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ABSTRACT

different applications, are presented. These include warning signals, li

cathodic protection. Each example presents a system sizing technique that

a consistent system sizing technique.

from a PV system requires.

» consistent sizing calculations,

* knowledge of hardware availability and performance,

* use of good engineering practices when instaling equipment, and
» developing and following a complete operation and maintenance

These issues and others are discussed in this handbook.

Distribution
Category
uC-270

STAND—ALONE Prortovorraic SYSTEMS

RECOMMENDED DESIGN PRACTICES

This document presents recommended design practices for stand-alone
photovoltaic (PV) systems. Sixteen specific examples of PV systems, designed for

ghting,

refrigeration, communications, residential, water pumping, remote sensing, and

can be

completed using the worksheets provided. The calculations are simple and
straight-forward. In addition to sizing calculations, each example includes infor-
mation about available hardware, wire sizes, and a line-drawing to illustrate
installation techniques. However, the focus of this document is the presentation of

Stand-alone PV systems operate reliably and are the best option for many
remote applications around the world. Obtaining reliable long-term performance

plan.

Abstract



FOREWORD

This popular handbook presents a consistent method for sizing PV
systems. Over 25,000 copies have been distributed worldwide since it was
first published in 1988. It was written by systems engineers with hands-on
experience with PV system design, installation, and operation. It has been
updated several times to stay current with the latest hardware and engineer-
ing techniques. This version reflects recent field experience with component
reliabilities and system lifetime.

The selection and proper installion of appropriately-sized components
directly affects system reliability, lifetime, and initial cost. The designs
presented here represent real applications and illustrate some of the trade-
offs necessary in system design and component selection. The example
systems are adequate for the application, and the initial cost is reasonable.
Using more batteries and increasing PV array size may extend the life and
reliability of a PV system designed for a specific application but will increase
the initial cost. It's a trade-off.

This Handbook includes many details on system hardware, installa-
tion, and operation. However, exhaustive coverage of all issues is not
intended. The information on operating and maintaining (O&M) a PV
system is intentionally brief because Sandia National Laboratories publishes
a companion document titled Maintenance and Operation of Stand-Alone
Photovoltaic Systems. Likewise, the electrical drawings may not show all
components required by the National Electrical Code (NEC). Information on
applying the NEC to PV systems is discussed in the document Stand-Alone
Photovoltaic Systems and the National Electrical Code. Both documents are noted
in Recommended Reading, page 86, and are available from the PV Design
Assistance Center at Sandia National Laboratories.

Brand names for components used in the representative systems were
available commercially in the United States in 1994. Use of a specific product
does not constitute an endorsement of that product by Sandia National
Laboratories or the United States Government, nor indicate that it is the only
(or best) option. Each reader is encouraged to compare component perfor-
mance and cost from known vendors. The number of equipment deders is
increasing throughout the world. Most dealers have experience with system
design and installation using compatible components. The PV system
vendors in your country are your best information resource.

Foreword
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STAND-ALONE PHOTOVOLTAIC SYSTEMS

A HANDBoOOK OF
RECOMMENDED DESIGN PRACTICES

This handbook contains:
Recommended practices for design, installation, operation, and maintenance of stand-

alone PV systems.
A consistent method of determining system size and specifications.
Complete PV system designs for 16 applications.

This handbook on photovoltaic (PV) systems is intended for a broad audience--from
beginners to professionals. It includes 16 sample system designs for practical applications.
The number of PV system installations is increasing rapidly. As more people learn about
this versatile and often cost-effective power option, this trend will be accelerated.

The goa of a stand-alone system designer is to assure customer satisfaction by
providing a well-designed, durable system with a 20+ year life expectancy. This depends

on sound design, specification and procurement of quality components,

good engineering and installation practices, and a consistent pre-
ventive maintenance program. Each of these topics is discussed in

this handbook.

Operation and
Maintenance
Pian

System sizing is
perhaps the easiest part of

achieving a durable PV power system.

A good estimate of system size can be Sveiom

obtained with the worksheets provided Dosign o Soar

sizing methods. Photovoltaic systems sized

using these worksheets are operating

components is the key to good system design. Price/performance tradeoffs should be
made and reevaluated throughout the design process. Study the example systems. They

and the |ate§ Component Installation Assured W
performance specifica- Details \  Customer
tions. The resulting system ————l® >astaction
Analysis
successfully in many countries.
Specifications
Regardless of the method used to

illustrate how these design decisions were made for specific applications. Then, when you
start your design, obtain as much information as you can about the components you might

sizes are consistent with computer-aided
size a system, a thorough knowledge of the availability, performance, and cost of
use. You can design areliable PV system to meet your needs.

Introduction



SUMMARY OF RECOMMENDED
DESIGN PRACTICES

Recommendations for designing, installing, and operating stand-alone PV systems
are included in this handbook. These recommendations come from experienced PV system
designers and installers. The best are based on common sense. Realizing that “the
more specific the rule, the greater the number of exceptions,” some practical
recommendations are given here.

Keep it simple - Complexity lowers reliability and increases maintenance cost.

Understand system availability - Achieving 99+ percent availability with any
energy system is expensive.

Be thorough, but realistic, when estimating the load - A 25 percent safety factor
can cost you a great deal of money.

Cross-check weather sources - Errors in solar resource estimates can cause

disappointing system performance.

Know what hardware is available at what cost - Tradeoffs are inevitable. The
more you know about hardware, the better decisions you can make. Shop for
bargains, talk to dealers, ask questions.

Know the installation site before designing the system - A dite visit is recom-
mended for good planning of component placement, wire runs, shading, and
terrain peculiarities.

Install the system carefully - Make each connection as if it had to last 30 years--
it does. Use the right tools and technique. The system reliability is no higher than
its weakest connection.

