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|. Introduction

A. SOLARENERGY

The sunisanuclear power plant which generates power in the
form of radiant energy at the phenomenally high rate of 3.8 x
102 kilowatts. An extremely small fraction of this (lessthan a
billionth) isintercepted by the earth, but this small fraction
amounts to a huge 1.8 x 10* KW. On the average, about 60%
of this amount penetrates the atmosphere to reach the earth’s
surface (1.1 x 10¥* KW). Of course, thisamount of power is
distributed over the entire surface of the earth. To bring these
numbers closer to home, consider that on a bright sunny day
each square meter of surface facing the sun receives about
one kilowatt.

To compare these numbers with our energy needs, consider
that the present electrical generating capacity in the U.S. isin
the neighborhood of 7 x 10° KW (consumption is about half
of this). Thisis equivaent to the average sunshine falling on
only 1000 square miles. Even if we could only utilize 10% of
the incident sunlight, a single square plot of land only 100
miles on a side would provide the same electrical power as
the present U.S. generating cgpacity. Clearly, there is more
than sufficient energy directly from the sun to meet present
and future needs if we could learn to utilize it economically.

B.SOLAR CELLS- (Simple) -

Direct conversion of solar energy can occur in two ways.
The sunlight can be converted directly into heat by photo-
thermal conversion, using a device which selectively absorbs
the sunsrays. A black surface getting hot in the sunisan ex-
ample of this conversion. The incident sunlight can also be
converted directly into electricity by photovoltaic conver-
sion, using a device called a solar cell which utilizes the
photoel ectronic properties of a semiconductor.

- (Technical) -

A solar cell is a large area semiconductor diode, so con-
structed that light can penetrate into the region of the diode
p-n junction. Silicon is used amost exclusively today as the
semiconductor in commercially available solar cells. Certain
impurities deliberately introduced (doping) into the silicon
give rise to excess negative or positive charges which can
carry eectric current in the silicon. For example, phospho-
rous atoms give up electrons to the silicon to form ntype
silicon (excess negative charges), and boron atoms soak up
eectrons from the silicon, leaving holes (missing electrons)
which behave like excess positive charges (p-type silicon). A
p-n junction can be formed close to one surface by alowing
boron to diffuse into the surface of an ntype single crystal
wafer at high temperatures. The p-n junction formed between
the n-type silicon wafer and the p-type surface layer provides
the electric fields which give rise to the diode characteristics
as well as the photovoltaic effect. Light is absorbed in the
silicon by generating both excess holes and electrons (one
hole-electron pair for each photon absorbed). If this occurs
near the p-n junction, the electric fields present there will act
to separate the holes from the electrons, causing the holes to
build up in the p-type material and the electronsin the n-type
material. By connecting wires to the n and ptype regions,
these excess charges generated by the light and separated by
the junction can be made to flow through an external circuit
to provide power to an external load. The operation of a solar
cell isillustrated schematically in Figure 1.
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Figure 1. Schematic representation of a solar cell.



Each cell can supply current at voltages up to one-haf vaolt.
At lower voltages the current supplied is nearly independent
of voltage, but varies with light intensity. The maximum
power deliverable to an external load is typically 8% to 20%
of the total solar energy incident on the cell. To obtain higher
voltages, cells are connected in series; higher currents are ob-
tained by connecting cells in parallel. Such connections are
made when cells are packaged in modules. The modules then
become the building blocks for arrays designed to meet spe-
cific needs of customers.

In order for the solar cell to work as described, the silicon sur-
face must be accessible to the incident light. Therefore the
exposed surface cannot be covered with a metal conductor.

However, metal contact to the surface is needed to pick up the
current, so at least part of the surface must be covered. The
trick is to cover as little of the surface as possible while pro-
viding sufficient current-carrying capacity and widespread
distribution of pickup points over the surface to avoid any
significant power dissipation in the contacts. For this reason

the contact is put down in the form of a grid. A typical solar
cell with grid contact is pictured in Figure 2.

Figure2.
Typical solar cell showing
electrode grid pattern

C.ENERGY STORAGE

The total energy received from the sun in one year at any
specific location on the earth is amazingly constant. The
variation from year to year is less than 10%. However,
within one year large variations occur both seasonally and
daily, much of which is unpredictable. To avoid power out-
ages a night and during inclement weather, some means of
storing the energy generated on sunny days must be ean-
ployed. Many photovoltaic generator systems in use today
employ rechargeable electric storage batteries for this pur-
pose. Therefore, standard solar cell modules are designed to
provide the correct output voltage to efficiently charge these
batteries. The solar generator array is designed to provide all
the energy required by the load over the year. The storage
battery ects as a buffer between the solar array and the load,
supplying power to the load during periods of low sunlight
(and no sun) and accepting charge from the array during pe-
riods of high sunlight. Therefore, its state of charge may vary
seasonally as well as daily; the average sunshine during the
winter may be insufficient to supply theload, but thisinsuffi-
ciency will be made up by an excess of sunshine during the
summer. The capacity amp hours of the storage battery must
be chosen to meet these demands.

