery
terminals should be designed for safety or to prevent contact by personnel. -

e Only insulated tools and nonmetallic flashlights should be used near a battery or
bus system. Extreme care should be taken never to short circuit any part of the
battery since there are no circuit breakers in the cells to open a short, and no
switches that can be thrown to deenergize the battery terminals.

e Rings, metallic watch bands, ete., should be removed when working near bus bars
or batteries. '

e Conductive support structures (racks) shall be insulated from cell and battery
terminals with insulators rated for the full system voltage. Such structures shall
be electrically grounded, as should conductive battery cases, for systems above
60 V. :

ST.S.3 Hazardous Gas Concentration

Criterion. The battery area shall be provided with adequate protection against hazardous
concentrations of flammable or toxic gases of any kind.

Evaluation. Analysis of the battery chemistry, system ventilation, and nearby environ-
ment, :

The concentration  of hydrogen in the battery area shall not exceed the flammability
point of hydrogen (4% by volume). The minimum ventilation required is obtained by

Q= 22 ow ,

where: Q is the ventilation rate required in ef m;
C is the maximum allowablc hydrogcn concentration expressed as a peraentage;
I is that portion of the charging current passing through the cells which gener-
ates free hydrogen; and
n is the number of cells in the battery.

Generally, the concentration used in that calculation is taken to be 2% to provide a mar-
gin of safety. See IEEE STD 484-1975, Sec. 4.1.4.

Commentary. The battery area must be designed to preclude any build-up of flammable
or toxic gases. This is accomplished mainly by ventilation, either natural or forced. Bat-
teries designed for low gassing levels over the operating voltage range often need not
have active ventilation provisions where normal room air infiltration is adequate, while
those designed for other criteria may require forced ventilation.

The possible effect that additional air circulation may have on the thermal management

of the batteries should also be carefully reviewed. Where this could impede the battery's

performance, it may be necessary to precondition the air, or to limit the ventilation to
~ only the charging cycle.

Another consideration to be made is the possibility of a gas build-up in a dead air space
(such as a false ceiling). Although it is nearly impossible to contain hydrogen, it may be
possible for a temporary accumulation to occur that would exceed its flammability level,
especially during a heavy gassing period.
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Where practical, hydrogen recombiners can be used to reduce hydrogen build-up. They
also help reduce the need for watering since most of the electrolyzed water is
reclaimed. However, they do add to the cost of a system. Lead antimony batteries can-
not use. recombiners economically as they become poisoned by the antimony's gases.
Progress is being made on filters for these batteries.

Flame arresters should also be considered as an additional safety feature on any battery
system. These devices prevent any flames that might exist outside of the battery from
getting inside the battery, causing it to explode. However, a wise safety precaution is to
never permit smoking, arcing, or open flames near the batteries or the battery area.
(Refer to IEEE STD 484-1975, Secs. 3.2(4) and 4.1.1(8).)

The use of antimony in the plates of a lead-antimony battery increases the hydrogen evo-
lution because of higher charging currents. They also produce trace quantities of the
toxic gases arsine and stibine, the levels of which are set by OSHA. However, these
gases should easily be within acceptable limits if sufficient ventilation for hydrogen is
provided and prolonged high charg‘ing rates are avoided. The battery manufacturer

~ should be consulted regarding gassing rates and optlmum charging voltages for specxflc
cell designs.

ST.S.4 Fire Protection

Refer to performance criterion SY.S.5. See below for additional commentary warrantmg ,
particular attention.

Commentary. Estabhsh firefighting procedures and use extinguishers suitable for elec-
trical fires. Pouring water on a battery fire may cause currents to flow.. Hydrogen and
oxygen may be released, which could lead to an explosion.

Ensure unobstructed aisles for quick exit from battery area in emergencies.

ST.S.5 Battery Shelter

Criterion. Adequate shelter shall be provided to protect the battery from harmful
environments.

Evaluation. Review of the battery shelter (building) and location. The shelter shall con-
form with state and local building codes.

Commentary. Battery shelters shall protect the battery from the environment to con-
form with the operating environment specified by the manufacturers. This includes lim-
iting the battery's ambient temperature to a specified range while maintaining adequate
ventilation.

. A residential battery enclosure might be indoors in a harsh climate, perhaps in a dry
garage or basement area with suitable ventilation and thermal provisions. It might be a
simple rain shelter or enclosure in a mild climate. Battery racks are optional and gener-
ally are used only to minimize space requirements. Many batteries are designed to sit
directly on the floor in insulated cases. : -
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Dmbﬂity/Reliabilitg Attributes

ST.D.1 Battery Life

Criterion. The battery capacity shall remain above the specified value for the stated life
when it 1s operated within its specified operating conditions.

Evaluation. Battery life cannot be evaluated without destroying the battery. Therefore,
it is only practical to perform accelerated testing of the particular battery types and
lots, and to evaluate in-field usage experiences. There is no agreed-on manner or pro-
cedure for life testing. ' :

Commentary. The life of a battery is determined hy its eonstruetion and its operating
conditions. The dominant effects and predicted change in battery capacity should be
specified by the vendor for an appropriate range of operating conditions.

Lead-acid batteries often show a small initial increase in capacity with eyeling, followed
by a long period of nearly constant capacity, followed by a final decrease. Different
mechanisms operate in the cell to affect its life. Some forms of battery abuse and mis-
use are listed:

e Undercharging lead-acid cyclic batteries over a considerable period is one of the
most common and most destructive forms of misuse. Owing to the formation of
excessive amounts of lead sulfate, the positive plates tend to expand and break
up, and the negative active material hardens and loses capacity.

e Overcharging lead-acid cyclic batteries is another form of abuse that can have &
. serious effect on battery life; however, its effects are not as immediately
obvious as those of undercharging.

e Overdischarging degrades battery life, and, if combined with undercharging, the
effects are intensified. Strictly speaking, a battery is not overdischarged at any
particular rate unless more than its capacity at that rate (the total charge in
coulombs) has been taken out. For example, with deep discharge lead-acid bat-
teries, it is highly undesirable and uneconomical to take out more than 80% of its
rated capacity as a daily routine. :

o A lead-acid battery left for a considerable period at a low state of charge will
also have a reduced lifetime. The causes are the same as those that cause
undercharging. -

e High-temperature operation will increase the general rate of deterioration in a
cell because of higher rates of undesirable chemical actions, This is due to an
intensified interaction between the electrolyte and the active material.

Installation, Operation and Maintenance Attributes

ST.I.i Installation, Operation, and Maintenance Manual

Refer to performance criterion SY.I.1. See below for additional commentary warranting
particular attention.
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Commentary. In addition to the issues mentioned in performance criterion SY.l.1, the
following procedures specifically pertaining to storage should be included in the manual:

(1) Installation: Although specifically directed toward large lead storage batteries, IEEE
STD 484-1975, Secs. 5.1 and 5.2 provide a wide coverage of receiving, storage, and
assembly procedures that can be applied to any battery. The battery manufacturer
should be consulted if there is doubt about the applicability of any parts.

(2) Maintenance: Although specifically directed toward large lead storage batteries,
ANSI/IEEE STD 450-1975 covers a wide range of maintenance, testing, and replacement
procedures that can be applied to most batteries. The battery manufacturer should be
-consulted if there is doubt about the applicability of any parts. Additional comments on
maintenance procedures are listed below:

e Access to battery areas should be restricted either by room enclosure or elec-
trical package enclosures. Normal maintenance procedures should not be dan-
gerous if carried out by the appropriate personnel using specified procedures for
the intended application. The design of the facility should reflect the expected
levels of training of maintenance personnel. Installation qualifications shall be
specified by the vendor in accordance with local building codes.

e Always exercise care when working around open cells to keep foreign material of
any nature from falling into the cells.

e When frequent performance inspections are made, it is common practice to use
pilot cells. Pilot cells are randomly selected (usually one in six); their perfor-
mance is assumed to be representative of the battery's performance. If this
technique is used, complete inspections should still be performed ocecasionally.
(If any adverse conditions are found, a complete inspection should be considered
prudent.) . '

e Normal usage of most batteries requires periodic addition of water to replace
losses due to gassing and evaporation. Permanently sealed cells are exempt from
this requirement. Water addition is necessary to maintain proper electrolyte
specific gravity and to ensure that all plates are completely immersed. The
interval for water addition depends on duty cyele, site environment, and battery
type. The water added should meet or exceed purity requirements specified by
the battery manufacturer (otherwise the battery may be damaged, have its life
shortened, or the warranty may be voided). Low humidity may require more fre-
quent watering and hence increase the maintenance requirements. This could be
significant in increasing the life-cycle costs at remote sites.

(3) Disposal, Refund, and Return: Disposal of batteries represents a logisties and envi- -
ronmental problem unless properly done. Since battery metal has significant salvage
value, return to the metal scrap salvage dealer is a reasonable alternative. Refund poli-
cies (if any) must then be stated, and a return method described.

(4) Warranty: To establish that a warranteed battery fails to perform, it may be neces-
-sary to measure its capacity. Refer to Sec. ST.E.1.

ST..2 Maintainability

Refer to performance criterion SY.I.2. See below for additional commentary warranting
particular attention.
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Commentary. In addition to the issues mentioned in performance criterion SY.I.2, the
following storage-specific comments should be considered.

@ Batteries can be both heavy and filled with corrosive electrolytes; therefore,
they require appropriate equipment for installation and maintenance. Before
installation, the handling equipment shall be inspected for its handling capacity.
Repair and/or replacement of deficient equipment is mandatory to assure hand-
ling safety.

e In any installation where the weight of a battery exceeds that which an installer

- can easily lift, 23 kg (50 1b), slings and lifting equipment are required. The slings

(as well as the lifting eqmpment) shall be sufficient in size and capacity so that
the procedure can be safely undertaken. Sling spreaders may also be necessary.

e There shall be sufficient operating space around the battery supports (racks,
trays or platforms) to permit safe movement of the lifting equipment (and the
personnel necessary to operate it) without worry of damaging other batteries.
The personnel involved in the installation shall be protected from possible elec-
trolyte spills by goggles, gloves, aprons, etc., as appropriate to the facility. See
manufacturers' recommendations and existing standards (IEEE 484-1975, for
example)..

Building/Site Attributes

ST.B.1 Plumbing )

Criterion. Appropriate plumbing and drainage for personnel safety shall be located in the
battery area.

Evaluation. Review of the building design and installation drawings.

Commentary. Special safety showers and/or eyewash fountains may be provided in the
battery room for use by personnel in the event of an electrolyte spill. Portable units may
be preferable in small installations. If a shower is provided, care must be taken so the
water from thé shower does not splash onto the batteries.

A floor drain in the battery area may be provided, especially if the area contains a
shower (in case of an electrolyte spill). The drain must not be connected to the normal
plumbing but have a separate flow and containment.

An amount of neutralizing chemical sufficient to deal with any electrolyte spillage

should be provided. In addition, electrolyte-resistant floormg in the battery area should
be installed.
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SECTION 7.0
CABLING

INTRODUCTION

Photovoltaic applications pose no different selection requirements on cabling than any
other power source. Technical requirements such as voltage, current to be carried,
external thermal conditions, voltage regulation, and other special requirements need to
be considered. A study of the conditions that the cable will have to meet, and a study of
cable types available and their recommended applications, may determme a sole candi-
- date. If several types are suitable, however, then usually the most economical one is
chosen. . ‘

After the appropriate type of cable is chosen, the conductor size can be determined. The
information needed to determine proper size includes four criteria:

the current required by the intended load;

the maximum ambient air temperature;

the distance from the source of supply to the intended load; and

the voltage drop desired.

Because of the wealth of information that already exists on cabling practices for other
power system types, which will not have to be amended for PV installations, this section
is relatively brief, but further information may be obtained from Refs. 1 and 2.

PERFORMANCE CRITERIA

Eleétrical Attributes

CA.E.l. Cable Conductor Sizing

Criterion. The cable conductor size shall be such that electrical losses resulting from
cabling shall be within the specified energy loss budget of the system.

Evaluation. Cabling design shall be analyzed to determine that wire sizing satisfies the
energy budget of the system. This procedure generally will satisfy any National Electri-
cal Code (NEC) requirements that consider wire heating rather than efficiency. Never-
theles, compliance with the provisions of Article 310 of the NEC shall be assured. Max-
imum current of modules for this analysis shall be short-circuit current.

Commentary. Wires have a finite resistance corresponding to the length, size (radius),
and material of the wire. Power losses may be expected because of this resistance, and
these losses should be kept within the system energy budget. (It may be necessary to
balance the economics of wire size costs against the gains in power output of larger
cables.) In addition, the NEC has defined acceptable current-carrying capacities for
wires of different sizes and materials. These represent a safety feature and should be
examined to ensure operation within acceptable limits, including short-cireuit conditions
if no overcurrent protective devices are provided. In no case shall the wires be continu-
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ously loaded under normal or fault conditions beyond NEC stipulations that describe
acceptable current loading as a function of wire size, ambient temperature, and temper-
ature rating of the wire for three conductors.in a raceway, or cable, direct-earth burial.

In choosing a cable for an intended load, its environment should not cause it to exceed its
temperature-to-voltage limits as specified by the Insulated Power Cable- Engmeers
Association (IPCEA). Tables of current-carrying capacities based on heating for varlous
sizes and types of cable have been issued by IPCEA and the NEC. '

Safety Attributes

CA.S.1. Cable Flammability

Criterion. The cabling used in photovoltaic systems shall not propagate flames beyond
their area of original occurrence. ‘

Rvaluation. The cabling used shall be rated VW-1 per UL 44 Rubber Insulated Wire, et al.

Commentarx.’ If flaming of a segment of a photovoltaic array does oecur, all attempts
should be made to confine it to the area of original occurrence. The use of wiring rated
" as described above will help acecomplish that result. v

CA.S.2. Clearances

Criterion. Clearances between overhead supply cables and all other cubles and strue-
tures should confarm to Scc. 23 of ANSI C2.

Evaluation. Conformity to instructions contained in ANS1 C2. Review of instailation
drawings and specifications.

Commentary. It is important to maintain safe distances between operating cables.

CAS.3. Fire Codes and Standar(k

Criterion. Cable assemblies and their installations shall ceomply with loeal and nationally
recognized codes and standards for fire salety.

Evaluation. Drawings and specifications sliull bé reviewed for conformity to loeal and
nationally recognized codes and standards for fire safety, including but not limited to
applicable scetions of NFPA 89M, FFPA 90A and 90B, NFPA 211, NFPA 54, NFPA 30,
NFPA 31, NFPA 256, the NEC and HUD standards. In cases where sufficient engineering
information is not available, testing to show compliance may be required. Potential
heat, rate of heat release, ease of ignition, and smoke generation will be considered in
assessing potential fire hazards.
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" Durability/Reliability Attributes

CA.D.1. Cabling and Connectors

Criterion. Cabling and connectors shall be sufficiently rugged and long-lived to with-
stand all system operating conditions for the expected life of the system.

Evaluation. Specifications review, visual inspection, and high potential (hi-pot) testing,
where applicable, shall verify conformance to this eriterion.

Commentary. Cables must. provide: adequate -electrical isolation under all expected
environmental conditions, long-term insulation integrity, and sufficient physical strength -
to allow installation under difficult conditions of bending and flexing. Attention must
also be given to providing freedom from cable cross talk within cable wiring, and preven-
tion of excessive electromagnetic interference radlating from the cable system. Cables
should be protected from damage by animals or vermin. Appropriate NEMA or IEEE
standards should be consulted.

CA.D.2. Cable Loading Requirements
Criterion. The cabling shall not be damaged by expected in-field ice and wind loading.

Evaluation. Drawings and specifications shall be reviewed in conjunction with weather
data for the intended application site to determine adequate load capabilities.

Commentary. ANSI C2 governs the approved criteria for assuring that cable systems
maintain their structured integrity under in-service conditions. The strength require-
ments of cable support structures (if any) should be calculated using the data provided in
Sec. 26 of the National Electric Safety Code, ANSI C2.

CA.D.3. Solar Degradation

Criterion. Cable components or materials shall not be adversely affected by in-service
exposure to sunlight to an extent that their life-cycle function is impaired significantly.

" Evaluation. Evaluation includes documentation of satisfactory long-term performance
under certain use conditions, or engineering analysis. .

Commentary. Some organic materials used in cabling may be particularly suseeptible to
solar degradation under prolonged exposure.. When cable components or materials are
exposed to UV radiation with or without an intermittent water spray at their maximum
service temperature, there should be no signs of excessive deterioration such as eracking,
crazing, embrittlement, loss in flexural strength or any other changes that would signifi-
cantly affeet performance.

CA.D.4. Moisture Resistance
Criterion. Cable chosen for a speelfic application shall not be ad\iersely affected by

exposure to moisture to an extent that its function during its lifetime is impaired signifi-
cantly.
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Evaluation. This includes documentation of satisfactory long-term performance under
usage conditions, or engineering analysis. Where adequate information is unavailable,
methods that demonstrably meet the intent of the criterion should be used.

Commentary. Moisture is exhibited in several forms; e.g., rainfall, melting snow and ice,

or condensation. The intent of this criterion is to ensure adequate performance of cable
components or materials that probably will be exposed to moisture.

Installation, Operation, and Maintenance Attributes

CA.Ll. Installation, Operation, and Maintenance Manual (see SY.L1)

CA.L2. Cabling Installation

Criterion. Cable shall be installed according to accepted cabling installation practices,
consistent with the level of complexity of the photovoltaic system.

Evaluation. Installation shall be evaluated by determining conformity to plans and speci-
fications developed from accepted industrial practices.

Commentary. Because of the diverse applications for cable installation, it is not possible
to specify every contingency. One excellent overall source, especially applicable to
intermediate 1oad center and central station applications, is provided in Ref. 1. (See par-
ticularly Chapter 8, Cable Installation, and Chapter 9, Cable Joints and Terminations).

The complexity of any kind of cable installation and the way it is done depend on its par-
ticular application. Remote applications might require a solitary cable buried in a shal-
low ditch, while central station applications would involve many diverse installation
practices. As the size and complexity of the intended application inerease, so do estab-
lished standards and practices. For c¢entral station applications, the utility will issue
standards to guide the installer, operator, or maintenance person in each specific task.

In utility interactive solar applications, the architect and engineer should discuss the
primary needs of voltage and capacity with utility representatives, and fruin that discus-
sion the utility will determine what type of cabling it needs to furnish to the work site,
Also, depending on power requirements, it will specify to the archite¢t and engineer the
typc of metering needed and whether a vault would be needed as well. The utility will
furnish its cabling and ancillary equipment—without the meter in residential applications,
and without the utilization transformer or vault in intermediate load ventcr applicu-
tions. The utility will also be available to advise the architect and engineer on matters
pertaining to cabling and concomitant equipment that connect to the utility lines, within
the confines of the intended application. In stand-alone solar applications, the architect
and engineer should devise installation procedures according to the complexity of the
intended application. Various standards and standard operating procedures exist, and
help is available from the distribution division of the nearest utility. Another source of
assistance is the field service personnel of the cable manufacturer.
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CAl3. Cable Maintenance

* Criterion. The malntenance manual for the system shall speclfy mspectxon mtervals for'
system cabling. (See also SY.L1.) . . .

Evaluation. Evaluation will determme conformlty to mspectlon and mamtenance proce-
dures developed from accepted 1ndustrlal practlces. : . : : :

Commentary. The frequency of mspectlons and maintenance varies according to the
complexity of the intended application, and is usually determined locally from operating
experience. Refer to Ref. 1, Chapter 11, Cable Testing, Fault Locatlon and Cable Iden-
tification, and Chapter 12, Records, Repau‘s and Maintenance.

Cables are tested at the factory, but many things can happen to damage the cable before
it is put in service, and many things can happen in service that will shorten its life expec-
_tancy. Cables interconnect various apparatus that are often great distances apart, which
subjects- them to many hazards. Cables may be installed in hard-to-reach locations such
as underground, under floors, under water, on poles, or in conduits; therefore, they are
not readily accessible for periodic inspection. They are frequently installed and forgot-
ten until something goes wrong.
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SECTION 8.0

POWER DISTRIBUTION SUBSYSTEM

INTRODUCTION

The power distribution subsystem is the electrical and physical interface between a
power conditioning subsystem and electrical loads. It also contains the interface
between a utility power source and the electrical loads and power conditioning subsys-
tem. The function of this interface junction is to provide:

e the electrical connection between a power source and loads;
e system overload and short-circuit protection; and

e manual circuit disconnect capability.

Power in the subsystem may be of three types: AC, regulated DC, and unregulated DC.
Unregulated DC power is power delivered to a load at a variable voltage; for example,
the power supplied directly from a bank of batteries. Regulated DC power is power
delivered at a fixed voltage.

A power distribution subsystem consists of a protective cabinet containing breakers or
relays for each separate load circuit and a main breaker for input conductor overcurrent
protection. Manual disconnect capability is essential to provide safe conditions for ser-
vieing system components. The power distribution subsystem may be designed to contain
electronic relays that accept control signals from a system monitor and control unit.

A residential power distribution subsystem may simply be the "fuse box" that currently
_exists in a residence. Additional control relays will be used in those systems utilizing
load shedding or load switching as dictated by a system monitor and control unit. For all
systems, the power distribution subsystem provides the access location for the physical
interconnection to and control of the various load circuits. The power distribution sub-
system may be designed to contain electronic-relays that accept control signals from a
system monitor and control unit.

PERFORMANCE CRITERIA

Electrical Attributes

PD.E.l. Power Distribution Power and Voltage Capability

Criterion. The electrical components of the power distribution subsystem shall be appro~
priate for the power type and load voltage level requirements. _ :

Evaluation. Satisfactory review of electrical system drawings and component specifica-
tions shall indicate conformance. '

8-3
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PD.E.2. Utility Interface Design

Criterion. The power distribution subsystem to utility power interface shall be designed
to conform with applicable codes and practices regarding safety and design considera-
tions. '

Evaluation. Review of the electrical connection drawings shall indicate conformity to
the applicable portions of the National Electrical Code (NEC) and applicable practices of
the local utility.