Safety first and last - Don't take shortcuts that might endanger life or property.
Comply with local and national building and electrical codes.

Plan periodic maintenance - PV systems have an enviable record for unattended
operation, but no system works forever without some care.

Calculate the life-cycle cost (LCC) to compare PV systems to alternatives - LCC
reflects the complete cost of owning and operating any energy system.

Summary



Finding information.

Introducing the Brown Family.

This handbook will assist those
wishing to design, specify, procure, or
operate a stand-alone photovoltaic
(PV) system. A straightforward sizing
method is presented and illustrated
with 16 detailed examples of common
PV system designs. The manual has
four color-coded sections as shown in
Figure 1. Tan--Contents, Organiza-
tion, and Use; White--System Design
and Specifications, Y elow--Sample
Designs; and Green-Appendices.
Appendix A contains monthly solar
data for selected cities in the United
States plus worldwide solar insola-
tion maps. Appendix B contains
sample sizing worksheets with in-
structions. A glossary of commonly
used terms starts on page 87. A list of
recommended reading is provided on
page 86 for those who desire more
information.

Information about designing PV
systems is given in the white pages
of this manual. Topics include solar
insolation, system availability, differ-
ent loads, system sizing, specifying
components, installation techniques,
maintenanceand troubleshooting pro-
cedures, and economic aspects. Many
chapters include an episode about the
hypothetical Brown Family who are

How to Use this Handbook

{mq—xs

ZP» -

Stand-Alone
Photovoltaic
Systems

A Handbook of
Recommended
Design Pracitces

HOW TO USE THIS HANDBOOK
The Brown Family
[[SYSTEM DESIGN AND
SPECIFICATIONS

Calculate the Load
The Solar Resource
[ etc.

[ POINT DESIGNS
Warning Signals

Lighting
| etc.
[ APPENDICES

A - Insolation Data
B - Sample Worksheets

e

The Brown

Family
designs an ac
residential PV

system

Figiire 1. Handbook Layout.
7

planning a PV system to provide
power for their home. The
Browns' use the techniques and
practices described in this
manual to size, design, install,
and maintain their ac/dc resi-
dential system. Their decisions
and experiences are presented
for those readers who do not




want to design a system at this time practices were used. These systems

but merely become familiar with the were designed by experienced sys
design process. By reading consecu- tems engineers who know what
tively the Brown Family sections in components are available and which
each chapter, the reader can obtain an ones perform reliably and efficiently.
overview of PV power system design They use this knowledge to make
ISsues. informed design tradeoffs. The reader

should do the same.

The heart of the handbookis in
the yellow pages section. Sixteen The worksheets in Appendix B
specific system designs are presented are accompanied by detailed instruc-
and discussed. The experienced conain  tions and rule-of-thumb estimations
reader may wish to proceed directly samplePV  of key parameters (defaults). The

system

to this section to study a sample de-  gesigns.  defaults can be used if performance
sign and see how the system size was data cannot be obtained from other
determined, how system hardware Sources.

was selected, and what installation

THE BROWN FAMILY
ESTIMATES THEIR LOAD

The Browns and their ten-year-old son plan to build a home
in aremote area of northern New Mexico. Their land is over one
mile from a utility line and they have been told it might cost over
$30,000 to extend the line to their property. They learn some
people are using PV power systems for summer cabins in that
area. They want to investigate using a PV system if it can be
done without sacrificing their suburban life-style. They visit a
company in town that advertises photovoltaic modules for sale.
They describe their plans to the dealer and he encourages them
to install a PV power system. He describes his
product and gives them some literature on
modules, batteries, controllers, and inverters. He
aso tells them about some magazines that describe
owner-designed systems and presents practical
advice for the owner/operator. They visited sev-
era other dealers and picked up literature on the
components offered by each. They aso visited
those families who owned the W-powered cabins
to see how they liked their power system.

4 How to Use this Handbook



Know what you want--
know what you need-
know the difference

The Brown Family liked the idea of using clean solar power
but they wanted to know “How much it would cost?” They
found there was no set answer--it all depended on what
appliances they wanted to use. Their first step was to estimate
the average daily power demand of each appliance they wanted
to use. This was the first of a 3-step quick sizing method that one
of the dealers told them about.

1. Estimate the energy demand of the load by multiplying the
power of each appliance by the average number of hours of
use. Add 20 percent to allow for losses caused by wiring, dc
to ac conversion, dirty modules, etc.

2. Set the number of continuous cloudy days that the system
must supply power. Multiply this number by the energy
demand estimated in Step 1. Thiswill determine the amount

AC

Blender

Dishwasher

Freezer

Refrigerator

Iron

Microwave Oven
Toaster

Washing Machine
Coffee Maker
Vacuum Cleaner, Large
Electric Water Heater
Radio

Television, Color 19”
Lighting per Room

DC

Submersible Pump
Ceiling Fan
Refrigerator
Television, Color 10”
Swamp Cooler
Radio/Tape Player
Blender

Fan, 8"

Lighting per Room

Average Appliance Power Demand

Power (Watts)

350
1,200
450
330
1,000
800
1,190
450
1,200
1,260
5,000
75
150
100
Power (Watts
150
25
65
60
50
35
80
15
25

How to Use this Handbook

of usable battery storage. Usable battery stor-
age is typically 50-80 percent of the battery
capacity claimed by a battery manufacturer.
Add a factor equal to 20 percent because you
have to put more energy into a battery than
you can get out of it.

3. Determine the average daily solar energy
(peak sun hours per day) and divide this
number into the daily energy demand de-
termined in Step 1. Thiswill give the array
size.