Large solar systems are more cost effectiveif they combine
other technologies such iswind micro hydro, or fuel powered
DC generator. Using other technol ogies to generate power at
night reduces both battery cost and maintenance. Also sup-
plementing PV power during winter reduces PV array cost.

D. SOLAR GENERATOR SYSTEMS

In addition to a properly sized solar cell array and storage
battery, a complete solar electric generator system will in-
clude a blocking diode and/or a voltage regulator to prevent
battery current drain through the solar cell array at night. In
complete darkness, the solar array is simply a string of d-
odes which would be forward biased by the storage battery.
The blocking diode between the solar array and battery
(Figure 3) alows current to flow from the array to the bat-
tery, but not from the battery to the array.

A voltage regulator should be included in a complete system
to avoid overcharging the battery. This will occur when the
battery is fully charged, and the solar array is till supplying
more power than the load demands.

The following sections describe the concepts and methods
used in designing or choosing the various components of the
solar electric generator system. The concepts and methods
used to determine the most economical complete system
which meets the application needs (system sizing) are also
described.
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Figure 3. Electrical schematic of a
complete solar electric generator system.



1. System Components

A.MODULE DESIGN

It is common to describe the size of solar photovoltaic arrays
interms of their peak power output; i. e., the maximum power
that can be delivered to a matched load when the incident
sunlight is 100 mW/cm?. However, by itself, thisis not asig-
nificant parameter in the design of a solar array battery charg-
ing system. Both the current and the voltage characteristics of
the solar array must be considered in conjunction with the
battery voltage characteristics to obtain a proper match te-
tween the two. This means that the power must be supplied to
the battery at a high enough voltage to fully charge the bat-
tery. For atypical 12-volt lead-acid battery, this voltage can
range up to dlightly over 14.7 volts.

I-V curves for atypical solar cell module with 100mW / cn?
incident sunlight are shown in Figure 4. Both curves were ob-
tained from the same module, but the temperature of the solar
cells in the module was different, as indicated. The maximum
power point of each curve is indicated by the arrow. This
module contains 35 cells of 100mm diameter, all connected in
series, and was designed for charging a 12-volt lead-acid bat-
tery. Note that the solar module behaves essentially as a con-
stant current source nearly independent of voltage below the
maximum power point, but that current falls off rapidly with
increasing voltage above the maximum power point. The volt-
age at which this faloff occurs depends on the number of
cells connected in series (and on their temperature). By
choosing 35 cells, the module can supply the fully rated cur-
rent of 2.25 A to the battery even when it is aimost fully
charged (14 volts charging voltage) at cell temperatures up to
60°C, and while accommodating voltage drops across a diode
and 0.3 V across the cable leads. This allows the nominal cur-
rent rating of this module to be used in sizing systems without
temperature derating for most applications. Although an addi-
tional cell in series (36-cell module) would cause the current
drop-off to occur at higher voltage, and increase the power
rating of the module and its cost, no benefit would be derived
for charging the standard 12-volt battery.
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Figure4. 1-V Curves of a Solar Power Corporation Module

As shown in the figure, the voltage falloff occurs at lower
voltage as the temperature of the solar cells increases. The
amount of this shift in falloff voltage is given approximately
by 0.5% per degree celcius. By this means, temperature
deraing of modules can be taken into account when sizing
systems.

The constant charging current nature of a solar cell array
properly matched to the storage battery allows system sizing
to be computed in terms of ampere hours. Thisis very con-
venient because this quantity is very nearly conserved in a
storage battery. Ampere hours out amost equals ampere
hours in, even though power out is less than power in (amps
come out at alower voltage than they go in). In addition, the
current supplied by the solar array is directly proportional to
the incident sunlight. This does not affect the constant cur-
rent nature of the solar array with respect to voltage; one
should imagine the entire FV Curve moving up and down
aong the current axis in direct proportion to the changesin
sunlight intensity. This feature leads to a direct correspon-
dence between integrated sunlight data and total ampere
hours supplied by the array, independent of the sunlight in-
tensity.

The current level obtained from a module of series
connected cdlls, as shown in Figure 4,is the same as that ob-
tainable from a single cell in the module; thisin turn, is de-
termined by the exposed surface area of the cell. To obtain
lower current levels than those shown, the module would
have to be built with smaller diameter cells. However, the
number of series-connected cells to match a given storage
battery is independent of cell size. Higher current levels can
be obtained either by using larger cells, if they are available,
or by connecting modules in parallel. In the latter case, the
total current obtained is the sum of the current from the indi-
vidual modules. This does not change the voltages at which
the current drops off, which isfixed by the number of cellsin
series in each module. For example, two identical modules
connected in parallel would give the identical curve shownin
Figure 4 if the current scale were doubled.

