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ABSTRACT

Bechtel Corporation has conducted a study of several factors
contributing +to +the design of photovoltaic panels and their
interface with the array. The study's emphasis was on large
arrays, with a 200 MW central station power plant used for the
baseline. Three major areas--structural, electrical, and
maintenance--were evaluated.

Efforts 1in +the structural area included establishing acceptance
criteria for materials and members, determining loading criteria,
and analyzing glass modules in wvarious f£framing system
configurations. Array support structure design was addressed
briefly. Electrical considerations included evaluation of ‘module
characteristics, intermodule connectors, array wiring, converters
and lightning protection. Plant maintenance <£features such as
array c¢leaning, failure detection, and module installation and
replacement were addressed.
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Section 1

SUMMARY

This report presents +he results of an engineering study
conducted by Bechtel Corporation. The purpose of the study was
to analyze the solar module/array interface from the point of
view of the installer and maintainer of such equipment. The
study was directed at +the analysis of 1large, terrestrial
photovolatic solar arrays, such as would be used in a central
station power plant. The analysis was divided into three major

areas: structural, electrical and maintenance.

A hypothetical 200 MW central station power plant in the Phoenix
area was selected as a baseline for purposes of this study.
Results of the study are generally -applicable to other
installations of a similar size. The modular nature of the
neaded converter equipment led to a plant configuration wherein
the power from groups of arrays forms the dc input to each of the
converter modules diépersed throughout the array field. Power
from the converters is transported to a plant substation via a

34 XV ac wiring network.

The arrays considered herein are nontracking and consist of flat
panels fastened to an array framework at an inclination of 33° to
the horizontal. The panels are in turn comprised of one or more
solar cell modules. Three panel sizes (2xi foot, 4x8 foot and

8x16 foot) are evaluated in detail. However, many of the results



are presented graphically as a function of panel size. It is
desiraﬁi@ to have vehicle access between the arrays to facilitate
installation and maintenance operations. Selecting an interarray
spacing (which is proportional to array cross section) to provide
for wvehicle access led to an array cross section with a 16-foot
hypotenuse. Also, this size array accepts the three panel sizes

studied in even multiples, thereby facilitating comparison.

Because of‘their ready availability and desirable character-
istics, steel and glass materials were selected for purposes of
this study. Glass has attractive physical properties for the
solar module construction, giving protection and structural
support to the encapsulated photovoltaic cells. Steel provides
the stiffness needed for proper support of glass modules and is
readily fabricated into the required structural configurations.

.

Design criteria for these materials were defined for this study.

The loading criteria and 1load combinations used herein were
defined in accordance with the ANSI A.58.1-72 Building Code. The
parameters for wind, snow and seismic forces were defined for the
Phoenix area and critical 1loads were established for various
glass thicknesses. A unit value of 50 psf was used subsequently
for the parametric studies reported here. For the Phoenix region

this design load is governed by the wind criteria.

The baseline structural concept examined herein is for

prefabricated 8x16 foot panels being attached to a simple array



support structure, where each panel is an assembly of 4x8 foot

glass modules in a supporting steel framework.

Finite element computer models were used for many of <the
structural studies. Results of +the parametric studies are
reported for the glass modules, for the support frames
interacting with the glass, and for thie array support structures.
These studies show that readily available steel sections (e.g.,
TS 6x3x1/2 for panel frames and wide-flange shapes for array
frameworks) and normal glass thicknesses can be used £for these
structures. Frame members must provide minimum levels of
stiffness to ensure adequate edge support for the glass and
thereby keep +the stresses in the glass within allowable limits.
A panel structure was analyzed for in-plane forces caused by edge
impact simulated by using 2 g's deceleration body forces and

showed the resulting stresses to be non-critical.

’
L4

A review of loading criteria for extreme values that occur in
other geographical locations of the U.S. showed that the design-
locad can increase to 102 psf -and that the structural changes forh
the steel and glass required by such increased loads are minor.

Thus, +the basic structural concepts developed herein are readily

adaptable to other locations.

Electrical considerations ‘included evaluation of converters,
intermodule connectors, array wiring, voltage transients and the

relationship of these areas to module design. Converter costs, a



major contribgtor to plant cost, decrease with increasing system
voltage. A system voltage of 2500 volts is recommended. For
this voltage, it is estimated that converters will contribute
$0.06 per watt to the plant cost. The term "watt" used
throughout this report refers to the peak power output of the
module, panel or array. Final selection of system voltage should
include analysis of module cost versus system voltage. These

data are unavailable at present.

Consideration of cost and ease of installation led to selection
of a factory-installed, ‘gquick-disconnect type connector to
accomplish the intermodule connections. Cost considerations in
this area favor large module sizes., Module current on the order
of 50 amperes was selected to ameliorate possible internal wiring
and encapsulation difficulties. TFor a 4x8 foot module with an
open circuit voltage of 8 volts, it is estimated that installed

connectors will cost about $0.01 per watt.

Array ‘wiring costs and panel installation costs also favor
selection of 1large panels. At the moment, anticipated module
production techniques suggest 1limiting modules +to about the
4x8 foot size. The configuration selected consists of four
4x8 foot modules factory assembled into an 8x16 foot panel. The
arrays are then wired with two series strings of modules per
array. At a -2500 volt system voltage each array is about
1250 feet long. Analysis of converters and a postulated

lightning protection system concluded that array terminals and



modules at this system voltage might be exposed to transient
voltages on the order of 8 kv. Lightning protection and
selection of a converter are system design features addressed
briefly herein and need +to be reevaluated in greater detail

befores moddle insulation levels are finalized.

Maintenance functions addressed include array cleaning, failure
detection, and panel installation and replacement. An automated
array cleaning method was postulated and shown to be economically
justified in most instances. Benefits derived from cleaning
depend on the rate of dirt accumulation and the value of <the

energy sold.

Initial installation costs for +the panels, estimated in
conjunction with replacement procedures, are on the order of
$0.01 per watt for the 8x16 foot panels and about four times that
amount for the 2x4 foot panels. 2 current monitoring scheme is
proposed to detect complete module failures. A cursory economic
analysis indicates that these modules should be replaced as
failures occur. Methods are also proposed to detect less severe
open intercell wiring within a module; but for the postunlated

module design, replacement is not warranted.

conduct of this study has led to selection of module and system
design features optimized (as far as available data permit) from
the viewpoint of the installer and maintainer of a plant. It has

also produced cost estimates for the design features considered



as a function of module size and system voltage. 'These cost data
can be combined with similar estimates for modules and system

design to optimize life cycle cost.



Section 2

INTRODUCTION

" In order to provide for the future energy needs of +he United
States, the Energy Research and Development Administration is
fostering tﬂe development of energy sources such as solar power.
As a part of this effort, the Jet Propulsion Laboratory (JPL) is .
conducting 2 program to develop Low-cost Silicon Solar Arrays
(LSSA). In addition to developing solar cells and manufacturing
techniques, the LSSA program is addressing aspects of solar cell
module design important to +the effective integration of the

modules into electric power systems.

The Research and Engineer¥ing Operation of Bechtel Corporation has
conducted an engineering study addressing the latter aspect of
module design. In particular, Bechtelts study considered the
interface between the modules and arrays from the point of view
of an installér and maintainer of such systems. The emphasis of
the study was on large array systems such as would be used in a
central station power plant or equivalent large industrial
applications. Structural, electrical and maintenance aspects of
the modules/array interface were addressed. This repor? presents

the results of that study.



2.1 REPORT FORMAT

This report has been prepared in the format specified by JPL
Document . Number -1030-26, Rev. .B. -Section 3 presents a brief
description of a 200 .MW plant assumed.for the baseline in this
study. Structural aspects of the study are aédressed in
Section 4. The electrical aspects are presented in Section 5.
Section 6 presents discussions on maintenance aspects.
Conclusions and recommendations resulting from the study are
presented in Sections 7 and 8, respectively. Section 9 contains

a statement that no new technology has been identified by this

study.

2.2 . COST DATA

Several cost estimates are included in the report. The accuracy
of these estimates is commensurate with the level of detail in an

engineering study.

For the most part, costs estimates were derived in 1977 dollars.
These estimated. costs were subsequently translated into terms of
1975, dollars. in order to facilitate their use and comparison in
other areas of the LSSA program. A factor of 9 percent.inflation
on commercial products (supplied by JPL) was used to convert
early 1977 dollars into mid 1975 dollars for purposes of this

study.



Some of the cést data are normalized to terms of dollars per
watt. This watt 4is +taken _to be +the peak power output of a
module, panel, or array and corresponds to 10 watts per square
foot. Thus, dollars per watt may be translated into terms of
dollars per sguare foot by multiplying by 10. Similarly, the
cost per module or panel can be obtained by multiplying the
dollars per square foot by the module or panel size in square
feet. With this simplifying assumption, no allowances are made
for losses of power in wiring, connectors, converter equipment,

etc,
2.3 MANUFACTURERS' DATA

conduct of the study involwved evaluation of vendors?! 1itérature
and contact with several manufacturers in relation to needed
items of equipment. The subsequent naming of manufacturers in
conjunction with the discussions of components and equipment does
not necessarily constitute an endorsement of the egquipment, nor
does it imply that these manufacturers have been selected to
suppiy the related items.- Rather, it is intended to point out
that wversions of +the necessary equipment are commercially

available. )



Section 3

PILANT DESCRIPTION

To & large- extent, the design of a photovoltaic solar cell module
is governed by the intended end use for the module. This study
addresses design features for modules in large-scéle, terrestrial
applications, such as central station power plants. Thus,
rudimentary concepts for a 200 MW plant (developed in a previous
study sponsored by ERDA/Sandias/Spectrolab, Inc., Ref. 1) were
used to provide a baseline from which module desién can proceed.-
A brief description of the baseline plant is presented in this
section. A brief description of terms used herein is also

provided.
3.1 TERMINOQLOGY

During the conduct of this study, it was found that terms such as
module or panel do not have a universal and consistent meaning
among the many entities engaged in solar programs. To avoid
confusion, the meanings given to such terms within this xreport

are delineated in Figure 3-1,
3.2 BASELINE PLANT FEATURES
In order to provide a baseline from which the study could

proceed, a design for a hypothetical 200 MW central station power

plant 1located in the Phoenix area was postulated. Design

-10-



PANEL
FHAMEWORK\

CELL - a single silicon wafexr (or ribbomn)
photocell with a nominal % volt output.

MODULE ~ an encapsulated, self-supporting
assembly of cells, with internal series
and parallel wiring terminated by two
wires (plus and minus) emerging from the
unit.

PANEL - a self-supporing, shippable assem-—
by of modules. 1In the limit, a panel may
consist of a single module. A four-module
panel is illustrated.

ARRAY - an assembly of panels fastened to
a support framework at the site and field
wired. An array may support more than . ARRAY
one series string of modules. Each module //,ﬂ—_

string is wired to reach full system vol-
tage.

ARRAY GROUP - arrays electrically inter-—
connected to supply power to a single
power conditioning unit, PCU, (i.e., con- //"ARRAY GROUP —~
verter). Arrays within the group are
paralleled to obtain the current level
desired for the converter.

e e i
| [ b - acwiriNG
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ARRAY FIEID - the aggregate of all arrays
within the plant. e e =

ARRAY FIELD — PLANT

Figure 3-1 DELINEATION OF TERMINOLOGY
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features for a plant of this general nature were developed by
Bechtel in.a previous study (Ref. 1). The results of that study
were utilized where applicable. .

This study is based on 10 waéts peak output per square foot of
array surface. Thus, 2 x 107 square feet of array area are
needed for the 200 MW plant. The array field consists of 1677
individual non-tracking, flat plate array structures. Each array
has.a sloped surface width of 16 feet and is inclined at an angle
of 339 to the horizontal. The length of the array is determined
by the dc-system voltage selected. _For an array spacing distance
equal to the array height (approximately 9 feet) the site area is
approximately 1.3 square miles. The arrays consist of 4§ foot by
8 foot solar cell modules (nominal 8 volts open circuit per
module}, factory assembled into 8 foo£ by 16 foot panels and
fastened té a étructural framework. Each array contains two
module series strings having an open circuit voltage of

1500’voits each. The two module- strings are connected in
parallel to form a single pair of array' terminals. Both array
terminals (plus: and- minus) are located at the same end of the

]

array structuré.

The dc outputs of three adjacent arrays are connected in parallel
'via an underground tapered bus. This underground wiring connects
the outputs of 13 adjacent tapered busses *0. one of 43 power

conditioning units-distributed throughout the array field.

-12-



Fach power conditioning wunit contains a converter, ac output
filters, an output transformer, a control and data acquisition
system, and, possibly, an energy storage battery. The converter,
nominally rated at 4000 amperes, converts the dc output of the
array (and storage battery) into a 60 Hertz ac waveform

compatible with the utility network.

The filtered output of the converter is delivered to the plant
switchyard via a 34 kV wiring system. At the switchyard, the
voltage 1is stepped up to 230 kv for connection to the utility

transmission line.

The control and data acquisition system consists of a
microcomputer connected via a data link to a central computer
located in the central control room. The system monitors
converter and array operating parameters, and controls the
converter +to track array characteristics for wvariations in

insolation and temperature.

The system design also includes switchgear, protective relaying,
grounding and lightning protection systems, and other auxiliary
systems required for proper plant operation and protection.
Also, shops, warehouses, and other maintenance facilities are

provided as required.

-13=



For this study, major perturbations to the baseline plant
described include higher system voltages (and therefore longer

arrays) and various module sizes.

-14-



Section 4

STRUCTURAL CONSIDERATIONS

A major feature of the solar photovoltaic plant is the relative
simplicity of the power generating equipment. Flat, photovoltaic
panels are held on array structures at an angle suitable for the
incident solar flux at the latitude of the power plant. The
panels and their supporting structures are generally lightweight
in comparison with the substantial structures needed to support
heavy equipment in a conventional steam power plant. This
structural simplicity contributes +o attaining the goal of low
cost. However, special attention must be paid to details and to
proper structural functioning, since these séructures are
repeated many times to achieve the required power levels. This
section presents several aspects of the structural requirements
and suggests practical concepts for the construction of the solar

photovoltaic panels and arrays.

The design of a structure always requires the initial definition
of design criteria. The two basic aspects of this are the
specification of loads and load combinations, and the
specification o©f the acceptance criteria for the materials and
members involved in the structures. Accordingly, this section
began by considering the criteria to be used for evaluation of
the design concepts. These criteria were taken from existing

building cecdes and handbooks since no unified code is available

-15-



specifically for conventional power plant structures, 1least of

all for the unique power plant being considered here.

4.1 ACCEPTANCE CRITERIA

The materials used for the manufacture of contemporary solar
photovoltaic modules include various plastics, glass, steel and

aluminum.

Extensive =xperience has been reported for the use of glass used
in space and terrestrial solar photovoltaic applications
(Ref. 2). 'This experience has generally been satisfactory. When
used for space applications, glass protects individual cells
against particles and radiation, filters out ultraviolet
radiation, .and provides 7 temperature control,. However, for
terrestrial applications, glass is required to give structural
support as well as physical protection. Glass has a temperature
coefficient of expansion compatible with that of steel, has a
very low moisture permeability, has no ultraviolet degradation
with time, and is readily available in commercial quantities at
reasonable cost; Based on these considerations +this work was
confined to considering solar modules made from annealed float
glass. - However, since this glass has 1low impact resistance,
suitable tests should be made to qualify glass module designs.

:

In addition, the structural framing material was assumed to  be

ASTM A-36 steel, readily available in a wide range of standard

-16~-



sections at cost levels influenced by a 1large marketplace.
Aluminum was not considered since weight reduction was not an
important "factor in the structural concepts and the combination
of aluminum sections with steel fasteners and concrete

foundations could induce cathodic corrosion.