‘ Comment%y_. The NEC contains the requirements for designing and installing the elec-

rical interface between the utility and the applieation. These requirements, huwever,
apply to receiving energy from, rather than sending it to, the utility (as would occur in a
utility sell-back arrangement). ' :

The portions of the NEC that apply to reéeiving energy from the utility are:

e Article 220 - sizing for the feeder (load) of the application;

e Article 230 - requirements for the electrical service (utility) connection and
equipment for control and protection of the electrical service
and installation requirements;

e Article 240 - overcurrent (circuit breaker) protection; and

e Article 250 - grounding.

If the application is a residence, NFPA No. 701A, an excerpted version of the electrical
code, is available.

While it may be desirable to sell back the energy generated by the photovoltaic energy
source to the utility, NEC requirements for that interface do not presently exist. If the
existing service conductors are used, the current returned to the utility cannot exceed
their capacity. Until national guidelines and requirements are established, users desiring
to feed energy back to the utility should consult their local utility for an acceptable
method. ~ '

Safety Attributes
PD.S.1. Power Distribution Safety.

Criterion. Power distribution shall comply with existing codes or established procedures
governing the installation, operation, and maintenance safety requirements of junction
boxes, circuit breakers, and DC and AC circuits.

Evaluation. Code conformity shall be verified by review of drawings and component

specilications.

Commentary. The power distribution subsystem typically consists of a corrosion-proof
metal cabinet housing the circuit breakers, and/or relay switches, load busbars, and asso-
ciated wiring. All wiring must be accessible for inspection. The cabinet must be covered
and so placed as to prevent moisture or water accumulation. There should be no com-
bustible material immediately adjacent to the distribution panel. :

8-4
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The circuit breaker status (on/off) should be clearly marked for both switch positions and
the current and voltage rating should be indicated. Once a trip point has been set, the
breakers should be tamperproof. A

The distribution panel must be sized according to the number of electrical connections it
will house, and breakers sized in accordance with the current capacity of the conductors.

National Electrical Code requirements that may be applicable to the power distribution
subsystem are contained in Articles 370, 240, and 250. Similarly, Underwriters Labora-
tories Standard for Molded Case Circuit Breakers and Circuit Breaker Enclosures,
UL 489-1972, may also be applicable. Because of the possibility of reverse power flow,
the circuit breaker may need to be suitable for use with a reversed line-load connection.

PD.S.2. Load Disconnect Capability .

Criterion. The power distribution shall have the capability of manually disconnecting the
power source from the load.

Evaluation. Satisfactory review of electrical system drawmgs and component speclflca—
tions shall indicate conformance.

Commentary. Manual disconnect capability is essential to provide safe conditions for
servicing system components. The power distribution center may be designed to contain
electronic relays that accept control signals from the system monitor and control. -

PD.S.3. Utility Interface Design (See PD.E.2)

8-5
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GLOSSARY

INTRODUCTION

This glossary is a collection of some terms and.nomenclature used in this document and
defined by the task groups who developed the performance criteria. In some: instances,
definitions need to be reviewed and many accepted definitions may not apply to photo-.
voltaic applications; hence, some new definitions have been derived that apply to current
technology.

Algorlthm

A prescribed set of well-defined rules or processes for the solution of a problem in |
a finite number of steps; for example, a full statement of an arithmetic procedure
for evaluating sin x to a stated precision.

Array .
A mechanically integrated assembly of modules or panels with a support structure

and foundation, tracking, thermal control, and other components, as required, to
form a DC power producing unit.

Array Field
The aggregate of all solar photovoltaic arrays generatlng power within a glven sys-
tem.

Array Subfield
A group of solar photovoltaic arrays associated by a distinguishing feature such as
field geometry, electrical interconnection, or power conditioning. '

Batterz

A battery consists of two or more cells electrically connected for producing elec-
trical energy. Common usage permits this designation to be apphed also to a smgle
cell used independently.

Battery Capacity ~
Generally, the total number of ampere-hours that can be withdrawn from a fully
charged cell or battery.

Ampere-Hour Capacity (Coulombic)—The ampere-hour capacity of a storage bat-
- tery is the number of ampere hours which can be delivered under specified condi-
tions as to temperature, rate of discharge, and final voltage.

Available Capacity—The total number of ampere-hours that can be withdrawn from
a cell or battery for a specific set of operating conditions including discharge rate,
temperature, initial state of charge, age, and cutoff voltage.
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Installed Capacity—The total number of ampere-hours that can be withdrawn from

- a new cell or battery when discharged to the system specified cutoff voltage at the
system design rate and temperature (i.e., discharge to the system design specified
maximum depth of discharge).

Rated Capacity—The rated capacity of a storage battery is the number of ampere-
. hours and/or watt-hours which it is capable of delivering when fully charged and -
under specified conditions of temperature, rate of discharge, final voltage, and
specific gravity. '

Watt-Hour. (Energy) Capacity—The total number of watt-hours (kilowatt-hours)
that can be withdrawn from a fully-charged cell or battery. The energy capacity of
a given cell varies with temperature, rate, age, and cutoff voltage. This term is
more common to system designers than it is to the battery mdustry where capacity
‘usually refers to ampere-hours.

Capacity Tests—
Acceptance Test (lead storage batteries): A capacity test made on a new
battery to determine that it meets specifications or manufacturer.ratings. -
Performance Test (lead storage batteries): A capacity test made on a bat-
tery, as found, after being in service to detect any change in the capacxty
determined by the acceptance test.
Service Test (lead storage batteries): A special capacity test made to dem-
onstrate the capability of the battery to meet the design requu'ements of
the system to which it is connected.

Batterz Cell
A storage cell is a galvanic cell for the generation of electrieal energy in which the

cell, after being discharged, may be restored to a fully charged condition by an
electric current flowing in a direction opposite the flow of current when the cell
discharges. :

Battery Cycle Life

The number of cycles, to a specified depth of discharge, that a ‘cell or battery can

undergo before failing to meet its specified capacity or efficiency performance cri-

teria.
For example, with lead-acid batteries, end-of-life is generally taken as the
point in time when a fully charged cell can deliver only 80% of its ruted capac-
ity. Beyond this state of aging, deterioration and loss of capacity begin to
accelerate rapidly. Life may be measured in eyeles and/or years, depending on
the type of service for which the cell or battery is intended.

Battery Final Cutoff Voltage
The final (cutoff) voltage of a battery is the prescribed voltage at Wthh the dis-
charge is considered complete.
- The cutoff or final voltage is usually chosen so that the useful capacity of the
battery is realized. The cutoff voltage varies with the type of battery, the rate
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of discharge, the temperature, and the kind of service. The term "cutoff volt-
age" is applied more particularly to primary batteries, and the term "final volt-
age" to storage batteries.

Battery Efficiency -
The efficiency of a storage battery is the ratio of the output of the cell or battery
to the input required to restore the initial state of charge under specified condi-
tions of temperature, current rate, and final voltage.

Ampere-Hour (Coulombic) Efficiency (1n ,,)—The ampere-hour efficiency of a

‘'storage battery is the electrochemical efficiency expressed as the ratio of the
ampere-hours output to the ampere-hours input required for the recharge.

anpere -hours dlscharged _/ ! ddt

N ah © ampere-hours of charge /€ R
/ 0 i,dt

‘where iy and i, are the discharging and charging currenﬁ, respectively, and t; and
t, are the discharging and charging times, respectively. :

Voltage Efficiency (7 v)—The voltage efficiency of a storage battery is the ratio of

the average voltage during the discharge to the average voltage during the
recharge.

I'd

1 /td
N = 8vE. discharge voltage _ ts Jo Vqdt
v ~ avg. charging voltage ~ I fc ' ’
: t, /; v at

where V4 and V are the discharging and charging currents, respectlvely, and ta and
t are the dlschargmg and charging times, respectively.

Watt-Hour Energy Efficiency (1 W)—The watt-hour efficiency of a storage battery

is the energy efficiency expressed as the ratlo of the watt-hours output to the
- watt-hours of the recharge.

t
: / v dt
_ watt-hours discharged _ 0

"w = watt-hours charged - t, ’
/ i Vdt

where iy and i, are the discharging and charging currents, respectively; V3 and V,,
are the corresponding voltages, and ty and t, are the discharging and charging
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time, respectively. The watt—hour efficiency is approx1mate1y equal to the product
of the voltage and ampere-hour efficiencies.

Battery Self-Discharge (Local Action)
Self-discharge is the loss of otherwise useable chemical energy by spontaneous cur-
rents within the cell or battery regardless of its connections to an external circuit.

Branch Circuit : ~
A number of modules or paralleled modules connected in series to provide DC
power at the system voltage.

Cell Efflclency (at peak electrical performance operating conditions, 'ﬂ e)
 The ratio of solar cell peak power at 28°C junction temperature to total irradiant
power of RIS spectrum incident on the illuminated cell area. Flat-plate cells are
- normally referenced to 1000 W/m?2 RIS irradiance level; cells designed for concen-
trated sunlight applications are normally referenced to the RIS irradiance level
expected in service.

Charge Rate

The current apphed to a cell or battery to restore its available capacity.
The charge rate can be expressed in amperes (or watts if a constant power is
applied) but is commonly normalized with respect to the rated capacity of the
battery. For example, given the rated ampere-hour capacity, C, and the actual
charging current, I,, the charging rate is expressed as:

where TN is a nominal unit of time in hours.

Therefore, given a 500-ampere-hour battery being charged by a 50-ampere current,
the charge rate becomes ' .

C
' 500750
or,
the C/10 rate.
- It must be noted that Ty cannot be taken as the charging time. That is, the charge
current cannot always be calculated by dividing C by Ty except when the recharge
is started from approximately a 90% discharged status and the battery is then fully

recharged. Ninety percent is commonly the ampere-hour efficiency of a lead-acid
storage battery, and a full charge would therefore restore the battery to 100% of
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"its rated capacity. For example, if less than 90% of the rated capacity were
removed from a battery, then the time required to completely recharge would be
less than what was indicated by Ty. Similarly, if greater than 90% were removed,
the actual recharge time would be greater than Ty.

Collector Efficiency (1)
Ratio of the total WRIS irradiant power incident on the receiver area dxvxded by
the total WRIS irradiant power incident on the module active aperture area.

In practice, the WRIS irradiant power is usually measured using a RIS spectrum
and a measurement device with the same spectral sensitivity as the encapsulated
cell to be used in service.

Commutation

The action of transferring current from one switching device to another in a power

conditioning unit.
Stand-alone inverters must be self-commutated but utility interactive inverters
may make use of line commutation where the circuit operation depends on the
utility line connection.  Utility interactive inverters may also be self-
commutated. Other types of commutation have been used, such as natural and
load commutation, but generally in special applications. -

Concentrator Optics
The optical concentrating portion of a module designed to operate with concen-
trated sunlight on the receiver.

Concentrator Cell Assembly
The smallest complete assembly of solar cell(s) (which may be environmentally pro-
tected) designed to generate DC power under concentrated terrestrial sunlight.

Control Functions
Control functions can be divided into three broad categories: permissive; protec-
tive; and optimization. Startup and automatic shutdown are permissive and protec-
tive functions, respectively.

Depth of Discharge (DOD)
The ampere-hours removed from a fully charged cell or battery, expressed as a
percentage of rated capacity.
For example, the removal of 25 ampere—hours from a fully charged 100 ampere-
hours rated cell results in a 25% depth of discharge. Under certain conditions,
such as discharge rates lower than that used to rate the cell, depth of discharge
can exceed 100%.

Discharge Rate
The current removed over a specific period of time from a cell or battery.
The rate can be expressed in amperes (or watts if the load is of constant power)
but is sometimes normalized with respect to the rated capaclty of the battery to
comply with the charge rate terminology. For example, glven the rated ampere-
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hour- capacity, C, and the actual discharging current, Id, the discharge rate can
be expressed as:

where Ty is a nominal unit of time in hours (see Charge Rate). Again, it must be
noted that T,; is not the discharge time. It is only equal to the discharge time
when 100% oythe rated ampere-hour capacity is removed from the battery. How-
ever, the final (end) voltage can interfere with the ampere-hour removal, hence an
alternative expression to describe the rate is more commonly used. This rate is
expressed as:

Actual number of hours taken to
= hour rate.
reach the rated end voltage.

~ For example, given that a battery's rated capacity is 500 Ah at the 5-h rate to an
end voltage of 1.75 V/cell, the 3-h rate would be equal to the current (in amperes)
necessary to discharge the battery to 1.75 V/cell in three hours. The 10-h rate
would be the current necessary to discharge the battery to 1.75 V/cell in ten
hours. Unfortunately, the battery's available capacity is not constant with dis-
charge rate. Therefore, the discharge current cannot be calculated by dividing the
rated capacity by the hour rate, except at the manufacturer's rating. Tn other
words, for the above case, the current necessary to fully discharge the 500 Ah bat-
tery to 1.75 V/cell in 5 h would be 500/5 = 100 amperes. But the current at the 3-h
rate might only be 145 A rather than 167 A, due to the fact that less than 500 Ah
would be removed at the faster rate to the given end voltage of 1.75 V/cell. Simi-
larly, at a slower rate, more than 500 Ah would be removed by the time the voltage
reached 1.75 V/cell.

Electrolyte
An eleetrolyte is a conducting medium in which the flow of electric current takes

place by the migrations of ions.
The électrolyte for a lead-acid storage cell is an aqueous solutlon of sulfuric
acid. (See Specific Gravity of Electrolyte.) C

Encapsulated Solar Cell Efficiency (Mge) :
Solar cell efficiency measured with protective encapsulation in place.

End-of-Charge-Voltage
The cell or battery voltage at which the finishing charge is normally terminated by
the charging source.

A-10
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Equalization :
The process of restoring all cells in a battery to an equal state-of-charge.
For lead-acid batteries, this is a charging process designed to bring all cells to
100% state-of-charge. Some battery types may require a complete discharge as
a part of the equalization process.

Equalizing Charge
A continuation of normal battery charging, at a voltage level slightly greater than
the normal end-of-charge voltage and at the finishing rate or less, in order to pro-
vide cell equalization of voltage and specific gravity within a battery.

Finishing Rate
The finishing rate for a storage battery is the rate of charge expressed in amperes
to which the charging current for some types of lead batteries is reduced near the
end of charge to prevent excessive gassing and increases in temperature.

Formation
The process, durmg manufacture or installation, by which the electrode materials
are transformed into the compositions required for cell operation.
A battery upon installation is not necessarily fully formed and could require sev-
eral cycles before complete formation. The battery will be able to give its
usable capacity, but not its rated capacity. :

Gassing

The evolution of gas from one or more of the electrodes in a cell.
Gassing commonly results from local action (self-discharge) or from the electrol-
ysis of water in the electrolyte during charging.

Geometric Concentration Ratio (R)
Module active aperture area divided by receiver area.

Iluminated Cell Area (AC)
The total surface area of the cell designed for illumination.
For flat-plate cells, it is the total cell area; for concentrator cells, bus areas not
designed for illumination are excluded.

Nlumination Mismatch Efficieney (n yy)

Ratio of cell efficiency under specified nonuniform illumination conditions to cell
efflclency under ideal uniform illumination conditions.

Inverter
A unit which changes a DC input to an AC output.

Levelized Energy Cost
The cost of a PV system expressed as an equivalent umform (levehzed) annual
amount, taking into account the time value of money divided by the annual energy
generated by the PV system. ‘

. A-11
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Maximum Power Point (P )

The operating pomt on a PV array I-V characteristic at which maximum power is -
delivered.

Maximum Power Point Tracker
A control strategy whereby system operation is always at or sufficiently close to
the PV array maximum power point.
Maximum power point -tracking requires the presence of a load that can accept a
variable power; for example, a storage battery or a utility line connection.

Mismatch Efficiency (v Mis’
The ratio of the efficiency of a series/parallel assemhly of cells or modules mea-
sured under uniform illumination conditions to the average efficiency nf the indi-
vidual elements (mcludes interconnect series resistance losses).

Module
" The smallest complete, environmentally protected assembly of solar cells, optics,
_and other components (exclusive of tracking), designed to generate DC power under
unconcentrated terrestrial sunlight.

Module Active Aperture Area (A ,) .
That portion of the total aperture area of a concentrator module designed to con-
tribute receiver illumination when the sun is on the optical axis.

Module Aperture Area Efficiency (1, ,)

Ratio of the active aperture area to the total aperture area for a concentrator
' module,

Module Packing Efficiency (0 p)

The ratio of the total active solar cell area to the total aperture area for a flat-
plate module.

Module Total Aperture Area (A ,)
Total module projected area normal to the optiecal axis.,

Motive Puwer (Tractlion) Battery
A cell or battery that is intended to power electrically operated mobile equipment
and is designed to be operated in a daily deep-cycle regime at moderate (C/6) dis-
charge rates.

Net Present Value
The present value of all savings resulting from the PV system minus the present
value of all costs associated with the PV system, including initial investment,
replacements, and operation and maintenance (less salvage value).
Present value denotes the equivalent value at the present time of future cash
flows; it is found by discounting future cash flows to the present to account for
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the time value (earnings potential) of money. The time value of money is indi-
cated by a discount rate (interest rate) for which the value of a dollar received
at some future time is equivalent to the value of a dollar received at the present
time.

Nominal Operating Cell Temperature (NOCT)
The equilibrium solar cell junction temperature corresponding to nominal module
service operating conditions in a standard reference environment of 800 W/m2
irradiance, 20°C ambient air temperature, 1 m/s wind, and electrically open cir-
cuit.

Optical Axis

A reference axis for a module or concentrator generally chosen as the module/illu- |
mination-source line which maximizes power output (often an axis of symmetry).

" Overcharge (Overcharging)
To put into a storage cell or battery a charge in excess of that needed to return full
capacity to the cell. Such overcharging can result in "gassing" or decomposition of
the water in the electrolyte into hydrogen and oxygen gases.- -

Panel
A collection of modules fastened together, pre—assembled and wired, and designed
to provide a field-installable unit.

Permissive Control Functions

Permissive control facilitates operation of the power conditioning unit, as well as

the operation of the subsystems connected to it. In addition, permissive control -

determines the interconnections of the internal components within the power con\-

ditioning unit.
Permissive control actlons allow the power conditioning unit to start up, syn-
chronize, and interact with other systems, such as the utility. Closing a switch is
a permissive control action since it allows interaction between connected com-
ponents separated by the open circuit. Since permiissive control actions allow
specific components to interact, it is necessary, to ensure safe operation, that all
possible control actions do not violate electrical/mechanical constraints speeci-
fied by the manufacturer. Simple control actions such as closing a switch could
cause damage to equipment, decrease the life of the system, and harm the opera-
tors. Transients caused by control actions shall be within the manufacturer's
specifications. Relays, like the under-voltage relay, initiate specific actions;
these actions must not endanger other components, subsystems connected to the
power conditioning subsystem, or the operator by creating electrical mismatches
between components.

Photovoltaic Power System Monitor and Control Unit
The highest level of control that receives information from and sends signals to the
thermal and electrical power conditioning subsystems through their monitor and
control units.
Typically, the operator interacts with this functional unit.
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Photovoltaic (PV) System
The total components and subsystems that combine to convert solar energy into
electrical energy suitable for connection to an application 1oad.
The major subsystems and their interfaces are the array, power conditioning,
monitor and control, storage, cabling, and power distribution units. The auxiliary
energy subsystem is not part of the PV system but is included in the total energy
system.

Power Conditioning Subsystem Monitor and Control Unit
Second highest level of control that monitors and controls the components within,
and the subsystems connected to, the power conditioning subsystem.

Power Conditioning Unit (PCU)

Equipment that pertains to a specific power conversion factor. A PCU is used to

change input voltage level or waveform (or both) into a desired output voltage level

or waveform.
It can be specified and tested independently of the PVPS and generally includes
all auxiliary functions required to control individual power handling devices, such
as internal power supplies, error amplifiers, and self-protection features. A PCU
will normally fall in one of the following general categories based on whether the
input and output are primarily AC or DC:

DC-DC—Both input and output are DC. Power conversion may take place inter-
nally at high frequencies. Sometimes referred to as a regulator.

DC-AC—The output is usually a single frequency sinusoid while the input is DC.
Usually referred to as an inverter.

AC-DC--The input is AC, usually sinusoidal and the output is DC. Usually refer-
red to as a rectifier, a DC power supply, or battery charger.

DC-AC/AC-DC--A bidirectional inverter that combines the above two functions
(rectifier and inverter) in a single unit.

AC-AC--The input is AC and the output is AC, usually sinusoidal, of a frequency
different from that of the input. Usually called a frequency converter. One
circuit that has been used to perform this function is a cycloconverter.

Power Factor
The ratio of real power (watts) to apparent power (volt-amps) in an AC cireuit.
Displacement power factor i3 thc ratio of fundamental watte to fundamontal
RMS volts times RMS amps, excluding the cffcets of all harmonie components; it
could be called fundamental power factor.

Power Transfer Map
A graphical - means of presenting complex load characteristics Wthh can be
accommodated by a PCU (see next page).
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Rated Module Electrical Efficiency (Flat-Plate, N pppy)

The amount of electrical Bower (watts) generated by a module at its max1mum
power point and 1000 W/m*“, AM 1.5, NOCT divided by the product of 1000 W/m
and the gross module area (m2)

Receiver
The component de51gned to operate under concentrated sunlight, mcorporatmg the
concentrator cell assembly, and providing thermal energy removal.

Receiver Active Cell Area (ARC)
Total active solar cell surface area within the receiver area.

Receiver Area (AR)
Total receiver surface area (not projected area) designed for illumination when the
sun is on the optical axis and measured in the intended plane(s) of the solar cell
outer surfaces.

Receiver Packing Efficiency (1 gp)
The ratio of the receiver active cell area to receiver area.

Reference Irradiance Spectrum (RIS) '
Air mass 1.5 reference solar spectrum as defined in NASA TM-73702, "Terrestrial
Photovoltaic Measurement Procedures,”" June 1977.