Different battery voltages are accommodated by connecting
modules in series. If one module is properly sized in voltage
for a 12-volt storage battery, then two such modulesin series
would be properly sized for a 24-volt battery. Thus, a spe-
cific application may require modules to be connected both
in series and in paralel: series-connected to match the spe-
cific battery voltage, and additional modules connected in
paralel to provide the required current generating capacity.
The procedure for determining the required current genera-
ing capacity, called sizing the system, is described else-
where.

The arguments on module design in this section were based
specificaly on the 1-V Curve shape shown in Figure 4,
which is typical of modules using solar cells manufactured
by Solar Power Corporation. However, other solar cells may
give rise to different curve shapes which could modify the
arguments for the number of series-connected cellsto charge
a12-volt battery. In Figure 5, Curve a. has the same shape as
the solid line curve of Figure 4. If this module had been con-



structed of cells having excessive current leakage, the FV
Curve would look something like Curveb. in Figure 5. In this
case, the nominal current rating of the module would have to
be specified at alower value, and conceivably it might be ad-
vantageous to put additional cellsin seriesto minimize further
derating at higher cell temperatures. If the module were con-
structed of cells having excessive series resistance, the +V
Curve would look something like Curve c. in Figure 5. In this
case, it isclear that additional series-connected cells would be
advantageous to reduce the very large derating which this
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module would exhibit at higher cell temperature. Also, the
direct correspondence between integrated sunlight data and
total ampere hours supplied by the module would no longer
be independent of sunlight intensity, unless the number of
series-connected cells were increased by about 25% for the
case shown. This would seriously impact its cost. Thus,
knowledge of the detailed shape of the I-V Curveis essential
for proper module design.

B.BATTERY SYSTEM DESIGN

The magjor factors influencing the adaptation of storage batter-
ies for use with solar panels are: the battery type required, the
voltage, the ampere-hour capacity, and the environment in
which it will be operating.

The two most common types of storage batteries used in solar
electric generator systems are the various lead-acid types and
nickel-cadmium (wet). It isimportant that batteries have low
self-discharge and high cycle capacity. As the battery ages,
sdlf-discharge loss increases and the battery itself becomes a
load to the solar electric system. Self-discharge is an impor-
tant factor for determining when to replace the battery.

Battery capacity must be specified for the environmental con-
ditions to which the battery will be exposed. Batteries are nor-
mally rated for operation a normal temperatures (between 0
and 30° C). When the battery cannot be insulated from abnor-
mally cold temperatures (e. g., -20 to -40°C) by burid or
placement is an insulated enclosure, it is necessary to derate
its capacity. It cannot be alowed to discharge to the point
where the electrolyte will freeze. The derating factor can be
obtained from the known variation of freezing temperature

with the specific gravity of the electrolyte shown in the fol -
lowing chart.

Freezing Points of atypical Lead-Acid Battery Electrolyte:

Specific Gravity Freezing Point Specific Gravity Freezing Point
(at25°C) (°c) (at25°C) ©0)
1.300 -71 1181 -22
1.283 -71 1164 -18
1.266 -60 1.147 -15
1.249 -51 1.130 -12
1232 -40 1115 -10
1215 -32 1.100 -8
1.198 -27

One other factor influencing overall system design is the bat -
tery charging efficiency. Up until the battery reaches 90% of
full capacity, the solar panel chargesthe battery essentialy in
a constant current fashion. Therefore, the system designer
need only be concerned with ampere-hour charging effi-
ciency of the battery. This efficiency istypicaly 95 % accep-
tance or greater at normal tempergures. The bulk of the
charging inefficiency manifests itself in the form of voltage
level. The battery requires a higher voltage to accept a cer-
tain number of ampere-hours than it provides when the same
ampere hour capacity is drawn off. Also, as the battery cools
down, the charging voltage increases. However, thisis offset
by the fact that the silicon solar cell -V Curve extends far-
ther out on the voltage scale as temperature decreases.

Asthe battery reaches and exceeds 90% of capacity the solar
array current decreases rapidly with increasing voltage. If the
solar panel voltage (i.e., number of cells in series) and cur-
rent outputs have been carefully matched to the load, this
will provide a self regulating mechanism. However, when
the solar array outputs exceed the load regquirements by more
than 20%, an external voltage regulator is required to avoid
excessive overcharging of the battery. This situation can
arise because the sum of the various calculations for the load,
PV array output, battery charge efficiency, and insolation
will yield an inprecise result.

Batteries used with solar electric generator systems fre-
quently operate under conditions which favor eectrolyte
gtratification: the battery bank is stationary, and charging and
discharging currents are low (typically less than 1% of bat-
tery capacity per hour). Under such conditions, it may be de-
sirable to allow occasional mild gassing of the electrolyte to
provide for mixing.