4.1.1 Glass Design Criteria

Criteria for glass materials were derived from available
handbooks for engineering with glass (Ref. 3). Annealed float
glass was assumed for the modules and average properties selected

for the structural investigations are as follows:

Elastic Modulus 10000 kips/in2
Poigson's Ratio 0.2
Weight of t/4% plate 3.28 pst

Only approximate ranges are available for the working stress
levels of different glasses., This is because the ultimate
strengths for glasses wvary mich more than for metals. Before
failure, glass behaves in a linear elastic fashion and fails
suddenly in a brittle manner. Failure is always due to a tensile
component of stress even when +the 1load 1is compressive. The
ultimate strength is sensitive to the distribution of flaws in
the glass and also exhibits a gradual decrease with time. This
static fatigue, or creep, is not changed very much by applying a
cyclic loading over the same periog of time. For these reasons,

the working stresses are derived by applying large safety factors

-17=



to average ultimate strengths. Typical values for working

stresses for two common types of glass are as follows:

Type of Wworking Stress

Glass Tension Compression
Annealed 500 - 1500 psi 5000 - 10,000 psi
Tempered 1500 - 4000 psi 5000 - 10,000 psi

values higher than the above are recommended for smaller
componénts and lower values are recommended for more massive
components. Shear strength is not critical for glass since the
tensile failure Dbehavior dominates. However, a conservative
value of allowable shear would be o use a value egual to the

allowable tensile stress.

This approach %o establishing allowable stresses for glass is
consistent for applications where the structural behavior is
linear and thus where elastic analysis is applicable. However,
observations of +the behavior of window glass installations
subjected +to environmental wind loads show that the glass sheets
respond with substantial membrane action induced along with <the
bending. This is because the glass deflections are observed to
reach large values compared to the glass thickness. A useful
approach "is to use elastic analysis in conjunction with apparent
or ‘effective allowable stresses. Accordingly, if the window
glass sizes which are yecommended (Ref. 5) are analyzed
elastically using a plate formula with aspect ratio of 2.0, then

thé apparent allowable stress may be deduced. This apparent

-18~



stress varies with glass thickness since the membrane stresses,
or diaphragm action, vary with thickness. The apparent allowable
stresses for float glass windows, using a breakage probability of

8 per 1000 panes, are listed below:

Glass Thickness Apparent Allowable
{inches) Stress {ksi}
1 2.3
374 2.7
1/2 3.2
174 5.3
178 8.1

It can be seen that the thin glass sheets have a larger portion
of the strain energy involved in membrane action; hence the
apparent allowable stress is much higher than typical working
stress levels. Similarly, the membrane action diminishes for the
thicker glass and the apparent allowable stresses <end towards
values closer to typical working stresses. The stresses listed
above are used in this work to evaluate the glass modules in
conjunction* with linear elastic structural analyses. These
stress criteria must be reevaluated for specific glasses in

actual module designs used for prototype construction.

4.1.2 Steel Design Criteria

For the development of the structural support concepts, a
commonly used steel, ASTM A~36, was assumed. The design of steel
components 1is governed by the criteria giwven in the AISC Manual

of Steel Construction (Ref. 5).

-19=-



4.2 LOADING CRITERIA

The necessary load definiéions and their combinations follow the
guidelines given in ANSI A58.1-1972, "Building Code Requirements
For Minimum Design Loads in Buildings And Other Structures®
{(Ref. 63. The 1loads recognized feor this work and thelir symbols

are defined and summarized below.

Dead TLoads (D) include the weight of all pexrmanent

¢construction for glass modules, steel support
structures, and fixed service equipment needed for plant

operations.

Live Loads (L) are loads impos=d from usage of the
structure, such as loads from maintenance and cleaning
operations, water or brush bressures, and gantry loads.
This set also includes snow loads. For éhe purpose of
this work the total 1load of a cleaning gantry. was
assumed +to be 1000 1b. A uniform pressure of 3 psf was
assumed to result from maintenance operations on the

glass.

Hind Loads (W) are the forces due to wind pressures.

“

Farthquake Loads (E) are due to site seismic

excitations.

-20-



Thermal Loads (T) are loads and forces due to overall

thermal changes in the systém structures.

Table 4-1 1lists the 11 cases of load -combinations used for this
study. These combinations are derivéd from the guidelines given
in ANSI Ab58.1-1972, Section 4.0 (Ref. 6). This list shows the
factors by which the 1loads are multiplied +to allow for the
probability of simultaneous occurrence of the maximﬁm effects
from these loadings. These combinations assume that there are no
changes in the design allowable stresses of members and
materials. The site-related loads are discussed in morxe detail

in the following sections.

Table 4-1

RECOMMENDED LOAD COMBINATIONS. -

LOAD TYPES
CASE D L W E T
(1) 1.0 1.0
(2) 1.0 1.0
(3) 1.0 1.0
(4) 1.0 1.0
(5) .75 .75 .75
(6) .75 75 .75 .
{7 .75 .75 .75
(8) .75 .75 - .75
(9) .75 .75 .75
(10) .66 .66 .66 .66
1 .66 - .66 - .66 .66

-21-



4.2.1 Site Climatology

The selection of design wind and snow pressures 1is closely
related to the prevailing climatological character of the
construction site. TFor this worﬁ, the location of the 200 MW
baseline plant is postulated 3in the southwestern desert near
Phoenix, Arizona. Accordingly, the weather records and wind data

for that region were reviewed (Refs. 7, 8).

Moisture bearing winds sweep into Arizona from the southeast, the
Gulf of Mexico, to provide summer rainfalls from July to
September. These summer rains mostly occur in +the form of
thunderstorms which are largely caused by excessive heating of
the ground. This causes 1lifting of the moisture~laden air along
the mountain ranges. These thunderstorms are often accompanied
by strong winds and periods of blowing dust before the onset of
rains. Hail occurs infrequently. High winds accompanying heavy
thunderstorms during July and August have been known to r=ach
peak gusts of 100 mph in local areas (Ref. 7). During the 50
vears from 1916 to 1965 a +total of 58 tornado funnels were
reported of which 33 touched the giound. Only two deaths due +to

tornadoes. were reported in this period.
Only a trace of snow is ever observed in the Phoenix area and

available records show a maximum recorded snowfall of 1 inch in

January 1937 (Ref. 8). Accordingly, the snow loads derived in
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this work represent a nominal allowance for that geographical

region.

4.2.2 Wind Speeds And Pressures

Two approaches were used to arrive at a recommended wind speed
for desigﬁ of the glass modules. The first approach used the
ANSI Code (Ref. 8} directly. This is a conventional method which
gives limited information about the risk aspects involved. In
order to expand on this, the approach described by S.C. Hollister
(Ref. 9) was also followed and is included here. The basic wind
speed charts used for £his work are those derived by H.C.S. Thom
(Ref. 10} and which are the national basis for wind speed
estimates. These wind speed charts give the annual extreme-mile
winﬁ speed at 30 feet above the ground for selected mean
recurrence intervals. Using the standard charts iRefs. 6, 10),
the wind speeds at Phoenix are eséimated for several mean

recurrence intervals as follows:

Recurrence Interval Wind Speed
(Years) fmph)
25 67
50 72
100 78

The selection of the recurrence interval is related in the code
to risk +to human 1life. A 100 year interval is normally
recommended for a structure where there is a high degree of

hazard to-life and property in case of a failure. Where there is
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negligible risk to human life, a 25 -year interval sis acceptable.
Even though .there is no human occupancy in the solar collector
field, a special consideration is the relative fragility of the
glass photovoltaic modules and the economic significance attached
to continued functioning of the glass panels. This therefore
leads to wusing the 100 year recurrence interval for the Code

method and gives a design wind of 80 mph for Phoenix.

The Hollister method leads to the same result but expands on the
risk aspects. First the complete series of wind speed charts
given by\@hdm (Ref. 10) are used to give an extended set of wind
speed valuzas at Phoenix. These are plotted on special
probability chart paper as shown in Figure 4-1 so that +the site

extreme-mile wind speed is given for any recurrence interval.

An economic life of 25 years was assumed for this solar equipment
and this gave a basis for determining the risk of occurrence of
other winds of different recurrence intervals using probability
methods. THis procedure is described by Hollister and the basic
probability relationships- are- given in Figure u-é {(Ref. 9). The
mean recurreﬁce intervals, each corresponding to a specific risk
of occurreﬁéé, are read from Figure 4-2 for the 25 year equipment
life. These are converted to extreme-mile wind speeds by Figure

4-1 for Phoenix. The wind velocities and their risks of
occurrence are listed in Table 4-2. The 80 mph design wind is
‘ BT : pd ” ' . !

seen +to have a 20% risk of occurrence during the 25 year life of

=

this eqdipment; Since the wind pressure varies as the square of

azu'.
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the velocity, the corresponding changes in wind forces can be
derived as force ratios. These are given in Table #-2. if
80 mph 4is wused as the design datum, the risﬁ of occurrence of a
90 mph wind is 6% with a 26% increase in wind force. Similarly
there is a 2% risk of experiencing a 100 mph wind and this would

give a 56% increase in wind force.

Table {42

EXTREME WIND SPEEP PRCBABILITY AND FORCE RATIOS

Extreme-mile Risk of
Wind Velocity Qccurrence Wind
mph % Velocity Ratic Force Ratio
100 2 1. 25 1.56
95 3 1.19 1.41
90 6 1.12 1. 26
85 10 1.06 1.13

80* 20 1.00 1.00

* Selected design speed for Phoénix area at
allowable stress levels.

Selection of the 80 mph exﬁ?eme wind is therefore recommended as
an apéropriate strategy for +the wind 1load specification.
Probability analyses (Ref. 9) indicate that the 80 mph extreme-
mile wind has a gust factor of.1.§8, a gﬁst component of 18 mph,
and is associated with an hourly mean spead of 62 mph. The ANST
Code method is used to transform wind speed to incident
pressures. The resultant normal force for the glass panels
sloping at 359 to the horizontal is 35 psf. This includes a 5%

increase for wind fluctuations.
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4.2.3 Snow YLoads

snowfall records for the Phoenix area (Ref. 8) indicate <that a
maximum of 1 inch of snow was recorded in 1937. That depth
corresponds to about 0.5 psf loading. Snowload charts given in
the ANSI Code (Ref. 6) were therefore used to determine a nominal
load for design purposes. The average of the 50~-year and 100-
vear mean recurrence intervals is 5 psf and this is used for this

worke.

B.2.4 Seismic Ioads

The most xrecent criteria established for structural design
against seismic forces can be found in the Uniform Building Code
(UBC), 1976 Edition (Ref. 11). Accordingly, this Code was
adopted for the seismic criteria used in this work. The basic
procedure was to determine the base shear, Vv, as a fraction of
the structural weight, W. The following formula is given in the

Ccodes:

vV = ZIKCSW

seismic zone coefficient
occupancy importance factor
horizontal force factor
structural period factor
site-structure resonance factor

where

0O R S
o aun

The UBC Code provides that the product CS need not exceed 0.14

and this was assumed for this work. By requiring that the array
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support structures be designed as ductile moment frames, the K
value is taken as 2/3. The seismic zone coefficient, Z, for
Phoenix (designated by the UBC as being in seismic Zone 2) has a
value of 3/8. Finally the occupancy ‘importance factor, I, varies
from 1.0 +o 1.5 depending on the building function and the
significance of its functioning after an earthguake. A factor
I=1.5 is used £for essential facilities such as hospitals,
schools, fire and police stations which must remain in operation
after an earthquake. An occupancy importance factor of 1.0 was
assumed for this design of the photovoltaic module structures.

The products of these factors gives the base shear
If the wvertical seismic acceleration is taken to be 2/3 of the
horizontal value, the seismic design accelerations £or these

structures at this site are

horizontal 4% g
vertical 3% g

4.,2.5 Thermal I.oads

The temperature range assumed for these strﬁctures represents a
reasonable assessment of seasonal variation at this site. The
bounding values used for this were derived from available weather
records for Arizona (Ref. 7). These showed minimam/maximuam

temperatures for the entire state of -37°F/1279F. However, these
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were from different locations; +the 1low reading coming from
mountain heights and the high reading from the hottest desert
region. The corresponding minimum/maximum temperatures for
Phoenix are 16°F/118°F and these were taken as a suitable basis
for +this study. In addition, an dincrease of S50°9F above the
ambient air was assumed for these structures while operating with

full insolation in still air. The final design temperatures are

169F 'ror =9°C
168°F or 7T6°C
1520F or 8590C

minimam
maximam
temperature range

oo

4.2.6 Summary of lLoads

D Dead loads:
Glass plate, per inch of thickness 13.12 pst
Steesl sections variable

L ILive loads:

Snow loads on panels 5 pst

Maintenance of panels 3 pst

Washer gantry weight, total 1000 lbs
W Wind loads: +35 pst
5 Seismic forces:

Horizontal 4% g

Vertical 3% g

T Temperature of structures:
Minimum 169F (-9°C)
Maximum 1680F (76°C)

-30-



4.3 SIZE CONCEPTS FCR MCDULES AND ARRAYS

A basic consideration is to develop a simple and -efficient
structural system to support the glass photovoltaic modules under
the specified loadings. Two aspects of the structural system are
readily identified. There is the module support structure, oxr
framing system, that transfers the glass module reactions to the
array support structure and provides protection to the glass
during handling and shipping. Then there is the array support
structure that transfers +the system resultant forces to the
foundations. There is no natural separation between +the module
framing system and the array structural systems, except as the
designer visualizes what is needed. It is eventually a matter of
design judgment based on detailed knowledge of -preferences in
manufacturing processes and in £field construction methods.

However, two principles were invoked to guide this study.

Firstly, for economic reasons, it is desirable to maximize the
shop fabrication and assembly operations and thereby minimize the
field operations leading to fully installed structures.
Extensive experience in the design and construction of major
facilities supports the intrinsic value of using shop fabrication
for the largest possible amount of work and delivering assembled
packages or systems to the site for a minimum of field work.
Whereas this is particularlf important for adverse site
geographies and climates, it remains very important even for the

best of conditions.
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Secondly, the function of the structures must be clearly
identified so that structural adequacy is provideé and structural
redundancy minimized. For +this reason the array support
structure was given some attention in this work even though the
major direction concerned the glass modules and their framing

systems.

4,.3.1 Array Size

Two general structural system concepts were considered, as

follows:

{a) The field system includes the array support structure
-and module framing system complete. Glass modules with
minimum edge framing treatment are then field assembled

into the array frames.

(b) ‘A simple, minimum array support structure is erected in
the field. Glass modules are assembled into a frame
system in the factory. The frame-module assemblies are

attached to the array supports as a field operation.

The type (a) approach is consistent with contemporary methods for
installation 0of windows in large buildings. Most .of +the
structure is completed, sometimes with shop fabricated -sub-
assemblies brought together at the site, then the glass units are

added in the field. This method is suitablé for the installation
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of the photovoltaic modules but has the disadvantage of requiring

many more f£ield operations than the type (b) approach.

The type (b) apprcach maximizes the ' shop-handling of glass
modules and their support frames and thereby reduces field
construction. For +this method, it was also assumed that array
support column-frames were shop welded, that support beams could
be field bolted or field welded, and that module-frame assemblies

would have simple attachments to the array beams.

7o facilitate installiation and maintenahce, 1t is desirable to
provide for vehicle access between the arrays. This interaf?ay
spacing is proportional to the width of the array. For purposes
of this study a 16 foot array surface width was selected. This
width is compatible with the three representative panel sizes
(2x4 foot, U4x8 foot, and 8x16 foot) selected for evaluation in
that- these sizes fit onto such an array cross section in even
miltiples. This facilitates comparisons of alternate electrical
designs and installation methods. The length of the array is set
by consideration of electrical parameters, as éisbussed in
Section 5.2, and does not influence the stru¢tural calculations,
except for consideration of thermal expansion Joints  (as

discussed in Section 4.3.5).
The selection of a structural concept for a prototype -~ clearly

depends on owner and contractor preferences.. The: type (b)

approach was adopted as ‘a basis for this’ study 'work.
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4.3.2 Module Size

The approach used here was to select 1initial dimensions that
matched practical considerations and then investigate framing and
support requirements to see what structural limitations should be
recognized. This approach establishes orders of magnitude for
structural members and identifies critical areas needing special

attention in the structural design of prototypes.

A glass photovoltaic module is wvisualized as a glass plate
carrying the silicon cells encapsulated on the lower surface.
The structural analyses that follow regard the glass module as a
simple rectangular glass plate and ignore any structural
contributions * from the attached photovoltaic materials or

encapsulants other than the glass.