Ripple Current Ratio
The ratio of the AC component to the DC component (average) of the current at a
PCU interface, either input or output.

Ripple Factor .
Ripple factor is an expression of an AC ripple superimposed on a DC average
value. IEC Standard 411-1, Power Converters for Electric Traction Part 1, Sec. 4.2
defines it as:
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Xmax - Xmin
R.F. = )(—-)(— x 1009 ’
max + min

where Xm and Xmin’ respectively, represent the maximum and minimum values
of the variable X. This is equivalent to

X (peak-to-peak)

R.F. = 2X (average) °
Solar Cell
The basic photovoltaic device, which generates electricity when exposed to sun-
light.

Solar Cell Efficiency () (See Cell Efficiency.)

Specific Gravity
The specific gravity of an electrolyte is the ratio of the weight of a given volume
of electrolyte to the weight of an equal volume of water at a specified tempera-
ture. .

Stand-Alone (SA)
A PCU or system that operates independently of the utility lines. It may draw sup-
plementary power from the utility but is not capable of providing power to the util-
ity.

State-of-Charge (SOC)
The available capacity in a cell or battery expressed as a percentage of rated ca-
pacity.
For example, if 25 ampere-hours have been removed from a fully charged
100-ampere-hours cell, the new state of charge is 75%.

Subsystem Monitor and Control Unit
This unit supervises the subsystem energy flow and storage state and controls the
subsystem in a safe and timely manner in response to internal signals and external
signals from other subsystems.
Each majar suhsystem typically will contain a Monitor and Control Unit. This
may or may not exist as a separate unit. This unit will inform the external con-
troller of imponding unsafe gonditions and act independently if system control
docs not respond or if it commands an unsafe action. Refer to the Monitor and
Control section of this document for details.

System Power Rating
The rated power of the PV array at NOCT and an irradiance level of 1000 W/m

modified by cabling and power conditioning subsystem losses at this array power
level.




Uninterruptible Power System (UPS)
A power system that has sufficient redundant power sources and backup configu-
rations so that output power can be continuously supplied (uninterrupted) even
though the primary source of power has failed (interrupted) or the equipment has
failed. '

Unlimited Interactive Source/Sink
An element that can act as a source or a sink and has unlimited capacity. An
example of this type of element is a utility line connection.

Utility Interactive (UI)
- A PCU system capable of operating in parallel with and supplying power to the util-
ity line.

Voltage Window
The range of voltages over which the array, power conditioning unit, or battery is
to be operated. : :

Weighted Reference Irradiance Spectrum (WRIS) .
Convolution of reference irradiance spectrum and the short-circuit current spectral
response of the particular solar cell.
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INTRODUCTION

A secondary yet critically important purpose of this document is to establish a unified
body of test procedures for the evaluation of PV subsystem performance criteria. In sev-
- eral isolated cases (primarily for established areas such as storage and power condition-
ing) accepted concensus standard test methods exist. Because PV technology has
matured only recently, the majority of performance criteria in this document cannot be
evaluated using established standard test methods because none exist. Test methods in
this section have been developed from past experience gathered from and reviewed by
experts in the PV field. They are recommended evaluation procedures; however, these
methods are not consensus .standards tests.

The test methods contained herein are, therefore, "best knowledge" techniques and
should be viewed as such. They will no doubt serve as a starting basis for consensus
standards development in the area of PV measurement and testing techniques.
Developed primarily from the single-crystal silicon experience base, they may,
nonetheless, apply to a wide range of technologies. However, just as users must carefully
select the performance criteria in this document, so these test procedures must also be
used with care. Some are applicable for qualification testing (e.g., destructive
Reliability/Durability Tests) whereas others lend themselves to usage on all components
(e.g., Electrical Performance testing). Under no presently foreseeable circumstance is it
appropriate to make a blanket requirement that all test methods be carried out for a
particular application. Just as the main body of this document is an evolutionary entity,
these test methods will be revised and expanded as further mformatlon and data are
obtained. : oo

The test methods in this section are coded to the particular subsystem performance
attributes of interest. Hence, TE.MO.E.l indicates a Test Method (TE) for testing a
module (MO) for some electrical (E) attribute, and it is the first in the sequence (1) of
such test methods listed here. Generally, the test methods are further subdivided to con-
tain, where appropriate, the following topics (in order): Purpose, Commentary, Appara-
tus, Preparation, Procedure, Evaluation, and References.
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TEST TE.AR.E.1

ELECTRICAL PERFORMANCE TEST — FLAT-PLATE
CELLS, MODULES, AND ARRAYS*

PURPOSE

This electrical performance test is used indoors or outdoors to measure the I-V curve, or
a portion of it, of a photovoltaic cell, module, panel, array, or array field to determine
the electrical output parameters at specified reporting condltlons of temperature and
irradiance level.

COMMENTARY

The I-V curve is the primary electrical performance measurement of a photovoltaic
device. Important electrical performance characteristics can be derived from I-V
performance curves. Cell temperature and incident irradiance both have a-great effect
on the I-V curve. Hence, a set of specified reporting conditions have been developed to
facilitate comparison. See Table B-1 for these conditions.

Table B-1. ELECTRICAL PERFORMANCE REPORTING
CONDITIONS: FLAT-PLATE CELLS, MODULES,
PANELS, AND ARRAYS

Reference * Nominal
Design Operating
Peak Conditions >onditions
Cells 1000 W/m 28°C N/A : N/A

AM 1.5 spectrum

Modules, = 1000 W/m2, 28°C 1000 Ww/m2 NOCTP 800 W/m?, NOCTP
Panels,
Arrays AM 1.5 spectrum® AM 1.5 spectrum &  AM 1.5 spectrum?

8AM 1.5 spectrum is specified in Ref. 1.

BNOCT (Nominal Operating Cell Temperature) is determined by employing
Test TE.AR.M.8.

The output of a solar cell is also a function of the spectrum of the incident irradiance. A
cell may have very different outputs under two different spectral distributions of irradi-
ance, even when the total intensities, measured by a blackbody detector, are the same.
To reduce spectral mismatch errors, two restrlctlons are made on the measurement
procedures:

*ASTM Commlttee E44 on Solar Energy Conversion is developing a relevant recommended
practlce.
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(1) A calibrated reference cell, which is used to transform the I-V data from the
measured spectral irradiance distribution to the standard spectrum, shall be used to
monitor the incident irradiance.

(2) The choice of a light source for solar simulation shall be limited to those that give a
good spectral match to terrestrial sunlight.

‘The calibrated reference cell is a solar cell with a spectral response that matches that of
the test device. Currently, there is no accepted procedure for matching spectral
response curves, and until one is developed, matching such curves will continue to be
based on a subjective judgment of their shape or choosing a reference cell which is known
to be typical of the cells.in a module or panel. The reference cells are calibrated by
measuring their output under terrestrial sunlight of a known standard spectral
distribution.

This standard spectrum is a calculated direct-beam spectrum using air mass 1.5, 2 em of
preclpltable water vapor and an atmospherlc turbidity of 0.12 (see Ref. 1). Currently,
there is no commercial source for prlmary reference cells; thus, they must be made and
calibrated for the application, generally using similar cells.

APPARATUS
The apparatus consists of:

e Reference cell—a calibrated reference cell, whose spectral response matches
that of the test device, used to measure incident irradiance.

e A test bed—a temperature-controlled cell holder if an individual cell is being
measured; or suitable mounting gear if modules or panels are being measured.

® Temperature measurement équipment——to measure the cell temperature of
modules, panels, ete., to within 1°C.

e Current and voltage measurement equipment—to measure current and voltage of
the test device and current of the reference cell to within 0.5%.

e Variable load—to take the test device from open-circuit voltage to short-circuit
current. The load may be a set of resistors, an electronic load, a plus/minus
power supply, ete.

e Data recording equipment—the response times and scale ranges shall be
compatible with the transducers being used.

o Solar simulator—measurements are taken indoors of either the steady-state or
pulsed type.

The choice of a steady-state solar simulator is restricted to those meeting the
following requirements:

- Light source—restricted to those having a good spectral match to terrestrial
sunlight. The following are acceptable: Xenon arc and dichoric filtered
tungsten (such as ELH lamps).

- Total irradiance—between 700 and 1050 W/m2 measured with the reference
cell.
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- Unif ormlty--the irradiance must be umform over the test plane to within £ 2%
during the average irradiance.

- Temporal stability—the irradiance must be constant within + 1% during the
time of measurement.

- Solar beam subtense angle—the angle subtended by the apparent source of the
" simulator on a point on the test device must be less than 30°.

The choice of a pulsed solar simulator is restricted to those meeting the
specifications of the steady-state simulator with two exceptions:

- The light source must be a Xenon are.

.= The temporal otability rcquirement is relaxed to L 109% witli thie udditivnal
requirement that flash irradiance be measured at each data point.

A pulsed simulator usually takes all data for an I-V curve within a few milliseconds.
The user of a pulsed simulator must determine that the response time of the device
he is testing is fast enough to be tested in such a short time interval.

PREPARATION

Three separate methods of preparation are described that pertain to tests performed
with a steady-state simulator, tests performed with a pulsed solar simulator, and tests
performed outdoors.

Steady-State Solar Simulator

Step 1—

The simulator is turned on and stabilized. The irradiance is adjusted to
the test intensity as measured by the calibrated reference cell, which is
normal to the beuam.

Attach separate current and voltage leads to the test device.

Step 2—

Step 3—  For individual cell measurements, the cell is mounted on a temperature-
controlled mount normal to the simulator beam and in the same plane as
the reference cell in Step 1. If the uniform area of the beam is large
enough, both test sample and reference cell can be coplanar in the same
beam. If not, the reference cell is replaced by the test sample.

Pulsed Solar Simulator

Step 1—  Attach separate current and voltage leads to the test device.

Step 2—  Mount the reference cell and test device coplanar with and normal to the
test beam.

Step 3—  Adjust the test plane to an irradiance level of 1000 W/m2,

" B-8
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Because the pulsed simulator normally takes data only within the power
quadrant, complete transformations of the I-V curve from below standard
irradiance levels cannot be made. It is thergfot'e advisable to have the

test plane irradiance no lower than 1000 W/m*“,

Outdoor Tests in Natural Sunliglt_

Step 1—

Step 2—

Step 3—

PROCEDURE

Determine that suitable measurement conditions exist before conducting
the test. Outdoor measurements should be made only under stable, sqgmy
conditions with an incident irradiance intensity of at least 700 W/m“ as
measured by the reference cell. Variations of intensity over the time
span required to take I-V data must be less than 1%. The solar incident
angle (direct-beam) must be less than 40°.

Attach separate current and voltage leads to the test device.

The test cell and reference cell are mounted coplanar, in temperature-
controlled holders. If the reference cell cannot be maintained at the
reference temperature, the temperature coefficient of calibration is
used to correct to 28°C. If temperature control is not possible with
arrays, modules, or panels, then the temperature is measured and
corrections made to NOCT.

Three separate test procedures are described, pertaining to tests performed with a
steady-state simulator, tests performed with a pulsed simulator, and tests perforqu

outdoors.

Steady-State Simulator

Step 1—

Step 2—

Adjust the cell temperature to 28° + 2°C. For larger area panels, it may
not be possible to temperature control the panel. This could result in
nonuniform cell temperatures throughout the panel and lack of

" temperature equilibrium, making I-V. curve transformations to electrical

performance reporting conditions extremely difficult. In this case, shade
the panel until just before I-V measurement. The panel will be at, or
very near, ambient temperature. The panel temperature must -be
measured and corrections made to NOCT.

Measure the I-V curve or appropriate discrete points on it. ~All
temperature and irradiance should be monitored to ensure that they are
at the desired level during the test.

Pulsed Simulator

Step 1—

Adjust test device Lemperature to 28° £ 2°C.
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Step 2—  Measure the I-V curve or appropriate discrete points on it. Cell
temperature and irradiance should be monitored to ensure that they are
at the desired level during the test.

Outdoors-Natural Sunlight

Step 1—  Adjust test device temperature to 28° + 2°C. For larger area panels
: where temperature control is difficult, the panel-may be shaded prior to
testing as deseribed in the section ‘on-the Steady-State Simulator.

Step_ 2—  Measure the I-V curve or appropriate discrete points on it. Cell
. - temperature and irradiance should be monitored to ensure that they are
at the desired level during the test.

EVALUATION

—

- I-V Curve Adjustment: Data is reported at the conditions noted in Table B-1. Data

should be measured at, or close to, these conditions because of the difficulty of

. transformations. If this is not feasible, a transformation of the I-V curve to the

reporting conditions may be made using the following equations:

5 : .
. _ 2 _

Al -1$1‘<ﬂ‘-1)+ a(T ,-T ) A (1)
I, =1, + A1 . : (2)
Vy, =V, + B(T, = T)) - AIR_-K(T,- T))I, (3)

where I,, and T, are ‘current, voltage, 1rrad1ance, and temperature at the desired
condltlons, % %’ J and T, are the measured values, respectxvely, a and B are the
temperature coe flcxents for current and voltage, respectlvely (B is negatwe), g is
series resistance; K is a curve correction factor; and A is area. - A method for
determlmng R, is given in Ref. 2. The K value must be determined by experimental

- ,means;. and B are defined as the change in either short-circuit curféent ot open-

- circuit voltage per one-degree temperature change. The above transformations were
_originally intended for single cells. It is unclear how they behave In the ease of multicell

modules, panéels, etce.

Output Parameters from I-V Curve: A typical I-V curve is shown in Fig. B-1. Current is
the y-axis while voltage 1s the x-axis. The electrical parameters that may be derived
from the I-V curve are as follows:

o Short-Circuit Current (I }—the current value where the I-V curve crosses the
" voltage axis at V =0 (pom‘f‘ A).

] Open-Clrcuxt Voltage (v )—the voltage value where the I-V curve crosses the

current axis atI1 =0 (pom(t
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Current

Voltage

Figure B-1. Typical Current-Voltage Curve
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Max1mum Power (P )—the point on the I-V curve where the product of current -

and voltage 1s maxxmum. These current and voltage values are called I and Vin

'respectlvely (point C).
Fill Factor (FF)—defined as the ratio of P, to the product of I, and V .:

P
FF = —0

IV
se oc

) Efflclencz (n)—defined as the ratio of P, to the product of area (A) and incident

1rrad1ance (J ).

Pm
7|=:]K

The area 1§ defined slightly diftferently tor cells, modules, panels, etc. See the
individual criteria for details.

REFERENCES

1.

"Terrestrial Photovoltaic Measurement Procedures." ERDA/NASA/1022-77/ 161;
NASA TM 73702; June 1977.

2. Wolf, M. and Rauschenbach, H. "Series Resistance Effects in Solar Cell

Measurements." Advanced Energy Conversion (Vol. 3); Apr./June 1963.
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TEST TE.AR.E.2

ELECTRICAL PERFORMANCE TEST — CONCENTRATOR SOLAR CELLS

PURPOSE

The electrical performance test for concentrator solar cells is used indoors or outdoors
to measure the I-V curve, or a portion of it, of a concentrator solar cell to determme the
electrical output parameters at specified reporting conditions.

COMMENTARY

The test used to measure the I-V curve for concentrator solar cells is similar to the
‘method used for flat-plate cells, Test TE.AR.E.1. The following aspects of establishing
and measuring test conditions require special consideration in testing concentrator cells:

® As levels of irradiance increase, establishing a uniform temperature across the
cell becomes more difficult. A nonuniform thermal bond between the cell and
the cell holder can cause a portion of the cell to have a significantly higher
temperature than that measured by the temperature sensor.

e It is difficult to establish uniform illumination when optical systems are used. It
may be necessary to use some type of neutral density filter, a mask, or other
modification of the optical system to establish a more uniform illumination.

e It is difficult to measure the incident irradiance when testing concentrator solar
cells. The procedure described here assumes that the short-circuit current of the
cell is equal to the light-generated current and proportional to incident

- irradiance. This assumption is valid, but to a limited level of irradiance which
may vary from cell to cell.

The use of a calibrated, matched reference cell is an accepted method of referencing
solar cell measurements made under different light sources to the reference irradiance
spectrum. Because at present such reference cells are not always easily and quickly
obtainable, a pyrheliometer is included in this method as an alternative reference
irradiance instrument. 1If a pyrheliometer is used for irradiance measurement, the
spectrum of sunlight present during the test is unknown. This factor reduces the
comparability of data based on reference irradiances. Tests performed using a
pyrheliometer should be performed only on days with very clear, stable, sunny conditions.

APPARATUS
The apparatus consists of:
e Reference cell—a calibrated reference cell, whose spectral response matches

that of the test device, is used to measure irradiance.

e Pyrheliometer—if a properly matched reference cell is not available, a
pyrheliometer may be used to measure irradiance.

° (,olhmating tube—an appropriate collimating tube is used if the test is conducted
using sunlight with a pyrheliometer as the reference 1ntens1ty instrument (see
Ref. 1).
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@ Test bed—a temperature—controlled cell holder. For outdoor tests, the cell
holdero must be mounted in a two-axis trackmg device with a tracking accuracy
of 0.1% :

e Temperature measurement equipment—equipment to measure the cell
temperature to within 1°C. :

e Current and voltage measurement equipment—equipment to measure current and
voltage of the test device and current of the reference cell to within 0.5%.

e Variable load—a load to take the test device from open-cirecuit voltage to short-
circuit current. The load may be a set of resistors, an electronic load a
plus/minus power supply, etc.

e Data recording equipment—response timnes and scale ranges shall be compatible
with the transducers used.

e Optics—a solar simulator for indoor tests or suitable lenses or. ‘reflectors for
sunlight tests.

P

Uniform irradiance is desired across the cell in the test bed. Experience to date
indicates that variations of +20% have only a small effect on electrical performance. If
the nonuniformity present during the test is greater than +20%, it is recommended that
indications of uniformity (e.g., irradiance profiles) be reported with test results.

PREPARATION

Step 1— Prepare the cell holder with a temperature sensor located at the cell
-holder/cell interface in a position correspondmg to the center of the
back of the test cell. Additional temperature sensors may be installed at
other locations on the cell holder or cell to monitor temperature
uniformity or provide temperature measurement redundancy or both.

Step 2— Mount the cell to the cell holder in a manner that yields good thermal
-contact between the cell and cell holder. A good thermal bond may not
be needed if a flash simulator is used and the test can be conducted fast
enough so that the cell temperature does not change. Note: One
technique . that has been used to bond silicon solar cells to copper cell
holders i3 to solder the cell with pure indium solder. Indium is desirable

__because of its melting temperature (about 160°C) and high duetility.

Step 3—  Attach separate current and voltage leads (Kelvin probe) to the cell.
Care should be taken to prevent errors in cell voltage measurement
because of voltage drops along the cell busbar or in lead connections.

PROCEDURE

Two separate procedures are described, pertaining to indoor testing and outdoor sunlight
testing, respectively. 1
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Indoor Testing

Step 1—

Step 2—

Step 3—

Step 4—

TE.AR.E.2

Measure the one-sun electrical performance of the cell following the
appropriate procedures in Test TE.AR.E.1. Establish the ratio of short-
circuit current to incident irradiance.

Place the cell in the concentrated light at the desired level of
irradiance. The level of irradiance may be determined by dividing the
short-circuit current of the cell under concentration by its ratio of short-
circuit current to incident irradiance as determined by the one-sun test.
A matched reference cell may also -be used for this irradiance
measurement. Note: Appropriate testing may be necessary in order to
establish that the short-circuit current is equal to the light-generated
current.

Adjust the cell temperature to the desired level, preferably within 2°C.
Measure the I-V curve or appropriate discrete points on it. Cell

temperature and irradiance should be monitored to ensure that they are
at the desired level durmg the test. .

Outdoor Sunlight Testing

Step 1—

Step 2—

Step 3—

Step 4—

Step 5—

If a pyrheliometer is used as the irradiance reference instrument, verify
that the sunlight congitions are stable w1th a direct normal irradiance
greater than 800 W/m*. :

Measure the one-sun electrical performance of the cell following the
appropriate procedure in Test TE.AR.E.1. The test cell and reference
cell must have the same field of view. If a properly matched reference
cell is not available, a pyrheliometer may be used to measure
irradiance. The test cell must be under a collimating tube with aperture
and slope angles that match those of the pyrheliometer. The use of a
pyrheliometer provides no correction for differences between the
sunlight spectrum during the test and the reference irradiance spectrum.

Place the cell in the concentrated light at the desired level of
irradiance. The level of irradiance may be determined by dividing the
short-circuit current of the cell under concentration by its ratio of short-
circuit current to incident irradiance as determined by the one-sun test.
Note: Appropriate testing may be necessary in order to establish that
the short-circuit current is equal to the light-generated current.

Adjust the cell temperature to the desired level, preferably within 2°C.
Measure the I-V curve or appropriate discrete points on it. Cell

temperature and irradiance should be monitored to ensure that they are
at the desired level (i.e., £1%) during the test.
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EVALUATION

The electrical performance parameters for concentrator solar cells are determined as
described in Test TE.AR.E.l. Reporting conditions include condition 1 and either
condition 2 or 3 as follows: .

(1) One-sun, 28°C, short-circuit current to irradiance ratio at reference irradiance
- spectrum.

(2) Fixed 28°C temperature, and various specified irradiance levels.
(3) Design operating temperature and irradiance.

If the measured data must be corrected to a reporting temperature other than the test
temperature, the approach outlined in Test TE.AR.E.] may be used. The correction will
be more complex because the related coefficients are a function of the irradiance level.
A plot of open-circuit voltage versus the natural logarithm of short-circuit current at a
constant temperature may be prepared in order to verify adequate temperature control
during the test (see, for example, Fig. B-2). /If the slope of the curve falls below kT/q, .
cell temperature, temperature uniformity, or illumination uniformity may not be ade-
_quately controlled. If this is the case, X-ray, liquid crystal, or ultrasonic techniques may
be applied to examine the quality of the thermal bond between the cell and its substrate.