Nickel -cadmium batteries exhibit low self-discharge losses,
and are more tolerant of accidents than are lead-acid batter-
ies. For example, they will fully recover from freezing (the
eectrolyte becomes slushy). Complete discharge to zero
volts however can lead to cell reversa. Excessive over-
charging will not damage the battery, but of course, the water
lost from the electrolyte must be replaced. These advantages
are often offset by high cogt, voltage inefficiency (charging
voltage 15% higher than discharging voltage, compared to a
5% changefor lead acid batteries), and lower voltage per cell
resulting in more cells to obtain a given battery voltage than
lead-acid systems.



C. BLOCKING DIODE
If the voltage regulator does not prevent reverse bias at night
then a blocking diode should be incorporated i nto the system.

To prevent current drain through the solar array at night, a
blocking diode is connected between the battery and the solar
array (Figure 3). Two types of diodes are used in Solar Power
Corporation’s systems: the p-n junction silicon diode and the
Schottky barrier diode. Both are available with a wide range
of current ratings. The Schottky barrier diode, while consid-
erably more costly than the pn device, has a low forward
voltage drop of 0.4 volt as opposed to the p-n diode' s 0.7 volt
to 0.9 volt. This lower voltage drop allows a savings of one
solar cell in each series string of the solar array. Therefore,
the array is more efficient since not as much power is dissi-
pated in the blocking diode.

For system voltages greater than 100 volts, however, a pn
junction diode should be used because the p-n diode can with-
stand higher reverse voltages than the Schottky diode. At
night, the battery reverse biases the blocking diode. For maxi-
mum reliability, Schottky diodes are replaced by the higher
reverse bias rated pn junction diodes in systems of greater
than 100 volts.

In addition to the concern shown for diode losses, all cable
conductors and interconnecting wires for each array are of a
sufficiently large wire gauge to insure that at 100mwW/cn?
incident intensity all resistance-caused voltage drops are less
than 0.3 volt.

D.VOLTAGE REGULATOR

A voltage regulator is recommended for those systems that
might otherwise experience excessive overcharging of the
battery.

I11. System Sizing

A.INSOLATION DATA

The amount of solar radiation received and the daily energy
demand are the two controlling factors in the design of photo-
voltaic power systems. The selection of raw insolation data to
be used in the design of a solar array system is dependent on
the location and meteorological conditions prevailing between
the data station and system location. Other contributing fac-
tors are the units in which the sunlight data is expressed, the
source of the data (i.e., the recording agency), the various
types of detecting instruments used, and the period over
which the data was accumulated. Ground cover such as snow
can effect array output through reflection. Ambient tempera
tures aso effect output. Increasing temperatures lowers out-
put voltage (current is not effected).

In most cases, a proposed solar array instalation is located
away from populated areas. Most of the solar radiation re-
cording stations are centered around major cities or in popu-
lated locations. Therefore, selection of a suitable sunshine
data station requires a careful match between both the cli-
matic and geographical conditions. Since afew hundred miles

separation between recording stations and installation location
may have profound effects on prevailing sunlight conditions,
factors such as terrain differences (mountain range, arid or
heavily vegetated regions, proximity to large bodies of water),
elevation differences, and physical distance must be weighted
for each location. The aim in selecting a data station location
is to find one with a similar climate, a close match in latitude
(since tilted gain figures are a function of latitude) and longi-
tude, and at least three years of accumulated data readings.

Since the sunlight datais expressed as monthly average, day-
to-day variations will be smoothed out over the month. Long
term weather conditions resulting in abnormally heavy snow
falls, rainy or overcast periods, and excessively dry, clear
weather may occur during agiven year, affecting monthly and
yearly averages of the solar radiation data recorded. However,
over several years, such occurrenceswill tend to average out.

Sunlight data is available in many different forms. Weather
services generaly report the percentage of possible sunshine
actually received day to day and the number of hours of sun-
shine received. This data is useful for determining the cli-
matic conditions of an area, but is not normally used in the
design of a solar electric generator, which requires a know-
edge of the total energy received. Approximate energy figures
could be obtained by making some assumptions about
weather and sky conditions, but the results would be much
less reliable than even short duration data recorded in energy
units, and therefore is rarely used. Since the sunlight is a day-
to-day variable, monthly and yearly averages are most adapt-
ableto usein systems design.

Some of the commonly used energy units are watts per sg.
meter, BTU’s per sg. ft. and calories per sg. cm (Langleys).
BTU’ s per sq ft are most commonly used by people designing
solar thermal collectors, while the Langley isextensively used
in the design of solar electric generators. However, other en-
ergy units are useful after the correct conversions have been
made to more convenient forms.