For this first cut at the system size, the
Browns listed all the appliances they might
want to use and estimated how much time
each would be used on an average day. They
found a list of the power demand of some
common ac and dc appliances and calcul ated
how much energy would be required to run
them for the desired amount of time. For
instance, they figured the TV would run three
hours per day and this would require 150
waitts times three hours or 450 watt-hours of
energy. When they made the list the first time,
they included the use of an electric stove and
dishwasher and the energy demand was over
9,000 watt-hours per day including losses.
They thought the system should provide power



for 5 cloudy days, so they calculated they would need 45,000
waitt-hours of usable energy stored in their battery. Using the 20
percent factor to alow for battery efficiency, they calculated they
would have to put 54,000 watt-hours into the battery to get 45,000
watt-hours out. This would mean a charge of about 11,000 watt-
hours into the battery on an average day. One of the PV deders
had told them that their location receives about 5,800 watt-hours
per square meter on an average day in January if the PV array is
tilted at 55° from horizontal. This is equivalent to 5.8 peak sun
hours. They divided their daily need, 11,000 watt-hours, by 5.8
peak sun hours and estimated their PV array size at about 1,900
watts. When they next visited their PV dealer they found this
system would cost more than $20,000 installed on their prop-
erty. (This was the initial cost-they would learn about life-cycle
cost calculation later.)

They liked the idea of burning solar fuel instead of fossil fuel
but this was more than they could afford. They were learning
about tradeoffs in PV system design. Cost, performance, and
their own life-style and expectations would cause revisions to
their design. We leave them reevaluating their use of appliances
and the number of days of storage they would need.

STEP 1 - DAILY ENERGY DEMAND

Total Loss Daily
Energy Used * Factor = Load

(Watts) (20%) (Watt-hours)

7,500 * 1.2 = 9,000

STEP 2 - BATTERY STORAGE

Number Daily Battery Battery
No-Sun * Load * Loss = Storage
Days (Watts) Factor (Watt-hours)
5 * 9,000 1.2 = 54,000

STEP 3 - SOLAR INSOLATION & ARRAY SIZE

Daily Batttery Peak Array

Load * Loss + Sun = Power
Watt-hours Factor (Hrs/Day) (Watts)

9,000 * 1.2 + 5.8 = 1,860

6 How to Use this Handbook



SYSTEM DESIGN AND
SPECIFICATIONS

Why should | consider a PV
system-aren’t they expensive?

OK, life-cycle cost analysis shows PV is
a good option for my application.
What do | do now?

EcoNOoMICS

A PV system should be used if it
will cost less than alternatives. This
section discusses some factors that

affect long-term system cost. \

The cost of energy produced by

PV systems has dropped significantly %

since 1980. However, the cost of PV

energy is still higher than energy -

bought from your local utility. Also,
the initial cost of PV equipment is still
higher than an engine generator. Yet,
there are many applications where the
low operation and maintenance cost
of PV systems outweighs the low
initial cost of the generator and makes
PV the most cost-effective long-term
option, The number of installed PV
systems increases each year because
their many advantages make them the
best option. A potential PV system
owner should consider the following
iSsues:

Site Access - A well-designed PV
system will operate unattended
and requires minimum periodic
maintenance.  The savings in
labor costs and travel expense
can be significant.

System Design and Specifications

applications,

cost-effective

Modularity - A PV system can be
designed for easy expansion. If the
power demand might increase in
future years, the ease and cost of
increasing the power supply
should be considered.

Fuel Supply - Supplying conventional
fuel to the site and storing it can
be much more expensive than
the fuel itself. Solar energy is
delivered free.

Environment - PV systems create no
pollution and generate no waste
products.

Maintenance - Any energy system
requires maintenance but experi-
ence shows PV systems require
less maintenance than other
alternatives.

Durability - Most PV modules avail-
able today are based on proven
technology that has shown little
degradation in over 15 years of
operation.

Cost - For many applications, the
advantages of PV systems offset
their relatively high initial cost.
For a growing number of users, PV
is the clear choice.



System designers know that
every decision made during the
design of a PV system affects the cost.
If the system is oversized because
the design was based on unrealistic
requirements, the initial cost is in-
creased unnecessarily. If less durable
parts are specified, maintenance and
replacement costs are increased. The
overall system life-cycle cost (LCC)
estimates can easily double if inappro-
priate choices are made during system
design. Examples can be cited where
PV systems were not installed because
unrealistic specifications or poor
assumptions created unreasonable
cost estimates, As you size your PV
system, be realistic and flexible.

USE WORKSHEET
INSTRUCTIONS
AND START YOUR
SYSTEM DESIGN

Unrealistic
requirements
can drive
system costs
out of sight.

These
worksheets
show what
you need to

know to size
a PV system.

YELLOW

v

STUDY REFERENCE
DESIGNS AND
COMPARE RESULTS

DESIGN APPROACH

After studying all the issues, you
have decided that a PV system should
be considered for your application.
Now what? This handbook is
intended to help you do an initial
sizing of the PV system and give you
some ideas about specifying system
components. First, go to Appendix B
and extract Worksheets 1-5, pages
B-3 to B-8. These worksheets are basic
to any design for a PV system with
battery storage. Using them, you will

» Calculate the loads,

 Determine the PV array current
and array tilt angle,
Calculate the battery size,

» Cadculate the PV array size, and

* Determine if a PV/generator
hybrid system should be used.

POTENTIAL PV USER

—

/
%

by
WHITE

v

READ MATERIAL
ON SYSTEM
DESIGN ISSUES

y

System Design and Specifications



If you are familiar with the terms
used above, you may elect to start your
design. (Worksheet instructions begin
on page B-9). However, you may
want to check the yellow pages to see
if there is a complete design for a simi-
lar application. Read the white pages
if you are uncertain about sizing or

design issues. These contain back-
ground information and discuss
some of the tradeoffs necessary in any
PV system design. If this is your first
introduction to PV systems, you may
want to read only the Brown Family
episodes which are interspersed
throughout the manual.