REFERENCES

1. Chai, An-Ti. "Some Basic Considerations of Measurements Involving Collimated
Direct Sunlight." Terrestrial Photovoltaic Measurements II. ERDA/NASA-
1022/76/10. Baton Rouge, LA; Nov. 10-12, 1976; pp. 233-246.

B-16



TR-654

=Rl @

TE.AR.E.2

0.71

0.69

0.67

0.65

0.63

Open-Circuit Voltage (volts)

0.61

0.59

0.57

Open-Circuit Voltagé vs. Concentration

%%

/
/
/

4
4
Id

ot

KT/Q-0.0259 V at 28°.

7/
/lé
Voc = AKT/q 1n (Is/lo + 1) .
. /@
V4
/7
//
2
//
&
/
,/
//
&
Vd
Vd
7/
//
Ve
//
@ 1 ) g

10° 10" .

102

Concentration (suns) (1 sun = _100(5 W/m2)

Figure B-2. Typical Concentrator Solar Cell Electrical Performance
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TEST TE.AR.M.1

STRUCTURAL LOADING TEST—FLAT-PLATE MODULES
(CYCLIC PRESSURE LOAD TEST)

PURPOSE

The cyclic pressure load test is used to determine the ability of a photovoltaic module
design to withstand specific levels of positive and negative normal pressure loads applied
cyclically.

COMMENTARY

The test is generally perfomed on a sample lot of photovoltaic modules of a given design
to verify this aspect of the structural integrity of the design. Further discussion of the
‘required apparatus and test methodology may be found in LSSA Project Task Report No.
5101-19, "Cyclic Pressure Load Developmental Testing of Solar Panels " February 28,
1977.

When tested against specific levels, a certain percentage of properly designed
photovoltaic modules will probably show. evidence of failure of solar cells and other
brittle materials (glass superstrates, for example) employed in their construction. This is
because the failure of brittle materials is probabilistic. It may be prohibitively expensive
to test enough modules to show that the probability of failure is acceptably low in these
cases.

The cyclic pressure load test is intended to uncover design weaknesses of cell
interconnects, encapsulant systems, and cells. Broken interconnects, a common field
failure in early photovoltaic modules, were attributed by some people to mechanical
fatigue from long-term response to wind gusting, although subsequent studies have shown
that interconnect fatigue is more likely to result from thermal eyeling.

APPARATUS

The apparatus consists of cyclic pressure load equipment that induces uniform peak .
pressure loads across the surface of the module; load sensors and momtormg equipment;
electrical continuity and short circuit equipment; and a test frame.

The cyclic pressure load equipment includes the following f eatures:

e Inflatable air bags and reaction frame or other means to automatically apply a
uniform normal pressure load alternately to the front and back surfaces of the
module until the specificed number of cycles is attained.

® Pressure gauges or other instrumentation suitably located to verify that the
specified loading is applied to only one side of the module at any given time.

e Automatic means of applying pressure to front and back surfaces of the module
alternately, one side at a time, cyclically, until a specified minimum number of
cycles is reached.
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® A means to count the number of complete cycles applied to the module.

e An automatic means to stop application of pressure and stop the cycle counter if
an open circuit or short is detected.

A schematic diagram of the overall cyclic pressure load equipment is shown in Fig. B-3.

PREPARATION

Step 1—
Step 2—

Step 3—

Verify that pretest electrical performance and visual inspection data are
available for the module being tested, .

Check out and adjust the automatic pressure cyeling system to verify that .
it applies the required pressure at a rate not to exceed 20 cycles/minute.

Install the module into a mounting frame that properly simulates the

mounting method intended by the manufacturer.

B-19



S=RN@® . i __ TR-654

TE.AR.M.1

Plate Edge
2 Square Tube Stiffeners ‘ Stitfener
. and Air Duct ﬁ\r B_| (FP ' \
- Plate with Air
Distribution R
Holes

Foam Rubber —

Stress Equalizing
‘Attachment Bracket

i \{ Rubber -

) In " Diaphragm

Solar Module

_/ Vent . k (F’S T

: "Valve

2.49 kPa .

Test Frame

2 Pressure
Regulatoro’

B

Air In
Valves

Figure B-3. Schematic of Apparatus for ~CyclicAPressure Load Test

R-20



S=Rl @ - - - TR-654

TE.AR.M.1

PROCEDURE

Step 1— Install the module in the test fixture and connect the open circuit and
short-detection circuitry.

Step 2— Zero the pressure cycle counter.

Step 3— Turn on all test equipment and begin application of cychc pressure loading
and counting.

Step 4— The open-/short-circuit detection system may detect a problem and shut
down the pressure cycling apparatus before attaining the 10,000 cycle
minimum requirement. In this case, record the number of cycles attamed,

~ remove the module, and proceed to the Evaluation.

Step 5— In the event that a minimum of 10,000 pressure cycles are attained-
' without module circuit malfunction, remove the module and proceed to
the Evaluation. _

EVALUATION
There shall be no occurrence of open- or short-cireuit conditions during this test.

Modules malfunctioning at less than 10,000 cycles. These modules are considered to have
failed the criteria that there shall be no occurrences of open-circuit or short-circuit
conditions during tests in which the module cireuitry is instrumented. Attempt to
pinpoint the source of the open or short circuit. Record the findings of this
investigation. Note that this type of circuit malfunction may be intermittent and may
depend on whether or not the module is flexed because of pressure loading.

_All modules. All modules shall receive a thorough visual examination, and any
irregularities (including cracked cells) shall be noted. The allowable level of observable
mechanical degradation (such as cracks, delamination of coatings, ete.) shall be
determined by the manufacturer's approved module acceptance testing plan. Modules -
shall pass the Dielectric Voltage Withstand Test (TE.AR.M.10) when retested at the com- .
pletion of this test. The module electrical performance shall be measured at the
completion of this test. Power degradation shall not exceed 5% of baseline performance,
previously determined per Test TE.AR.E.1.
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TEST TE.AR.M.2

TEMPERATURE CYCLING TEST—FLAT-PLATE MODULES

PURPOSE

The temperature cycling test is condueted to determme the effects of thermal stresses
that could appear on modules during use. |

APPARATUS

Temperature chamber with temperature rate cbntroller; auxiliary thermal sensors with
associated recording devices; electrical continuity and s$hort-circuit monitoring
equipment; test frame.

PREPARATION

Step 1— Verify that pretest electrical performance data for the module 1s avail-
able.

Step 2— Inspect modules to deteet evidence of physical degradatlon (e.g.,
delamination or broken cells).

Step 3— Prepare and provide programming devices to perform the temperature
cycling program of Fig. B-4.

Step 4— Install one thermocouple behind a solar cell on the back of the module at a
point approximately one-third of the module width and one-third of the
module length.

Step 6~ Mount modules in a test frame in accordance with manufacturer's instal-
lation instructions and recommended mounting hardware. The test frame
shall be designed to simulate the support rigidity and differential thermal
expansion likely to occur in service between the module and its supporting
structure. : -
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Figure B-4. Temperature Cycling Test
Flat-Plate Modules
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PROCEDURE

Step 1—

Step 2—
Step 3—

Step 4—
Step 5—

Step 6—

Step 7—

EVALUATION

TE.AR.M.2

Install modules into temperature chamber. If there are more than one,
install them so that all are exposed equally to air supply; that is, parallel
to the air flow. Connect the electrical leads from the thermocouples to
the temperature recording device. Connect the electrical leads from the
module terminals to the electrical continuity and short-circuit monitoring
equipment. Note: Concurrent testing of several modules in the same
chamber is permitted provided the test requirements for each module are
identical.

Verify that each module has electrical continuity and no short circuits.

Subject the modules to 50 temperature cycles in accordance wilh
Fig. B-4. A temperulure wm.le eonsists of starting from amhient,
approximatcly 1.6 h at -40° C + 2° C module cell temperatiire, and
appromixately 1.6 h at +90° C  2° C module cell temperature and return
to ambient with a maximum eyele Lime of 6 h, During transition periods,
the temperature shall vary approximately linearly with time at a rate not
to exceed 100° C/h. Note: The cycle time can be shortened by reducing
the dwell time at +90° C and -40° C, providing the modules' cell
temperatures reach +90° C + 2° C and —a0% C £ 2° C, respeclively. Thus,
programming the chamber to reach +93° C and -43° C may result in the
module temperatures reaching the proper temperatures in 20-40 min;
however, the maximum temperature change rate of 100° C/h shall not be
exceeded.

Verify that no open circuits or short circuits oceur during the exposure.

Inspect modules to detect evidence of physleal degradation (such a3
delamination, terminal corrosmn, broken interconnects, and broken cells)
after 25 cycles (optional).

Following removal of modules from test chamber, obtain pust=test elec-
trical performance data for each module.

Inspect modules to detect evidence of physical degradation (such as
delamination, terminal corrosion, broken interconnects, and broken cells).

Upon completion of the temperature cycling test each module shall be inspected to
detect evidence of physical degradation (such us delaimination, terminal corrosion, broken
interconnects, and broken cells). In addition, thc post-test electrical performance of
each module shall be measured using Test TE.AR.E.1. Excessive physical deterioration,
electrical degradation below design levels, the presence of intermittent open circuits, or
the occurrence of short circuits to ground shall be cause to classify the module as having

failed.
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TEST TE.AR.M.3

TEMPERATURE CYCLING TEST—CONCENTRATOR MODULES

PURPOSE

The temperature cyéling test is conducted to determine the effects of thermal stresses
on modules that could oceur during service use.

APPARATUS

Temperature-humidity chamber with temperature rate controller; electrical continuity
and short-circuit monitoring equipment; test frame.

PREPARATION

Step 1— Verify that pretest electrical perform‘ance‘ data for the module is avail-
able. ,

Step 2— Inspect modules to detect evidence of physical degradation (e.g., delamin-
ation or broken celis).

Step 3— Prepare and provide programming devices to perform the temperature
cycling program of Fig. B-5. '

Step 4— Mount modules in a test frame in accordance with manufacturer's instal-
lation instructions and recommended mounting hardware. The test framé
shall be designed to simulate the support of the module in the actual‘u?e
environment. .-
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Figure B-5. Photovoltaic Module Test Profile
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PROCEDURE

Step 1—

Step 2—
Step 3—

Step 4—
Step 5—

Step 6—

Step 7T—

EVALUATION

TE.AR.M.3

Install modules into the chamber. If there is more than one, install them
so that all are exposed equally to air supply; that is, parallel to the air
flow. Connect the electrical leads from the module terminals to the elec-
trical continuity and short circuit monitoring equipm'ent. Note: Concur-
rent testing of several modules in the same chamber is permltted provided
the test requirements for each module are identical.

Verify that each module has electrical continuity and no short circuits.

Subject the modules to 50 temperature cycles in accordance with
Fig. B-4. A temperature cycle consists of 1 h at -30° C; followed by 1 h
at +60° C. The transition periods between these extremes shall be of 1 h
duration, yielding a cycle time of 4 h. During transition periods, the
temperature shall have a rate of change of not more than 200° C/h. The
relative humidity shall be 85% at 60° C for each cyecle.

Verify that no open circuits or short circuits occurred during the exposure.

Inspect modules to detect evidence of physical degradation (such as
delamination, terminal corrosion, broken interconnects, broken cells, and
broken, cracked, or delaminated optical components) after 25 cycles
(optional).

Following removal of modules and test chamber, obtain post-test electri-
cal performance data for each module.

Inspeét modules to detect evidence of physical degradation (such as
delamination, terminal corrosion, broken interconnects, broken cells, and
broken, cracked, or delaminated optical components).

Upon completion of the temperature cycling test each module shall be inspected to
detect evidence of physical degradation (such as delamination, terminal corrosion, broken

interconnects,

broken cells and broken, cracked or delaminated optical components). In

addition, the post-test electrical performance of each module shall be measured using a
test method to be developed. Excessive physical deterioration, electrical degradation
below design levels, the presence of intermittent open circuits, or the occurrence of
short circuits to ground shall be cause to classify the module as having failed.
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TEST TE.AR.M.4
HAIL TEST—FLAT-PLATE MODULES

PURPOSE

The hail test is used to demonstrate the ability of a photovoltaic module :design to w1th—
stand specified levels of hailstone impact likely to be encountered at a specific site.

COMMBN_TARY |

The test is an application-dependent test performed on a sample lot of modules of a
given design intended for use in a hail-prone geographic area. The test consists of pro-
pelling ice -balls of the required hailstone diameter at terminal velocity at the three most
sensitive points on the test specimen. The selection of hail diameter is determined by
the user, based on an assessment of the hailstorm likelihood at a particular application.

- Typical hailstone characteristics are provided in Table B-2. For solar collectors, HUD
recommends using a hailstone diameter equal to 8 mm (0 3 in.) times the average number
of hail-days per year at the apphcatxon site.

Ice balls are the only acceptable hailstone simulation. Dropped steel balls shall not be
used.

Table B-2. TYPICAL HAIL CHARACTERISTICS?

Diameter Terminal Veloeity
em (in.) m/s (mph)
1.27 (0.50) 16.1 (36.0) .
1.90 (0.75) 20.1 (45.0)
2.54 (1.00) 23.2 (52.0)
3.18 (1.25) 25.9 (58.0)
3.81 (1.50) 28.1 (63.0)
5.08 (2.00) 32.6 (73.0)
6.35 (2.50) 36.2 (81.0)
7.62 (3) 39.8 (89.0)

3

8pensity of ice taken as 0.9 g/em

APPARATUS

Pneumatic or spring-actuated guns for projecting ice balls, velocity monitoring equip~-
ment, a mold for forming spherical ice balls, a cold storage compartment.
Representative acceptable hail test equipment is shown in Figs. B-6, and B-7, and-in a
schematic set-up in Fig. B-8.
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Figure B-6. Simulated Hailstone Mold

Figure B-7. Pneumatic Hail Gun Test Set-Up

12=S

FINEVHL
7S9-d.L

@




SE al ‘:@] TR-654

TE.AR.M.4

i e

~— Mounting Frame
2

X Module

Velocity Measuring System
Photoelectric

/— Interchangeable Barrels

Solenoid Valve :
Large, Fast Opening

Test Gauge
0-103kPa Regulator
F{eservoir\ Q —T <Supply
=l Shop Air
. /7

Figure B-8. Schematic Hail Test Set-Up
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PREPARATION

Step 1—

Step 2—

Step 3—

Step 4—

TE.AR.M.4

Prepare ice balls of the required diameter. After forming, place the ice
balls in a freezer at -8°C + 2°C for a minimum of 8 h before use. Ice
balls shall be generally spherical in shape with a maximum deviation in
diameter of +3 mm (+1/8 in.).

Calibrate the gun by measurmg the velocity of the required diameter ice
ball as it approaches the target. If it can be demonstrated that ice ball
velocity can be repeated +5%, it will not be necessary to measure the
velocity of each shot. If the speed cannot be so controlled by setting
pressure or spring force, each shot shall be electronically timed. Note:
Calibration can best be done by electronically measuring the time it
takes the ice ball to interrupt two photo cells. It may be necessary to
add some coloring to the water before freezing it to increase the opacity
of the ice ball.

Verify that pretest electrical performance data are available for the
module being tested. -

Inspect module being tested to detect evidence of physical degradation
(broken cell or damaged outer cover).

‘

The next three steps are to be performed if a precursor destructive test of a sample
module is desired.

Step 5—

Step 6—

Step 7—

Verify that the sample module intended for destructive testing is of iden-
tical design to the test specimen module.

Test the sample panel destructively to determine the most sensitive
exposed point on a test specimen experimentally. Ice balls of the
required diameter shall be fired at candidate sensitive points with

_increasing velocity until the panel is broken. Several different points-on

the panel should be broken, and the points broken at the lowest velocltles
should be used for subsequent testing,

The candidate points selected should include the following (where appli-
cable):

corners and edges of the module;

edges of cells, especially around electrical contacts;
points of minimum spacing between cells;

points of support for any superstrate material;-and
points of maximum distance from points of support.

©C 0000

Identify at least 10 different points of impact from the destructive test
results to be struck during the regular test.
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PROCEDURE

Step 1—

TE.AR.M.4

Mount the module normal to the path of the ice ball. The module shall
be installed in a test figure using mounting hardware that simulates the
support rigidity of the intended field installation.

The following steps are applied if a precursor destructive test is to be performed.

Step 2—

Step 3—

Step 4—

After removing an ice ball from the freezer and inserting it in the gun,
shoot the ice ball at the module at the required terminal velocity and at
one of the ten most sensitive exposed points as determined during the
destructive test. Note: The time between freezer removal and shooting
shall be less than 1 min and all gun surfaces shall be 20°C + 5°C. Some
scatter is expected in hitting a location on the module.. Error up to 15
mm in the location hit is acceptable.

Inspect the module in the area of impact for signs of cell eracking or top
surface damage.

Repeat steps 2-4 for at least nine additional sites on the module as
determined during the destructive test.

The following steps are applied when there is no precursor destructive test.

Step 2'—  After removing an ice ball from the freezer and inserting it in the gun,
shoot the ice ball at the module at the required terminal velocity and at
a location given in Table B-3. Note: The time between freezer removal
and shooting shall be less than 1 min and all gun surfaces shall be 20°C +
5°C. Some scatter is expected in hitting a location on the module. Error
up to 15 mm in the location hit is acceptable.
A Step 3'— Inspect the module in the area of impact for signs of cell cracking or top
surface damage.
Step 4'— Repeat steps 2' and 3' two more times at different sites of the same
generie type (e.g., ecorners and edges).
Step 6~ Repeat steps 2'-4' for the four additional generic types of sites on the
module.
Table B-3. LOCATIONS FOR ICE BALL IMPACT
Location
: on
Shot Location ‘ Sketch
1, 2, 3 (1) Corners and edges of the invdule. ‘ A
4,5,6 (2) Edges of cells, especially around
- - eleetrical contacts. : ‘ B
7,8,9 (3) Points of minimum spacing between cells. C
10, 11, 12 (4) Points of support for any superstrate
material. ' D
13, 14, 15 (5) Points of maximum distance from points
‘ of support in (4). ~ E8

8(E) represents a channel bridge or other area deemed to be particularly vulnerable.
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Sketch for Table B-3, Locations for Ice Ball Impact

D
Design
Dependent
(Frame, etc.)

Step 5,6'—  Obtain post-test electrical performance data for each module.

Step 6,7'— Inspect module to detect evidence of physical degradation (broken
cells or damaged outer cover).

EVALUATION

Upon completion of the hail test, each module shall be inspected to detect evidence of
physical degradation (such as broken interconnects, broken cells, and damaged outer
cover). In addition, the post-test electrical performance of each module shall be mea-
sured using Test TE.AR.E.1l. Excessive physical deterioration, electrical degradation
below design levels, the presence of intermittent open circuits, or the occurrence of
short circuits to ground shall be cause to classify the module as having failed.
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TEST TE.AR.M.5
HAIL TEST—CONCENTRATOR MODULES

PURPOSE

The hail test is used to demonstrate the ability of a photovoltaic module design to with-
stand specified levels of hailstone impact that are likely to be encountered at a specific
site.

1

COMMENTARY

The test is an application-dependent test performed on a sample of modules of a given
design intended to be used in a hail-prone area. The test consists of propelling ice balls
of specific hailstone diameters at terminal velocity toward the three most sensitive
‘points on the test specimen. The hailstone diameter is determined by the user based on
his assessment of hailstorms at the particular application. Typical hailstone characteris-
tics are provided in Table B-4. For solar collectors, HUD recommends a hailstone diame-
ter equal to 8 mm (0.3 in) times the average number of hail-days per year at the applica-
tion site. Ice balls are the only acceptable hailstone simulation. Dropped steel balls
should not be used. '

Table B-4. TYPICAL HAIL CHARACTERISTICS?

Diameter Terminal Velocity
em (in.) m/s (mph)
1.27 (0.50) 16.1 (36.0)
1.80 (0.75) : 20.1 (45.0)
2.54 (1.00) : 23.2 (52.0)
3.18 (1.25) 25.9 (58.0)
3.81 (1.50) 28.2 (63.0)
5.08 (2.00) 32.6 (73.0)
6.35 (2.50) 36.2 (81.0)
7.62 (3.00) 39.8 (89.0)

8Density of ice taken as 0.9 g/cm.

APPARATUS

Apparatus consists of pneumatic or spring-actuated guns for projecting ice balls, velocity
monitoring equipment, a mold for forming spherical ice balls, and a cold storage com-
partment.

PREPARATION

Step 1—  Prepare ice balls of the required diameter. After forming them, place
the ice balls in a freezer at -8°C t 2°C for a minimum of 8 h before

B-34



TR-654

SERI

Step 2—

Step 3—

Step 4—

PROCEDURE

Step 1—

Step 2—

Step 3—
Step 4—

Step 3—
Step 6—

Step 7—

Step 8—
Step 9
Step 10—

TE.AR.M.5

use. Ice balls shall be generally spherical in shape with a maximum
deviation in diameter of +3 mm (x1/8 in.).

Calibrate the gun by measuring the velocity of the required diameter
ice ball as it approaches the target. If it can be demonstrated that ice
ball velocity can be repeated +5%, it will not be necessary to measure
the velocity of each shot. Note: Calibration can best be done by elec-
tronically measuring the time it takes the ice ball to interrupt two
photo cells. It may be necessary to add some coloring to the water
before freezing it to increase the opacity of the ice ball.

Verify that pretest electrical performance data are available for the
module being tested. :

Inspect module being tested to detect evidence of physical degraddtion
(broken cell or damage to outer cover).

Mount the module so that the ice ball will achieve impact on a path
parallel with the optical axis of the module. The module shall be
installed in a test fixture using mounting hardware that simulates the
support rigidity of the intended field installation.

After removing an ice ball from the freezer and inserting it in the gun,
shoot the ice ball at the module at the required terminal velocity and at
a location given in Table B-5. Note: The time between freezer removal
and shootmg shall be less than 1 min and all gun surfaces shall be 20°C
+ 5°C. Some scatter is expected in hitting a location on the module.
Errors up to 15 mm in the location hit are acceptable.