A basic assumption used in +this part of the study was that
present-day limitations on physical size for glass modules would
not be used to govern the concepts. The fact that, at present,
the largest terrestrial photovoltaic medules typically provide
about 5 sguare feet of surface area was not used as a size limit.
It was assumed that photovoltaic modules can be manufactured in
larger sizes when the technical specifications are established.
Furthermore, glass manufacturers can provide regular plate glass
up to 374 inch thick in sizes to 10x20 foot. Thicker plates may
be limited to about 6x12 foot and a typical 1limit for tempered

glass is 3x8 foot (Ref. 3). ©No limitation was assumed for the
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glass module size owing to present availability of glass sizes
expected to be used for this application. Again, it was assumed
that the glass industry could produce special sizes in large

~

production runs when the demand is established.

Several possible module-frame combinations are shown in Figure
4-3 to cover an 8x16 foot panel area. They vary from a single
8x16 foot glass module with a simple frame, to a pattern that
uses 2xi4 foot modules. Some basic manufacturing parameters
listed with those diagrams are +total length of steel frame
sections, the number of frame joints, and the number of glass
edges. These parameters relate directly to material or labox

cost increments.

To assist in selecting a baseline module size for this study,
costs were estimated for the three module-frame configurations
shown in Figure 4-3. only three cost contributions (glass,
steel, and welding) were considered. Factors such as fastening
modules to the panel were ndt included. The estimate was made to
provide a preliminary indication of how costs wvary with module
size. The order-of-magnitude estimated costs presented in Figure
4-4 should not be interpre£éd as the cost of an optimized panel
structure that may be achieved by judicious selection of
structural sections to provide the edge support derived in the
following sections of +this report. The data in Figure U4-4
indicate that a panel comprised of four 4#x8 foot modules would be

a reasonable baseline configuration.
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1--8 x 16° MODULE
48 ft OF STEEL
4 FRAME JOINTS

48 ft GLASS EDGES

4 —4'x 8 MODULES 16 —2'x 4 MODULES
72 ft OF STEEL 120 ft OF STEEL

10 FRAME JOINTS 34 FRAME JOINTS

96 ft GLASS EDGES 192 ft GLASS EDGES

Figure 4-3 MODULE — FRAME CONFIGURATIONS
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A large rectangular plate element found widely in all kinds of
facilities and construction is the 4x8 foot standard sheat. I
iz clear <+that this size and shape has established a successful
history in applications and for handling in the industrial
environment. This is not to say that a 428 foot size is 'ideal,!
but 3t provides a wuseful starting point for sizing a large
photoveltais module, Choosing larger module sizes can  be
expected to reduce the anticipatad ease of bhandling but will
require more detailed investigation, which includes zn  analysis
of wmodule fabricatieon cést as a function of modulensize. Based
on available date on automated module assembly, a 6x8 oot module

was selected as & ryeasonable baseline size. For reasons of
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shipping and installation economics {discussed in Section 6.2.2),
it is postulated that four such modules would be factory

assembled to form an 8x16 foot panel. -

A typical 4x8 foot glass module was considered +to be simply
supported along each ' edge by the steel frame, and a series of
calculations were made to determine the glass thickness. This
calculation is nonlinear since the dead load varies with the
selected thickness of glass, and so several trials must be made
to determine +the thickness needed to satisfy allowable stress

criteria. The loadings and their combinations were as follows:

Dead load D = 10 psf for 3/4 inch glass
(varies with glass thickness)

Live load 1. = 8 psf (snow and maintenance)

Wind load W = %35 psf

Seismic load E = 0.5 psf (.05 D resultant)

The load combinations are checked to f£ind the critical loading,
as follows:

D+ L = 18 pst
D+W = 45 psf (maximum)
D+ EE = 11 pst
0.75(D + L. + W) = 40 psf
0.75(D + L. + E) = 14 psf

Note that a conservative approach is taken here by adding the
wind and dead load forces directly, regardléss of directions of
action. These results indicate that wind governs the design and
the critical design loading is 45 psf for 3/4 inch thickness. By

repeating this for other glass thicknesses, the critical load is
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derived for each. Assuming a perfect simple support along each
edge of a module, maximum stresses are calculated using classical
linear egquations (Ref. 12). For rectangular plates whose sides

have the aspect ratio 2.0, the maximum bendin stress, o , 1is
g

given by:
g = 0.6102 p (br/t)2
where
P = uniform pressure force
b = 1length of short side
t = glass thickness

The stress results for three module sizes are listed in Table 4-3
and are shown plotted in Figure 4-5. Preliminary glass
thicknesses for these modules and a 35 psf wind force are thus

indicated to be

1/8 inch glass for 2x4. foot modules
3/8 inch glass for 4x8 foot modules
7/8 inch glass for 8x16 foot modules
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Table 4-3

MAXTMUM BENDING STRESSES IN MODULES

Glass Critical Linear Theory
Thickness Load Bending Stresses {psi)
{inches)’ {psf) 2vx4" 41x8* %16

178 36.7 5720

1/4 38.3 1496 6000

3/8 40 694 2777

172 42 510 1640

578 43.2 270 1080 4320

374 45 195 781 3124
1 48.1 439 1757
1-1/4 51.4 321 1285
1-1/2 54.7 949

4.3.3 Module Frame

The structural frame for the glass modules has +two basic
functions: to transfer the operational loads to the array support
structure; and to provide support to the glass modules against
shipping and handling forces. The operational loads are
essentially forces applied perpendicular to the glass surfaces
whereas the handling loads are largely in-plane forces due to
suspending the panels from one edge. These forces are considered

separately in the following discussion.

Using the #x8 foot module as a practical base unit of size, a
panel can be assembled from 4 modules to give an 8x16 foot unit
as shown in Figure §-3. It was decided that this panel size
represented about the largest practical wunit for handling and
shipping. Consequently +the parametric studies of frame-module

interaction assumed this size of panel. Three possible
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configurations for the assembly of Uu4x8 foot modules into

8x16 foot panels are illustrated in the schematic of Figure 4-6.

The scoping analysis for glass modules assumed simply supported
edges for the plates, but this also implies that the edges are
supported by infinitely stiff beams. The frame members actually
provide flexible support *to the module edges in a prototype
situation. The effects of +this edge support flexibility was
analyzed as follows. A 4x8 foot by 3/8 inch thick glass plate
was analyzed with a unit pressure of 50 psf for the three edge
support conditions shown in Figure 4-7. The flexible edge beams
are represented by several steel sections which provide the beam
section moments of dinertia (I) listed with the maximum plate
stresses in Table 4-4. Tubular sections are recommended for the
module frames in preference to the I-sections because (a) they
have high torsional stiffness and so better resist panel warping
forces: ‘(b) the +tubes have smooth edges, which gives greater
séfe£y to personnel; (¢} there are no re-sntrant corners to catch
moisture and so the potential for corrosion is reduced. However,

channel sections are typically used in these kinds of frameworks.

It is clear that there is a region where the plate stresses are a
function of‘the edge beam bending stiffness and this will hold
true for the médules in a frame assembly. The prototype frame
éesign must be arranged to provide a proper 1level of stiffness
rathei than simply satisfy allowable tress criteria for the

steel,
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TYPICAL 4'x8' GLASS PHOTOVOLTAIC MODULE

Yz ‘/// 7

ARRAY SUPPORT STRUCTURE

HEIGHT VARIES MODULE FRAME STRUCTURE
IN STUDIES

Figure 4-6 ALTERNATIVE PANEL CONFIGURATIONS ON A TYPICAL ARRAY



CASE(A)

: SIMPLE SUPPORT ALL
] EDGES ; EQUIVALENT

+ TO CORNER SUPPORTS
i M

& INFINITELY STIFF
BEAMS

CASE (B)

CORNER SUPPORTS
WITH FLEXIBLE EDGE
BEAMS

CASE (C)

CORNER SUPPORTS
ONLY AND NO EDGE
BEAMS

4’ x 8" x 3/8” GLASSPLATE FOR EACH CASE,
WITH 50 psf UNIT LOAD

Figure 4-7 MODULE WITH VARIABLE SUPPORT CONDITIONS
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Table 4-4

INFLUENCE OF EDGE SUPPORTS ON PLATE STRESSES

Beam Section Maximum Module
I in%® - Stress psi
o ¥ 3381
25.8 . 3379
12.6 3377
6.9 3374
0.7 3313
Zexro 17,624

* This case uses simply supported edges

This work was extended +o analyze two panel configurations of
4x8 foot modules. These are shown in TFigure 4-8 in an
arrangement where the panels rest on the mid-span of an array
support beam so that this source of flexibility would be included
in the analysis. For each case it was assumed that the frame was
fabricated from a single type of steel section. Results were
computed for a unit load of 50 psf and thesg are interpolated for
other léadings. The analytica} model. layouts are -shown in
Figures #4-9 and 4-10 for these panels. . Each panel model uses
quadrilateral shell elements along with three-dimengignal beam |
elements. The Bechtel ‘computer program CE éOO-BSAP Qas used for
the parametric study.’ The stress and defightion”'rééults are

£
shown for the glass modules in Figures 4-11 through 4-14.
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Figure 4-8 ALTERNATIVE PANEL CONFIGURATIONS FOR 4 ‘' x 8’ MODULES
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The stress results show +that there are minimum sizes of steel
frame members below which the maximum glass stress increases
above +the allowable. This effect depends on the loading, the
frame configuratiqn and the glass thickness. O©f the two frames
considered in this parametric study, the type 'A' configuration
is preferred over type 'BY because of better structural
performance and a slightly lower cost. Stresses in the 3/8 inch
thick glass remain fairly constant for +the cases considered.
When member sections are sized smaller and the glass is thicker,
the glass stress becomes sensitive to edge support conditions.
The bending stresses in the steel frame members depend also on
the panel configurations and are shown in Figure 4-15. These
frame members reach allowable stresses for sections with moments
of inertia near 5 in.* to 10 in.%. This is 1less +than the
transition region for glass stresses. Whereas steel stresses
continue to decrease for increased member sizes, the glass
stresses are independent of this and remain constant for the

thicknesses considered.

In conclusion, it has been shown that +the interaction o©f the
steel frame and glass modules depends on the total panel
configuration. The glass stresses have some dependency on the
stiffness of the steel frame members. Too light a frame will
cause steel and glass to exceed allowable stresses under the
design loads. There is a minimum size of frame member for any
panel above which increases in steel member sizes have 1little

influence over glass stresses. This size represents the lower
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limit of providing an effective simple support to the glass. The
critical member sizes must be determined in future studies for
the specific prototype panel configurations using a suitable
structural analysis procedure that recognizes the nonlinear

response of the glass modules.

4.3.4 Panel Impact Analysis

I+ can be anticipated that handling o©f panel assemblies will
require holding the panel by an edge, with the unit hanging in
the vertical plane, as well as shipping the units standing on
edge. In this study an analysis was done to determine the
response of the panel system to in-plane forces. ‘The response to
a suddenly applied force can be represented by applying twice the
force applied statically. This was considered to be the probable
magnitude of forces experienced by shipping and handling these
units. However, dropping a panel on its edge will give much
higher g levels. Such a condition can be extrapolated from a 2g

analysis. Thus, a 2g force field was used as the basis.

For this study it was assumed that the glass edges would be
enclosed in a resilient protective sheath before c¢lamping to a
steel frame member. This resilient layer was assumed to allow
small movements in the plane of the panel (such as those caused
by temperature differentials) as well as allowing small rotations
about +the axis of the edge but preventing movement perpendicular

to the edges. This detail makes a rigorous in-plane analysis
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geometrically nonlinear and suggests an iterative analytical
solution in order to eliminate tension contacts between the glass
and the steel members. A conserxrvative method to avoid this
complex procedure was employed instead. This analysis was done
separately for (a) a glass #x8 foot module with in-plane body
forces and for (b) a complete Type A steel frame also subjected

to in-plane forces.

Ccontact between the glass and the steel frame was assumed +o be
at +the bottom corners only of each module. Consequently, the
steel frame was analyzed for 2x self-weight, plus 2x glass weight
applied at the frame corners. The glass 6x8 foot module was
analyzed for 2x self-weight, supported only at bottom cozrners,
and 3/# inch thick glass (twice the weight of the preliminary
estimate derived in Section 4.3.2). This analysis was done using
membrane finite elements and the Bechtel computer program

CE800-BSAP,

The maximum stress derived for the steel frame is 394 psi and is
not significant compared with the steel allowable of 22 ksi. The
maximum =shear in the glass 1is computed as 100 psi while the
maximam principal tension is about 70 psi. These stresses are
not’ significant compared with typical glass working stresses.
The analyses show also that the in-plane deflections of the
bottom edge - of <the glass plate are much less than the maximum
deflections-.of frame members. This supports the assumption that

glass modules would be mainly -supported at their corners.
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These  results show  that handling stresses caused by 2g
decelerations of a Type & panel unit with 4x8 foot, 3/4 inch

thick glass modules have small magnitudes.

4.3.5 Array Support Structure

As discussed, the array support concept chosen for consideration
was for a simple structure carrying the preassembled paneis.
This approach is intended to give some order of magnitude for +he
sizes of the structural members required +o carry the design

forces,

The support structure is visualized as a series of simple column
frames spaced along the array and carrying two longitudinal beams
which support top and bottom edges of the panel assemblies. The
column frames are shop fabricated and delivered to the site for
erection on suitable foundations. The longitudinal beams are
site welded or bolted in place to compiete the array support

structure. This general arrangement is shown in Figure 4-15.

A parametric study was performed to determine the beam and column
frame sizes needed for wvarious beam spans (or column frame
spacings) . For +this work a unit loading of 50 psf was used on
the glass modules. 1In comparison with the critical loads 1listed
in Table U4-3, +his figure represents a reasonable upper bound
loading. 1In addition a cleaning gantry was assumed to run along

the beams providing a 1000 1b reaction to each beam. This was
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assumed to includé an impact allowance. Original calculations
included a washing gantry reaction of 2000 1b per-beam. This‘was
later reduced to 1000 1lb on the advice of a washing system
manufacturer. Support beams were assumed to be continuous with
moment connections at the column frames. The analyses for
varying spans gave beam moments and columns loads. Beam sizes
were selected -for these cases and +then an approximate frame
analysis was performed in order to size the column frame members.
These frames resist both horizontal and vertical force components
and so axial and moment forces are induced in the frame. members.
The preliminary member sizes are 1listed in Table 4-5 for the

array system with a front height of 2 feet above the ground.

Table 4~5

ARRAY SUPPORT SYSTEM MEMBER SIZES

Stringer Beam Column Net Uplift
Beam Spans Sections Frames per Span
16 £t Wée x 20 M5 x 18.9 10 kips
24 £t W8 x 31 ‘M6 x 20 14 kips
32 ft W1id4 x 48 Wé x 25 ’ 18 kips

These preliminary member sizes give an estimate for system dead
loads and allow the wind uplift to be checked. Since the wind
provides an upward suction over the sloping panels, it may be
necessary +0 provide extra resistance in the system for net
upward forces. The calculations show that there is a net upward

force due to wind which may be resisted by foundation caissons or
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by sizing concrete footings +to suit weight requirements.
Consideration of foundations is outside the scope of this work,
but +the net uplift forces per span that should be considered are

shown in Table 4-5.

The frame member sizes were checked for the cases when the front
of the array system is (a) lowered to ground level as shown in
Figure 4-16, and (b) raised to a 6 foot height while maintaining
the array inelined angle. The ground 1level arrangement
eliminates much of the moment action in the members, and so sizes
can be reducad to 4 and 2 inch structural sections, for example.
Raising the front +to 6 feet causes an increase in all member
forces, and member sizes must increase. These cases were checked
only for the assumed maximum 32 feet span between column frames.
As a measure of the structural effect of height changes, the
approximate weights of steel are listed in Table 4-6 for each
typical column frame. Beam sizes are not affected by the changes
in height considered in this study. Theoretical'considerations
would change the wind velocity with height changes, but this is
impractical below 30 foot height where the design wind is

specified to be uniform.
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. Table 4-6

INFLUENCE OF HEIGHT ON COLUMN FRAMES

Front Column Column Frame
Height Weights
Zero 200 1bs
2 ft 800 1bs
6 £t 1800 1bs

Temperature effects should be recognized in the array support
structure by allowing for expansion at approximately 250 foot
intervals along the array. A conventional methoed at those
locations 1is +o have separate, adjacent column frames spaced to
allow for temperature closure from winter to summer. The entire
array structure including panels and beams are spaced apart at
these points. For a seasonal design temperature range of 152°F,
the end movement of a 250 foot steel structure, assumed
symmetrical about its center, will be 0.1235 foot or 1-1/2 inch.
Expansion Jjoints are needed to provide a 3 inch gap at 250 foot

intervals along the array.