Two final factors involved in the selection of a solar data sta
tion are the recording agency and the instrument used in ob-
taining the data. A publication by the University of Wisconsin
has compiled solar energy data for many areas of the world
entitled “World Distribution of Solar Radiation.” For the most
part, solar energy is recorded by the national meteorological
and westher service. For the United States, the data is com+
piled by the Department of Commerce, Weather Bureau Cli-
matological Center. For other areas of the world local weather
services, the World Meteorological Organization (WMO),
various university and private field installations, and in some
cases, private individuals are the sources for insolation data.

The magjority of instruments used in recording solar radiation
are either thermo-éectric or bi-metalic expansion types.
Other instruments include devices that record solar radiation
by means of discoloration of awax coated chart. In the United
States, Europe and Africa, the thermo-electric type recording
instruments (pyranometers) are widely used. With a well
maintained instrument, accuracies of 3% to 5% are obtain-
able. In South America and Asia, the bi-metallic expansion
type instrument is more widely used. However, a well main-
tained bi-metallic expansion instrument will have a lower ac-



curacy than the thermo-€lectric type. Deviations of at least ten
percent (10%) or greater can be expected. The wax coated
strip chart recorder and other similar instruments provide
meaningful data only when the incident solar energy is at
relatively high levels. They are unable to record lower level
diffuse radiation which in some areas comprises a consider-
able portion of the insolation received. Generally, these types
of data stations are not used in solar electric generator design.

B. WEATHER AND CLIMATIC DATA

In the design of solar electric generator systems, other cli-
matic conditions apart from sunlight must be considered.
Since the voltage of silicon solar cellsisatemperature related
parameter, the designer must be aware of the prevailing daily
temperatures, both extremes (high and low) and seasond
variations. In addition, rain and snowfall must be considered
in the design of the mounting structure. Wind loading is espe-
cially important in mountain top instalations. Infrequent
weather phenomena such as hail storms, electrical storms, and
incidence of fog should also be investigated as to their effects
on systems operation. For the United States, the Environ
mental Science Services Administration has compiled a
“Climatic Atlas of the United States’ listing much of the
above data. Also, from the National Climate Center, the
Weather Service publishes monthly summaries of the weather
conditions at their stationslocated throughout the country. For
other areas of the world, the data is not as extensive and is
usually found in university studies or through the WMO re-
cords.

As in the case of sunlight stations, weather information must
aso be adapted to the specific installation area. Temperaure
is most commonly adjusted. Differencesin elevation result in
large temperature changes. Thorough design takes this into
account and adjusted temperature data is substituted for the
raw data.

C. COMPUTER AIDED SYSTEMSDESIGN

There are programs to aid in the design of solar electric gen-
erator systems. The programs can be operated in a totally
automatic mode or they can be operated in a conversational
mode where the operator (the solar electric generator de-
signer) can ask for different systems to be visualy displayed
to satisfy specia requirements. However, the purpose of the
programs is to facilitate the selection of the optimum combi-
nation of solar cells, a battery bank, and generator for a par-
ticular power requirement.

Only in the vicinity of the equator is a horizontal panel fully
utilizing the available solar energy. As you move either north
or south in latitude, the optimum angle of tilt moves with you.
For year round average, the best tilt angle is the same as the
latitude of the installation location. However, generally during
the summer months there is an excess of sunlight, while dur-
ing the winter months the solar energy isat alow level dueto
the shift in the sun’'s position. By increasing the tilt angle of
the solar panel (with respect to the horizontal) 5° to 15° more
than the latitude, significant gains can be obtained during the
winter months while sacrificing some of the excess energy
received in the summer months. This procedure is not useful
in every system, but in some cases it can reduce the size of
the solar panel/battery system asillustrated in the example at
the end of this section. For solar refrigeration, air condition-

ing, and some water pumping applications array optimiza-
tion for summer months is desired. Most program use flat
Langleys (cal/sq cm) averaged over a month’s time. This
information along with the location name, its latitude, lon-
gitude, and elevation are aso fed into the computer at the
start of the design procedure. At thistime, temperature val -
ues reflecting the adjustment for elevation or other geo-
graphical differences between recording station and use
area are also entered. The program then automatically re-
turns a printout of equivalent daily Langleys for each
month of the year and ayearly average for auser’s specific
tilt range or the programs selects the tilt angle.

The equivalent tilted Langley datais the combination of a
derived gain factor and the flat Langley data. In calculating
the gain factors, the computer goes through routines that
develop numbers relating time of year and sun position to
length of day. Two numbers are generated under length of
day; the day length on a horizontal surface and the equiva-
lent day length on a tilted panel. Combining the proper
length of day for a specific tilt angle and the percentage of
total daily energy received for each hour of the day with
day length, again factor is generated.

The gain factor, if directly applied to the flat Langley data,
would give very large gains during the winter months
while showing only modest decreases in the summer
months. This is due mainly to the type of energy received
in these periods of the year. The two types of radiation, di-
rect and diffuse, play alarge part in determining the magni -
tude of the gain factor. Direct radiation can be improved
significantly by alignment with the sun, but diffuse radia-
tion is not very sensitive to orientation. The computer pro-
grams should have correction factors for this diffuse light
with the variation of diffuse light with both time of the year
and | atitude.