Inspect the module in the area of impact for signs of damage to the
optical surfaces, including cracking, denting, or crazing.

Repeat steps 2 and 3 two more times. Three impacts are requu'ed to

determine if a sensitive point has been struck.

Repcat steps 2-4 at four additional sites on the module.

Mount the module so that the ice balls impact on the surfacc of the
cells on the receiver. The module configuration will determine the win-
dow through which hailstones can impact the receiver. The direction
from which the hail comes shall be approximately the middle of this
"window." If the design of the module precludes direct hail impact, this
step can be omitted.

Implement step 2 for various points along the receiver, including the
cells and interfaces between adjacent cells or cover glasses. At least
three impacts are required for each generic area of the receiver.

Inspect the receiver for sfgns of cell or cover glass cracking.
Obtain post-test electrical performance data for each module.
Inspect module to detect evidence of physical degradation.
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Table B-5. LOCATIONS FOR ICE BALL IMPACT

Shot Location
1,2,3 (1) Corners and edges of the module
3 3,4,5 (3) Points of support for any
superstrate material .
6,7,8 {(4) Points of maximum distance from

points of support in (4)

EVALUATION

Upon completion of the hail test, each module shall be inspected to detect evidence of
physical degradation (such as cracked, dented, or crazed optical surfaces, broken inter-
connects, broken cells). In addition, the post-test electrical performance of each module
shall be measured using a test method to be developed. Excessive physical deterioration,. -
" cracking of surfaces such that moisture will be admitted (directly or through capillary
action) in such a way that latter degradation of the module is likely shall cause the
module to fail. Dents in the optical surfaces should be considered in regard to their
effect on the performance of the module. If they cause more than 5% loss in perfor-
mance, the module will be determined to have failed.
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TEST TE.AR.M.6
TEMPERATURE CYCLING TEST—CONCENTRATOR RECEIVER

PURPOSE

The temperature cychng test is conducted to determme the effects of thermal stresses
that could occur on receivers during use.

APPARATUS

Apparatus consists of a temperature—humid_ity chamber with temperature rate controller; .
electrical continuity and short-circuit monitoring equipment; and a test frame.

PREPARATION

Step 1—  Verify that pretest electrical performance data for the module is avail-
' able. :
Step 2—  Inspect receiver to detect evidence of physical degradation (e.g., delam—

ination or broken cells).

Step 3—  Prepare and provide programmlng devices to perform the temperature
: ' cycling program of Fig. B-9.’ :

Step 4— Mount receiver in a test frame in accordance with manufacturer's instal-
lation instructions and recommended mounting hardware. '
PROCEDURE

Step 1— Install receiver into temperature chamber. If there are more than one,
install them so that all are exposed equally to air supply; that is, parallel

to the air flow. Connect the electrical leads from the receiver terminals

to the electrical continuity and short-circuit monitoring equipment.
Note: Concurrent testing of several receivers in the same chamber is
permitted provided the test requirements for each receiver are identical.

Step 2=  Verify that each receiver has electrical continuity and no short circuits.

Step 3—  Subject the receiver to 50 temperature cycles in accordance with

' Fig. B-10. A temperature cycle consists of 1 h at -30°C, followed by 1 h
at 100°C. The transition period between these extremes should be of 1 h
duration yielding a cyele time of 4 h. During transition periods, the
temperature shall change at a rate of not more than 200°C/h. The
relative humidity shall be 85% at 100°C for each cycle. :

- Step 4—  Verify that no open circuits or short circuits occur during the exposure.

Step 5— Inspect receivers to detect evidence of physical degradation (such as
delamination, terminal corrosion, broken interconneets, and broken cells)
after 25 cycles (optional).

A

B-37



- S
S=RI @
— %

TR-654

+100

Temperature (°C)

+25

4h
Cycle Time

-]
Y
o
[V
F=N

Time (h)

Note: Relative Humidity Shall Be
85% at 100°C

Figure B-9. Photovoltaic Receiver Test Profile
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EVALUATION

Upon completion of the temperature cycling test, each receiver shall be inspected to
detect evidence of physical degradation (such as delamination, terminal corrosion, broken
interconnects, and broken cells). In addition, the post-test electrical performance of
each receiver shall be measured using Test TE.AR.E.2 (Method for Measuring the Elec-
trical Performance of Concentrater Cells and Receivers). Excessive physical deteriora-
tion, electrical degradation below design levels, the presence of intermittent open cir-
cuits, or the occurrence of short circuits to ground shall be cause to classify the receiver
as having failed. o ;

B-39



TE.AR.M.7

S=9l '@' TR-654

TEST TE.AR.M.7
CONTACT PULL STRENGTH (WIRE PULL TEST)—SOLAR CELLS

PURPOSE

The solar cell contact pull strength test is used to determine how well a contact is adher-
ing to the cell surface and thus to evaluate the integrity of interconnections to these
contacts. : A

APPARATUS

Pull tester equipped with a dynamometer for measuring pull force and a clamp for hold-
ing cell and the attached wire (Unitek Micropull Model 6-092-03 or equivalent); No. 26
gauge wire (Fed. Spec. QQ-W-343D or equivalent); soldering iron and solder.

PREPARATION

Step 1—  Cut piece of No. 26 gauge wire (Fed. Spec. QQ-W-343D or equivalent) of
sufficient length for clamping in tester.

Step 2— Bend wire at 0.89 + 0.13 mm (0.035 + 0.005 in.) from end into a 90° + 3°
bend with a 0.25 mm (0.010 in.) radius.

Step 3— Solder the bent wire tab onto the "N" contact (or "P" depending on the
contact of test) of the cell so that the whole .089 mm (0.035 in.) dimen-
sion of the wire has a smooth uniform solder fillet. Position tab at 90°
from cell surface according to Fig. B-10.
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Solar ' Cell Back Surface
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/
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from Edge

Note: Solder wire to
cell with uniform
smooth fillet

Figure B-10. Contact Pull Strength Tést
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PROCEDURE
Step 1—  Clamp cell with attached wire into pull tester.
Step 2—  Pull wire tab with increasing force until a predetermined acceptable con-

tact strength level is reached (typically about 5 newtons) or until a
mechanical failure in the contact or the cell itself is experienced.

Step 3—  Record the maximum force achieved and the observed mode of failure.

EVALUATION

If the solar cell contacts are able to withstand the predetermined minimum acceptable
strength criteria, then the contact design and processes are acceptable and should be
hlghly reliable. If failure occurs below the acceptable minimum and the mode of failure
is contact peeling, then that manufacturing batch (or possibly that contact design) should
be disqualified.
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+ TEST TE.AR.M.8

NOMINAL OPERATING CELL TEMPERATURE DETERMINATION—FLAT PLATE

PURPOSE

The purpose of this test is to acquire sufficient data to permit an accurate determination
of the nominal operating cell temperature (NOCT) of the solar cells of a flat-plate ter—
restrial solar array module.

COMMENTARY

NOCT is defined as the temperature of a cell at the following operating conditions:

Irradiance = 800 W/m?2

Air Temperature = 20°C

Wind Average Velocity= 1 m/s

Mounting - Oriented normal to solar noon either open or
‘ closed back

Electrical Load - Open circuit

The temperature of a solar cell (T cell) is primarily a function of the air temperature (T
air), the average wind velocity (v), configuration of the module (e.g., open back, closed
back), and the total solar insolation (L) impinging on the active side of the solar array
module.. The approach for determining NOCT is based on the fact that the temperature
difference (T cell-T air) is largely independent of air temperature and is essentially lin-
early proportional to the insolation level.

The NOCT test procedure is based on gathering actual measured cell temperatures via
temperature sensor leads attached directly to the cells of interest, for a range of envi-
ronmental conditions similar to Nominal Terrestrial Environment (NTE).* The data is
then presented in a way that permlts accurate and repeatable interpolation of NOCT
temperature.

If the modules are for residential use, then they shall be tested in a rack so as to simu-
late the residential environment. Residential roof application comes under two categor-
iess modules suspended from the roof and those with a hard mounting to the roof. The
NOCT test shall be conducted according to the end-use application. ‘

The plot of (T cell-T air) vs. insolation shall be determined by conducting a minimum of
two field tests in which the module being characterized is tested under terrestrial envi-
ronmental conditions approximating the NTE in accordance with the testing procedure
that follows. :

*The air temperature and wind veloclty defined above are known as the Nominal
Terrestrial Environment (NTE). :
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APPARATUS

Pyranometer: An Eppley PSP or an equivalent Class 1 pyranometer as defined

by the World Meteorological Organization.

Wind Transducer: Both the wind direction and wind speed shall be measured.

Temperature Measurements shall be accurate to + 1°C. (Note: an average

Sensors:

Racks:

local air temperature is desired. If a thermocouple is used, this
is obtained satisfactorily by increasing the thermal mass of the
thermocouple by imbedding it in a solder sphere of approx1—
mately 6.4 mm (0.25 in.). For measurement of ambient air
temperature, sensors must be appropriately shivlded and
vented. If a thermocouple is used to measure cell temperature,
the thermocouples shall be 36 gauge.

The module shall be located in a rack similar to the applicatioh
to be used. For a roof-mounted application, the simulated rack
shall consist of a 1.2 m x 1.2 m panel enclosed by a triangular
box. :

Data Recoi‘ding The response time and scale ranges shall be compatible with the

Equipment: transducers used.
PREPARATION
Step 1— The module shall be located in the interior of the 1.2 m x 1.2 m Sub-

Step 2—
Step 3—

Step 4—

Step 5—

array. Black aluminum panels or other modules of the same design shall
bé used to fill in any remaining open area of the subarray structure. The
plane of the module shall be positioned so that it is normal to the sun
(£ 5°) at solar noon. For open field application, the back of the subarray
shall be exposed. The bottom edge of the module shall be located 61 cm
or more above the horizontal plane or ground level. For residential roof
application, where the module is suspended from the roof, the module
shall be located 7.6 em from the simulated roof. For hard mounting roof
applications, the modules shall be located directly on the simulated roof.

Mount the pyranometer on the plane of the module within 0.3 m of the
array.

Locate the wind tranaduccr at the approximate height of the module and
as near to one of the sides of the module as feasible.

For ambient air temperature measurement, the temperature sensor shall
be located at the approximate height of the module. The measurement
shall be made in the shadow of the module.

For cell temperature measurement, the sensor probes shall be directly
attached to the monitored cells. If thermocouples are used, they shall be
soft soldered to the backs of the cells. At least two cells shall be
measured.
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' Step 6—

-Step 7T—

Step 8—

Step 9—

Step 10—

PROCEDURE

Step 1—

Step 2—

Step 3—

Step 4—

TE.AR.M.8

There shall be no obstructions to prevent full irradiance of the module
beginning a minimum of 4 h before solar noon and up to 4 h after solar
noon. The ground surrounding the module shall not have a high solar
reflectance and shall be flat and/or sloping away from the test fixture.
Grass and various types of ground covers, blacktop, and dirt are
recommended for the local surroundmg area. Buildings having a large
solar reflective finish shall not be in the immediate vicinity. Good engi-
neermg Judgment shall be exercised to assure that the module, front and
back, is receiving a minimum of reflected solar energy from the sur-
rounding area.

The wind shall be predominantly either northerly or southerly; wind flow
parallel to the plane of the array is not acceptable and can result in a
lower than typical operating cell temperature.

Data shall be obtained for a module open-circuit condition corresponding '
to zero electrical power output.

The active side of the solar cell module and the pyranometer bulb shall
be cleaned before the start of each test. Dirt shall not be allowed to
build up. Cleaning with mild soap followed by a rinse with distilled water
is effective.

A calibration check shall be made of all the equipment before the start
of the test.

Acquire a semicontinuous record of (T cell-T air) over a one- or two-day
period, together with insolation and other measurements as required to
characterize the terrestrial environment during the testing period. All
data shall be printed out approximately every 5 min. In addition, solar
intensity, wind speed, wind direction, and air temperature shall be
continuously recorded. Acceptable data shall consist of measurements
made when the average wind velocity is 1 m/s £ 0.75 m/s and with gusts
less than 4 m/s for a period of 5 min prior to and up to the time of mea-
surement. Local air temperature during the test period shall be 20°C +
15°C. The two sets of measurements can be combined into a single set
provided the average air temperature of the two sets does not differ by
more than approximately 5°C.

Using only acceptable data as so defined, a plot shall be constructed,
from a set of measurements made either before or after solar noon, that
defines the relationship fetween (T cell-T air) and the solar irradiance
level (J) for J = 800 W/m*“.

Using the plot of (T cell-T air) versus J, the value of (T cell-T air) at
NTE is deterﬁnmed by interpolating the average value of (T cell-T air) for
J =800 W/m*~,

A correction factor to the preliminary NOCT for average air tempera-
ture and wind velocity is determined from Fig. B-11. This value is added
to the preliminary NOCT and corrects the data to 20°C and 1 m/s.
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Figure B-11. NOCT Correction Factor
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TEST TE.AR.M.9
ANTIREFLECTION COATING ADHESION TEST—SOLAR CELLS

PURPOSE

The AR coating adhesion test is used to determine the ability of solar cells with AR
coatings, either flat-plate or concentrator, to withstand handling and exposure to water
vapor without delamination of the coating. "

APPARATUS
The test equipment consists of a container of boiling water; a fixture for dipping the

cells into the boiling water; and an eraser rubbing fixture (a Pink Pearl No. 101 or
equivalent) that can be applied with the proper pressure.

PREPARATION -
Step i— . Inspect cells visually to determine AR coating color and identify any
nonuniformities.
Step 2—  Put _fresh deionized water in container.
Step 3— ‘Heat water to boiling temperature. '

Step 4—  Load cells into dipping fixture.

PROCEDURE
Step 1— Immerse fixture with cells into boiling water for 15 min.
Step 2—  Raise fixture above boiling water so that cells are still exposed to water
vapors for 15 min.
Step 3— Remove cells from water vapor and air dry. .
Step 4— Subject cells to rubbing with eraser. The eraser is pressed against the

cell's AR-coated surface with a pressure of from 120 to 147 kPa (17.4 to
21.3 psi) and is rubbed across the surface on the same path for 20 com-
plete cycles. .

EVALUATION
Upon completion of the test each cell is visually inspected for evidence of removal or

delamination of the AR coating using the unaided eye. Excessive color change or delam-
ination of the AR coating shall be cause to dlsquallfy cells.
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TEST TE.AR.M.10

DIELECTRIC VOLTAGE WITHSTAND TEST

PURPOSE

The dielectrie voltage withstand test is used to determine the ability of electrical insula-
tion systems to withstand specific levels of voltage stress without breakdown or exces-
sive leakage current. The test is written for use in evaluating the voltage isolation
between the active solar cell circuit and external conductive surfaces of photovoltaic
assemblies such as solar cell modules and concentrator receivers. The test is often used
as a product quality verification test during product development and as an acceptance
test procedure used for 100% inspection of the manufactured product.

APPARATUS
Dielectric withstanding voltage test equipment shall consist of a variable output DC
power supply of 500 VA minimum capacity equipped with suitable display of test voltage

and current. The equipment shall be capable of detecting dielectric breakdown by limi-
tation of current and interruption of voltage application at a leakage current of 50 uA.

PREPARATION

Step 1—  Verify that pretest electrical performance and visual inspection data are
available.
Step 2—  Short the solar cell circuit of the test article by connecting a suitable

jumper between the positive and negative terminals of the solar cell cir-
cuit. Ensure that the jumper is well isolated from the remainder of the
test article. '

PROCEDURE

Step 1=  'Turn on the test. equipment and allow adequate time for warmup per
manufacturer's recommendation.

Step 2—  Adjust the current limit to 50 u« A and the initial output voltage to zero.

Step 3—  Connect the test equipment high-voltage DC positive output to the test
article's short-circuited output terminations. Connect the test equip-
ment ground (negative) to the test article ground terminal, or, if no
ground terminal exists, directly to the exposed conductive external sur-
face of interest. If the test article has no exposed conductive surfaces,
use the mounting hardware as a test ground.

Step 4—  Switch on the output voltage and quickly increase the applied potential
from zero to the required test level at an approximately constant rate
not to exceed 500 V/s. In no case shall a voltage ramp rate be chosen
that would result in exceeding the leakage current limit strictly because
of capacitive charging effects related to test article configuration. Hold
the applied potential at the test level for a period of one minute.
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Step 5— During the high voltage application, the sample should be observed for
signs of flashover, arcing, and excessive leaking current.

Step 6— Switch off the applied voltage and discharge any stored charge in the
test article before disconnecting it.

EVALUATION

During the high-voltage application there shall be no visually observable evidenceof
flashover, arcing; or corona phenomena, or current leakage in excess of 50 uA as evi-
denced by the test equipment leakage current detection circuitry. An insulation resis-
tance test (in preparation) may be employed after completion of the high voltage appli-
cation to verify that the insulation resistance has not degraded to less than 50 u A as
evidenced by the test equipment leakage current detection circuitry. An insulation
resistance test (in preparation) may be employed after completion of the high voltage
application to verify that the insulation resistance has not degraded to less than 50 k2 .
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TEST TE.AR.M.11
STRUCTURAL STRESS TEST—SOLAR CELLS

PURPOSE

A thermal cycle procedure is an effective method of determining if surface imperfec-
tions on solar cells are cracks or simply benign marks.

COMMENTARY

This procedure has been particularly useful in resolving questions involving edge chips
and the imperfections often found within and surrounding the chips. Rather than being a
100% inspection procedure, this method is intended primarily to verify product quality
and resolve inspection questions.

APPARATUS

Testing equipment includes an inspection microscope; heated metal plate; temperature
sensor; and indicator for hotplate.

4

PROCEDURE

Step 1—  Inspect cell and map any suspect imperfections.

Step 2—  Bring hotplate to temperature (hotplate temperature should be as high as
possible without damaging or dcgrading cell metallization system).

Step 3—  Place cell on hotplate for 2 to 3 min.

Step 4— Remove cell from hotplate and allow cell to cool.
Step 5— Inspect cell and note any changes in suspect imperfections mapped in
step 1.
EVALUATION

The absence of any change in an imperfection is a strong indication that it is not a erack
or fracture.
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TEST TE.AR.D.1

SOLAR RADIATION WEATHERING TESTS—MATERIALS AND COMPONENTS

PURPOSE

Solar radiation weathering tests for photovoltaic materials and components (excluding
cell studies) are conducted to determine the effects of extended outdoor exposure-
induced stress that occurs during service life. These tests are intended as materials and
components qualification tests prior to their utilization in the construction of modules.

+

COMMENTARY

These tests are applicable to transparent covers, transparent superstrates, full-sized mir-
rors and lenses, encapsulants, adhesives, substrate materials, and any frontal surface
component of a module that will be illuminated by the sun during its service life.
Expected effects are stress-induced deterioration of the structural (physical) and optical
(transparency) characteristics of materials and components employed in module con-
struction. Structural deterioration of concern includes cracking and loss in tensile,
impact, flexual, or adhesive strength. Optical deterioration includes the development of
haze and coloration—both of which may significantly reduce transmittance or specular
reflectance.

These tests are intended as materials screening and qualification tests and are not
required where experience or verifiable exposure durability tests have been previously
done by either the module manufacturer, the materials supplier, or by third parties.

Provision is made in this test method for use of both natural and artificial weathering
tests. Both real-time and accelerated natural solar irradiance test procedures are
included; the artificial weathering test procedures here are considered to be accelerated
exposure test methods. The rationale for choosing one or the other is presented in the
section on Test Procedures.

APPARATUS

Solar Irradiance Measurements

Suitable solar irradiance measuring detectors shall be employed to determine the irradi-
ance level (exposure amount) of materials and components to the natural and simulated
solar irradiance sources represented by the three test procedures used to satisfy the
requirements of this test method. All solar irradiance measuring detectors continuously
exposed shall, for purposes of this requirement, be calibrated and traceable to a nation-
ally recognized reference no less frequently than every 6 months.
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ometer: A WMO* Class 1 pyranometer shall be mounted either coplanar with, or at’
the same tilt as, specimens being exposed to natural weathering.

meliometer: A WMO Class 1 pyrheliometer with a field of view of approximately
6  * 1 shall be employed to assess the total irradiance level deposited by the acceler-
ated weathering machines described in the Test Procedure, Accelerated Natural Expo-
sure Testing. A suitable instrument is an Eppley model NIP pyrheliometer.:

Total Ultraviolet Radiometer: A total ultraviolet pyranometer filtered to exclude all
irradiance above 385-nm wavelength may be employed to assess the ultraviolet irradi-
ance level of specimens exposed to real-time hatural weathering. It shall be mounted
either coplanar with or at the same tilt as the test specimens. A suitable ultraviolet:
radiometer is the Eppley Model TUVR.

Total Ultraviolet Radiometer for Concentrated Ultraviolet: A photodiode, or other suit-
able photodetector, appropriately filtered to exclude all energy above 385-nm wave-
length, which shall be of compact size adequate for insertion into the concentrated beam
of accelerated test instrumentation, may be employed to assess the ultraviolet irradiance
level attained when employing accelerated test methods of natural and artificial irradi-
ance. .

Test Apparatus

Procedure 1—Natural, Real-Time Exposure Testing (Including Optical Components)
Adjustable exposure test racks such as described in the ASTM test methods listed in the
Test Procedure for Natural Real-Time Exposure Testing shall be employed. Materials
and components should be mounted with an appropriate substratc to simulate, if pnssible,
the intended end use.

Procedure lA——(Alternate, optical components only) Natural, Real Exposure Test ing o
Optical Systems: An equatorial (or other periodically adjustable) sun-following test plat-
form equipped with a tracking device and water spray mechanism may be employed to
expose mirror and lens specimens and assemblies at or near normal incidence throughout
the test day. Provision may be made for periodic depositions of distilled or deionized
water for 8 min each hour of operation. This is particularly necessary when testing mir-
rors.