&s discussed in Section 6.2.1, the preassembled panels may be
lJifted on edge into position, set against a stop on the lower
array beam, then clamped down with anchor bolts at top and bottom
edges. Two bolts are used on the top edge of each panel frame
near the 16 foot edges; +two correspondingly located bolts are
used along the lower edge. Preliminary analysis led to the

selection of anchor bolts inserted into predrilled holes in the
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panel frames and stringer beams to provide the needed restraint
in an economical manner compatible with ease of installation.

Conceptual details for this are given in Figures 4-17 and 4-18.

Seismic considerations at some sites may zrequire additional

restraints for the panels against horizontal forces.
4.4 SENSITIVITY TO CRITERIA CHANGES

Changes in the acceptance criteria for the glass modules will
alter the selections of glass thicknesses. The empirical
allowable stresses were derived in this work from recommendations
for window selections (Ref. 5). Those curves are related +o a
breakage risk of 8 units per 1000 when design loads are applied.
This- corresponds to a factor of safety of 2.5 to nominal ultimate
stress. If a breakage risk of 1 unit per 1000 is preferred, then
the safety factor becomes 5.0. The effect of this would be +o
change the thickness of a 4x8 foot module from 3/8 inch to

172 inch, which is a 33% increase in glass weight.

High strength steels may be used to save weight; however, it has
been shown that steel stiffness, a function of modulus E, is
-actually the key design parameter for module frames, and has a
constant ~value for the different types of steel. 1In any event,
weight saving is not important when uplift forces dué to wind may

require greater dead weight.
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The loading criteria are sensitive to the site environmental
conditions. Three key ioad parameters that are site dependent
are the snow 1load, +the wind speed, and the seismic zone
coefficient. A study was conducted to survey the major
geographical regions of +the contiguous U.S. to estimate the
maximum critical loading. It dis not realistic to find the
maximum values for each parameter from different regions and then
use them together to find a critical load. Instead a maximum was
found for each paraméter in turn. This pointed %0 one or two
specific regions of thé country. Then a region was selected
which tended to maximize an associated parameter. For example,
high wind values are found in Florida as well as along the
Carolina coastline. However, the snow values for +he cCarolina
coast are greater than for Florida and so the Carolina coast is

selected for highest winds.

In this way, a list of maxima is devised and is given in Table
4-7. Next +the load combinations are reviewed for each site,
using the guideline in Table #4-1, so that the site critical 1load
is obtained. Finally the maximum loading from these\selections
gives a possible upper bound critical load for any site in the
country. For comparison the Phoenix area parameters are added +o

Table 4-7.
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Table 4-7

VARIATIONS IN LOADING PARAMETERS

Toad Criteria

Maximized Snow Wind = Seismic Geographical
Loading pst mph Zone Region
Snow T0%* 100 2 Upper New

England
Wind 10 120%* 1 Carolina Coast
seismic 10 85 4 california
Coast
- 5 80 2 Phoenix,

Arigzona (baseline)

*Maximuam values

The critical 1loads are next found for each region using the
parametérs listed in Table 4-7 and assuming 3/4 inch glass
modules. For all cases the seismic loading was relatively small

and was never a governing item. The results are as follows:

Maximized
Load Critical
Parameter Loading
Snow 102 psft
Wind 86 psf
Seismic 49 psf

Consequently the maximum loading that may have to be considered
for a photovoltaic plant in the contiguous U.S. is about 102 psf
over the panels. This is more than twice the unit loading of

50 psf used in this study for the Phoenix area.
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Calculations show that the glass modules must be changed to
3x6 foot for 3/8 inch glass, or increase the thickness of the
4x8 foot module to 5/8 inch from 3/8 inch. An analysis like that
described in preceding sections of this report is necessary to
establish the stiffness of the frame members. Extrapolating the
results reported in Figures A4-11 and 4-12 confirms that the
3/8 inch glass in a 4x8 foot module remains overstressed for this
extreme load case regardless of changes in frame member stiffness
properties, and a thickness change is needed.

Further checking of the structural changes was done by reviewing
the 32 foot span case. The increased array support beam moments
can be handled without a change in section by assuming <that the
beams are laterally braced at least at 16 foot intervals by the
attached frames. It becomes necessary to change £from W6x25 to
W8x35 sections, zrepresenting a 40% increase in weight of these

units.

It is therefore demonstrated that a photovoltaic array structure
for any part of the country can be developed from the parametric
studies repoxted here. This may be done by choosing appropriate
steel sections. Despite the potential large changes in loading

criteria, the steel sections do not vary greatly in size.

The foregoing analyses and results would not change €for larger

plants, €.9., 1000 MW, since such plants would simply be

comprised of additional array groups. Similarly, for a small
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plant, e.g., 10 MW, it is anticipated that there would be little
change and the plant could be comprised of a single array group

of the arrays described herein.
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Section 5

ELECTRICAL CONSIDERATIONS

Electrical aspects of the modules and the interface between the

modules and the arrays are presented in this section.

This area cannot be properly evaluated without considering
portions of the design features of the entire plant, since many
of these plant features tend to govern selection of the modules?®
electrical characteristics. Analysis of the module and interface
requirements involved evaluation of components associated with
the arrays in order to determine design congtraints imposed on
the modules by these components and to determine their
characteristics as a function of module size and other design
parameters under consideration. Following this, the
characteristics of the electrical components, their interaction
and cost are evaluated in conjunction with the structural
considerations discussed in Section #, to arrive at module and
interface electrical characteristics which would minimize total

plant life-cycle costs.
5.1 ELECTRICAL COMPONENTS

In addition to the modules, connector and converter designs exert )

a strong influence on the modulesarray interface.
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5.1.1 Maodules

Modules are discussed briefly to present  the electrical

characteristics used as a basis for design considerations.

As defined herein, modules are the smallest electrical unit with
which +the plant system' designer will interface. A module
consists of an encapsulated, self~-supporting assembly of silicon
solar cells. Modules, in turn, may be factory assembled into
panels to form a wunit which is more economical to ship and
install. Internal series and parallel wiring connects the cells
and terminates in two wires (positive and negative) emerging from
the mogule. FPor purposes of this study, the voltage and current
behavior of the modules is assumed to be given by a linear

scaling of the characteristics of a single solar cell. -

Cell Characteristics. The following assumptions regarding solar

cell voltage and current characteristics are -used in this study:

° The open circuit voltage is 0.6 volt/cell at 289C (82°F)
cell temperature.

. The nominal operating temperature is 459C (1139F).

. The open circuit voltage decreases by 0.0022 volt per
cell per ©C. Thus at 45°C, the modulet's open circuit
circuit voltage is 0.563 volt per cell.

. The maximum power point voltage is 0.1 wvolt per cell
less than the open circuit voltage. Thus at 45°C the
modulet's operating voltage is 0.463 volt per cell.

. Short circuit current is 110% of the current at the
maximum power point.
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Module Characgteristics. This study is based on attaining cell

efficiency and packing density goals which result in a peak power
output of 10 watts per square foot of module surface. I+ is
assumed that this maximum power ocutput occurs at an insolation of

100 mW/cm2 and a cell temperature of 459C.

The Dbaseline design is for a 200 MW central station power plant.
Thus, with the above power density, 20 million square feet of
module surface is needed. Figure 5-1 shows the number of modules

reguired versus module size. Since esach module has one inter-
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module electrical connector pair associated with it, +the figure
also shows the number of connector pairs required in a 200 MW
plant as a function of module size. Additionally, the £figure
illustrates <the number of module installation operations to be
performed. Figure 5-1 1is presented on a linear scale +to
emphasize these latter two points, since they contribute strongly
in selecting an optimum module size. The arrows on Figure 5-1
indicate +the three module sizes (2x4 foot, 4x8 foot, and

8x16 foot) evaluated in detail in this study.

Series and parallel interconnections of the cells within a module
allow a wide range o©of vwvoltage and current combinations. For
economic reasons discussed in subsequent sections of this report,
low voltage, high current modules are preferred. Figure 5-2
shows +the maximum (i.e., short circuit) module current as a

function of module size with open circuit voltage as a parameter.

As mentioned, module characteristics are, linearly scaled from
cell characteristics. Thus, the module maximum power voltage at
the 459C operating temperature is obtained by multiplying the
open circuit voltage at 28°C "by 0.771 (0.463/0.6); the
corresponding maximum power current is.obtained by dividing the
short circuit current by 1.1. These basic module characteristics

are used in evaluating other system components and designs.
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5.1.2 Intermodule Connectors

Assembly of individual modules (or panels) into arrays requires
that +the modules be electrically connected to each other in
appropriate series/parallel configurations in order to provide

the desired array voltage and paower.

General Requirements. Several overall general requirements

should be met by the intermodule connections.
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Intermodule connections must be capable of continuous operation
at normal system currents and voltages. Also, they must not be
damaged by transient overvoltages or by operation at maximum
short circuit current for short periods. Voltage ratings are
dependent upon the selected system operating voltage and the
method o©of system grounding. It is expected that maximum system
operating voltages will be in a 1000 +to 4000 volt range, with
transient voltages of 1000 to 10,000 volts (see Sections 5.1.3
and 5.3). In all cases, c¢onnector insulation dielectric
breakdown rating should be equal to or greater than the solar
cell module insulation ratings. Current ratings are between 10

and 300 amps for the system designs considered in this study.

In wview of the number of connections to be made, the connectors
should be inexpensive. For reasons of total cost, the connection
should require a minimum amount of field 1laber during initial
installation of +the modules. Automated assembly methods at the
factory should be exploited wherever possible in order to reduce
field labor requirements, and hence +total installed cost.
Further, from an array maintenance viewpoint, it is desirable +o
have connections that c¢an be easily disconnected. Also, it is
anticipated that the modules will be tested at the factory. This
increases the'nmeed to have a connector that is easily connected

and disconnected.

The connectors must be capable of surviving exposure t0 rain,

snow, ice and windborne dirt. Also, the. insulation material must
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be capable of withstanding long-term exposure +to ultraviolet
radiation and reactive atmospheric constituents, such as ozone,
without significant deterioration of physical or electrical

properties.

Because of the large aquantity of inter-module connections
required (>100,000) , frequent connectoy failures would
significantly reduce the plant energy output and create a
maintenance problem. In addition +to complete failures, slow
contact deterioration over a period of years seriously reduces
plant output by increasing contact zresistance and I2R losses.

The connectors should be designed to minimizs such problems.

Connection Types. Several types of connection schemes were

evaluated in this study, including the following:

° In-line butt splice
. Wire wrap
. Terminal block

. Two piece, quick-disconnect type connector

The in-line butt splice connection consists of a hoilYow,
Cylindrical metal 1lug. The two wires to be joined are inserted
into the lug. One wire is inserted a*t each end and, with the aid
of a mechanical tool, the lug is crimped in+to the wi¥e, forming a
permanent connection. The Jjoint is +then insulated by ’'the

application of shrinkable tubing, tape or other such means. This
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method produces an acceptable c¢onnection from an electrical
standpoint, but the field labor requirements are relatively high.
For example, Bechtel Power Corporation manhour estimates for this
type of terminatién (on 600 volt wire and exclusive of any
applied insulation) range from ©0.25 manhour for a #14 AWG
(10 amp) connection %to 0.57 manhour for a #4 AWG (100 amp)
connection. These estimates reflect actual field experience.
Using a fully burdened labor cost of $25.00/manhour yields costs
per connection of $6.25 and $14.25, respectively, for the #14 and
#4 sizes. System voltages will be greater than 600 volts and
require thicker insulation to insulate the splice and a cover +to
protect it from the environment. Because of these cost factors
and the permanent nature of the connection, +the in-line butt

splice was eliminated as an intermodule connection method.

Wire wrap connections are made by a machine tool tightly wrapping
a wire around a terminal post. They are widely used in the
telephone, computer, and other electronics industries. This type
of connection has been shown to be a fast and reliable method for
making large numbers of connections in the electronics industry.
However, its application has been generally limited to low power
applicaéions. The largest wire size in use is about a #18 AWG.
in addition, -+the feed-through terminal posts required for
intermodule corinections would require full dc system voltage.
rating, and the completed connection would still require
insulation in the ‘form of a rubber boot, tape, or other means.

Both of +these requirements tend +o0o increase +the cost and
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cémplexity of the connection. ¥Further, this type of connection
is not easily disconnected and reconnected. The lack of
experience for wire wrap connections with the ampere ratings
required and reconnection difficulty led to the exclusion of wire

wrap connections from further consideration at this time.

The configuration of the screw-type of terminal block connection
is similar to that of the wire wrap connection, except that the
mechanical connection of +the wire to the feed~through bushing
{terminal block) is accomplished via a screw, mounted on the
bushing. Although connections of this type can be made for the
ampere ratings required, bushing costs and insulation
requirements, along with the 1level of field labor required to

accomplish the connection, make this method less preferable.

Quick disconnect type connectors consist of two connector bodiés,
one Of which contains a male electrical contact and one a female
contact. The connectors are assembled and attached to the module
at the factory during fabrication. Connector bodies can be
either bulkhead mounted directly on the module framewofk, or
installed on wire pig-tail leads. Complete factory assembly of
the connector greatly reduées the field labor required to make
the connection. Once the modules have been installed on the
array structure, the male and female connector bodies are simply
"plugged-in. " This requires no tools and minimal time. The

connection is also amenable to rapid disconnection and subsequent
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reconnection. Also, it is readily available in weatherproof

versions.

Of the +types o©of connectors considered, +the guick-disconnect

appears to be best suited for the present application.

guick-disconnect Connectors. Many +types of quick=-disconnect

connectors are available from a number of manufacturers, such as
Amphenol, Cannon, and others., One of these types, the ITT Cannon
Sure-Seal Connector, was investigated in detail. OCriginally
developaed for +the automotive industry, larger versions of the
Sure-Seal connector show promise of providing a low-cost,
environmentally  protected intermodule c¢onnector capable of

operating under the reguired current and voltage conditions.

The Sure-Seal was one of the connectors +tested by JPL in its
program to assess the applicabili&zﬁof commercially available
connectors in solar array systems (Ref. 13). Electrical,
mechanical, and environmental characteristics were investigated,
with the Sure-Seal yielding generally favorable results. Tested
specimens successfully withstood a 1 minute, 1500 V ac dielectric
withstand test while exhibiting high voltage breakdown
characteristics in the range of 5000 volts. Environmental
performance was generally good, except that the connector bodies
{composed of a nitrile rubber and PVC compound) were attacked
harshly in ozone and ultraviolet environments. A non-production

version of the connector, which utilizes an Ethylene Propyvlene
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Diene Monomer (EPDM) body, was also tested and exhibited good

performance in ozone and ultraviolet environments.

The present line of Sure-Seal connectors has insufficient current
carrying capacity for all practical panel sizes and voltages as
indicated by the range of required connector current ratings
shown in Figure 5-2. ITT Cannon was contactad to determine the
feasibility and cost impact of scaling up the Sure-Seal design to
meet the intermodule connector requirements. Figure 5-3 presents
Cannon's proposed design for a 100 ampere, single contact Sure-

Seal type connactor.

Budgetary cost estimates for this type of connector were cbtained
from Cannon. Table 5-1 summarizes these costs in terms of
material cost, purchase quantity, and cost to assemble (1977
dollars). In addition, there would be a one-time, partial

tooling charge of $18,500.

Table 5-1

CCONRECTOR COST

Connector Rating  Connector Cost Assembly Cost Purchase
{Amperes) ($/mated pair) {$/mated pair} Quantity*

10 0.29 0.17 1 x 106

25 1.88 0.25 5 x 108

100 3.26 0.33 8 x 104

* The number of connector pairs required is given by the curve
in Figure 5-1
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Connector assembly is a factory operation consisting of semi-
automated crimping of the connector contact to a precut wire and
manual insertion of the contact into +the connector body.
Possible full automation of the assembly process could 1lead to
cost reductions although, as can be seen in Table 5-1, assembly
is not +the major cost for the large connector. connector
assembly can be accomplished by the module manufacturer, or a
sub~contractor, prior to the installation of the wire on the

module.

Cannon indicated that, for the rangs of system voltages being
considered, appropriate connector voltage  ratings can be
accomplished by wvarying the +thickness of the rubber connector
body. This would be done during the initial design phase and
would have relatively 1little impact on overall connector cost,
because the guantity of material involved represents a small

portion of the total cost.