STUDIES SYSTEM AVAILABILITY

THE BROWN FAMILY

It is not easy or cheap to
obtain 100% availability
from any system.

The Brown Family reassessed their plans, life-style, and
their need for all those electric appliances. They eliminated the
dishwasher and decided to use propane for cooking and laundry
needs. They also reevaluated their ideas about having electric
power available during all kinds of weather--400 percent avail-
ability. Availability has a unique meaning for a PV system
because it depends not only on reliable equipment but on the
level and consistency of sunshine. Because the weather is unpre-
dictable, designing a PV system to be available for all times and
conditions is expensive, and in their case unnecessary. They
learned that PV systems with long-term availabilities greater
than 95 percent are routinely achieved at half the cost or less of
systems designed to be available 99.99 percent of the time. When
the Browns thought about their life-style, they knew they could
decrease their energy use during periods of cloudy weather with
only minor inconvenience. They would conserve energy by
turning off lights and appliances when not in use and they could
do chores such as vacuuming on sunny days. This would
decrease the size of their battery and array and save them many
dollars.

The Browns were determined to design and install a safe
system that would last 25 years or more. They understood that
guality would cost more initialy but would save money in the
long run. Since they would not cut comers on quality they kept
the initial cost low by designing a system with a 95 percent
availability. Their plan for an energy conscious life-style made
them feel good-they were doing their part to conserve energy.

System Design and Specifications 9



CALCULATE THE LOAD

Make a list of all loads.

Group the loads by type and voltage.

Select the system voltage.

ESTIMATION

The first task for any photo-
voltaic system designer is to
determine the system load. This load
estimate is one of the key factors in the
design and cost of the stand-alone PV
system. Worksheet 1, a portion of
which is shown in the insert, should
be used to calculate average daily
loads and the result will be the sum of
the estimated loads for both ac and

;
A_
; .

Accurately
estimate
your load.

an inverter, adds complexity to a
system and causes a 10-15 percent
loss of power because of the effi-
ciency of converting dc power to ac
power. If only a small percentage
of the loads require ac power, it
may be better to replace those de-
vices with ones that use dc power.

e Group the loads by type and
operating voltage and sum the
Dower demand for each group.

The recommended

dc appliances. If
the load demand ((

changes signifi-

cantly with time, you

| WORKSHEET#1 | CALCULATE THE LOADS

voltage of the stand-
aone PV system will
be determined by

should complete a
copy of Worksheet 1
for each month or

Description T

(&)

4

2[13 _]
Load Q Load
Current

Voltage

Load

w

considering this in-
formation. (See the
next section for more
on system voltage

selection.)

o After selecting the

season. Copies of — -

all worksheets and R
instructions are pro- Receive

. . . ] & [x| /&
vided in Appendix B. [o¢]

The following steps 3*““‘“"%? | x| 0.42x| /2

system voltage,

are required:

calculate the total

e ldentify each load and the number
of hours of use per day. Enter the
load current in amperes and the
operating voltage for each load
and calculate the power demand.*
List the dc loads at the top of the
worksheet and ac loads, if any, at
the bottom. A power condition-
ing unit (PCU) is required for ac
loads. A PCU, commonly called

daily ampere-
hours required at
this voltage.

The load determination is
straightforward; just calculate the
power requirements of any electrical
device that will be included in the
system and multiply by the amount of
time that specific appliances will
operate each day. The power required

*  The power factor is not considered in the calculation of ac power. For information
on caculating ac power, see any basic electrical engineering textbook.

10
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by an appliance can be measured or
obtained from manufacturers litera-
ture. (See the list on page 5.) However,
the amount of time the appliance will
be used per day, week, or month must
be estimated. Remember for residen-
tial systems (and many others) the
hours of use can be controlled by the
system owner/operator. Be realistic.
Resist the temptation to add 10, 20, or
50 percent to each appliance use esti-
mate. The cumulative effect can cause
the size and cost of your PV system to
skyrocket.

The designer should consider
energy conserving substitutes for
items that are used often. ldentify
large and/or variable loads and deter-
mine if they can be eliminated or
changed to operate from another
power source. Fluorescent lamps
should be used in place of incandes-
cent lamps. They provide the same
light levels with much lower power
demand. Consider using dc appli-
ances to avoid the loss in the dc/ac
power conversion process. DC lights
and appliances usualy cost more, but
are more efficient and last longer.
The number of ac appliances available

is greater but efficiencies are usually they are often
lower because these appliances were more efficlent

designed for use on an “infinite”
utility power supply.

Consider the following:
Electric Ranges - It is impractical

to power these with PV; use a propane
stove as an alternative.

Refrigerators - Older ac units are often
inefficient. The compressor may
operate 60-80 percent of the
time. Units made after 1993 are

The selection much more efficient. Efficient dc
of appliances . .

Is an units are an option, but they cost
Important more than similar size ac units.
determinant
of the size
andcostofa  C|othes Washers - Some dc to ac
residential PV

inverters* may have a problem
starting the large motor on the
washer. A ringer type washer is
an option.

system.

Clothes Dryers - Consider a gas dryer
or use an outdoor rack to dry the

clothes.
Re*\'{sua*ov
Dishwashers - There are no dc units
available. This is a large load,
especialy on the dry cycle.
A Microwave Ovens - These are a large
' load but operating time is usually
AcD ; .
"9”\ short; few dc units are available;
some inverters may not start a
microwave oven and/or may
cause inaccurate timer operation.
apoliomess  Water Pumps - PV power is used for
whenever

many small water pumping appli-
cations but PV may not be the best
option for pumping large amounts
of water for irrigating crops.

possible—

than ac
appliances.

VOLTAGE SELECTION

The operating voltage selected
for a stand-alone PV system depends
on the voltage requirements of the
loads and the total current. If the
system voltage is set equal to the

*See page 39 for discussion of dc to ac inverters.