Procedure 2—Accelerated Natural Exposure Testing: Sunlight concentrating test equip-
ment may be employed for accelerated exposure testing using natural solar irradiance as
a source. This equipment shall provide for uniform illumination of test spécimens (uni-
formity of + 5% across the test specimen), provide cooling of test specimens between
0°C and 15°C above the one-sum stagnation temperature under identical mounting and
environmental conditions, and, optionally, provide periodic distilled/deionized water

*World Meteorological Organization.
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spray on the target specimen. A Fresnel reflecting concentrator test apparatus such as
the one referred to in paragraph 4.3.2 of ANSI Test Method Z 97.1-1975 has been found - -
suitable for this test and meets these criteria*. This test is currently being developed as
an ASTM standard by the ASTM Committee E44 Solar Energy Conversion.

Procedure 3—Accelerated, Artificial Exposure Testing: Apparatus required for exposure
testing with artificial solar irradiance sources are described in the referenced test meth-
ods presented in Procedure 3, Accelerated Artificial Exposure Testing. Suitable exposure
apparatus meeting ASTM Standards G26 and D2565 is the

e Xenon-arc type Weather-Ometer**
Suitable exposure apparatus meeting ASTM'Standard G53 are the

® QUYV Fluorescent Weathering Cabinet,***
e UVCON Fluorescent Weathering Cabinet.**#**

PREPARATION

Step 1—  Verify that an adequate number of test specixﬁens of the appropriéte size
and shape are available. Note: Their number, size, and shape depend on
the specific optical and physical properties to be determined.

Step 2—  Clean test specimens with soap and water (mild detergents such as Lux
or Alconox) and thoroughly rinse with deionized water before testing.

Step 3—  Inspect test specimen to detect evidence of physical degradation.
Step 4—  Obtain pre-test optical and physical property data as appropriate.

Step 5—  Mount materials and components in test frames in accordance with the
requirements and guidance provided in the relevant test methods.

PROCEDURES

General Considerations

Although natural, real-time exposure testing is the preferred method, the necessity of
performing accelerated testing to make materials and components decisions quickly is
well recognized. This is particularly true for tests in support of extended lifetime

*For guidance pufposes, such machines are used at DSET Laboratories, Inc., Phoenix,
Arizona 85029.

**Weather-OmeterTM is a Registered Trademark of the Atlas Electric Conipany,
Chicago, Ill. 60613.

***QUVTM is a Trademark of the Q-Panel Company, Cleveland, Ohio 44135.

\

*++UYCONTM is a Trademark of -the Atlas Electric Company, Chicago, I11. 60613.
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requirements. However, accelerated testing should be accompanied (preferably pre-
ceded) whenever possible by natural, real-time testing in order to validate accelerated
weathering by providing correlation factors for early exposure stages.

Materials and components exposed to natural solar radiation, or simulated solar radia-
tion, shall be weathered for an equivalent of 36 months in southern U.S. latitudes. For
the purposes of these tests, 36 months at southern Rtitudgs is defineq da.s rep{esenting an
irradiance level, or a total deposition, of 2.39 x 10°" J/m“ (3.23 x 10 m* for optical
components) of sunlight (equivalent to 570,000 langleys; 770,000 langleys for optical
components). '

This expﬁ)ure evel represents a total ultraviolet irradiance of 9.56 x 108 J/m?2
(1.29 x 10°” J/m*“ for optical components) of energy below 385-nm wavelength (or, an
average of 4% of total sunlight on an annual basis). Because of variations in natural sun-
light from month to month and from site to site and the variations in total energy output
by natural sunlight and artificial sources, it is recommended that exposure levels be
timed on the basis of ultraviolet energy deposited rather than total solar energy.

The determination of relevant optical and physical property measurements at intermedi-
ate exposure levels is necessary if degradation-rate information is sought to establish a
correlation between real-time and accelerated test procedures. Appropriate exposure-
level information is presented in the following table (extended exposure levels are also
given as guidance when testing for extended lifetime requirements).

Table B-6. OUTDOOR EXPOSURE VALUES—SOUTHERN U.S. LATITUDES?

Total Sunlight?- Total Ultravioletd
Equivalent
Years® © langleys® J/m?2 J/m?2
1 190k 7.97 x 10° 3.19 x 108
2 380k 1.59 x 1010 6.37 x 108
3 570k 2.39 x 1010 9.56 x 108
5 950k 3.98 x 1010 1.59 x 109
10 1900k 7.97 x 1010 3.19 x 10°
15 2850k 1.20 x 1011 4.78 x 10°
20 3800k 1.59 x 1011 6.37 x 10°

8These are not the average southern latitude values; the average is somewhat lower.
These are weighted to the Southwest, where photovoltaics may find greater deployment.
ban wavelengths, global, measured in plane of specimen.
1 langley = 1 g-cal/ecm®.
otal ultraviolet in the wavelength range 290-385 nm measured with an Eppley TUVR
ultraviolet radiometer, measured in the plane of the device.

Procedure 1—Natural Real-Time Exposure Testing

Step 1— Determine the most appropriate applicable ASTM test method from the
following reference methods:
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D1006-73 Conducting Exterior Exposure Tests of Paints on Wood

o P1011)1-66 Conducting Exterior Exposure Tests of Paints on Steel
1973

e DI1425-75 Qutdoor Weathering of Plastics
e DI1828-70 Atmospheric Exposure of Adhesive Bonded Joints and Structures

o G7-17 Atmospheric Environmental Exposure Testing of Nonmetallic
"~ Materials

e GIl11-72 Effects of Outdoor Weathering on Pipeline Coatings
e G24-73 Conducting Natural Light Exposure Under Glass

Step 2— = Mount the test specimens in an outdoor adjustable test rack in accor-
dance with the selected ASTM test method.
Step 3—  Expose specimens to a minimum irradiance level of 2.39 x 108 J/m?

(570,000 langleys). - Note: Timing exposures on the basis of ultraviolet
deposited is preferred; see Table B-6 for guidance.

Step 4—  (Optional) At intermediate exposure levels, remove specimens from test
rack, record irradiance level, evaluate, and return specimens to test

_ rack.
Step 5—~ Inspect test specimens to detect evidence of physwal degradation. (See

. gmdehnes under Evaluation.)

Step 6— Evaluate optical properties of test specimens in accordance with the
guidelines under Evaluation.

Procedure 1A (Alternate for Optical Components)—Natural, Real-Time Exposure Testing.

Note: This procedure is the preferred method for real-time testing of optical
compone[lbs requires 25% less 9time 2to accumulate the required exposure of
3.23x 10 J/m of sunlight (1.29 x 10 J/m of ultraviolet).

Step'1—  Mount the mirrors and lenses, or specimens prepared from them, in the
sun-following test device described in the Test Procedure 1A,

Step 2—  Expose specimens to a erimum irradiance level of 3.23 x 1010 J/m of
sunlight (1.29 x 10”.J/m“ of ultraviolet) with the test device operated
from sunup to sundown.

Step 3—  Carefully wash specimens each week with chamois and a dilute solution
of a mild detergent such as Lux or Aleonox, or an equivalent, and rinse
with distilled water. -

Step 4—  (Optional) Subject specimens to water spray for a period of 8 min during
each 60 min of sunlight exposure, or to other regular, perlodlc spray
cycles as agreed upon. .

Step 5—  (Optional) At intermediate exposure levels, remove specimens from test
device, record fluence, evaluate optical characteristies, and return to
the test device for the next exposure level requirements.

Step 6—  (Optional) For structural integrity determinations at intermediate expo-
sure levels, remove specimens from test device, record fluence, and per-
form structural testing as appropriate.
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Inspect test specimens to detect evidence of physical degradatlon. (See
guidelines under Evaluation.)

Evaluate optical properties of test specimens in accordance with the
guidelines under Evaluation.

Procedure 2—Accelerated Natural Exposure Testing

Step 1—

Step 2—

Step 3—

Step 4—

Step 5—

Step 6—

Step 7—

Step 8—

Mount test specimens in an accelerated weathering machine in accor-
dance with standard practice.

Expose specimens to concentlr&ted atural sold irradéance for a total
irradiance level of 2.89 x 10 J/m (5.37 x 10 0 J/m“ for ecomponents
that track the sun). Note: The preferred method for determining expo-
sure level is ultraviolet deposited; in this case, specimens sho £yl S
exposed to an ultraviolet irradiation level of 9.56 x10° J/m

(2.15 x 10% J/m? for components that track the sun). The minimum
exposure when testing specimens of components that track the sun (mir-
rors and lenses) under accelerated weathering is greater than for real-
time exposure testing. Actually, while 5 years' equivalent of natural
real-time weathering would be an impractical mandatory requirement
from an elapsed-time standpoint, it is nonetheless desirable. Conversely,
the highly desirable mandatory accelerated exposure testing for an
"equivalent" of 5 years of real-time testing does not impose a significant

. elapsed-time problem.

(Optional) Adjust the cooling system to maintain the specimen tem‘pera-
ture .between 0°C and 15°C above the temperature it would reach if it
were similarly mounted under one-sun intensity.

(Optional) Subject specimens to water spray for a period of 8 min during
oach 60 min nf simlight exposure, or to other regular, periodic spray
cycles as agreed upon. Note: This step is recommended for materials
and surface components that are exposed to dew and rainfall during ser- -
vice. For components not exposed to exterior environment under normal

operating conditions but subjected to sunlight illumination, the water

spruy shall not be included in the procedure.

(Optional). At intermediate exposure levels, remove specimens from
weathering machine, record fluence, evaluate and return specimens to
weathering machine. Note: Intermediate exposure levels should be
determined using Table B-6.

(Optional, Alternate) At intermediate exposure levels, remove replicate
specimens from weathering machine, record irradiance level, and evalu-
ate. Do not return samples to weathering machine.

Inspect test specimens to detect evidence of physical degradation. (See
guideline under Evaluation.)

Evaluate optical properties of test specimens in accordance with the
guidelines under Evaluation. :
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Procedure 3—Accelerated, Artificial Exposure Testing

Step 1— Determine the most appropriate applicable ASTM test method from the
following reference methods: ‘

o G25-70 Operating Light and Water Exposure Apparatus (Xenon arc-type)
for Exposure of Nonmetallic Materials

e G53-77 Operating Light and Watér Exposure Apparatus (fluorescent UV-
condensation type) for Exposure of Nonmetallic Materials

e D2565-75 Operating Xenon Are Type (Water-Cooled) Light and Water
Exposure Apparatus for Exposure of Plastics

Step 2—  Mount the test specimens in the weathering machine in accordance with
the selected ASTM test method.

Step 3—  Expose specim enssto sinéulated solajé irrac&iance for a period sufficient to
deposit 9.56 x 10° J/m” (2.15 x 10” J/m*® for optics) of ultraviolet as
defined in Table B-6. Note: This step is recommended for materials and
surface components that are exposed to dew and rainfall during service.
For components not exposed to the exterior environment under normal
operating conditions but subjected to sunlight illumination, the water
spray shall not be included in the procedure. '

Step 4—  (Optional) Subject specimens to a water spray for a period of 5 min.
during each 60 min of the light exposure when employing Xenon are-type
exposure testing. 4

Step 5— (Optional) At intermediate exposure levels, remove specimens from test
rack, record fluence, evaluate, and return specimens to test rack.

Step 5'— (Optional, Alternate) At intermediate exposure levels, remove replic_até
samples, record fluence, and evaluate. Do not return samples to teFt
rack. ‘ A

Step 6— Inspect test specimens to detect evidence of physical degradation. (See
guidelines under Evaluation.)

Step 7—  Evaluate optical properties of test specimens in accordance with the
guidelines under Evaluation.

EVALUATION

The surfaces of components or materials shall be visually inspected before and after
aging to ensure that no signs of excessive deterioration, such as dimensional changes,
cracking, fiber bloom, or other visually detectable changes (that could significantly
affect the performance of the components in the system) are present. Evaluation
techniques shall be selected to measure the effect of the aging procedures on important

properties of the components or materials. Evaluation at intermediate exposure levels is

suggested as a way to determine degradation-rate effects.

The absorptance, transmittance, and specular reflectance of coated glass, polymeric
cover, mirrors, Fresnel lenses, plate materials, and encapsulants shall be evaluated
before and after aging in the relevant photovoltaic active spectrum, as appropriate, using
the following ASTM method:. . ~
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e E424-71 (Method A)* Solar Energy Transmittance and Reflectance of Sheet
Materials (for Air Mass 1.5)

The specular reflectance of mirrors and mirror specimens shall be determined before and
after exposure testing, and at any intermediate exposure levels selected. Both spectral
and total (all-inclusive wavelengths) reflectance techniques may be employed (spectral
measurements are preferred). Applicable ASTM Standards (measurement) may be:

e E167-77 Standard Recommended Practice for Goniophotometry of Objects and
Materials

e EI179-77 Standard Recommended Practice for Selection of Geometric Condi-
lions for Measurement of Reflectance and Transmittance

o E429-78 Standard Method for Measurement and Caleulating of Refleeting
Characteristics of Metallic Surfaces Us1ng Integrating Sphere Instru-
ments

Instrumentation that combines classical V-W optics external to integrating spheres or
other transfer optics associated with spectrophotometric devices, and external bidirec-
tional optics attachments to these devices, is preferred to properly assess changes in the
specular component of reflectance of mirror surfaces. The important consideration is
that the field-of-view of the measuring device be as nearly matched as possible to the
field-of-view of the focusing optics of interest.

Other evaluation procedures shall be used as appropriate. The following ASTM proce-
dures dealing with physical deterioration are illustrative of the types of procedures that
- may be used.
e D618 Conditioning Plastics and Electrical Materials for Testing
¢ D638 Tensile Properties of Plasties

D794 Rcecommended Practires for Determining the Permanent Effect of Heat
on Plasties

e D882 Tensile Properties of Thin Plastic Sheeting
e DI1042 Linear Dimensional Changes of Plaslics Under Acceleratcd Service Con-
ditions
D1181 Warpage of Sheet Plastics

D1204 Linear Dimensional Changes of Nonrigid Thermoplastic Sheeting or Fﬂm
at Elevated Temperature

e Exxx Standard Practice for Delerinining Resistancce uf Solar Collectar Covers
to Impact by Hail**

e D897 Tensile Properties of Adhesive Bonds

*Being revised by ASTM Committee E44 Solar Energy Conversion.

**Being developed by ASTM Committee E44 Solar Energy Conversion.
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SOLAR RADIATION WEATHERING TESTS—MODULES AND MINIMODULES

PURPOSE

Solar radiation weathering tests for photovoltaic modules and minimodules are conducted
to determine the effects of extended outdoor exposure-induced stress that occurs during
service life. The minimodule tests are qualification tests conducted before the
construction of full-sized modules.

COMMENTARY

These tests are applicable to minimodules and full-sized modules. Small modules, or
. minimodules, may be designed and constructed to verify the integrity of the sandwich
construction method chosen for full-sized modules. Expected effects are stress-induced
deterioration of the structural, optical, and electrical performance characteristics of
modules and minimodules. Exposure testing of minimodules also has as one objective the
early assessment of possibly harmful materials and components interactions that could
affect the electrical performance, reliability, and durability of modules so constructed.

Structural and optical deterioration here include discoloration of encapsulants and
transparent covers, delamination, moisture intrusion, cell cracking, carbonation, contact
corrosion, ete. :

Provision is made in this test method for use of both natural and artificial weathering
tests. Both real-time and accelerated natural sunshine test procedures are included; the
artificial weathering test procedures included are accelerated exposure test methods.
The real-time and accelerated natural sunshine tests are suitable for exposure testing of
both modules and minimodules. -The artificial (simulated) weathering test procedures are
suitable only for appropriately sized minimodules.

APPARATUS

Solar Radiation Measurements

Suitable solar radiation measuring detectors shall be employed to determine the
irradiance level (exposure amount) of modules and minimodules to the natural and
simulated solar radiation sources represented by the three test procedures that may be
employed to satisfy the requirements of this test method. All solar radiation measuring
detectors exposed continuously shall, for the purposes of these requirements, be
calibrated traceable to nationally recognized reference no less frequently than every 6
moilths. :

ometer: A WMO Class 1 pyranometer shall be mounted either coplanar
with, or at the same tilt as, specimens exposed to natural weathering.

B-59



S=RN @ 4 ___ TR-654

TE.AR.D.2

Pyrheliometer: A WMO Class 1 pyrheliometer having a field of view of 6° + 1°
shall be employed to assess the total fluence of sunlight deposited by the .
accelerated weathering machines described later in Procedure 2, Accelerated
Natural Exposure Testing, under Test Procedure. A suitable lnstrument is an
Eppley Model pyrheliometer.

Total Ultraviolet Radiometer: A total ultraviolet pyranometer filtered to
exclude all radiation above 385-nm wavelength may be employed to assess the
ultraviolet fluence of specimens exposed to real-time natural weathering. It
shall be mounted either coplanar with, or at the same tilt as, the test
specimens. A suitable ultraviolet radiometer is the Eppley Model TUVR.

Total Ultraviolet Radiometer for Concentrated Ultraviolet: A photodiode, or
other suitable photodetector, appropriately filtered to exclude all energy
above 385-nm wavelength, which shall be compact enough for insertion into
the concentrated beam of accelerated test instrumentutivn, may be used to
assess the ultraviolet exposure level attamed when employing accelerated test
methods Procedures 2 and 3.

Test Apparatus

Procedure 1—Natural, Real-Time Exposure Testing: Adjustable exposure test
racks such as described In the ASTM test methods listed in Procedure 1,
Natural Real-Time Exposure Testing (see Test Procedures), shall be
employed. Materials and components should be mounted with an appropriated
substrate to simulate, if possible, the intended end use.

Procedure 2 (Method 'A)—Acceletated Natural Expwsure Testing: Sunlight
concentrating test equipment may be used for accelerated exposure testing
using natural sunshine as the source. This equipment provides for uniform
illumination of test speclmens (uniformity of +5% across the test specimen),
provide cooling of test specimens between 0°C to 15°C above the one sun
stagnation temperature under identical mounting and environmental
conditions, and optionally provide periodic distilled/deionized water spray on
the target specimens. A Fresnel-reflecting concentrator test equipment such
as referenced in paragraph 4.3.2 of ANSI Test Method 97.1-1975 has been

found that is suitable for this testing and meets these criteria.* A test method

entitled ASTM Exxx, "Standard Practice for Performing Accelerated Outdoor
Weathering Using Concentrated Natural Sunlight,” is currently being developed
as an ASTM Standard in ASTM Committee E44 Solar Energy Conversion.

Procedure 2 (Method B)—Accelerated Natural Exposure Testing: I'he sunlight
concentrating test equipment, except for size and target cooling, is identical

*For guidance purposes, such machines are used at DSET Laboratories, Inc., Phoenix,
Arizona 85029.
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to that described in Method A above. This method is intended for accelerated
solar radiation weathering of half-to-full-sized modules (45cm x 30cm to -
15em x 90em). '

Procedure 3—Accelerated, Artificial Exposure Testing: Apparatus required for
exposure testing with artificial sunlight sources are described in the
.referenced test methods presented under Test Procedures. Suitable exposure
apparatus meeting ASTM Standard G26 and D2565 is the:

e Xenon-are typé Weather-Ometer.*
Suitable exposure apparatus meeting ASTM Standard G53 are the:

] QUVTM,E\}Iuorescent Weathering Cabinet,** and

@ UVCON "™ Fluorescent Weathering Cabinet.***
PREPARATION

Step 1—  Verify that an adequate number of test specimens of the appropriate size
and shape are available. ' _

Step 2—  Clean test specimens with soap and water (mild detergents such as Lux
or Alconox) and thoroughly rinse with deionized water before testing.

Step 3—  Inspect test specimen to detect evidence of physical degradation.-

Step 4—  Verify that pretest electrical performance data for the test specimens

: are available. ‘
Step 5—  Mount modules and minimodules in test frames in accordance with the

requirements and guidance provided in relevant test methods.

PROCEDURES

General Considerations

Although natural, real-time exposure testing is the preferred method, the necessity of
performing accelerated testing to make module design and construction decisions quickly
is well recognized. This is particularly true when testing in support of extended lifetime
requirements. However, accelerated testing should be accompanied (preferably
preceded) whenever possible by natural, real-time testing in order to validate
accelerated weathering by providing correlation factors for the early exposure stages.

Modules and minimodules exposed to natural solar radiation, or simulated solar radiation,
shall be weathered for an equivalent of 36 months in southern U.S. latitudes. For

*Weather-Ometer ™™ js g Registered Trademark of the Atlas Electric Company, Chicago,
Iinois 60613.

**QUVTM is a Trademard of the Q-Panel Company, Cleveland, Ohio 44135.

| *#*JYCON 'M is a Trademark of the Atlas Electric Company, Chicago, Illinois 60613.
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purposes of these tests, 36 months at southel latitude is defined as representing an
irradiance, or a total deposition, of 2.39 x 10" J/m2 of sunlight (equivalent to 570,003
langleys). . This gxposure level represents total ultraviolet irradiance of 9.56 x 108 J/m
(1.29 x 1010 3/m? for optical components) of energy below 385-nm wavelength (or an
average of 4% of total annual sunlight). Because of variations in the amount of
ultraviolet deposition by natural sunlight from month to month and from site to site and
variations in total energy output by natural sunlight and artificial sources, it is
recommended that exposure levels be timed on the basis of ultraviolet energy deposited
rather than total solar energy.

The determination of relevant structural and performance property measurements at
intermediate exposure levels is necessitated if degradation-rate information is sought to
establish a correlation between real-time and accelerated test procedures. Appropriate
exposure-level information is presented in Table B-7 (extended exposure levels are also
given as guidance when testing for extended lifetime requirements).

Table B-7. OUTDOOR EXPUSUKE VALUES—SOUTHERN U.5. LATITUDES®

Total Sunlight? Total Ultravioletd
Equivalent -
Years? langleys® J/m? J/m?2
1 190k 7.97 x 103 3.19 x 108
2 380k 1.59 x 1010 6.37 x 108
3 570k 2.39 x 1010 9.56 x 108
5 950k 3.98 x 1010 1.59 x 109
10 1900k 7.97 x 1020 3.19 x 109
15 2850k 1.20 x 1011 4.78 x 103
20 38001k 1.59 x 1011 6.37 x 10°

8These are not the average southern latitude values; the average is somewhat lower.
These are weighted to the Southwest, where photovoltaics may find greater deployment.

ban wavelengths, global, measured in plane of specimen.