The data from Table 5-1 are plotted in Figure 5-4, which shows
connector cost versus connector rating. The cost of the wire
between <the module and connector, and the cost of attaching ths
wire to the cells within the module is not included, since these
costs would be present regardless of the type of connector used
and would logically be included in the module cost. Similarly.s
the -costs shown do not include the cost to connect the modules
after they have been installed on the 'array framewérk.- The

simple operation of pushing the two connector halves together can
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be accomplished during the mechanical installation of the modules
for an added cos* that is not significant within the accuracy of

the present cost estimate.

A more detailed analysis of connector design and manufacturing
costs would 1likely result in a cost versus size curve that
consists of discrete line segments. In practice, designs would
be developed for a range of currents (e.g., 0-10 A, 5-30 A,
etc.), with an approximately level cost in each range. It is
felt that the curve in Figure 5-4 is a reasonable presentation of
available data. The leveling=-off of connector cost at higher

ampere ratings shown by Figure 5-4 generally agrees with Cannon's
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assessment of cost variation with size. Also, it is obvious that
costs do not continue to decrease to zero or go negative for
connector sizes below 8 amperes as might be indicated by

extension of the curve in Figure 5-4.

Connector costs from Figure 5-4 are combined with thé number of
connectors required (Figure 5-1) and module current (Figure 5-2)
to calculate connector cost as a function of modulé sizes
Calculation results are presented by Figure 5-5. The connector
costs in Figure 5-5 are normalized to dollars per watt. The
length of the parametric module-open-circuit-voltage curves are
such as to encompass connector ratings from approximately 10 to

150 amperes.

As can be seen in Figure 5-5, connector costs genera;ly favor
selection of large size modules. The higher costé for large
connectors is outweighed by the decreasing number of connectors
required. Connector costs are not very .sensitive to module
voltage for the larger module sizes. Selection of a low module
voltage .(e.g., 6 volts - open circuit) for a large - module size
will necessitate development of a connector larger than the
100 ampere version shown in Figure 5-3. However, i£‘ﬁs felt that
module currents should be limited to about 100 amperes,’ so that
attaching the wire to the intercell wiring within a module will

not become overly difficult and expensive.
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5.1.3 Convarters

Converter equipment must be included in a photovoltaic power
system to interface the dc generated by the solar arrays with an
ac utility network. While converters per se are not a part of
this study, they must be considered, at least to the extent that
their parameters ;ffect module design. Thus, converters are

discussed briefly herein +to support the logic used in setting
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module and array system parameters. In particular, +the dc
voltage rating of the converter determines the selection of the
arréy voltage (or vice versa).. Also, the gonverter's power and
current ratings affect the way in which the array outputs are
connected in parallel. For the systems considered herein, the

parallel output of a group of ariays feeds each of the converter

units in the plant.

Converter equipment of the type needed for a photovoltaic central
station is currently being developed as a part of the programs td
apply fuel cells and battery energy storage in the electric
utility industry. Several different converter designs are being
pursuad by various manufacturers. However, sufficient
commonality exists to allow converzer system parameters to be
postulated for purposes of this study.

-

Power lLevel. For the power levels associated with a photovoitaic

central station, the converter equipment would be comprised of
several smaller converter units whose outputs are paralleled on
the ac side. It is expected that each of thes2 units would have
& rating in the 2 to 10 MW range. Arrays are paralleled into

groups to supply each converter unit with its rated power.

The fact that a plant®s converter system will wvery 1likely be
comprised of small, separable units can be used to advantage.
With multiple converter units dispersed throughout the plant, the

relatively 1low voltage, high current (de¢) array output is
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transported only a short distance before being transformed into a
high voltage, low current (ac) waveform. Thus, less copper is
required to collect a given amount of power at a fixed I2R 1loss.
A second advantage is that c¢urrent 1levels in the dc bus
collecting the array outputs are not built up to a level where

fusing and switching become difficult.

current Level. The maximum dc current input to a converter unit

is, to a large extent, governed by the ratings of the available
SCRs used in the converter bridge. Most manufacturers tend to
avoid paralleling of SCRs in individual bridge legs, preferring
rather +o0 parallel bridges within the converter unit in order to
increase current levels. This approach also reduces the amount
of harmonic filtering required on the ac output. Typically, each
converter unit contains 2 or 3 bridges; some may con£ain 5

(depending on the manufacturer).

Differences in intended application, design, type of SCR
required, and a manufacturer's design safety factor philosophy
result in-various current ratings for bridges and converters.
However, evaluation of available data indicates that selecting
4000 amperes as the maximum dc input current +o each converter

unit is reasonable for purposes of this study.

Voltage Level. As mentioned, selecting the voltage level for the

array-converter dc bus system is strongly influenced by the
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characteristics of the converter. The driving force in this area
is the converter cost as a function of dc voltage.
b <

This cost behavior is shown in Figure 5-6. The curves are based
on data for different converter designs from several
manufacturers. The data are normalized to give a relative cost
of wunity at 2500-volts (curves displaced slightly for visual
clarity). Three budgetary price estimates averaged $56/kW (1976
dollars) for a converter similar +o the type needed ig1this
application. The estimates were for mature production versions
of a 20 MW, 2500 volt dc converter to be used in a lead-acid
enexrgy storage plant. Shipping and installation costs must be
added to the above purchase price.' .
As can be seen from the figure, dc system vol@ages below
500 volts should be avoided. Costs continue to deéréase rapidly
up +to about 1200 volts. Above this point costs decrease much
more slowly as the voltage increases, so +that the optirum
converter = voltage rating (above about 1200 volts) will . be
determined by interarray cabling costs, I2R losses, and ‘the
economics of array and module sizing. Above 1200 volts,

converter costs vary approximately as voltage to the =-0.2 power.

Cther Convertér Factors. Converter equipment ~ can introduce

‘voltage transients onto the afray dc bus. Such transients result
from transients on the ac side of the converter being .passed

through the équipment and from fault interruption. The magnitude
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or existence of such transients at the array terminals depends on
several factors the detailed analysis of which is beyond the
scope of the current study. Included among these factors are the
type of converter, the design of its dc filter, existence of a
battery across the dc bus, and the impedances of the array, bus,
and any other equipﬁent between the converter and array
terminals. Generally, self-commutated type inverters will have
much lower volt;ge transient levels than line-commutated types.
A nearby lightning stroke on the ac side of a line~commutated

converter may produce a 3 to 4 p.u. (per unit) transient on the

dc side, despite a lightning arrestor. It is expectad that fault
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interruption can cause a 2 p.u. transient. Propagation of a
transient toward the array depends on the dc filter design. If
capacitors are added to the normal smoothing inductor in a line-
commutated converter, the magﬁitude of the voltage transient
would be reduced. A further reduction could result from having a
battery across the dc¢ bus. However, interruption of large
battery fault currents can give rise to voltage transients. It
is 1likely the present efforts to develop converter equipment for
utility energy storage batteries and fuel cells will give rise to
equipment in which transients imposed on the source are limited.
For the present, it is assumed that 2.5 to 3 p.u. at the array
terminals represents a reasonable upper limit for converter
related voltage transients. Transients are discussed further in

Section 5.3.

As mentioned, a photovoltaic system can include an energy storage
battery connecteé in parallel across the array-converter dc bus.
The major impacts on the dc electrical system inclﬁde an increase
in available fault current, an increase operating voltage range,
and a slightly more complex control system. It is assumed that a
blocking diode is wused to prevent battery current from flowing
into the array buses. The parameters of interest in this
array/module interface study would not be directly affected by
the addition of a Dbattery, aside from the aforementioned

contribution to transient suppression.
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For the most part, it appears that grounding on the dc side of
the converter produces relatively small impact on converter cost
but may- add to the complexity of fault detection and interruption
systems. A floating (i.e., -ungrounded) system is preferred since
two c¢oincident faults are necessary to-produce a failure.. The
second choice would be grounding at the midpoint of the array,
and the third choice would be grounding one pole of the dc bus.
The third method results in the greatest wvariability in fault

current.
5.2 ARRAY SIZING AND DC WIRING

Modules or panels are fabricated at a factory and shipped to the
plant site where +they are mounted on an array framework and
electrically connected to produce the desired system voltage and
current. The total array surface area for any given plant bower
is a constant (2 x 107 square feet for the baseline 200 MW
‘plant) . This section discusses array configurations and

electrical parameters needed for the required total array area.

Evaluation of converters (see Section 5.1.3) led to selection of
a plant- design in which arrays are electrically connected into
groups: HEach array group feeds one of a number of converters
dispersed throughout the plant. Further, a converter dc¢ current
of 4000 amperes was selected as representative for +the +type of
equipment needed. Thus, individual arrays are grouped to yield a

4000 ampere converter input. Connector availability and module
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lead-wire considerations are expected +to 1limit modules to

currents on the order of 100 amperes (see Section 5.1.2).

For reasons of converter economics (see Figure 5-6), the system
voltage should be above about 1200 volts dc. To minimize wiring
cost (i.e., minimize interarray wiring) the modules are
configured so that each array terminal is at the systeﬁ voltage.
Also, for reason of wiring economics, the positive and negative
array terminals should be at the same end of the array. Thus
wiring for a series string of modules starts at one end of each
array, progresses to +the opposite end, and then returns,
terminating adjacent to the starting point. For this wiring
scheme, module leadwires are located at opposite ends -0of the
module- at the center of +the shorter dimension. This is
illustrated in Figure 5-7. The frame of each module is connected
to the system ground by means of a bolted connecting jumper to
the array structure in order o minimize possible hazards ‘to

personnel.

Consideration of structural aspects, interarray access by
installation and maintenance vehicles, shipping and installation,
and other factors led to the selection of an array configuration
with a sloped-face Ilength of 16 feet. Each of one panels
evaluated fits onto this array size in even multiples, thus
facilitating comparisons. Installation costs, discussed -~ in
Section 6.2, indicate panels should be as large as possible. The

8 x 16 foot size was selectead. Consideration of module
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fabricating techniques and the size of easily available glass
sheets indicate the 4 x 8 foot size is a good baseline modulz
size. These two factors are combined and 1lead to 8 x 16 foot
panels made up of four 4 x 8 foot modules for the baseline case.
The array wiring for this panel configuration is shown by Figure

5-7. Each array has two series strings of modules mounted on it.

Array current is equal to twice the module current for two series
strings of modules per array. The array voltage is the dc system
voltage. The length of the array is obtained by dividing half
the system voltage (i.e., the module string is configured down
and back on the array) by the modulet's open circuit woltage and
moltiplying by the 1length of +the medule. These data are

presented in PFigure 5-8 for a 1500 volt system. The length of
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the array at other system voltages 1is, of course, directly

proportional to the length at 1500 volts.

The number of arrays per group or converter is determined by
module current, which is a function of module size and wvoltage.
Array length and the number of converters or power per group is
determined by the system voltage. The cost of wiring between the
arrays in a group and its associated converter is governed by the

array current, number of arrays, and array spacing.

Figure 5-9 presents an estimate of the cost of this wiring as a
function of module size for a 1500 volt system. These costs,

normalized to dollars per watt (1975 dollars), represent the
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total installed cost for a direct-buried, two-conductor, copper
cable with an armor jacket. The cost of terhinating the cable

ends is included.

Array wiring requirements are also affected by system voltage.
The cost of the wire itself does not increase greatly with
increasing voltage. However, for a constant converter current
rating, increasing the system voltags increases the power rating
of the converter and the power output per array. The result is
that increasing the system voltage reduces the guantity of arrays
and power conditioning units required to assemble a plant of a
given power rating. Figure 5-10 shows this effect of system
voltage on wiring cost, normalized to the cost of 1500 volts.

These costs vary approximately as voltage to the -0.8 power.

0.010 =
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0.005 = MODULE OPEN
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Consideration of wiring cos* presented in Figure 5-9 indicates
that the module size should be 4x8 foot or larger. Consideration
of the behavior of wiring cost versus system voltage (see Figure
5-10) indicates the system voltage should be as high as
practical. These tendencies are the same as indicated by
connector and .converter costs.
|

Essentially the same electrical designs, developed herein, would
apply 0 other plant sizes. Larger plant -sizes would be
comprised of additional array groups- and smaller plant sizes
would consist_of fewer array.groups. A 10 MW plant could consist

of a-single array group of the design postulated herein.
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5.3 VOLTAGE TRANSIENTS

Electrical componaents and conductors must be insulated to
withstand normal system operating voltages. Additionally, most
electrical systems are subjected to occasional transient
overvoltages which must be +taken into account in specifying

insulation levels.

To minimize permanent equipment dJdamage, and to maintain
continuity of service, it is standard industry practice to first
shield and ground electrical eqguipment and also to apply
auxiliary protective devices such as arrestors to limit surges to
a safe level at very close distances to the protected eguipment.
The selection of appropriate insulation 1levels involves an
economic comparison between the impulse strength of equipment
insulation, the 1level of protection provided by auxiliary
devices, and the probability and effect of exposing the equipment
insulation to transient voltages in excess of its basic
insulation level (BIL). Basic insulation levels for electrical
power generating and transmission egquipment are determined using
a standard 1.5 x 40 microsecond test wave. This terminology
indicates a steep wave front with a 1.5 microsecond rise time and
a 40 microsecond period for the trailing edge to decay to one
half the crest wvalue. Por the solar power plant considered
herein, two major sources of voltage transients will affect the

insulation design for the panels and modules. The first source
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is 1lightning. The second source is converter equipment, which

introduces transients wvia the dc bus.

in order to identify appropriate module insulation 1levels, the

transient overvoltage conditions must be defined.

5.3.1 Lightning Stroke Transients

Lightning discharge currents usually start in clouds as an
electrical breakdown of air due +to potential differences of
hundreds of millions of wvolts between clouds and the earth.
Because of neutralization of +the charges, the potgntial is
reduced by the time the stroke hits the earth. Actual strike
voltages depend upon the amount of current, the conductivity of
the struck object, and the impedance of the path to the ground

plane.

The magnitude of currents in lightning discharges may vary from
1000 A to 200 ka. Table 5-2 (Ref. 14) gives +the range of
currents terminating on grounded structures. In North America,
about half the discharges have crest values exceeding 20 kA, and

extreme values of at least 200 kA occur in about one stroke ount

of a thousand.
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Table 5-2

RANGE OF LIGHTNING STROKE CURRENTS

Minimum Current Magnitude Fregquency of Occurrence
‘ — 200,000 A 0. 1%
100,000 A 0.7%
60,000 A 5.0%
15,000 A 50.0%

Lightning stxrokes have 1rise +times on the order ‘of a few
micrdéeconds.

o “

The probability of a given surface receiving a lightning
dischérge‘depgnds upon its size, its distance. from the equator,
and thé average number of thunderstorm days per year (i.e.,
isokeraunic level). Storm activity wvaries with gecgraphic
location and climate, with +the highest activity in equatorial
regions. In this country, the average is about 40 <thunderstorm
days -pe¥ year. The isokeraunic levels for the U.S. as reported
Ey the Environmental Science Service Administration are shown in
figure 5-11 (Ref. 15).

The large size of the array field results in a higher probability
of having the structures struck by 1lightning than a more
convenéional utility substation. Using an isokeraunic 1level of
30 thunderstorm days per year for the Phoenix area (see Figure
5-11), an array field area of attraction of 4 square kilometers,

and +the methodology in Reference 16, the number of strikes into
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Figure 5-11 ISOKERAUNIC MAP OF THE UNITED STATES

the array field is estimated to range from 5 to 16 per year.
This range can be used t0 determine +thHe minimum economical
insulation levels within the modules and the need for a grounding

system for lightning protection.

Lightning strokes will be attracted to the array framewdrk -~ and
discharged *o0 ground. The 1lightning strike will raise the
potential of the array structure, with respect to ground, during
the period when +the 1lightning current is flowing in the
structure. The crest value of +the voltage +transient and the

voltage wave shape in the array structure are determined by the
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current magnitude of the lightning stroke, and the impedance of

the array structure and ground grid system.

As a result of the current flow throughout the array support
members, voltages will be induced upon the de¢ conductors within
the adjacent solar cell modules. The magnitude of the induced
voltage is governed by the inductive coupling between the array
structure and module internal current-carrying components. This
coupling is a function of the geometry and configuration of the
conductive paths that are formed by the array structure, panel

and module framing, and the dc wiring.