Calculate the Load
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voltage of the largest load then these
loads may be connected directly to the
system output. However, it is recom-
mended that the current in any source
circuit be kept below 20 with a 100
amperes limit for any section of the
system. Keeping the current below
these recommended levels will allow
use of standard and commonly avail-
able electrical hardware and wires.
When loads require ac power, the dc
system voltage should be selected
after studying available inverter
characteristics. See Table 1. Another
consideration is the possible increase
in the size of your system in the future.
Choose a voltage that will work with
the future enlarged system.

TABLE 1

Selecting System Voltage

Inverter
AC Power Demand ] Input Voltage
(Watts) (Volts dc)
<1,500 12

1,500-5,000 24 or 48
>5,000 48 or 120

Some genera rules are

e DC loads usualy operate at 12
volts or a multiple of 12--i.e, 24
volts, 36 volts, or 48 volts, etc. For
dc systems, the system voltage
should be that required by the
largest loads. Most dc PV systems
smaller than 1 kilowatt operate at
12 volts dc. (The maximum
current would be 1,000 + 12 = 83.3
amperes.)

e If loads with different dc voltages

must be supplied, select the volt-
age of the load with the highest

12

Limiting
system
current to
less than 100
amperes will
save on
switches and
wire.

current demand as the system
voltage. Electronic dc-dc convert-
ers can be used to power loads
at voltages different from the
system voltage. If a lower voltage
is required, it is sometimes pos-
sible to connect to only a portion of
a series-connected battery string.
This can cause problems with
charging the batteries and should
not be done without a charge
equalizer if the current required at
the lower voltage is more than 5
percent of the total current taken
from the battery strings. A battery
charge equalizer is an electronic
device that keeps al batteries in a
series string at the same voltage.

Almost all ac loads for stand-alone
PV systems will operate at 120
volts ac. Study inverter specifica-
tions that will provide the total
and instantaneous ac power
required. Select an inverter that
will meet the load and keep the dc
current below 100 amperes. Disre-
garding power facto; and losses,
the following equations must
balance.

ac power = (ac voltage)(ac current)
dc power = (dc voltage)(dc current)

For example, if the ac load is 2,400
watts and the ac voltage is 120
volts, the ac current will be 20
amperes. Excluding losses in the
inverter, the dc power must be
the same; 2,400 watts. If a 12-
volt inverter is selected the dc
current would be 200 amps--not
recommended. Use a 24-volt
inverter or a 48-volt inverter to
make the input current 100 or 50

Calculate the Load



amperes respectively. Remember,
the cost of wire and switches goes
up as the amount of current in-
creases. A rule of thumb for select-
ing system voltage based on ac
power demand is given in Table 1.

Selection of an inverter is
important and affects both the cost and
performance of the system. Generaly,
the efficiency and power handling
capability are better for units operat-
ing a higher dc voltages, i.e., a 48-volt
unit is usualy more efficient than a 12-
volt unit. The designer should obtain
information on specific inverters,
their availability, cost, and capabili-
ties, from several manufacturers
before making the decision on system

Selecting the
system
voltage Is an
important
design
tradeoff.

The Inverter

input voltage
dictates the
dc system

voltage. Another fact to consider is
the basic building block in the array
and storage subsystems gets larger as
the voltage increases. For example, a
48-volt system has four PV modules
connected in series to form the basic
building block. Fine tuning the
design, i.e., adding a little more
current to the system, means buying
four additional modules. However,
the advantage of the higher operating
voltage is the lower current required
to produce the same power. High
current means large wire size, and
expensive and hard to get fuses,
switches, and connectors. Again, a
prior knowledge of the cost and avail-
ability of components and switchgear
is critica to good system design.

voltage.

SELECTS THEIR SYSTEM VOLTAGE

THE BROWN FAMILY

The Browns wanted
both ac and dc
appliances in their
home.

1,800 W =75 Adc
24V
plus 240 W _ 10 Adc
24V
24 W
lus =
p 2V 2 Adc

Calculate the Load

The Browns used Worksheet 1 to make the fina calculation
of their load. They wanted the convenience of ac appliances, but
they decided to use dc lights and some small appliances to
conserve energy. They decided not to use a dishwasher and the)
would hang their clothes out to dry. When they recalculated their
loads, they had reduced their electrical demand to 1,800 watts at
120 volts ac, 240 watts at 24 volts dc, and 24 watts at 12 volts dc.
They would get a 2,500-watt inverter that operated at 24 volts.
Their 12-volt radio telephone could be operated by tapping off
the center of their 24-volt battery bank since the current required
a 12 volts was less than 2 percent of the total system current.
They calculated the currents as shown. Considering losses, they
felt their batteries would never have to supply more than 100
amperes. They knew that switches, wire, and fuses could be
readily obtained to handle this current. Next they would deter-
mine the level of solar resource at their site and the amount of
battery storage they would use.

13



THE SOLAR RESOURCE

What Insolation data are needed?

How does array tilt angle change the data?

How accurate must my estimate be?
What about tracking the PV array?