€1 langley = 1 g-cal/em®*. .

dpotal ultraviolet in the wavelength range 290-385 nm measured with an Eppley TUVR
ultraviolet radiometer, measured in the plane of the device.

Procedure 1—Natural Real-Time Exposure Testing

Step 1— Determine the most appropriate applicable ASTM test method from the
following reference methods:

e D1006-73 Conducting Exterior Exposure Tests of Paints

e DI1014-66 Conducting Exterior Exposure Tests of Paints on Steel
(1973)

D1425-75 Outdoor Weathering of Plasties

D1828-70 Atmospheric Exposure of Adhesive Bonded Joints and
Structures
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Step 2—
Step 3—

Step 4—

. Step 5—
Step 6—

Step T—

TE.AR.D.2

o GT7-17 Atmospheric  Environmental Exposure Testing of
Nonmetallic Materials

o GIl1-72 Effects of Outdoor Weathering on Plpehne Coatings
o G24-73 Conducting Natural Light Exposure Under Glass

Mount the test specimens in an outdoor adjustable test rack in
accordance with the selected ASTM test method.

Verify that the electrical leads from the module terminals are in the
required configuration.

Expose specimens to a minimum fluence of 2.39 x 108 J/m2 (570,000
langleys). Note: Timing exposures on the basis of ‘ultraviolet energy
deposited is preferred.

(Optional) At intermediate exposure levels, remove specimens from test
rack, record fluence, evaluate, and return specimens to test rack.

Inspect test specimens to detect evidence of physical degradation. (See
guidelines under Evaluation.) '

Evaluate electrical performance of test specimens in accordance with
the guidelines under Evaluation. Note: Modules may be exposed to real-
time natural weathering in the open-circuit, short-ecircuit or under-load

"~ econdition.

" Procedure 2—Accelerated Natural Exposure Testing (Methods A and B)

Step 1—

Step 2—

Step 3—

Mount the test speecimens in an accelerated' weathering machine
according to standard practice. For Method B, modules having large
accelerated weathering equipment may have to be off-mounted to an
extent that, when combined with an adjusted high-speed air flow, the
cooling system maintains the module temperature at or near NOCT.

Verify that the electrical leads from the module are in the required
configuration (i.e.,, open-circuited, short-circuited or under-load).
Caution: Modules exposed to accelerated solar radiation weathering
under load or in the short-circuit condition ‘may experience excessive
deleterlous effects.

Expose specimens to e(ila'cent fted natural solar radiation for a total
irradiance of 3.98 x 10'Y J/m%. Note: The preferable method for
determining exposure level is ultraviolet energy deposited; in this case,
specimeng guld be exposed to an ultraviolet irradiance of
1.59 x 10¥ J/m*. The minimum exposure for testing modules and
minimodules under accelerated weathering is greater -than for real-time
exposure testing.

Actually, while 5 years' equivalent of natural real-time weathering is an

impractical mandatory requirement from an.elapsed-time standpoint, it
is nonetheless desirable. Conversely, the highly desirable mandatory
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Step 4—

Step 5—

Step 6—

Step 6'—

Step 7—

Step 8—

TE.AR.D.2

accelerated exposure testing for an "equivalent" of 5 years of real-time
testing does not impose a significant elapsed-time problem.

(Optional) Adjust the cooling system to maintain the specimen
temperature between 0° and 15°C above the temperature it would reach
if it were similarly mounted under one-sun intensity. For testing in large
accelerated weathering machines, adjust the cooling system to maintain
the module temperature at or near NOCT.

(Optional) Subject specimens to water spray for a period of 8 min of
sunlight exposure, or to other regular, periodic spray cycles as agreed
upon. Note: This step is recommended for materials and surface
components exposed to dew and rainfall during service. For components
not exposed to operating conditions, but subjected to sunlight
illumination, the water spray shall not be included in the procedure.

(Optional) At intermediate exposure levels, remove specimens from
weathering machine, record fluence, evaluate, and return specimens to
weathering machine. Note: Intermediate exposure levels should be
determined using Table B-7.

l

(Optional, Alternate) At intermediate exposure levels, remove replicate
specimens from weathering machine, record fluence, and evaluate. Do
not return samples to weathering machine.

Inspect test specimens to detect evidence of physical degradation. (See
guideline under Evaluation.)

Evaluate electrical performance of test specimens in accordance with
the guidelines under Evaluation.

Procedure 3—Accelerated, Artificial Exposure Testing

Step 1—

Step 2—

Determine the most approprlate apphcable ASTM test. method from the
following reference methods:

o G26-70 Operating Light and Water Exposure Apparatus (Xenon arc
type) for Exposure of Nonmetallic Materials

e G53-77 Operating Light and Water Exposure Apparatus
(fluorescent UV-condensation type) for Exposure of
Nonmetallic Materials

e D2565-75 Operating Xenon Are Type (Water-Cooled) Light and
Water Exposure Apparatus for Exposure of Plastics

Mount the test specimens in the weathering machine in accordance with
the selected ASTM test method.
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Step 3—  Verify that the electrical leads from the module are in the required
configuration (i.e., open-circuited, short—circuited, or under-load).

Step 4—  Expose specimen g mulated SO ation for a period sufficient to
. deposit 9.56 x 10 J/m (2.15x 10 J/m for opties) of ultraviolet.
Step 5— (Optional) Subject specimens to a water spray for a period of 5 min

during each 60 min of the light exposure when using Xenon arc type
exposure testing.

Step 6—  (Optional) At intermediate exposure levels, remove specimens from test
rack, record fluence, evaluate, and return specimens to test rack.

Step 7— Inspect test specimens to detect evidence of physical degradatlon. (See
guidelines under Evaluation.)

Step 8—  Evaluate optical properties of test specimens in accordance with
guidelines under Evaluation.

EVALUATION

The surfaces of modules and minimodules shall be visually inspected before and after
aging to ensure that no signs of excessive deterl'oratlon, (such as dimensional changes,
cracking, fiber bloom, or other visually detectable changes which could significantly
affect the performance of the module or minimodule) are present.

Evaluation procedures shall be selected to measure the effect of the aging procedures on
important properties of the modules or minimodules. Evaluation at intermediate
exposure levels is suggested as a way to determine degradation-rate effects.

The post-test electrical performance of each module or minimodule shall be measured
using Test TE.AR.E.l. [Excessive physical deterioration, electrical degradation below
design levels, the presence of intermittent open circuits, or the occurrence of short
circuits to ground shall be cause to classify the test specimen as having failed.
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TEST TE.AR.D.3
HUMIDITY TEST—SOLAR CELLS

’

PURPOSE

The solar cell humidity test is used to determine if solar cells to be used in modules are
capable of withstanding exposure to moisture without experiencing corrosion, power
output degradation, or loss of contact strength.

APPARATUS

The apparatus consists of a humidity chamber with temperature controller; auxiliary
thermal and humidity sensors with associated recording instruments; and solar cell
electrical performance measuring test equipment.

PREPARATION
Step 1— - Verify that pretest electrical performance data are available for the
cells to be tested.

Step 2— Inspect cells visually for stains, missing areas of antireflection coating,
‘missing or stained contacts, or any delaminated contacts.

Step 3— Set up humidity chamber to proper temperature and humidity and
stabilize operation.

Step 4— Set solar cells to be tested vertically in clean, uncontaminated mounting
; fixture made from inert plastic material such as polyethylene or teflon.

PROCEDURE

Step 1—  Fixture holding solar cells to be tested is inserted into humidity chamber
that has been stabilized and set to operate at 90% relative humidity and
45°C.

Step 2—  Turn on temperature and humidity instrumentation and monitor through
test.

Step 3—  Leavo eolar celle in humidity chamber for 30 days.

Step 4—  After humidity exposure test period is complete, remove solar cells from
chamber, dry, then inspect cells for stains, delaminated contacts or
delaminated antireflection coatings, and perform electrical performance
.tests using Test TE.AR.E.l.
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EVALUATION

On completion of the humidity test, each cell shall be inspected to detect evidence of
physical degradation of the antireflection coatings and the metal contacts. In addition,
the post-electrical performance test data will be compared to the pretest data and
excessive degradation of output beyond design limits shall be cause to disqualify cells.
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TEST TE.AR.D.4

HUMIDITY TEST—ARRAY ELEMENTS*

PURPOSE

The humidity cyecling test is conducted to determine the effects of humidity cyclin"g‘
stresses that could occur during use on flat-plate modules, concentrator modules,
concentrator receivers, or concentrator optics.

COMMENTARY

This is an exaggerated environmental test, accomplished by the continuous exposure of
the equipment to high relative humidity at ecyecling elevated temperatures. These
conditions impose a vapor pressure on the tested equipment, which can be a major cause
of moisture migration and penetration.

Corrosion is one of the principal effects of humidity. Hygroscopic materials are
sensitive to moisture and may deteriorate rapidly under humid conditions. Absorption of
moisture by many materials results in swelling, which destroys their functional utility
and causes loss of physical strength and changes in other important mechanical
properties. Insulating materials that absorb moisture may suffer degradation of their
electrical and thermal properties. Cyecling temperature and humidity may cause
condensation of moisture inside the equipment, which in turn could cause the equipment
to malfunction because of electrical shorts, dull or obscure reflecting or transmitting
optics, corrosion of terminals, or cell metallization.

APPARATUS

Equipment includes a humidity-temperature chamber and associated equipment; auxiliary
thermocouples with associated recording devices; and a test frame.

_glmmbe

The chamber and accessories shall be constructed and arranged so as to prevent
condensate dripping on the test item. The chamber shall be trap-vented to the
atmosphere to prevent the buildup of total pressure. Relative humidity shall be
determined from the dry bulb-wet bulb thermometer comparison method or an equivalent
method approved by the procuring activity. - When readout charts are used, they shall be
capable of being read with a resolution within 0.6°C (1°F). When the wet bulb control
method is used, the wet bulb and tank shall be cleaned and a new wick installed at least
every 30 days. The air velocity flowing across the wet bulb shall be not less than
4.57 m/s (900 ft/min). Provisions shall be made for controlling the flow of air throughout
the internal chamber test space where the velocity of air shall not exceed 0.76 m/s
(150 ft/min). Steam or distilled, demineralized, or deionized water having a pH value

*Flat-Plate Modules, Concentrator Modules, Receivers, Concentrator Optics.
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between 6.0 and 7.2 at 23°C (73°F) shall be used to obtain the specified humidity. No
rust or corrosive contaminants shall be imposed on the test item by the test facility.

PREPARATION

Step 1—
Step 2—

Step 3—

Step 4—

Step 5—

Step 6—
Step 7T—

PROCEDURE

Step 1—

Step 2—

Step 3—

Step 4—

(Flat-plate modules, concentrator modules, and receivers.) Verify that
electrical performance data for the test item is available.

(Concentrator modules and concentrator optiecs.) Verify that optiéal
performance data for the test item is available. '

1

Inspect the test item to detect evidence of physmal degradatlon (such as
delamination, corrosion, and cracked cells).

Prepare and provide programmlng devices to perform the humldlty
cycling program shown in Fig. B-12.

Install at least one thermocouple on the test item. For flat-plate
modules, install one thermocouple behind a solar cell on the back of the
module at a point approximately one-third of the module width and
one-third of the module length.

Verify that the electrical terminals of the test item are short-eircuited.

Mount the test item in a test frame in accordance with manufacturer's
installation instructions and recommended mounting hardware. The test
frame shall be designed to simulate the support rigidity and differential
thermal expansion likely to occur in service between the item and its
supporting structure.

Install the test items into the humidity chamber. If there are more than
one, install them so that all are exposed equally to the air supply.
Connect the electrical leads from the thermocouples to the temperature'
recording device. Note: Concurrent testing of several test items in the
same chamber is permitted provided the test requiremerits for each item
are identical.

Dry the test item at 54°C (129°F) for 24 hours (h).

Condition the test item at 23°C (73°F) and 50 + 10 percent relative
humidity for 24 h.

Subject the test item to five (5) 24-h humidity cyecles in accordance with
Fig. B-12. A humidity cycle consists of raising the internal chamber
temperature to 40.5°C (105°F) and 90% relative - humidity in 2 h,
maintaining the internal chamber temperature at 40.5° C (105°F) and the
relative humidity at 90%-95% for 16 h, decreasing the internal chamber
temperature to 21°C (70°F) and increasing the relative humidity to 95%
in 2 h, and maintaining the internal chamber temperature at 21°C (70°F)
and the relative humidity at 95% for 4 h.
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Figure B-12. Humidity Cycling Test
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Step 5—

Step 6—

Step 7T—

TE.AR.D.4

(Flat-plate modules, concentrator modules, and receivers.) Following
removal from the test chamber, obtain post-test electrical performanee
data for each test item.

(Concentrator modules and concentrator opties.) Obtain post—test
electncal performance data.

Inspect modules to detect evidence of physical degradatlon (such as

delamination, obscuration of reflect or transmitting optics, corrosion of
terminals or pohshed surfaces)
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TEST TE.PC.E.1

POWER CONDITIONING UNIFIED TEST PROCEDURE
FOR SOLID-STATE POWER INVERTERS

PURPOSE

This unified test procedure provides a method to test DC to AC inverters, which are to
be used in both stand-alone and utility-interactive applications. These applications are
- discussed in the introduction to Section 4.0.

Master Test Code for Electricul Measuremcnts in Power Circuits, IEEE Std 120-1955,
provides a good introduction to the subject, although some of the test instrument
references are obsolete because of the uge of the spceification.

APPARATUS

Digital Voltmeter. The basic measuring instrument to be used should be a digital
‘voltmeter with a 2000-count minimum full-scale and true RMS AC capability. The
accuracy of the instrument should be verified before and after use by comparing it to
standards traceable to the National Bureau of Standards. Ranges should be chosen so
that readings fall in the upper half of the chosen range, with recorded data provided to a
minimum of three significant digits.

Current should be measured by measuring the AC to DC voltage drop across a
temperature-stable precision shunt. These shunts should have been compared to a
standard traceable to the National Bureau of Standards, and adjusted to within 0.1% of
each other at the muximuin currcnts measured. Ry using matched shunts and the same
digital instrument for all measurements, the correlation between the input and output
variable should be as accurate as the absolule ineasurements.

Oscilloscope. - Both AC and DC currents should be observed with an oscilloscope
furnished with clip-on DC-responding current probes. Alternatively, both AC and DC
currents may be observed with an oscilloscope ucross precision shunts with connections
that minimize inductive effect errors. The system bandwidth should be suitably
restricted or high frequency spikes rejected visually, so that waveform deviations above
2-5 kHz are not considered to be ripple.

Wattmeter. AC power should be measured with instruments capable of an overall
accuracy of + 1%. Various methods are available to measure real power, such as Hall
Effect multipliers and precision wattmeters. Calibration should be checked at the
maximum currents and voltages to be measured.

Transformer Tl is a transformer or other low-voltage, high-current unit on which a
custom secondary can be wound (see Fig. B-13). The variac is increased until a digital
(RMS) voltmeter (which is used for all other test measurements and has been calibrated)
indicates a voltage corresponding to the desired full operating current. Voltage and
current are then recorded and observed simultaneously on an oscilloscope. Power is then
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the product of volts, amps, and the cosine of the phase angle between them, which should
be less than 5°.

It can then be assumed that the instrument is correct at nonunity power factor and
harmonies if the construction and operating principle is inherently a multiplication
function. If it is desirable to check nonunity power factor operation, the applied voltage
can be easily phase-shifted.

DC power can be measured either by a Hall Effect multiplier or by multiplying DC amps
by DC volts, provided that the AC component of the DC input voltage is less than 1%
peak-to-peak. It can be shown that if the AC component of either voltage or current is

zero, then no power, other than DC, can be transferred. See Note 1 to Test Procedure,
p. B-76.

Harmonic Analyzer. Harmonic analysis of the AC voltage or current can be done in
_ several ways. It can be done directly from the current shunt or output voltage, but a
more convenient method involves the use of a harmonic analyzer and an oscilloscope.

The oscilloscope provides the voltage waveform (from a probe) or current waveform,
either across a shunt or by using a DC wideband clip-on current probe. The high-level
oscilloscope output (with no common mode problems) is then connected to a tunable
harmonic analyzer. The fundamental is adjusted to indicate 100%, and the higher order
harmonics are then recorded directly as a percentage of the fundamental voltage or
current flow.

An oscillographic speetrum analyzer can also be used to provide Polaroid photographs for
data analysis. Components less than 0.5% of the fundamental may be neglected.
/

PREPARATION ' i

Configuration

The inverter to be tested must have both an appropriate power source and a suitable
load. Any max1mum power—pomt tracking capability must be temporarily disabled before
-testing.

-PV Array Simulation or Power Supply. The ideal method of providing power to the
inverter to be tested would be to employ an actual PV array, or a PV array simulator. If
neither of these is available, power could be provided by means of a power supply with an
output impedance low enough to reduce the peak-to-peak input voltage ripple (caused by
injected current) to a value less than the ripple that would be obtained with an actual PV
array.

Suitable Load. The load must absorb the output power from the inverter to be tested
without undue drift for the duration of the test. The load must be adjustable, both
resistively and reactively, to required values. For three-phase inverters, -each phase
should be individually adjustable for unbalanced load measurements. For utility-
interactive inverters, a suitable utility-line connection becomes the load. The line
impedance should be measured over a range of determined frequencies and adjusted as
required to provide a specified test impedance.
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Variac P+

120 Vac \ T I+
60 Hz . .
_ - | out p—
: « . B

v+ V—
T2

£

3

Kay;

DUT: Device under test.
T1: 120V primary, secondary one or two turns of suitable wire.

T2: 120V primary, cocondary voltage to suit DUT.
H1: Praciainh current shunt.

Figure B-13. Test Circuit
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 PROCEDURE

Test Plan

With the preparation completed, the inverter shall be tested by the use of a test plan
which lists the complete range of input and output variables to be tested. The test plan
shall state all the operating points reqmred by the test data in an organized step-by-step ' -
sequence. Test voltages shall be chosen in convenient steps; for example, 160V, 180V,

200V, 220V, 240V. DC test powers shall be chosen in convenient steps, starting at zero
“and ending in full or overload rated power/current in no less than five steps (0.0, .25, .5,
.75, 1.0). If required, each test procedure of the test plan shall be repeated for operation
at various temperatures, pressures, and humidity conditions. - At each operating
condition, transient load data shall be recorded where applicable.

. Test Procedure

The test plan shall be carried out by means of the proper test instrumentation. Voltages
and currents observed by the oscilloscope should be noted for any signs of oscillation or
unusual waveforms.

EVALUATION

The following is a list of suggested measurements:

VDC, DC input voltage _

VDCPP, input voltage peak-to-peak ripple

VDCRMS, input voltage RMS ripple

IDC, DC input current

IDCPP, input current peak-to-peak ripple

IDCRMS, input current RMS ripple '

PDC, input power (if measured)

VACRMS, AC output RMS voltage

VACF, AC output voltage at individual frequencies (1nclude fundamental)
IACRMS, AC output RMS current

IACF, AC output current individual frequencies (include fundamental)

Steps (VACF) and (IACF) should be measured to frequencies at least 15 times the
fundamental of 60 Hz. If DUT is pulsewidth modulation or high frequency link type,
frequency components should be measured up to 4 times internal operating frequencies.
Step (IACF) only applies to utility-interactive inverters. Utility-line harmonic voltages
will be recorded with DUT not operating if they are greater than 0.5% of fundamental
line voltage. Step (1) is PAC, AC output power.
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 DERIVED QUANTITIES

PDC, DC input-power = VDC xIDC
IRF, current ripple factor = IDCPP/IDC
VAT, volt amps total = VACRMS x IACRMS
. PFT, power factor total = PAC/VAT .
VART, reactive power total = \/ (VAT)? - (PAC)2_
EFT, efficiency total = PAC/PDC

Input current ripple if operated on solar array. Further explanation of this
subject follows.

© 0 0 © O © ©o

| . : N
Actual input current ripple can be measured only when the inverter to be tested is
operated from an actual PV array or suitable simulator.

Note 1 to Test Procedure:

=Vpclpe * Vaclt) iaclt)

=Ppc*Pac
The maximum value of P, ~ will oceur if V and i are both square waves in phase.

PAC(max) =1/4 Vpp . Jpp y

where V__ and I_  are peak-to-peak values.

pp &% 'pp

v, I

o= £ = 10% ,
pc Ipc

then the error is

P
AC
T-1/4% .
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TEST TE.ST.E.1

TEST PROCEDURE FOR MEASURING BATTERY CAPACITY
AND ROUND-TRIP EFFICIENCY

PREPARATION

The final dlscharge voltage, final charge voltage, , and equalizing
voltage, V & shall be speclflecfn t)y the manufacturer in conatjﬁtatlon with the
system designer. These voltages should fall within the voltage window specified
by the PV system designer. :

The charge and discharge rates shall be specified by the manufacturer in .

consultation with the user. These rates will depend upon the type of capacity
test selected. The rates may be constant current (more common) or constant -
power, depending upon which one the PV system is capable of delivering and
receiving.

The electrolyte temperature, Ty, must be read and recorded at the start of any
test discharge. In general, cell temperature should be within the range of 22°C
to 31°C (72°F to 87°F) at the start of the discharge, and within the range of
18°C to 46°C (65°F to 115°F) during the test charge. During each
discharge/charge, the temperature will increase and should be monitored.

The battery must be fully charged and equalized, as specified by the
manufacturer, before the start of the test. The electrolyte level and specific
gravities should be checked for uniformity at the end of the equalization as
specified by the manufacturer. Cell voltage, temperature, and charging rate
should also be recorded. .

PROCEDURE

The battery must be tlischarged at the specified rate until the battery terminal
voltage equals the specified final voltage, V i.