In the immediate area of the strike, module insulation will be
stressed by a voltage egual to the difference in induced voltage
between the structures and the dc¢ wiring system. With modules
interconnected electrically, +the induced voltage will propagate
through the system outside of +the vicinity of the lightning
strike., In these areas the module insulation will be stressed by
the magnitude of this voltage as it propagates throughout the dc

wiring system.

Lightning strikes to the array supports can be largely eliminated
by providing grounding masts or ground wires to intercept direct
strokes and conduct them +o ground. Both lightning masts and
overhead ground wires could be installed in & number of
configurations depending upon economic and operating trade-offs.

The general risk level used in the design of shielding systems is
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to allow for a 0.1% exposure of a strike. The higher that masts
and ground wires are installed and the closer together that they
are placed, the greater the level of protection for the equipment
which +they shield. Several possibilities exist for these

approaches.

Shielding masts could be placed in a square matrix pattern within
the array field with each mast connected directly to the ground
grid. The height of the mast and the elevation above grade of

exposed objects to be protected determine the spacing:

3) High Masts. These would be approximately 50 feet in height,

rising approximately 40 feet above +the top of the array
support framework. The horizontal separation would be on
the order of 100 feet in both coordinate directions of the
grid.

B) Low Masts. The spacing of these might be constrained by the
25 foot separation of arrays. These masts would be about
20 feet in height, rising approximately 10 feet above the
top of the array support framework. This scheme would
result in 4 times as many foundations as for the high masts,
unless air terminals (i.e., 1lightning rods) could be
attached directly to the array structure. This approach
would have to be coordinated with panel washing

requirements.



Alternately, horizontal ground wires might be run atop 45 ft
po¥es parallel +to the 2length of the arrays and spaced at
intervals of 110 ft between rows of arrays. Typically, these
wires are 378" EHS steél strand, hot dipped galvanized. The size

of conductor is usually determined by mechanical strength

considerations, rather than by current-carrying capacity.

Oncde a suitable air +terminal has been chosen, the next
consideration is the development of a buried earth-electrode
system to dissipate lightning discharges to© ground potential.
Since the potential difference between the point of the lightning
contact and +the ground is directly proportional to the valﬁe of
ground system resistance, it is desired to minimize this ground
resistance” to reduce +*he magnitude of surge voltages. Various
types of ‘ground grids can be designed employing horizontal
conductors, rods, and grbund wells. The extent to which these
elements are utilized depends upon the characteristics of +the

s0il and the desired ground resistance wvalue.

Ground resistance is directly proportional to the resistivity of
the soil. The resistivity of soils varies with the depth £from
the surface, the moisture content, and with the temperature of
the soil. Because soil is frequently nonhomogenous, resistivity
will often vary considerably in the vicinity of any installation.
Representative values of resistivity for general types of soils

are given in Table 5-3 (Ref. 17).
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Table 5-3

RESISTIVITY OF DIFFERENT SQILS

Resistivity {(ohm-meters)

Soil- - Minimum Average  Maximum -
Ashes, cinder, brine waste 6 24 70
Clay, shale, gumbo loam 3 41 163
Same, with varying 10 158 1350

proportions of
sands and gravel

Gravel, sand, stones 590 940 4580

with little clay
or loam

Some of the smaller utility substations and many industrdial-
plants have grounding systems designed to a resistance of 5 ohms.
The National Electrical Code states that the maximum resistance

shall not exceed 25 ohms.

If a ground grid were constructed using copper conductérs - at
approximately 30 foot intervals in both directions in a dry sandy
soil of approximately 1000 ohm-meters specific resistance, a grid
resistance of ayogt 5 ohms would be anticipated. If a
representative lightning stroke of 20 kA were to hit an overhead
air terminal, a crest voltage of 100 kV would be developed to
ground as the charge dissipates. This voltage may be reduced up
to 60% if ground wells down to the water table are incorporated

to reduce the ground resistance down to 2 ohms or less.
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Connecting the overhead air terminals directly to the ground grid
would lessen the voltage rises in the array modules. “However,
some inductive coupling to the modules may exist, which would
cause observable voltages to be induced. Further investigation,
including some modeling, should be carried out to determine the

maximuom voltage stresses to be expected within the modules.

5.3.2 Lightning Flash Transients

In addition +to the transients induced by lightning stroke
currents propagating on the grounding system, the flash of light
from a nearby lightning strike may c¢ause a transient voltage
across the array terminals. The level of light from a nearby

lightning flash is estimated to be on the order of 50 suns.

If it is assumed that the spectral distribution of this 1light
energy duplicates +that of sunlight, +the magnitude of the
resultant transient can be estimated. 'Using a standard form of
the equation (Ref. 18), the open circuit voltage, V, of a solar

cell is given bys

Vv = kT In{1 + g,L/gL")
e

Taking the ratio of known open circuit cell wvoltages at normal

insolation 1levels to that at 50 suns results in module transient

voltages on the order of 1.2 to 1.7 per unit. The magnitude
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depends on the assumptions made for the physical properties of

the semiconductor material and saturation effects.

At present it does not appear that this. effect will govern

setting of module insulation levels.

ORIGINAL PAGE I§
OF POOR QUALITY

5.3.3 converter Transients

Converts -caused transients are discussed in Section 5.1.3 where
it'is concluded that such transients may reach 2.5 to 3 per unit.
The exact magnitudes of these transients are dependent on.the

converter and plant design.

5.3.4 Protective Devices

The effects of transient overvoltages on module insulation can be
ameliorated by the installation of protective devices, such as
voltage clamps, in the dc system. When located at the array
terminals, voltage clamps will act to limit the magnitude of any

transient at the array.

For the array wiring scheme shown in Figure 5-7 (i.e.,,%wp‘sgrips
strings of modules per array), two clamps would be used per
array.  The positive terminal of the +wo module strings .are
connected together at the dc bus and to ground through a clamp.

A similar arrangement is used at the negative terminal.-
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Generally, this type of device is a nonlinear resistor whose
resistance decreases as the voltage applied across its terminals
increases. such devices are available from several
manufacturers, inciuding Westinghousets "Yoltrap," General
Electrict's "MOVY" (metal oxide varistor), and Panasonic!s WIZINR

Transient/Surge Absorber."

The ZNER device is a ceramic/zinc-oxide voltage clamp,
manufactured by the Panasonic Division of Matsushita Electric
Corporation of America. Typically, this device draws less than
1 milliampere at the rated system voltage. At about 2 p.u. of
system voltage, it shunts approximately 25 amperes. At 3 p.u.,

it will shunt approximately 500 amperes.

Prices for Panasonic's ERZ-C14 and ERZ-C20 models range from
about $600 to 3$1400 each, depending on system voltage. These
prices are in 1977 dollars and for the range of quantities needed
for a 200 MW plant. The variation of price and quantity needed
varies with array system voltage in a manner that results in an
almost constant cost of approximately $0.01/watt (1975 dollars)
for the range of voltages under consideration. Costs for weather

proofing and installation must be added.
The effect of this type of device, and the entire lightning and

surge protection design, should be the subject of further study,

as discussed in the following section.
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5.3.5 Insulation Level

Final setting of transient voltage insulation 1levels for the
modules, connectors, and wiring is governed by aspects of plant
design that are beyond the scope of this present study. In
particular, estimating the level of expected transient voltages

requires consideration of at least the following:

? The design of a lightning protection system

. The coupling between the lightning protection system,
array framework, and dc wiring system

° The impedance of the array framework to ground
® The resistance of the soil at the selected site
o The isokeraunic level at the selected site

# The size and configuration of the plant

. The type of converter used

. The impedance of any energy storage battery across the
dc bus

© The impedance of the dc wiring system +o the array
terminals

e The impedance at the array terminals

° The characteristics of auxiliary protective devices.

After consideration of the above factors, as far as is possible
at the present stage of plant design, it is estimated that
expected values of transient voltages will be on the order of 2.5
to 3 times the dc system voltage. This estimate is preliminary
in nature and should be the subject of further study as plant

design progresses.
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Section 6

MATINTENANCE

Once the solar power plant has been put into service, maintenance
activities will be needed +to keep the plant operating as
designed. Provisions for these future activities must be
considered during the design of the plant and, therefore, in the

design of the modules and the array interface.

‘Three aspects of maintenance (module cleaning, failure detection,
-and replacement) are addressed in this section. Module
replacement applies also to initial installation of the modules,
since essentially +the saﬁé equipment and procedures are used in
both instances. Cost data for all three maintenance aspects are
presented and their- impact on design noted. Unless otherwise

stated, all costs are given in 1975 dollars. A brief discussion

of warrantees is also included.
6.1 ARRAY CLEANING

It is known that the power output of the plant will decrease with
time because of the accumulation of dust and dirt on the array
surfaces. Thus, cleaning of the arrays to restore lost power
(and revenue) becomes important. Two methods of array cleaning,
manual and automated, =were considered and their costs were

estimated. Additionally, curves have been developed to show the
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effects on plant revenue and optimum frequency of cleaning with

cost of power and rate of dirt accumulation as parameters.

6.1.1 Cleaning Methods

The cleaning methods proposed and their costs are based on a
200 MW plant (2 x 107 ft2 of modules) located in the Phoenix
area. . The plant and array configuration are as described in
Sections 3 and 4. It is assumed that the surfaces to be cleaned
are glass or glass-like in nature as far as cleaning 1is

concerned.

Manual Cleaning. The manual array cleaning method consists of

conventional window washing techniques. Standard glass cleaning
tools are. used {i.e., buckets, brushes, sgueegees, and
chemicals). A cleaning subcontract is proposed. Since there are
no window cleaner's unions in the Phoenix area, a wage scale of
$5.00 per hour is used for unskilled labor hired to pexform the
washing. A total subcontract labor cost of $8.00 per hour is
obtained by adding a 60% burden to the base wage. The burden
includes the cost of materials (e.g., brushes, chemicals, etc.)
and the subcontractorts overhead and profit. Productivity
estimates obtained from commercial contractors in conjuﬁgtion
with the cost estimates indicated that one man will be able to
wash 20,000 f£t2 per 8 hour shift. Combining the above figures

vields a one-time array cleaning cost of $65,000. This

-107-



translates -to 3.25 mills per f+2 per cleaning for the manual

method.

Water consumption for manual cleaning was estimatéd +to be
10 gallons per shift per man. It is assumed +that there is no
water supply .available at the site. Therefore the capital cost
of wells and a purification system was estimated. The amortized
cos+- -of thé water supply system, along with its operating and
mainténance costs, resulted in an annual water cost of $7,000 pex

vear. This cost must be added to the above labor costs.

Automated Cleaning. At present, automated window washing

machines are used on many tall buildings, including: the World
Trade Center, New York; Sears Tower, Chicago; Century Plaza
Towers, LoOs .Angeles; and Bechtel®'s San Francisco headquarters.
Discussions with a manufacturer of this equipment, Steeplejac
Division of Alpana Aluminum Products, Inc., indicate that a

suitable. machine can be built for array cleaning.

Currentl& available machines wutilize spray nozzles and non=-
rotating brushes followed by squeegees. Excess water is vacuumed
from +the surfaces, filtered, and reused. Mullions on the
building surface form a captured track along which the self-

«contained unit is propelled by cables.

A similar machine is proposed for use in array c¢leaning. In this

.case, however, the separate washing head contains only the spray

-
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nozzles, brushes, and squeegees. The washing head proper is
about 8 inches wide by 16 feet long (the sloped length of the
array)._ It is mounted on a framework approximately 8 feet wide
to provide for tracking along the arrays. It is estimated that
the total weight of the washing head unit which travels on the
array framework is less than 1000 lb. Wheels on the washing head
framework capture the unit +to the array framework. it is
estimated that the squeegees will exexrt a force of 10 1lb per
linear foot of sloped array width (2.g., 160 1b for a 16 foot
array). Use of non-rotating brushes minimizes vibrational forces

on the arrays.

The washing head is propelled along <the array by a separate
rubber-tired service unit traveling on the ground next to the
array.- A guidance system tracks the edge of the array framework.
Motive power for propulsion and the pumps is propane gas. Waterxr
tanks, pumps, and other heavy equipment are mounted on the ground
unit. Hoses and structural framework connect the groﬁnd unit to
the washing head. Use of this separate service unit on the
ground minimizes the weighé of the washing head on the array.
Therefore no additional structural support is necessary in the

array framework to accommodate the washing head.

According +o the manufacturer, the unit c¢an travel at 25 to

30 feet per minute. Thus the unit can wash 400 to 480 ft2 per

minute on a 16 foot array.
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Steeplejac estimates that the water consumption per machine will
be 8 gallons per 8 hour shift for daytime operation and 1 gallon
per machine if the arrays are washed at night. Only about’
1 gallon of water is consumed per machine per day. However, the
entire tank of dirty water 1is disposed of after each 8 hour
shift. Thus, the water requirement is 50 gallons per mechanical

washer per 8 hour shift.

Budgetary cost estimates for a machine designed £for this
application were obtained from Steeplejac. These capital cost

estimates, expressed in 1975 dollars, are presented in Table 6-1

below.
Table 6-1
AUTOMATED WASHER CAPITAL COST
puantity Price per Unit
Design and 1 prototype machine $275,000
2 *o 10 machines $150,000
11 o 25 machines $130,000

The automated c¢leaning costs were estimated on the following

basis:

. Movable structural supports are included to allow the
machine to cross interarray spaces.

. An allowance is made for minimal surface preparation of
the ground for the service unit to travel on.

. Purchase of automated washers and overhaul every 5 years
of the washers' 20 year life are included.
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° Labor, operating, and maintenance costs are included.

. Squeegees are replaced after every 500 hours of
operation.

. Water and propane fuel costs are included.

Separate estimates for total washing cost were made for 2, 5, and
10 antomated washers., Other washing costs were obtained by
interpolating the wvariable portions of the three complete
estimates., Total washing costs are presented in Figure 6-1 in
terms of dollars per square foot of array surxface as a function
of wash interval (1975 docllars). Manual washing costs are also
included, The reduction in automated washing cost as wash
interval decreases is mostly due +o price discounts as the
washers purchased increases. These costs are used in Section

6.1.2 to evaluate the economics of cleaning.

6.1.2 Cleaning Economics

The reason for cleaning the accumulated dirt from the arrays is
to restore the plant's power output, thereby increasing the
revenue from the plant. However, what must be increased is net
revenue, That is to say, the cost of cleaning should not exceed
the revenue from the accompanying increase in energy sold.  This
problem 1is analyzed by considering the cleaning costs developed
in the preceding section in conjunction with a pafémetric set of

dirt accumulation rates and values of energy from the plant.
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It 1is known that the array power output will decrease with +time
as a result of dirt accumulation. Unfortunately, little
information is available on exactly how this degradation varies
Wwith time. Fof‘purposes of this analysis it is assumed that
array power will decrease exponentially with time as shown in

‘Figure 6-2. A complete analysis would account for geographic and

seasocnal variations.

As can be seen in Figure 6-2, the assumed variation in power

output asymptotically approaches a final value, 1-K. Values from
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0.95 to 0.65 of the initial value were considered parametrically.

That is, asymptotic power losses, K, ranged from 5 to 35 percent.

In addition +to these final values, the shape of the curve was
determined by specifying how fast final wvalues are approached.
This is accomplished by specifying the length of time (i.e.,
power decay half-1ife) taken .to reach one half of the ésymptotic
power loss, K/2. Values of 2, 4, 8, 16 and 32 weeks for the
power décay half life were evaluated for each value of asymptotic

power loss.

In this analysis, only power loss due +o dirt accumulation is
considered. Effects of long-term module degradation, encapsulant
yellowing, etc., are not included. Further, it is assumed that

washing the arrays restores the power to its initial value, and
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energy by its unit cost (i.e., mills/kWh) and subtracting the

cost of automated washing (from Figure 6-1).

The results of one such set of calculations are presented in
Figure 6-4, which shows net revenue increase as a function of
wash interval. This particular set of curves is for a power cost
of 35 mills/kWwh and a power decay half-life of 2 weeks. The
curves are normalized by dividing th2 net annual revenue with
washing by the revenue without washing and are expressed as a

percent increase.
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From Figure 6-4, it can be seen that for a 5% asymptotic power
loss it does not pay to wash the arrays (for a 2 week decay and
35 mills/kwWh}. It can alsoc be seen that there is an optimum wash
interval which maximizes net revenue for each value of asymptotic

power loss. These maxima are indicated on each of the curves.