DEsSIGN M ONTH

Completing Worksheet 2 will
give a “design month” that is the
worst case combination of low
insolation and high load demand. The
recommended array tilt angle for that
design month will also be determined.
Using these criteria, the stand-alone
PV system will be designed to meet

Monthly
insolation
data for
fixed and
tracking
arrays are
provided in
Appendix
A

given aso, as well as a set of world
maps that show seasonal values of
total insolation at the three tilt angles.
All data are in units of kilowatt-hours
per square meter. This is equivalent to
peak sun hours--the number of hours
per day when the sun’'s intensity is one
kilowatt per square meter. (These
data estimate total radiation at the
given orientation. They do not repre-
sent direct beam

the load and keep the

battery fully charged [ woRksHEET#2 | DESIGN CURRENT AND ¢| radiation and should

in the worst month - -1 not be used to esti-

of the average year | System Locaten | Trom Mauntsin, 2 =t ‘mate performance of

) Insolation Location | Roise, TO Lati X .
concentrating PV
Inaccurate Tilt at Latitude -15° Til systems.)

solar data can cause ey 224 264] e

design errors so you N Cofracted Foak Quslgn . Corrected Worksheet 2, a

should try to find w| (AHDAY) | (HRS/DAY) | (aHDAY) portion of which is

accurate solar data Jﬁlsg T3 T a0 ff—zgﬁ shown in the inset,

that will reflect the ; + = provides a place for

long-term radiation . - = the load current for

available at your each month and for

system site. However, these data, par-
ticularly for tilted or tracking
surfaces, are not widely available.
Check local sources such as universi-
ties, airports, or government agencies
to see if they are collecting such data or
know where you might obtain these
values. If measured values on a tilted
surface are not available, you may use
the modeled data given in Appendix
A. Data for fixed and single-axis
tracking surfaces at three tilt angles
(latitude and latitude £15°) are
provided. Two-axis tracking data are

14

Determine
the worst
case month
for
insolation.

solar insolation data for each month at
three different tilt angles. For most
applications, it is possible to identify
the design month without working
through each of the 12 monthly
calculations. For instance, if the load
is constant throughout the year, the
design month will be the month with
the lowest insolation and the array
should be installed with a tilt angle
that yields the highest value of insola
tion during that month. If the load is
variable, the design month will be that
month with the largest ratio of load

The Solar Resource



demand to solar insolation. Incorpo-
rated into the selection of the design
month is the recommended array tilt
angle that will maximize solar insola-
tion for that month.

If tracking the PV array is an
option, Worksheet 2 should be com-
pleted using tracking data. Do not mix
tracking data and fixed-tilt data on the
same worksheet. Completion of a
preliminary sizing with both fixed and
tracking data will allow an economic
comparison to be made between the
two techniques. Single-axis east-to-
west trackers are the only ones
generally used for small stand-alone
PV systems. Two-axis tracking is not
recommended because of the added
complexity.

SELECTING DATA

The availability and amount of
sunshine must be estimated because it
is unlikely that long-term data will be
available for your specific site. The
data in Appendix A give average val-
ues for a regiona area. If you can’t find
long-term weather records for sites
near your system, these data are suffi-
cient for initial sizing of stand-alone
PV systems. Loca solar conditions
may vary significantly from place to
place, particularly in mountainous
areas. Your site may receive more or
less than the weather data used for
the system sizing. You may want to

increase or decrease the solar data by A
10-15 percent and see how this affects

your system design. In other words,

do a best-case and a worst-case

estimate for radiation. Do not deviate
from recorded data more than 20

The Solar Resource

Check local
weather
sources
for long-

term data.

)

Solar
conditions
can vary
significantly
over a short
distance,
particularly
in the
mountains.

,'-V

percent unless you are certain the
radiation at your site is significantly
different. Remember, the estimate of
the solar resource directly affects the
performance and cost of the stand-
aone PV system.

DESCRIPTION

Solar irradiance is the amount of
solar power striking a given area. It is
a measure of the intensity of the sun-
shine and is given in units of watts (or
kilowatts) per square meter (w/m2).
Insolation. is the amount of solar
energy received on a given area
measured in kilowatt-hours per
square meter (kwh/m?)--this value is
equivalent to peak sun hours. Some-
times, insolation will be presented in
units of Btu's per square foot (Btu/ft?),
Langleys (L), or megajoules per
square meter (MJ/m?). The conver-
sion factors are:

Langley
86.04

3.6 MJ/m*

kWh/m? = 317.2 Btulft?

A nearly constant 1.36 kilowatts per
square meter (the solar constant) of
solar radiant power impinges on the
earth’s outer atmosphere. This is the
value obtained by integrating the area
under the graph in Figure 2. The
extraterrestrial radiation spectrum
is shown along with an estimate of the
radiation spectrum at ground level. It
is evident that the atmosphere is a
powerful absorber and reduces the
solar power reaching the earth,
particularly at certain wavelengths.
The part of the spectrum used by
“silicon PV modules is from 0.3 to 0.6

- a’%mmrometers These wavelengths
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Extratercesteial Sun Power

Sea-Level Sun Power (AM-1)

Radiation (kw/m2-pum)

been received had the sun shone for six
hours with an irradiance of 1,000
w/m2.  Therefore, peak sun hours
correspond directly to average daily
insolation in kwh/m2, and the tables
provided in Appendix A can be read
either way.

In the southwestern United
States, the solar irradiance at ground
level regularly exceeds 1,000 w/m?.
In some mountain areas, readings over
1,200 w/m?2 are recorded routinely.
Average values are lower for most
other areas, but maximum instanta-

0 0.3 10 20 3.0 neous values as high as 1,500 w/m? can
Wavelength in micrometers be received on days when puffy-
_ o clouds are present to focus the
Figure 2. Radiation Spectrum, sunshine. These high levels seldom
encompass the highest energy region last more than a few seconds.
of the solar spectrum. On a sunny day / /
the total irradiance striking the earth ™\ Insolation varies seasonally

will be about 1,000 w/m2.

presented as an average daily value
for each month. Of course, on any
given day the solar radiation varies

Solar radiation data are often ///

g

because of the changing relation of the
" earth to the sun. This change, both

*« daily and annually, is the reason some

\

stems use tracking arrays to keep the
array pointed at the sun. For any loca
tion on earth the sun’s elevation

continuously from L

will change about

sunup to sundown.
The maximum irra-
diance is available
at solar noon which
is defined as the
midpoint, in time,
between sunrise