"The cell voltages and the battery terminal voltage should be periodically

recorded. The readings should be taken at the begmmng and end of the dlscharge
and at specified intervals. Attention must be given to any cell that is
approaching 1.0 volt or less (polarity reversal). - For nickel-cadmium batteries,
the lower voltage is 0.5 volt or less.

The battery must be fully charged at the speclfled rate to the speclfled end

charging voltage, V max’

The battery terminal voltage shall be periodically recorded throughout the
charge.

The time taken to fully charge the battery, ts shall be recorded. The amount of
charge restored to the battery, Q,, is the product of the average charge rate in
amperes and the time in hours gaken to fully charge the battery to its end
charging voltage.* The energy restored to the battery, Ew is the product of the

-ampere-hours restored (Q,) and the average charge voltage.

* ti | t;
For greater accuracy, use Q; = A (Ddt, or Ei:,/ i (V) (Ddt, where i _ cord
N . L) . o k s 1]
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e Repeat the first step (discharging the battery). Refer also to "Important,"” below.
@ Repeat the next step (recording cell voltages and battery terminal voltages).

o The time taken to discharge the battery, t, to its final voltage shall be
recorded. The amount of charge removed from ghe battery, Q 3, is the product of
the average discharge rate in amperes and the time taken in qlours to reach the
final voltage.* The energy removed from the battery, E;, is the product of the
ampere-hours removed (Q) and the average discharge voltage.*

e The actual battery ampere-hour capacity is Q, and the energy capaclty isEq If
the cell temperature at the start of the discﬁarge differs from 25°C (77°F), the
ampere-hour capacity must be temperature corrected:

Capacity at Temperature, T(°F)
1+ 0.0025 (T-77)

‘Corrected Capacity at 77°F =

(Different for nickel-cadium batteries.)

e The battery round-trip coulombic efficiency, 1 Q’ is the ratio of the ampere—hours
removed to the ampere-hours restored (Qg/ The energy efficiency, N E is the
ratio of the watt-hours removed to the wat hours restored (Ed/E ).

IMPORTANT: The second test discharge is not always necessary, depending upon
whether or not the manufacturer or user deems it so. If it is not required, the
battery capacity is calculated from the first discharge, and the efficiency is
calculated from the first discharge and the following full charge.

*See note on preceding page.
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TEST TE.ST.E.2

TEST PROCEDURE FOR MEASURING
TOTAL BATTERY IN-OUT EFFICIENCY

PREPARATION

The important point in this test is that the starting and ending states-of-charge
should be equal and should be-specified by the user. It is recommended that the
end of an equalizing charge mark the beginning and end of the efficiency test.

The ambient and cell temperatures over the period of the test should remain as
constant as possible; for example, the ambient temperature should be within the
range of 21°C to 35°C (70°F to 95°F). -

The length of time of the test shall be specified by the user, and might equal
some weeks or months. -

PROCEDURE

The starting and ending states of charges shall be clearly recorded by the
tester. Ambient and cell temperatures, terminal voltage, specific gravities of
pilot cells (generally, every sixth cell), and state-of-charge shall also be
recorded.

The battery shall be cycled and operated normally, while the ambient and cell
temperatures are recorded, for the specified length of time..

The amount of ampere-hours removed and restored to the battery and the
average charge and discharge voltages shall be monitored and recorded
throughout the test.

In the last hour of the equalizing period, each cell voltage shall be taken and
recorded. At the end of the equalizing charge, each cell's specific gravity and
cell temperature shall be read and recorded.

A check shall be made of the readings for any large variations in specific
gravigies and voltages: i.e., if the specific gravity variation is greater than 0.020
g/ecm® or the voltage variation is greater than 0.100 V/cell, then the battery
manufacturer should be notified, further checks or tests should be made on the
suspect cell(s) and the equalizing period mxght have to be performed more often
or for longer time periods.

When the specified test time has been completed, the end of the test shall be
marked by the reaching of a state-of-charge terminal voltage; and specific
gravity equivalent to those at the start of the test.

The total in/out ampere-hour efficiency of the battery is the ratio of the total
number of ampere-hours removed within the specified test time to the total
number of ampere-hours restored within the specified test time. The total in/out
energy efficiency is the ratio of the total watt-hours removed (total ampere-
hours removed times the average discharge voltage) to the total watt-hours
restored (total ampere-hours restored times the average charge voltage) to the
battery within the specified test time.
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o If the average cell temperature (at the start of each discharge) throughout the
test was not 25°C, then a temperature correction should be performed

Ah removed at temp. T(°F)
1+ 0.0025 (T-77)

Corrected ampere-hours (Ah) removed at 77°F =

(Different factor for nickel-cadmium batteries.)

" Note: Cycle Plus EthzuiEfflclmcy. To determine the average round—trlp efflclency,
including periodic equalizing charges, the following equation may be used'

2Qy ’
"IQ total = ——

2Q, "2Q,

where 1 Q QdA and Qc are as in TE.ST.E.1.

Q¢ = amount of charge returned to the battery during equalizing.
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FCC
HUD

IAS
IEEE
IPC
IPCEA
-V

TR-654

NOMENCLATURE

ampere or amperes
alternating current

ampere—houfs .

air mass

Argonne National Laboratory

American National Standards Institute
antireflection

American Society of Mechanical Engineers
American Society for Testing and Materials

-eoncentrator module active aperture area

illuminated cell area

receiver area

receiver active cell area

module total aperture area

Building Officials Congress Administration
battery rated capacity

direct current

Department of Energy .

Ehvironmental Impaét Statement
electromagnetic interference

Electric Power Research Institute

energy restored to a Battery

energy removed from a battery

energy to equalize a battery

current-voltage curve fill factor

Federal Communication Commission

(U.S. Department of) Housing and Urban Development
current

Industrial Application Society

Institute of Electrical and Electronics Engineers
Interim Performance Criteria |
Insulated Power Cable Engineers Association
current-voltage '

output current at a specified voltage
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JPL
LSA
MIT/LL
NASA
NBS
NEC
NEMA
NEPA
NFPA
NOCT
NTE
NTIS
OSHA
PCU
PV
PV/thermal

RMS

SA
SAE
Sandia
"SBCC
SERI
SOC

output current at maximum power

output current at short circuit conditions
battery or qell charging current

battery or cell discharging current
irradiance

Jet Propulsion Laboratory

Low Cost Solar Array Project
Massachusetts Institute of Technology/Lincoln Laboratories
National Aeronautics and Space Administration
National Bureau of Standards

National Electrical Code

National Electrical Manufacturers Association
National Environmental Policy Act
National Fire Protection Association
nominal operat_ing cell temperature
nominal terrestrial environment

National Technical Information Service
Occupational Safety and Health Association
power conditioning unit

photovoltaies

photovoltaics/thermal

maximum power

amount of charge restored to a battery
amount of charge removed from a battery
amount of charge to equalize a battery
module geometric concentration ratio
reference irradiance spec¢trum

root mean square

cell serivs resistance

stand-alone

Society of Automotive Engineers

Sandia National Laboratories

Southern Building Code Conference

Solar Energy Research Institute

state of charge of battery or cell
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UPS

VAR

min

max
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WRIS

Greek Symbols

standard

temperature

battery electrolyte temperature

time interval to fully charge a battery

time interval to discharge a battery to its final voltage
recommended equalization interval '

Uniform Building Code -

utility interactive

Underwriters Laboratories, Inc.

uninterruptible power supply

" volts or volt

volt-amperes-reactive

battery equalizing voltage

output voltage at maximum power
battery final discharge voltage

battery final charge voltage

output voltage at open circuit condition
wind veloeity average "

weighted reference irradiance spectrum

temperature coefficient for solar cell current
temperature coefficient for solar cell voltage
current-voltage curve correction factor
electrical conversion efficiency

concentrator module aperature area efficiency
solar cell efficiency

collector efficiency

battery energy efficiency

encapsulated cell efficiency

flat-plate module efficiency

cell illumination mismatch efficiency
mismatch efficiency -

nominal operating cell temperature (NOCT) efficiency
flat-plate module packing efficiency

battery round trip coulombic efficiency

receiver packing efficiency

N-3
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SUBJECT INDEX FOR PERFORMANCE CRITERIA*

Accessibility: SY.I.3
Antireflection coating: CE.M.1 ‘

Application-specific criteria/comments
" central station: CA.L2
intermediate load center: CA.L2

stand-alone: SY.E.5; SY.E.6; SY.E.7; PC.E.1; PC.E.4; PC.E.6; PC.E.8; PC.E.10;

PC.E.16; PC.E.17; CA.L2;

utility interactive: SY E.2; SY E.3; SY.E.5; SY.E.6; PC.E.1; PC.E.5; PC.E.9;

PC.E.11; PC.E.16; PCE17°CA12 PD.E.2

Array/array field
accessibility: SY.L3
capability for system (generic): SY.E.4
cleaning tolerance: MO.M.10
concentrated light, damage by: AR.S.1
design: SY.B.3; MO.M.12; AR.S.1
efficiency: AR.E.1; AR.E.2
electrical output: AR E.1; AR.E.2
flammability: MO.S.2
hail resistance: MO.M.8
humidity stress: MO.D.3
installation hazard: SY.S.6; SY.L.1
lightning protection: SY.E. 8
loading (physical): AR.M.1; AR.M.2
maintainability: SY.I.2
manual: SY.I.2
matching or modules and arrays: MO.E.4
monitor and control, provisions for: AR.I.6
rain: MO.D.4
safety procedures: SY.S.1
soiling: MO.M.9
shadowing: SY.B.l
tracking and control: AR.L.6

Array subsystem (see also solar cell, module, receiver, array/array field)
accessibility: SY.I.3 »
capability for system (generic): SY.E.4
design: SY.E.4; SY.E.8; SY.B.3
handling: SY.M.2
lightning: SY.E.8 '
maintainability: SY.L.3
output voltage range: PC.E.l
PV/thermal design: SY.E.8
shadowing: SY.B.l :
shipping: SY.M.1 .

*For Performance Criteria Code: @ SY SM CE MO CR AR PC MC ST CA
See Document Section: . 2 2 3 3 3 3 4 5 6 7
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SUBJECT INDEX FOR PERFORMANCE CRITERIA* (continued)

Battery
abuse: ST.D.1
capability for system (generic): SY.E. 6
capacity: ST.E.l
design: SY.E.6; ST.I.2
discharge rate: ST.E.4
efficiency: ST.E.2
equalizing charge: ST.E.5
fire protection: ST.S.4
hazardous gas: ST.S.3
life: ST.D.1
maintainability: ST.I.2
manual: ST.IL1
normalization: ST.E.5
operating temperatures: ST.T.1
plumbing: ST.B.1 :
safety: ST.S.1; ST.S.2; ST.L.2; ST.B.1
shelter: ST.S.5
shock hazard: ST.S.2
spills, protection against: ST.S.1
temperature, operating and extremes: ST.T.l
voltage window: ST.E.3

Cabling
clearance: CA.S.2
design: SY.E.8
fire codes and standards: CA.S.3
flammability: CA.S.1
grounding: SY.S.2
installation: CA.L2
lightning: SY.E.8
loading (physical): CA.D.2
maintenance: SY.L.1; CA.L3
manual: SY.L.1; CA.I.l
moisture resistance: CA.D.4
aiming, wire: CA.E.l
solar degradation: CA.D.3

Cleaning tolerance: MO.M.10

Design aspects

array/array ficld: §Y.8.6; 3Y.B.
array subsystem: SY.E.4; SY.E.
battery: SY.E.6; ST.I.2
cabling: SY.E.8

module: SY.E.8; SY.S.6; MO.E.2; MO.E.3; MO.E.4; MO.M.1; MO.M.5; MOMG

MO.M.8; MO.M.9; MO.M.12; MO.M.18
monitor and control (power conditioning) subsystem: MC.E.7; MC.S.1; MC.L3 .

3; MO. M.lZ;-AR.S.l
8; SY.B.3

*For Performancé Criteria Code: SY SM CE MO CR AR PC MC ST CA PD
See Document Section: 2 2 3 3 3 3 4 5 6 7 8
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~ power conditioning subsystem: SY.E.5; SY.E.8; PC.E.2; PC.E.7
PV system: SY.E.8; SY.I.4; SY.B.3; ST.E.3; ST.E.4
PV system monitor and control: SM.E.1

- receiver: MO.E.3; MO.E.4; MO.M.7; MO.M.12

Efficiency
array/array field: AR.E.1
battery: ST.E.2
cell: CE.E.1; CE.E.2
module: MO.E.1
power conditioning: PC.E.14
receiver: CR.E.1

Electromagnetic interference (EMI): PC.E.2
Energy feedback (to utility): PD.E.2
Environmental impact: SY.B.2

Environmental/use stress
general:  MO.E.2; MC.1.5
hail: MO.M.8
humidity: CE.D.2; MO.D.3
lightning: SY.E.8
moisture: CA.D.4
rain: MO.D.4
soiling: MQ.M.9
" solar weathering: MO.D.2; CA.D.3
temperature cyeling: CE.D.1; MO.E.2; MO.M.7; MO D.1
temperature-humidity cychng- CR.D.1

Fire
codes and standards: CA.S.3
protection: ST.S.4 o
safety: SY.S.5

Flammability: MO.5.2; CA.8.1
Grounding: SY.S.2; SY.S.3; PC.S.4
Hail resistance: MO.M.8
Handling: SY.M.2; CE.M.2; CE.M.3
Harmonies: PC.E.10; PC.E.11

Hazards
burn: SY. S.7 SY.L.3
concentrated light: MO.M.11
gas: ST.S.3
installation: SY.S.6; SY.L1
shoeck: PC.S.1; ST.S.2

*For Performance Criteria Code: =~ SY SM CE MO CR AR PC MC ST CA PD-
See Document Section: 2 2 3 3 3 3 4 5 6 T 8

I-3
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SUBJECT INDEX FOR PERFORMANCE CRITERIA* (continued)

Hot spot heating: MO.E.3

Insurability: SY.I.4; SY.B.3

Interference susceptibility: MC.E.7

Loading (physical): MO.M.1; MO.M.2; MO.M.6; AR.M.1; AR.M.2; CA.D.2
Maintainability: SY.L.2; SY.L3 |

Manual (installation, operation, and maintenance): SY.I;I; PC.I.1; MC.L.1; ST.IL.1
Matching of cells, modules: MO.E.3; MO.E.4

Material compatibility: MO.M.12; CR.M.4; CR.M.5; CR.M.6; CR.M.7; CR.M.8

Module
accessibility: SY.I.3
cleaning tolerance: MO.M.10.
concentrated light, damage by: MO.M.11
design: SY.E.8; SY.S.6; MO.E.2; MO.E.3; MO.E.4; MO.M.1; MO.M.5; MO.M.6;
MO.M.8; MO.M.9; MO.M.12; MO.M.18
efficiency: MO.E.1
electrical insulation: MO.S.1
electrical interconnects: MO.M.7
electrical output: MO.E.1
environmental stress: MO.E.2; MO.M.7; MO.M.8; MO.D.1; MO.D.2; MO.D.3; MO.D.4
flammability: MO.S.2
hail resistance: MO.M.8
handling: SY.M.2
hot spot heating: MO.E.3
| humidity stress: MO.D.3
matching of cells: MO.E.3; MO.E.4
material compatibility: MO.M.12; CR.M.4; CR.M.5; CR.M.6; CR.M.7; CR.M.8
monitor and control, provisions for: SY.I.2; AR.I.6
loading (physical): MO.M.1; MO.M.2
PV/thermal: SY.E.8
replacement: MO.IL1
rain exposure: MO.D.4
shipping: SY.M.1
soiling: MO.M.9
solar weathering: MO.D.2
support structure: MO.M.5; MO.M.6
temperature control: MO.M.18
< temperature cycling stress: MO.D.1
terminals: MO.E.2
‘twist capability: MO.M.6

Monitor and control (power conditioning) subsystem
accessibility: SY.I.3
cabling: CA.D.1

*For Performance Criteria Code: SY SM CE MO CR AR PC MC ST CA PD
See Document Section: - 2 2 8% -3 3 3 4 5 6 7T 8
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SUBJECT INDEX FOR PERFORMANCE CRITERIA* (continued)

capabilities for system (generic): SM.E.1
control panels: MC.1.2

design: MC.E.7; MC.S.1; MC.L.3
environment, tolerance to: MC.L.5
interference susceptibility: MC.E.7
maintainability: MC.I.3

manual: SY.I.1; MC.I.1

power consumption: MC.E.6
protective action: MC.E.4; MC.S.1
shutdown: MC.E.3; MC.E.4

sof tware: MC.I.1

startup: MC.E.l; MC.E.2

Power conditioning subsystem
accessibility: SY.L.3
burn hazard: SY.S.7
capability for PV system (generic): SY.E.5
design: SY.E.5; SY.E.8; PC.E.2; PC.E.7
efficiency: PC E.14
electrical characteristics
input: PC.E.1; PC.E.2; PC.E.3
output: PC.E.4; PC.E.5
fire safety: SY.S.5
- frequency output: PC.E.12
grounding: PC.S.4
harmonies: PC.E.10; PC.E.11
insulation: PC.S.4
lightning: SY.E.8
maintainability: SY.I.2
monitor and control, provisions for: PC.I.4; PC.I.5; PC.1.6
operating conditions: PC.M.1
overload capability: PC.E.7
power factor: PC.E.8; PC.E.9
protective action: PC.E,15; PC.E.16; PC. E.l7 PC.T. 1
ripple, input: PC.E.2
shock hazard: PC.S.1
turn-on characteristies: PC.E.13
unbalanced load: PC.E.6
voltage regulation: PC.E.4

Power distribution subsystem
code conformity: PD.S.1
electrical capability: PD.E.1
manual discoinect: PD.S.2
utility interface: PD.E.2

Protective action: SM.E.4; PC.E.15; PC.E.16; PC.E.17; PC.T.1; MC.E.4; MC.S.1

*For Performance Criteria Code: SY SM CE MO CR AR PC MC ST CA PD
See Document Section: ~ 2 2 3 3 3 3 4 5 6 7 8
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SUBJECT INDEX FOR PERFORMANCE CRITERIA* (continued)

PV system
accessibility: SY.I.3
auxiliary energy subsystem: SY.E.7
burn hazards: SY.S.7
codes, building, and safety: SY.S.1; SY.I.5
computer simulation programs: SY.E.2
design: SY.E.8; SY.I.4; SY.B.3; ST.E.3; ST.E.4
economic performance: SY.E.3
electrical interrupts: SY.S.4
energy performance: SY.E.2
energy rating: SY.E.2
environmental impact: SY.B.2
fire safety: SY.S.5
grounding: SY.S.2; SY.S.3
handling: SY.M.2
installation hazards: SY.S.6; SY.I1
insurability: SY.I.4; SY.B.3
~ lightning protection: SY.E.8
maintainability: SY.I.2
manual: SY.L1
power performance: SY.E.l
.parts replacement: SY.L.2
power rating: SY.E.l
safety: SY.S.l; SY.L1; SY.I.2; SY.L.3
shadowing: SY.B.l
shipping: SY.M.1
test locations: SY.I.2
warranty: SY.LI

PV system monitor and cantrol
capabilities of: SM.E.l
design: SM.E.l
electrical disconnects: SM.E.4; SM.E.5
load management: SM.E.3
power flow control: SM.E.2
protective action: SM.E.4

Receiver
concentrated light, damage by: MO.M.11
cleaning tolerances: MO.M.10
design: MO.E.3; MO.E.4; MO.M.7: MO.M.12
efficiency: CR. E 1
electrical interconnects: MO.M.7
electrical output: CR.E.l
humidity: MO.D.3 '
materials, compatibility of: MO.M.12; CR.M.4; CR.M.5; CR.M.6; CR.M.7; CR.M.8

monitor and control, provisions for: AR 1.6
rain: MO.D.4

*For Performance Criteria Code: SY SM CE MO CR AR PC MC ST CA PD
See Document Section: 2 2 3 3 3 3 4 5 6 7 8



TR-654

- GES
S=RI &
- -

' SUBJECT INDEX FOR PERFORMANCE CRITERIA* (concluded)

replacement: CR.M.1

soiling: MO.M.9

solar weathering: MO.D.2

temperature cyeling: MO.E.2; MO.D.1
temperature-humidity cyeling stress: CR.D.1
terminals: MO.E.2

Replacement: SY.I.2; MO.E.1; CR.M.1
Ripple: PC.E.2

Safety
~ acid spills: ST.S.1; ST.B.1
burn hazards: SY.S.7
cable clearance: CA.S.2
code conformance: SY.S.1; PD.E.2; PD.S.1; CA.S.3
concentrated light: AR.S.1
electrical interrupts: SY.S.4; SY.I.3; SM.E.4; SM.E.5; MC.S.1
fire protection/safety: SY.S.4; ST.S.5; CA.S.3
flammability: MO.S.2; CA.S.1
grounding: SY.E.8; SY.S.2; SY.S.3; PC.S.4
hazardous gas: ST.S.3
installation hazards: SY.S.6; SY.I.1
insulation: SY.E.8; MO.S.1; PC.S.4
manual: SY.I.1; PC.I.1; ST.I.1
' manual/automatic disconnect: PD.S.2; MC.S.1
plumbing: ST.B.l :
safety practices: SY.S.6; SY.L.1; SY.I.2; SY.I.3
shock hazard: PC.S.1; ST.S.2

Shadowing: SY.B.l
Shipping: SY.M.1
Software: MC.I1
Soiling: MO.M.9

Solar Cell
antireflection coating: CE.M.1
efficiency: CE.E.l; CE.E.2
electrical output: CE.E.1; CE.E.2
handling: CE.M.2; CE.M.3
humidity stress: CE.D.2
metallization (contact): CE.M.3; CE.D.1
temperature cyeling stress: CE.D.1

Storage subsystem (see battery)
Terminals: MO.E.2
Warranty: SY.L1

' *For Performance Criteria Code: SY SM CE MO CR AR PC MC ST CA PD
See Document Section: 2 2 3 3 3 3 4 5 6 7 8
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