Such maxima in plant net revenue exist for other power decay
half-lives and energy costs. Figures 6-5 through 6-9 show these
maximum increases in net revenue and optimum wash intervals for
several costs of energy. In using these figures, an appropriate
cost of energy is selected and the position on +the graph is
located for +the dirt accumulation rate thought to exist. For
example, for an energy value of 45 millss/kWh, an asymptotic power
loss of 10 percent and power decay half-life of B8 weeks (i.e.,
the power degrades 0o .95 in 8 weeks), Figure 6-6 shows the
optimum wash interval to be 4 weeks. Also, in this case, washing
the arrays every U4 weeks vyields a plant net revenue about
4 percent higher than for not washing. The range of parameters
encompassed by Figures 6-5 through 6-8 should permit estimates to

be made of the advantages of washing for most actual situations.

Figure 6-9 summarizes the foregoing data and presents them with a
siightly different normalization. In this figure, the net plant
revenue is compared with that of an ideal plant in which there is
no power loss due to dirt accumulation or other factors. Data
for net revenue with washing (shaded'regions) and without washing

(solid lines) are presented for two rates of dirt accumulation
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(i.e., 2 and 32 weeks to reach half of the asymptotic power
loss). Without washing the annual energy from the plant with
dirt accumulation and from the ideal plant are both multiplied by
+he same energy cost. Thus, normalizing eliminates the energy
cost factor. Whereas washing decreases gross revenue by an
amount that is not related to energy cost, the net revenues with

washing are dependent on energy cost.

As might be expected, washing the arrays . becomes more
advantageous as the amount and rate of power loss due to dift
accumulation increases. Also, Figure 6~9 and the foregoing
analysis show washing will increase the plant®s net revenue in
cases where the asymptotic loss is greater than B8 percent and
energy is so0ld at 25 mills/kWh, and in all cases if energy is

sold at 65 mills/kWh.

The foregoing analysis is based on the smooth wvariation of
washing cost with wash interval shown in Figure 6-1. Since an
integral number of machines must be used, the actual washing cost
is a discontinuous function. However, use of the more accurate
curve results in discontinuous revenue data which cannot be
easily plotted to convey the essential results of the analysis.

Thus the smoothed, average curve is used.
Additionally, the present analysis is based on an unvarying

exponential rate of dirt accumulation for an entire yeai. This

obviously is not the case. Rain and seasonal weather variations
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Qill alter the assumed pattern. The curves must be cautiously

used to approximate impacts on annwal revenue by summing
%

gontributions for periods of time during which diré accumulation

is uniform. Thus, it is felt that +the analysis presents a

reasonable methodology that is useful for a first' order

approximation.

The foregoing analysis would change 1little for larger plants
(¢.g., 1000 MW)-. Washing cost may decrease slightly owing to
volume purchase discount of washing units (see Table 6-1). For
small plants (e.g., 10 MW}, washing cost would increase, since
the full capability of a single washer would not be fully

utilized and the manual washing method might be preferred.
6.2 PANEL INSTALLATION AND REPLACEMENT

Methods of installing and replacing panels on the array framework
are discussed in this section. The same basic methods and
equipment are used for initial installation and replacement.
Handling methods and associated costs are developed for three
panel sizes (2x4 foot, 4x8 foot, and 8x16 foot). These costs are
then used in Section 6.3 +to evaluate the economics of panel

replacement.
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6.2.1 Handling Methods

Two basic methods of handling are developed: one for +the small

sized panels, and a second method f6r the two largexr panel sizes.

Small Panels. The method developed for initial installation of

the small (2x4 foot) panels in 2 years reguires 16 crews of eight
members each. Two members of each crew ar2 involved in receiving

operations and six in installing the panels.

After arriving at the jobsite, boxes of panels are unloaded by
means of a conventional forklift and pléced on a small trailer.
These trailers are then towed and deposited along the array area
being worked on. Two of the ¢rew unpack and move the panels to a
movable scaffold. Two pairs of workers on the scaffold take the
panels, faséen them into place, and make the electrical
connections. As a section is completed, the scaffold is moved

along the array and the operation is continued.

TLarge Panels. The same basic handling method is used for both

+he U4x8 foot and 8x16 foot panels, _For-the 8x16 foot panels, the
panels arrive at +the jobsite in reusable 10x9x17 foot carrier
boxes in an air-cushioned, flat-bed truck. Each truck, carrying
two boxes, is driver into the array area. 2 modified straddle-
carrier, such as the Drott Company's Travelift, straddles the
truck and 1loads the boxes onto a platform on the carrier. The

boxes are placed in a vertical position as shown by Figure 6-10.
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Having loaded the boxes of panels, the carrier straddles the
array framework. The top and one side of each box are removed to
provide access to the panels. One worker connects a spreader bar
to the top of a panel. The panel is then lifted slightly and
moved sideways, along the array. The panel is lowered vertically
and positioned over the fasteners on the lower <transverse
structural member of the array framework, guided by a member of
the crew on the ground. After the panel is nested in +the lower
fastener, the 1lifting cable is slackened while the hoist saddle
is moved toward the top of the array. The panel pivots on its
lower edge and is inclined to the array slope, coming to rest
with its top edge against the top structural member of the array
framework. A member of the installation crew guides the crane-
operator/driver during this positioning of the panel. After <the
panel is positioned, the spreader bar is unhooked. While the
crane is being repositioned to install the next panel, a crew
member fastens the top edge on the panel, and the worker on the
ground mates the electrical connectors and fastens +the lower
edge. This process is repeated until all of the panels in both
boxes have been installed. The carrier is then driven to the end

of the array to off-load the empty boxes and load full boxes.

The same equipment, procedure and four-man crew are used for the
4x8 foot panels, since they are too heavy to be lifted manually.
Excep*t, in this case, more trips to the end of the array will be

needed.
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6.2.2 Handling Costs

Cost estimates were developed to compare the methods of handling
different-sized panels. For dinitial installation, an average
direct manual wage rate of $17.00 per manhour (1975 dollars) was
used for construction crews. Replacement of panels is assumed to
be done by the utility's maintenance crews having an average
direct manual wage rate of $14.00 per hour. Added to these costs
are the distributable field costs of 50 percent and 25 percent of
direct manual labor for installation and replacement,

respectively.

Fach of +the handling methods for the initial installation was
based on the same two-year installation scha2dule for a 200 MW
plant. However, the total labor work force varies with the

method employed.

Initial Installation. The initial installation of 2x4 foot

panels is estimated to reguire 500,000 manhours for the
2.5 million panels. At 1975 price levels, this labor-intensive
method would cost $9.0 million. This installation cost does not

include engineering, home office support, or contingency.
A 200.MW plant requires 625,000 4x8 foot panels. The initial

installation would require 160,000 manhours and. would cost

3.8 million dollars at 1975 levels. 1Included in this estimated
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installation cost 1is the purchase and modification of seven

straddle carriers.

The largest panel size, 8x16 foot, requires +the least field
handling, which reduces the comparative installation cost. The
installation of 156,000 of these panels would require 67,500
manhours and is estimated to cost about $1.7 million (1975
dollars). This cost includes three straddle carriers and

modifications.

The above cost estimates, normalized to dollars per watt, are
graphically summarized in Pigure 6-11. These costs vary

approximately as panel size to the -2/3 power.

Field installation of panel sizes larger than 8x16 foot could
possibly reduce installation costs, but the 8x16 foot panel is
the largest practical size for truck transportation without

special truck routing and permit procedures.

Ccomplete Replacement of Panels. It is assumed +that after the

photovoltaic power plant has been in operation for approximately
15 years, all of the installed panels will be systematically
replaced with new panels. This scheduled "maintenance" operation
is similar +to the initial construction installation. For the
8x16 foot panels, two of the three straddle carriers used in the
initial installation are used in the replacement operation. The

straddle carrier and a four-man crew move down an array and
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disconnect, 1lift, and store +the o0ld panel in an empty canrier:
box. A new panel is lowered and installed in the same position
as the o0ld panel. The cycle of removing an old. 8x16 foot panel
and installing a new panel is estimated +to take -approximately
8 minutes, When the carrier box containing the 0ld array .panels
is full and the new panel box is empty, the straddle caxrier
returns +o the air-cushioned flat-bed truck. At the +ruck, the
straddle c¢arrier loads the box full of 0ld array panels onto .the
truck, picks up a box of new panels, and returns to the-array to

continue replacement operations.
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The estimated cost of replacing the 20,000,000 square feet of old
panels and installing new panels is $1,740,000 (1975 dollars).
Includaed in this cost are the overhead costs of two of the
straddle carriers used during the construction period. With +two
straddle carriers used, six years would be required to replace

all of the 8x16 foot panels,

Selective Replacement of Panels. As a part of the ongoing

operation of +the power plant, +the performance of all array
sections are continuously monitored as described in Section 6.3.
As the performance falls to a predetermined level, certain panels
are identified as requiring replacement. These would'likely be
distributed in a random fashion throughout the array field. The
locations of these identified panels are assumed to be listed by
operations personnel before the maintenance crews proceed with

replacement.

The straddle carriers would be scheduled to proceed along each
array .structure and replace entire 8x16 foot array panels
containing failed 4x8 foot modules which have been designated for
removal. With +the exception of selectivity, +the operations
involved in random panel replacement are similar‘ to <those of
systematically replacing all the old panels as described in the
previous section. The cycle time of 8 minutes in the previous
case, however, is assumed to increase to 15 minutes per 8x16 foot
panel, This includes added allowances for starting and stopping

the operations and travel of the carrier between failed panel
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locations, The cost of replacing an 6x16 foot panel is estimated
at $21.00. This cost includes the amortization of a straddle
carrjer's overhaul cost and its operation and maintenance cost.
One straddle carrier with a crew of four people can replace

approximately 8,000 8x16 foot panels per year.

For larger plants, the same procedures would be used. For
smaller plants (e.g., 10 MW), fewer installation and maintenance
personnel would be needed and the procedures and panel size would

have to be reevaluated to optimize costs.
6.3 FATLURE SCENARICS

During the life of the solar power plant, a percentage of module;
can be expected to fail in one of several modes. While. some
failures can be tolerated, certain abnormal conditions will lead
to economically unacceptable losses in plant capacity, or present

safety hazards to plant personnel and equipment.

6.3.1 Failure Rates_and Categories

Failure rates and mechanisms for large, terrestrial photovoltaic
modules in a central plant are not well defined at. this time.

The assumptions used in this study are presented.below.
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Failure Rates. Based on preliminary analyses conducted by."tﬁé

Jet Propulsion Laboratory, it is expected that failure rates can

be divided into three +ime frames as follows:

. Infant mortality pericd
. Service period

) Failure period

During the infant mortality period, it is anticipated that
approximately 5 percent of all modules will fail within 6 months

of their initial installation.

During service life (between 6 months and 15 years after initial
installation), modules will £fail at a rate of approximately

2 percent per year.

Approximately 15 years after initial installation +the failure
rate will begin to increase exponentially, with 60 percent of all
modules having failed by the end of 20 years. As discussed in
the preceding section, there will be a scheduled replacement of

all panels to extend the useful life of the plant.

Failure Categories. Module failures which affect the operation

of the solar power system are categorized as follows:

° Complete module open circuit

. Solar cell interconnection open circuit
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. Ground fault

The complete open circuié failure of any module will result in
the 1loss of power from all modules connecéed in series with the
failed unit. Module open circuit failures may occur as the
result of connector failure, failure of the module power lead

joint, or other types of internal failures.

individual solar cell failures, in the form of cracked cells orx
broken intercell connections, will result from thermal cycling
and other physical causes. Corrosion of cell interconnections
can result from water vapor penetrating a medule's encapsulant
and condensing on the intercell connections. Modules ‘will
consist of parallel connected series strings of individual solar
celis. Individﬁal solar cell or intercell connection failures

will result in the loss of the series string in which the failure

OCCUrs.

Under normal conditions, all electrical conductors on the array
structure which operate at potentials other than ground will be
insulated from the array framework, as well as all other possible
contact with the station ground. Depending on the method of
converter grounding, failure of this insulation (i.e., module,
module connector, or wiring) can pose a safety hazard to plant
personnel and/or station equipment. In an ungrounded dc system a
single ground fault does not create a - short circuit condition,

and therefore does not require immediate protective action, nor
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does it affect system operation. However, plant pe?sonnel,
especially maintenance crews, could be exposed to dangerous
potentials by simultaneously contacting both the array structure
and either polarity of the dc¢ bus. In a grounded dc system, any
ground fault creates a short circuit condition which affects

system operation.

Fe3d.?2 Failure Detection

The detection of module related £failures which significantly
affect either system operation, plant energy output, or equipment
and personnel safety involves first determining the existence of

an abnormal condition, and then locating the cause.

Module Open Circuit Failure. As discussed, the complete oOpen

circuit failure of a module results in the loss of all modules in
series with the failed unit. For the baseline case in this study
{(two module strings per array, see Figure 5-7}, half the power
from the array is lost. Such failures can be detected by
monitoring the current 1level at +the array terminals, and
comparing each array current magnitude with the average wvalue of

several arrays in the area.

Direct current sensors, with ranges of up to 1000 amperes, can be
provided for this purpose at a cost of about $275 each (1975
dollars). These current sensors resemble "window-type® ac

current transformers in that they provide complete isolation

-132~-



between the current -carrying conductor and the output signal.
The sensor's output is a linear 0-5 V dc signal, and accuracy is

#1% of full scale.

It is assumed that the plant design includes a central control
room and a data 1link to each of the converters in the array
field. This link provides for control of tﬁe converter and for
monitoring the operation of the converter. Assuming further that
this system contains an analog to digital converter for some of
the converter data (e.g., &ac voltage, power factor), only
additional multiplexer channels need be added to accommodate
monitoring the current from arrays. This c¢an be accomplished at
a cost of about $50 per channel (1975 dollars) for a flying
capacitor type scanner, In operation, the current sensor outputs
would be remotely scanned. The data would then be processed by
the central computer, and a list of out-of~tolerance readings

compiled.

In the baseline system design, six series module strings (three
arrays) are paralleled in the £field wvia a tapered bus and
connected to the converter dc input by a single two-conductor
cable. Locating the current sensors on these cables, at the
converter, eliminates the need for long wires for analog signal
transmission between the sensors and the multiplexer. Thus, the
total (uninstalled) cost per data point is on the order of $325,

or about $0.0009 per watt.
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The total current at the .design point for the six parallel
strings is approximately 300 amperes. Since an open circuit
failure would reduce the current from 300 amperes to 250 amperes,
a change of 16.7 percent, the failure should be easily detect-
able. A maintenance crew could then be dispatched to the out-—
of-tolerance array wiring group to locate, and possibly repair,
the failure. The failed string can be gquickly identified in the
field by the use of a portable clamp on tyée dc current sensor.
The maintenance crew would monitor each string in the out-éf-
tolerance wiring group, until a string with zero current flow is
located, indicating the failed string. Pinpointing the exact
location of the failed module in the string can be accomplished
using equipment similar to commercially available cable tracing
and underground fault 1locating equipment. This eguipment
consists of a portable high impedance audio frequency signal
generator (transmitter) and an inductive coil ‘“probe" connected
to0 a portable audio amplifier (receiver). To locate the failed

module the following procedure is followed:

. The failed string is isolated from the dc system via
disconnect switches, 1if provided, or by disconnecting
+he module connectors on the first and last modules in
the string. This operation is greatly facilitated by
the use of quick disconnect meoduls connectors, discussed
in Section 5.1.2. However, with this latter method, a
ZEero current condition mast be verified as the
connectors are not rated for load-break operation.

. The transmitter output is connected between +the array
structure (ground) and either polarity of the failed
string.

. Using the receiver, a member of the maintenance crew
follows the <transmitter's signal through the string by
placing the inductive probe of the receiver in close
proximity to each module. The weak electromagnetic
radiation produced by +the applied <transmitter signal
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will be detected at each module in the string that is
electrically connected to the transmitter.

. The point at which the signal can no longer be detected
indicates the location of the open circuit failure.

Intercell Connection Failures. Modules are composed of a number

of parallel strings of series-connected solar cells. This is
done to provide the desired module veolitage and current leveis, to
increase module reliability, and +o limit the effects of thot
spot" cell heating in the event of an individual cell failure

(Ref. 19).