47° from winter
solstice to summer
solstice. Another
way to picture the
sun’s movement is
to understand the
sun moves from

and sunset. The

SUNSE

23.5° north of the

term “peak sun hours’ is defined as
the equivalent number of hours per
day, with solar irradiance equaling
1,000 w/m?, that would give the same
amount of energy. In other words, six
peak sun hours means that the energy
received during total daylight hours
equals the energy that would have

16

equator on the summer solstice to 23.5°
south of the equator on the winter sol-
gtice. On the equinoxes, March 21 and
September 21, the sun circumnavi-
gates the equator. These three sun
paths are shown in Figure 3a on the
next page. At 40°N. latitude the sun
paths for the solstices and equinoxes

The Solar Resource



SepMar
Dec

Jun

3a. 0° LATITUDE

3b. 32° N. LATITUDE 3c. 64° N. LATITUDE

Figure 3. Seasonal Sun Trajectories at Varying Latitudes.

are shown in 3b. Figure 3c shows the
paths for 64°N. latitude. For any loca
tion the sun angle, at solar noon, will
change 47° from winter to summer.

The power output of a PV array
is maximized by keeping the array
pointed at the sun. Single-axis track-
ing of the array will increase the
energy production in some locations
by up to 50 percent for some months
and as much as 35 percent over the
course of a year. The most benefit
comes in the early morning and late
afternoon when the tracking array will
be pointing more nearly at the sun
than a fixed array. Generdly, tracking
is more beneficial at sites between +30°
latitude. For higher latitudes the ben-
efit is less because the sun drops low
on the horizon during winter months.

For tracking or fixed arrays, the
annual energy production is maxi-
mum when the array is tilted at the
latitude angle; i.e., at 40°N latitude, the
array should be tilted 40° up from
horizontal. If a wintertime load is the
most critical, the array tilt angle
should be set at the latitude angle

Array Tilt Ans\e

The Solar Resource

plus 15° degrees. To maximize
summertime production, fix the array
tilt angle at latitudeminus 15° degrees.

M EASUREMENTS

—

A pyranometer measures both
the direct and diffuse components of
sunlight. These values may be inte-
grated over time to give an estimate
of insolation. Some of the more
accurate pyranometers are precisely
calibrated and expensive. Less expen-
sive pyranometers that use a
calibrated section of a PV cell to
measure the irradiance are available.
These are accurate enough for small
PV system owners who want to moni-
tor system performance. If you are
able to find a record of solar insolation
data at a site near your system it will
most likely be from a pyranometer
mounted on a horizontal surface.

(% Unfortunately, there is no easy way to

use these data to estimate the insola-

" tion on a tilted surface. If data are not

available from a local source, use the

: data given in Appendix A.
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EsTIMATES THE SOLAR RESOURCE

THE BROWN FAMILY

MONITOR

18

The Browns adjusted the
Insolation used for their
system design after
consulting local weather
data.

The Browns acreage is located in the mountains at an
elevation of 1,500 meters. The location is in a protected valley
with mountains on both east and west sides. The Browns knew
the mountains would limit morning and late afternoon sun, so
they decided that array tracking would not be practical for them.
They wanted to maximize the amount of radiation received in
the winter so they thought they expected to fix their array tilt
angle at latitude plus 15° and facing South.

The city nearest their building site with local weather data
was Albuquerque, New Mexico. However, their site was about
1,700 feet higher than Albuquerque. They searched for local
weather data and found that the newspaper in Los Alamos, New
Mexico, (elevation 7,700 feet) printed the daily solar insolation
received. They visited the newspaper office and listed the
insolation values for each day for one year. These values were
averaged for each month to get a daily average. This was
compared with recorded values for Albuquerque and Denver,
Colorado. The insolation at Los Alamos was consistently higher,
particularly in the winter months. Since their site was somewhat
protected by mountains, they elected to use 95 percent of the
monthly insolation received at Los Alamos. They expected to get
some increased irradiance from snow reflection because they
were going to install their array with a 55° tilt. The Browns used
January as the design month and estimated the insolation at 4.5
peak sun hours per day. Their design current was 94 amperes.
They expected their system to give 95 percent availability during
an average January.

The Solar Resource



BATTERIES

How many days of storage do | need?

What system availability will | need?

How can | ensure a safe battery installation?

SIZING

Worksheet 3, a portion of which
is shown in the inset, can be used to
determine the size of the battery
storage required for a stand-alone PV
system. You will be required to make

l WORKSHEET #3 ] CALCULATE SYSTEM BATT
24: 30 ] [ofs]. . . {o]32]
orrected Maximum. . Deratd
Amp-Hour Storage .Depthof . . for
Load Days Discharge. .|Tempera
m (AHWDAY) L(DECIMAL) .| (DECIM4
133.3 X 5 5] 0.6 [5o
e] EaRE
NOTE: BLOCK 35. ROUND UP Nominal - Nomirg
FOR CONSERVATIVE DESIGN. System . BavteH
Voltage - Vohag
el ) "))
- .BATTERY INFORMATION . .
Make De)Co L T[ /°2
Model [at] Tea]

a number of decisions. Before making
these choices, you should study and
understand battery parameters and
the concept of system availability.