Most programs are concerned with the combination of

customer power requirements, available solar energy for

hisinstallation area, climatic factors, available solar energy
devices, and battery voltage, type, and capacity. In addi-
tion, programs generates a detailed Systems Design Report
for the optimum system. Included in this report is informa-
tion on the data |l ocation used, the tilt angle of the array and
the expected solar radiation for that tilt angle as it varies
month to month, the expected solar electric generator out-
put in ampere-hours per day, the average daily high tem-
perature for the installation, and the average state of charge
of the battery as it varies from month to month. In addition,
the location of installation and the data stations, the model
number of the solar array, and the suggested battery type
and capacity are also provided. All of the above are gener-
ated automatically by the computer. In selecting the opti-
mum system, the computer may run through many differ-
ent combinations of tilt angle, solar cells, and batteries be-
fore the optimum system is found.

Most programs go through a temperature derating routine
in order to use current and voltage vaues in the various
calculations that reflect the expected currents and voltages
from the solar array at the instalation site. At the same
time, the effect of variation in the battery state of charge on
its charging voltage is taken into account. The resulting



currents and voltages are combined with the various corrected
tilt angles to find the output of test arrays. The computer then
offersthe system to the designer for inspection.

In practice, the computer calculates the smallest possible solar
panel for each tilt and power requirement. At the same time,
the computer compares the solar array output against the load
requirements and generates the battery capacity necessary to
operate the system during periods of low sunshine. Typica
programs include a specific number of no sun days’ of battery
storage. A “no sun day” is one in which it is assumed the so-
lar array provides no power to either the battery or the load.
(In redlity, the solar pand will provide some power even dur-
ing heavy overcast days.) The number of “no sun days’ is se-
lected by the designer. In determining this number, a quick
check of extended periods of overcast weather and a check of
the climatein general istaken. For example, in desert or semi-
arid regions, 5-days storage is generally added, while in areas
of heavy fog with much coastal cloudiness, such as found in
the North Sea or the Gulf of Mexico, 20 to 30 days are re-
quired. (U.S. Coast Guard regulations require the use of 30-
days storage in offshore solar energy power systems.)

In calculating a “minimum” system, the solar panel must pro-
vide, on a yearly average, the customer’s load plus an extra
10%. This added 10% allows for a bad year in sunshine, the
sdlf-discharge of the battery system (only when low loss bat-
teries, 1% per month, are used), and other minor variations
that may occur.

The computer program can handle systems of many different
voltage and ampere-hour drains. It aso has separate routines
for derating depending on the type of

storage battery specified (lead-acid, low and high sdlf-
discharge types, or nickel -cadmium type batteries). In addi-
tion, the computer can select a minimum battery capacity re-
quired when the battery is subjected to extremely low or high
temperatures. Automatic oversizing can be selected to alow
sufficient reserve capacity for when the battery isat its lowest
state of charge and operating in temperatures from -20°C to -
40°C.

All of the above procedures can be performed automatically
when a system consisting of a constant daily load and no spe-
cia environmental factors is designed. When a system with
specia conditions presents itself, the operator can take advan-
tage of the computer’s calculating speed while maintaining
control over theimportant parameters.

An example of system sizing is shown in the computer print-
out reproduced in Figure 7. Thisisfor a12 V system located
in Boston, MA. The load is a constant 15 amp-hours per day.
Thefirst row of data (FLT LNGLY S) showsthe average daily
number of Langleys incident on a flat surface each month.
The second row (TEMP) is the average daily high tempera
ture (°C) for each month, which is used for temperature dera-
ing of modules when required. From this input data, the com-
puter picks the optimum system of solar modules, battery ca
pacity, and array tilt angle which provides at least 10% in ex-
cess of the load requirement over the year, and prints the out-
put data shown in the columns.

TYPICAL SYSTEMS DESIGN REPORT

DATE: 7/31/95
LOCATION: BOSTON MASS
DATA LOCATION: BOSTONNA

DATA LATITUDE: 42.33N

DATA LONGITUDE: 71w
MONTH JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
FLT LNGLYS 139 198 293 364 472 499 496 425 341 238 145 119
TEMP 0 5 5 10 20 25 25 25 20 15 10 5

TILT 65

LOAD 15.0 SERES =1 PARA =2

MONTH TEMP  LNGLYS LOAD OUTPUT DFCTS SURPL
JAN 0 291 15.00 15.2 0.0 6.2
FAB 5 323 15.00 16.8 0.0 50.8
MAR 5 376 15.00 19.6 0.0 142.6
APR 10 350 15.00 18.2 0.0 96.0
MAY 20 370 15.00 19.3 0.0 133.3
JUN 25 354 15.00 18.5 0.0 105.0
JuL 25 364 15.00 19.0 0.0 124.0
AUG 25 371 15.00 19.3 0.0 133.3
SEP 20 390 15.00 20.3 0.0 159.0
OoCT 15 366 15.00 19.1 0.0 127.1
NOV 10 305 15.00 15.9 0.0 27.0
DEC 5 275 15.00 14.3 21.7 0.0
AVE/TOT 0 344 15.00 17.9 21.7 1104.3