For example, using 3 inch diameter solar cells, the 4x8 foot
module of the baseline design would be composed of about 35
parallel strings of 14 series cells per string (8.% wvolts open
circuit).’ This assumes a 1 inch border and 0.05 inch between
cells, For a 1500 volt system, 178 modules would be connected in
series. Thus each string has 35 cells in parallel in 178 series
blocks. A string of this design would be virtually unaffected by
loss of a single cell or intercell connection failure. The loss
in generating capacity is essentially limited to the loss of
power from 18 cells out of 87,220 in the affected string (e.g.,
0.016%)-. The 1limited effect of these type of failures on array
performance makes +their detection and location extremely

difficult.

One possible method of detecting this type of failure involves

the use of an infrared camera to detect <temperature dJdifferences
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between operating and non-operating cells. For the module design
postulated (i.e., 35 parallel and 14 series cells), loss of one
series string of cells would result in a 3 percent increase in
.current through the remaining 3% strings. It is anticipated that
this will not reverse bias +he operating cells or cause a
temperature rise., Assuming that the absorbed solar energy which
is not removed as electrical energy is convected and radiated
away in the form of thermal energy, indicates that a temperature
rise might be expected for the non-operating string of cells.
There will be critical module sizes and cell -configurations in
which the above effect and "hot-spot" effects result in the same
temperatures for both operating and non-operating cells. If such
points are avoided in module design, measurable temperature
differences should exist for ﬁon-operating cells. The string of
nen-operating cells would be either hotter or colder than
adjacent strings, depending on module design and which effect

predominates.

Detection of such temperature differences could be accomplished
by any one of several infrared cameras such as are commercially
available from AGA Thermovision, Barnes Engineering, and others.
For instance, a device such as AGA Thermovision?s model 750 could
be truck mounted and driven slowly through the array field. This
device can detect temperature differences as small as 0.2°C on a
309C surface. Temperature is displaced as a color difference on
a 'CRT monitor. The cost of this device and its accessories is

about $45,000 (1975 dollars). In evaluating this detection
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system, the costs. of maintenance personnel labor, ligquid nitrogen
(needed to operate +the detector), and a truck mist be added to

the cost of the device itself.

The problem of interference from sclar infrared reflections from
the surface of the module may be ameliorated b& adding an IR
filter to exclude radiation outside of the detector's 2 to 5.6 pm
spectral range and by aiming the camera +to avoid refléctions.
Also, it is anticipated that the normal thermal gradients on the
module (e.g., cooler edges) will not greatly interfere with the

detection of failed strings of cells.

This general method was previously used in testing arrays for
space applications (Ref. 20). Results under solar similator
testing were poor owing to multiple IR reflections and variations
in adhesive thickness. Satisfactory results were obtained by
applying a reverse bias to heat the cells. Should testing under
solar illumination prove infeasible, it may be possible to‘'employ

this latter method.

A second possible method of detecting open strings within &
module consists of measuring the I-V curve for each module. This
method involves comparing a module against a standard - (or its
neighbors). Portable egquipment needed includes a programmable
variable resistance load, a standard cell +o measure solar
insoclation, one or more thermocouples t0 measure module

temperature, and a truck to carry the equipment. This 3labox-
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intensive method involves disconnecting each module, connecting
it to the ’portable test equipment, and measuring its

characteristics.

The estimated cost of the test equipment (including the truck) is
$4,000. For the Dbaseline design, the testing of all modules
mounted on a single array structure is ‘estimated to - reguire
21 hours. The testing cost per array structure is $1,100; based
on a 3 man crew and a maintenance labor cost of $14.00 per ﬁbur
direct cost with 25 percent for distributables. All costs are in

1975 dollars.

Testing of all. modules in the 200 MW baseline design plant
(624,000 modules on 1667 array structures) could be accomplished
at a cost of-$1.83x106, and would require 35,000 hours, or about
4,375 eight-hour shifts. A single test crew and truck working
5 days a week, 52 weeks a year; would require 16.8 years to
complete a single test sequence. Twenty  crews working
simaltaneously could +test all of the modules in a 10 month
period, and would require a capital investment of $80,000 for the

twenty’%est vehicles.

An alternative to testing all modules would be +to test each
module string, with individual modules being tested only on those
strings which show unacceptable performance. However, even with
these procedures, it may be difficult to 'differentiate between

expected degradation and failures.
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Ground Fault. The nature and severity of a ground fault will

depend on the method of system grounding and, in some cases, on

the location of the fault within the system.

The operation of an ungrounded system 1is unaffected by the
occurrence of any single ground fault. For this reason it is the
preferred configuration from a converter design viewpoint; as
discussed in Section b5.7.4. Detection and repair of ground
faults is required, however, to prevent the occurence of two
concurrent ground faults on the same converter bus, which would

lead to equipment damage and possibly to a personnel hazard.

A ground fault on a normally grounded system will create a short
circuit condition. all modules in the faulted string which are
located betwsen the normal system ground and the ground fault
will be forced +to operate into a short circuit, via the metal

array framework.

Proper system design and insulation cocordination should minimize
the occurrence of ground faults. Therefore, remote detection and
indication requiremeﬁts=can probably be limited to the moniporing
of each converter bus. This can be accomplished at minimum cost
via a resistor network, current relays, and the data acquisition

.system utilized for module open:circuit detection.

A ground fault would be alarmed in the central :control room

whereupon the operator would dispatch a maintenance crew to -the
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affected power conditioning unit. The exact location of the
fault could then be located utilizing equipment and techniques

similar to those described for locating module open circuits.

6.3.3 Replacement Economics

After a failure is detected, it may not be repaired unless it 1is
economical to do so. This point is addressed below for the types

of failure evaluated herein.

Module Open Circuit Failure. If a module fails open, power is

lost from the entire string of modules. This amounts to 60 kW in
the baseline case discussed in Section 5.2. Thus, on the
average, the revenue from 300 kWh is lost each day. For energy
-values of 25 to 65 mills per kwh, this corresponds to $7.50 +to
$19.50 per day, respectively. . The cost to replace the panel
containing the defective module is estimated to average $21. In
addition, the cost of the panel must be included. This cost is
assumed to be $0.50 per watt or $640 per B8x16 foot panel,
assuming no scrap value for three good modules in the panel.
Thus, the replacement is paid for in 34 to 88 day§, dependirg on

the value of the energy sold.

Analysis of the data in preceding sections of this report shows
that this number-of-days-to-breakeven is inversely proportional
to the selling price of energy and system voltage, and is

directly proportional to module voltage. - Additionally, the days-
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to-~breakeven vary approximately as +the inverse of panel size
below 25 square feet and about to a -0.2 power above that size,
assuming that replacement coéts vary in proportion to
installation cost. Thus, <the longest payback time is for a
system with a low system voltage, small modules, a high module
voltage and a low value for the energy sold. For the range of
system parameters evaluated herein the worst case might be
gquantified as a 1500 volt system of 2'x4' modules having an open
circuit voltage of 16 volts and a walue of energy sold at
25 mills per kWh. These parameters indicate a breakeven time of
about 160 days. Thus it may be concluded that unless the plant
is within half a year of a scheduled replacement of all panels,

individual panels should be replaced as they fail.

Intercell Connection Failures. Intercell connection failures on

the larger panel (and module) sizes discussed in the preceding
section (Section 6.3.2) will not result in a significant
reduction of power output from the affected array. Thus, it is
not economical to replace the panel for this type of failure.
Occurrence or accumulation of multiple failures of this type in a
single module may eventually lead +o power losses that are
significant. In this instance, such failures would be-detectable
by the current-monitoring scheme previously described.
Alternatively, the resultant hot-spot temperatures at this stage
of multiple fajlure may become readily detectable by means of the

infrared camera, or even with less sophisticated equipment if
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there are enough open cell strings. At this point, the economic
logic wused in discussions of module open circuit failures would

apply and the defective modules should be replaced.

Ground Faulis. The first ground fault on a segment of the dc

wiring system may be a precursor of a second fault. Two
coincident faults can damage the equipment and expose personnel
t0 "an unnecessary safety hazard. For this reason, ground faults

should be repaired when they occur.

6.4 WARRANTEES

In the engineering and construction of conventional steam-
electric power plants, warranteee proviéions are generally
included in the terms of the purchase orders for equipment used.
They cover the integrity of the equipment and protect the owner
against defects in material and workmanship for a specified
period of time, usually one year following the date of commercial
operation of the entire power plant. In many instances
warrantees are negotiated. TFor example, some manufacturers limit
their liability only to the replacement of1 parts or exclude
corrosion of metal parts from coverage of the agreement,
Manufacturers of smaller items tend to offer a warrantee starting

‘at the date of arrival of their equipment at the jobsite.

For large pieces of equipment which may have been purchased undexr

a performance specification, the owner may withhold 5 to 10% of
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the total payment until acceptance tests are completed.
Depending upon the results of +these standardized performance
tests, the vendor may have the final payment adjusted by either

an incentive or a penalty clause in the contract.

An equipment manufacturer may.recommend certain procadures for
the operation of his product and may also have specific
recommendations on the frequency and extent of maintenance work.
Both of these consideraticns bear upon the useful life of the
product and the manufacturerts risk of entering into a 1oné term
warrantee, While scheduled maintenance is performed on a more
uniform basis in the power f£field than in other industries
expecting much shorter economic payback periods, it is still
difficult to get an equipment ﬁanufacturer to make a 1long term
commitment on his product. This can be 1linked to both the
variability of operating and maintenance practices and
manufacturerts hesitancy to become responsible for consequential
damages (e.g., lost power revenues) due to failures statistically

expected on the near side of a normal distribution curve.

Because of this practice of not extending equipment warrantees
into a significant portion of a power plant's useful life of
20-30 years, the owner through his agent, the architect/engineer,
is generally conservative in design philosophy. He is also
cautious in selecting who is invited to bid on egquipment in a
power plant. 1In the power industry, most utilities rely upon

manufacturers' experience and reputation.
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Section 7

CONCLUSIONS

Majoxr conclusions derived £rom this engineering study of the
module/array interface from +the viewpoint of an equipment

installer and maintainer are presented in this section.

The conceptual structures in this study are able to use readily
available steel and glass materials even when using maximum snow,
wind, and seismic 1loads predicted for +he continental U.S.

(excluding Alaska).

For the baseline plant design in the Phoenix area, wind forces
dominate the array structural design. Wind or snow loads
dominate at 'other site locations, but seismic forces do not

dominate.

Wind forces can produce net uplift on the array structures and

must be resisted by dead weight or foundation designs.

The interaction of éiass‘modules and their steel frames must be
carefully analyzed for a prototype in order to prove +that
adequate edge support is provided for the glass. If the metal
frame is too flexible, then glass stresses can exceed allowable

limits.
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The present study chuses mainly on the module/array in@grface
without detailed consideration of the array framework. For. the
large array systems evaluated herein, the division of the array
into two structural groups (i.e., array framework and panel
framework) is consistent with the logiecal divisionxof fabrication
responsibilities., However, furthgr optimization of total plant
design and life cycle cost may be derived from future .structural
evaluations of the array in its entirety (i.e., from the soil and

foundation through the module). .

Cf the several types of intermodule connection schemes evaluated,
the quick-disconnect type is preferred for reasons of cost and
ease of installation. High dc system voltage, current rating,
and exposure to the weather do not appear to present any major

problems for this type of connector.

Intermodule connector costs generally dJdecrease with increasing
module size, Connector costs for a Ux8 foot module with an
8 volt open circuit voltage are estimated to contribute $0.01 per

watt to the plant cost.

For purposes of this study, module currents were limited to _1less
than 100 amperes™ in detailed evaluations in order to ameliorate
wiring difficulty within the module. The preferred c¢ell
configuration postulated for +the Ux8 foot module has. a short

circuit current on the order of 50 amperes.
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Interarray wiring costs decrease with increasing module size up
to about 50 square feet per module and then level off. These

costs also decrease with decreasing module voltage.

For the designs postulated herein, interaryay wiring cost and
converter costs decrease with increasing dc system voltage.
Wiring costs vary approximately as voltage to the -0.8 power and
converter costs. (above 1000 wolts) vary as voltage to the -0.2
power. For a 2500 volt dc system, converters costs contribute on
thé order of $0.065/watt to the plant cost; interarray wiring
contributes less than one twentieth of that amount.

For reasons of converter cost, the dc¢ system voltage should be at

least 1200 wvolts.

Preliminary analyses, based on available data on plant design,
indicate that modules may be exposed +to voltage transients of
about 3 per unit {e.g., a 2500 volt dc system may be exposed to

voltage transients on the order of 7500 volts).

Final selection of a dc system voltage and module voltage
withstand requirements will depend on analyses of module cost
versus voltage withstand capability and plant design features
such as the +type of converter used and +he design of the

lightning protection system.
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Within the bounds of the study, panel installation costs decrease
with increasing‘panel size, varying approximately as panel size
to  the -2/3 power. Initial installation of 8x16 foot panels are
estimated to contribute $0.009 per watt 'to the plant costs.
Panels much 1larger than 8 feet in width become increasingly

difficult to ship.

Minimizing installation costs indicates that large panel sizes
(e.g., B8x16 foot) should be selected. Available data on module
fabrication technology indicate that sizes smaller th%n this are
being considered in JPL's Automated Array Assembly studies. Both
6f these factors can be accommodated by factory assembly of
several small modules into a large panel for shipping and field
installation (2.Ge0 assembly of four 4x8 foot modules +to

constitute an 8x16 foot panel).

2 preliminary analysis, based on available data, has shown array
cleaning by means ¢of an automated washing unit to be economically
justified in instances where energﬁ is sold for more than
65 mills/kWh or where energy is sold for more than 25 mills/kWh

and power loss dune to dirt accumulation exceeds 8 percent.

A preliminary analysis of the economics indicates that, for the

design postulated herein, completely failed modules should be

replaced as such failures occur. Replacement of modules with one

or two open strings of cells is not economically justified.
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Ground faults should be repaired as +they occur +to prevent

equipment damage.

Fajlure of'a single intercell connection in high-current, low-
voltage module designs produces relatively 1little effect on
system performance. Thus, for designs where this type of failure
is difficult to detect, the need -to detect and repair such

failures becomes less significant.
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Section 8

RECOMMENDATIONS

The recommendations presented in this section are offered for the
purpose o©of assisting JPL in accomplishing the goals of the .LSSA

program.

Wind effects on a large field of arrays should be investigated in
order to provide more detail on drag and 1ift forces. This
investigation should include the effects of wind turbulence
around arrays in a field of array structures. The results of
such investigations will enable more accurate .structural design
calculations to be made, as well as enable more -accurate

calculations of module temperature and thermal gradients.

Estimates of module cost as a function of size and voltage
withstand capability should be developed and combined with - the
data presented in +this sreport in order to develop module and

system designs that minimize plant life-cycle costs.

Many of the module's electrical characteristics are governed by
plant design features. In particular, further analyses -of
converter and lightning protection systems should be performed
before module insulation levels are set. Also, the interarray dc
wiring system should be further analyzed with respect to initial

cost and I2R losses before array. configurations and module
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current levels are selected. Such studies would aid in designing

modules which minimize total plant life-cycle costs.

Glass modules were selected as the most likely candidate for
large, terrestrial arrays. Depending on the 1ikelihooé of their
use, the structural analyses described herein should be expanded
to incorporate other structural concepts, such as plastic or

aluminum module substrates with polymeric covers.

As design concepts and module sizes are developed, the present
finite-element computer analyses should be jterated +to optimize
selection of framing member sizes and, perhaps, further extended
to evaluate the panel members in conjunction with the entire
array structural system in order to utilize any synergistic

effects which may be present.

Structural analyses o¢f the module design concepts presented
herein should be expanded to0 include other modules shapes, frame
configqurations, and framing materials in order to allow selection
of designs which minimize costs. Faurther, selected module
designs should be computer analyzed to determine their naéural
frequencies, with the results related to possible amplification

by site seismic and wind spectra.

The preliminary analyses of module failure detection and

replacement should be expanded to reanalyze the problem with
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module design, failure rates, types of failures, and plant size

as parameters.
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Section 9

NEW TECHNCLOGY

No reportable items 6f new technology have been identified by

Bechtel during the conduct of this work.
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