LOW SUN STORAGE 21 AHRS
15 DAYS STORAGE 225 AMRS
TOTAL <@ 100 HR RATE> 246 AHRS

LEAD ACID BATTERY SYSTEM

Figure 7. Computer printout of system sizing data

In the example shown, the computer has chosen a solar array
consisting of two modules, wired 1 in series, 2 in paralédl,

and has chosen to tilt the array 650 from the horizontal, fac-
ing due south. Thefirst column (TEMP) repeats the tempera-
ture data in the second row. The second column (LNGLYS)
gives the average daily number of Langleys incident each
month on asurfacetilted at 65°.

The third column (LOAD) is the constant 15 amp-hours/day
load of this example. The fourth column (OQUTPUT) is the
average daily output of the solar array each month, in amp
hours. Depending on whether the output is greater or less
than the load, there will be a surplus or a deficit each month.
These are recorded in the last two columns, headed DFCTS
and SURPL, asthetotal amp hours for the month. For exam-
ple, in December the average output is 14.3 amp hours/day,
which is 0.7 amp hour/day less than the load requires. The
total deficit for December is therefore, 0.7 amp hour/day x
31 days -21.7 amp hours. The last entry in these two col-
umnsisthe sum of the monthly deficits and surpluses for the
whole year. The tota deficit for the year becomes the “low
sun” storage component of battery capacity. To thisis added
15 days of “no sun” storage (15 amp hourg/day x 15 days -
225 amp hours) to give the total required battery capacity of
247 amp hours. The net surplus (total surplus minus total

deficit) is 19.7% more than the load requires which just ex-
ceeds the design requirement of at least 10% oversize.

Based on the monthly deficit and surplus, the expected varia-
tion in state of charge of the battery can be deducted. The
result is plotted in Figure 8. The accumulation of deficits
during the winter months leads to the partial discharge of the



battery during that period as shown. The provision for 15 days
“no sun” storageisalso indicated.

The maximum output over the year from a solar array with a
fixed tilt occurs when thetilt is approximately the same asthe
latitude of the location. Therefore, one may wonder why the
computer didn't pick a tilt angle closer to 42 degrees in the
example shown. The reason becomes clear if we examine the
data for atilt of 450 (Figure 9). In this case, the same solar
array is required (two modules connected in parallel) and the
net output over the year has increased from 19.7% oversize to
28.9% oversize. However, the total deficit accumulated over
the winter months has aso increased, amost quadrupling the

Battery Capacity
(% of Rated Capacity)

100

80 [—

o - {

40 — 15 Days "No Sun"
— Storage at Worst
Time of Year

July Aug Sept Oct Nov Dec Jan Feb Mar Apr May June

Battery State of Charge

Figure 8. Battery State of char ge (monthly aver age)

TILT 65

LOAD 15.0 SERIES= 1 PARA =2

MONTH TEMP LNGLYS LOAD OuUTPUT DFCTS SURPL
JAN o 291 15.00 15.2 0.0 6.2
FAB 5 323 15.00 16.8 0.0 50.8
MAR 5 376 15.00 19.6 0.0 142.6
APR 10 350 15.00 18.2 0.0 96.0
MAY 20 370 15.00 19.3 0.0 133.3
JUN 25 354 15.00 18.5 0.0 105.0
JuUL 25 364 15.00 19.0 0.0 124.0
AUG 25 371 15.00 19.3 0.0 133.3
SEP 20 390 15.00 20.3 0.0 159.0
OoCT 15 366 15.00 19.1 0.0 127.1
NOV 10 305 15.00 15.9 0.0 27.0
DEC 5 275 15.00 14.3 21.7 0.0
AVE/TOT o 344 15.00 17.9 21.7 1104.3

LOW SUN STORAGE
15 DAYS STORAGE
TOTAL <@ 100 HR RATE>

21 AHRS
225 AMRS
246 AHRS

LEAD ACID BATTERY SYSTEM

TILT 65

LOAD 15.0 SERIES 1 PARA =2

MONTH TEMP LNGLYS LOAD OUTPUT DFCTS SURPL
JAN o 273 15.00 14.2 24.8 0.0
FAB 5 315 15.00 16.4 0.0 39.5
MAR 5 393 15.00 20.5 0.0 170.5
APR 10 395 15.00 20.6 0.0 168.0
MAY 20 446 15.00 23.3 0.0 257.3
JUN 25 434 15.00 22.6 0.0 228.0
JuUL 25 441 15.00 23.0 0.0 248.0
AUG 25 431 15.00 225 0.0 2325
SEP 20 419 15.00 21.8 0.0 204.0
OoCT 15 367 15.00 19.1 0.0 127.1
NOV 10 284 15.00 14.8 6.0 0.0
DEC 5 255 15.00 13.3 52.7 0.0
AVE/TOT o 371 15.00 19.3 83.5 1674.9

LOW SUN STORAGE
15 DAYS STORAGE
TOTAL <@ 100 HR RATE>

83 AHRS
225 AMRS
308 AHRS

LEAD ACID BATTERY SYSTEM

Figureo.

low sun storage requirement on battery capacity (from 21 to
83 amp hours)~ Therefore, a larger and more expensive bat-
tery would be required. Since the additional output of the so-
lar array tilted at 45° cannot be utilized in this application, itis
clearly more economical to tilt the array at 65° and take ad-
vantage of the smaller storage battery thisallows.

D.FIELD SIZING TECHNIQUES

Sometimes it is desirable to obtain a quick field estimate of
the solar array size required for a specific application. In
many cases a reasonably good estimate can be obtained from
a few simple calculations. The daily load (amp hr/day) must
be obtained aong with the yearly average of the daily
sunlight incident at the proposed installation site. The incident
sunlight (Langleys/day) can usually be obtained from a publi-
cation by the University of Wisconsin entitled “World Distri-
bution of Solar Radiaion”. It is convenient to multiply the
average number of Langleys/day by the factor 0.0116 to con-
vert the total sunlight energy received during the day to an
equivalent number of hours of peak sunlight (defined as 100
mW/cn?). This is because module output specifications are
quoted for incident peak sunlight of 100 mW/cn?. Therefore,
module output (amp hr/day) is simply its rated charging cur-
rent output multiplied by the equivalent number of peak
sunlight hours/day.

Thetotal number of modulesin the array is given by the num-
ber connected in series multiplied by the number connected in
paralel. The number in series is known when the battery volt-
age of the application is specified. Most modules are made to
match a pre-specified nomina system voltage such asa 12V
lead-acid battery. A 12V system, therefore, requires one mod-
ulein series, a 24V system requires two in series, and so on.
The number of modules connected in parallél is obtained sim-
ply by dividing the daily load (amp hr/day) by the average
daily module output (amp hr/day) as determined above. The
following exampleillustrates this procedure.

EXAMPLE

A 24v mountain top radio repeater located near Grand Junc-
tion, Colorado draws 6 amps when transmitting (20% of the
time), but only draws 0.5 amp during standby and receiving
(80% of the time). The daily load is 38.4 amps hrs/day.

Load =6 ampsx 4.8 hrs) + (0.5 amp x 19.2 hrs)
=28.8+96
= 38.4 amp hrg/day

At Grand Junction, the annual average Langley reading is 454
Langleys/day. Multiplying by 0.0116 gives 5.27 equivaent
hours of peak sunlight per day. The specifications for the
module chosen indicate an output current of 2.25 amps at the
battery charging point under peak sunlight conditions. There-
fore, the average daily output of each module is 2.25 amps
multiplied by 5.27 peak sunlight hours which gives 11.86 amp
hrg/day.

Peak Sun Hr = 454 Langleys/day x 0.0116
=5.27hrs.



Module Output = 2.25ampsx 5.27 hrs.

The number of modules connected in parald is obtained by
dividing the load (38.4 amp hrg/day) by the module output
(11.86 amp hrs/day), which gives 3.2 modules. Because frec-
tional modules are not available, the next whole number of

=11.86 amp hrs/day

modules must be used (4 modules).

No. Parallel Modules =L oad/Modul e Output

Sincethisa24 V system, there are 2 modules connected in
series. The complete array will, therefore, contain eight (8)

modules.

Total Number

=38.4/11.86
=32
= 4 whole modules

= No. Seriesx No. Pardl€
=24
= 8 modules

Figure 10. Typical six module array

BATTERY CAPACITY

Only very rough estimates of required battery capacity can be
made in the field. The system sizing procedure used in the
field gives no indication of the seasona deficits which will
accumulate. A rough rule of thumb is given in the following
table, which gives battery capacity in terms of the number of
days of storage required for different latitudes. The table g
plies only to locations having norma weather conditions. The
estimator must use his own judgment about local weather

conditions.

Latitude
o°- 3°
30° - 40°
40° - 50°
50°+

Days storage
5-10

10-15

15-20

20+

Battery capacity estimates obtained thisway arelikely to be

conservative.

The actua battery capacity required is the number of days
storage multiplied by the daily load of the system.

Inthe EXAMPLE, thelatitude of Grand Junction is 3%°N.
This gives 15 days x 38.4 amp hrg/day = 576 amp hrs battery

capacity.