First, you must choose the
amount of back-up energy you want
to store for your application. This is
usually expressed as a number of no-
sun days, in other words, for how
many cloudy days must your system
operate using energy stored in batter-
ies. There is no “right answer” to
this question. It depends on the appli-
cation, the type of battery, and the
system  availability  desired. (A
discussion of system availability for

Batteries

PV systems is given in the next
section.) When specifying the amount
of storage you must be aware of the
difference between rated battery
capacity and usable capacity. Battery
manufacturers  publish a rated
battery capacity--the amount of
energy that their battery will provide
if discharged once under favorable
conditions of temperature and dis-
charge rate. This is much higher than
the amount of energy you can take out
of the battery repeatedly in a PV appli-
cation. For some shalow-cycle, sealed
batteries the usable capacity is only 20
percent of the rated capacity, i.e.,
taking more than 20 ampere-hours
from a 100 ampere-hour battery will
cause the battery to quickly fail. Other
types of batteries designed for deep
cycling will have usable capacities up
to 80 percent of rated capacity. For
most PV applications the bigger and
heavier the battery the better. The best
recommendation for the number of
days of storage is to put in as much
battery capacity as you can afford.
Obvioudly, if you live in an area with
extended periods of cloudiness you
will need more storage capacity to
keep the load going during these peri-
ods of inclement weather. Also, if it is
critical that your load have power at
all times, you will want to have a large
battery capacity. A smaller battery
size can be specified if you can live
with some power outage.
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The PV system designer has to
consider all these aspects plus more
when choosing the battery type and
size. Some factors can outweigh the
technical sizing decision. For instance,
you may be able to obtain batteries
locally and the savings in shipping
cost will alow you to buy more batter-
ies. Also, there are many types of
batteries with a large variance in qual-
ity and cost. You must know the
performance, cost, and availability of
batteries in your country. Figure 4
gives you a starting point for making
your battery size selection using the
design month peak sun hours for your
site. Just find the peak sun hours for
your design month and read up to the
days of storage for system
availabilities of 95 or 99 percent.

It is important to buy quality
batteries that can be discharged and
recharged many times before failure.
Automobile batteries should not be
used if there is any dternative. Auto-
mobile batteries are designed to
produce a high current for a short

Batteries are
designed for
different
purposes—do
notuse a car
battery in a
PV system.

time. The battery is then quickly
recharged. PV batteries may be dis-
charged slowly over many hours and
may not be recharged fully for severa
days or weeks. Specify a battery that
can withstand this type of operation.

Finaly, it is important to under-
stand the close interrelation between
the battery and the charge controller.
When you buy your batteries you
should also buy a compatible charge
controller. A charge controller is an
electronic device that attempts to
maintain the battery state-of-charge
(SOC) between preset limits. The bat-
tery voltage is measured and used as
the primary estimator of SOC. (Some
charge controllers measure battery
temperature in addition to voltage to
improve the estimate of SOC.) If the
charge controller does not operate
properly the battery may be over-
charged or allowed to discharge too
much. Either way the lifetime of the
battery will be shortened and you will
have to spend money to replace batter-
ies. Charge controller operation is

described in the section

Days of Usable Storage

starting on page 36.
Also, be sure to ask your
battery dealer what
charge controller she
recommends.

The following terms
will help you specify bat-
teries for your PV system.

* Depth of Discharge -
This term is the per-

Peak Sun Hours

centage of the rated
battery capacity that
has been withdrawn

Figure 4. Days of Storage.
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capability of a battery to with-
stand discharge depends on its
construction. The most common
batteries have electrically active
lead alloy plates immersed in a
mild acid electrolyte. Plate types
are Planté (pure lead), pasted, or
tubular. The plates can be made
with different thicknesses and
different alloys, such as lead cal-
cium, or lead antimony, for
different applications. Generally,
the more massive the plates the
better the battery will withstand
discharge and recharge (cycling).
Two terms, shallow-cycle and
deep-cycle, are commonly used
to describe batteries. Shallow-
cycle batteries are lighter, less
expensive, and will have a shorter

Maintaining a
state of
charge at 80
percent is
allowing a 20
percent depth
of discharge.
Don’t
confuse the

two terms.

lifetime particularly if recom- jf";_-.'-

mended  discharge
exceeded regularly. Many sealed
(advertised as no maintenance)
batteries are shallow-cycle types.

levels are B 3

Generally, the shallow-cycle bat- §4 ’

teries should not be discharged
more than 25 percent. Deep-cycle
batteries are more often used for
stand-alone PV systems. These
units have thicker plates and most
will withstand discharges up to 80
percent of their rated capacity.
Most of these are flooded batteries
which means the plates are cov-
ered with the electrolyte. The
electrolyte level must be moni-
tored and distilled water added
periodically to keep the plates
fully covered.

Another type of battery using
nickel cadmium (NiCd) plates can
be used. NiCd batteries are more
expensive but can withstand harsh

Batteries

charged
battery will
withstand

-20°C. A

discharged
battery will
freeze at
temperatures
slightly below
o°C.

weather conditions. NiCd batter-
ies can be completely discharged
without damage and the electro-
lyte will not freeze.

The maximum depth of discharge
value used for sizing should be the
worst case discharge that the
battery will experience. The
battery charge controller should be
set to prevent discharge below
this level.  Because nickel cad-
mium batteries can be discharged
nearly 100 percent without dam-
age, some designers do not use a
controller if NiCd batteries are
used.

Temperature Correction - Batter-
ies are sensitive to temperature
extremes and a cold battery will
not provide as much power as a
warm one. Most manufacturers
provide temperature correction
curves like those shown in Figure 5
for their batteries. For instance, a
battery at 25°C has 100 percent ca-
pacity if discharged at a current
rate of C/20. (The discharge rate is
given as a ratio of the rated capac-
ity, C, of the battery.) However, a
battery operating at 0°C would
have only 75 percent of the rated
capacity if discharged at a C/20
rate. If the discharge rate is higher,
say C/5, only 50 percent of the
rated capacity will be available
when the temperature is minus
20°C. Although the chart shows
you can get more than rated capac-
ity from when the battery tempera-
ture is high, hot temperatures
should be avoided because they
will shorten battery life. Try to
keep your batteries near room
temperature.
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Capacit
Rated Capacity

120 operating temperatures. It

] would be unusual for a lead acid

52 1007 type battery to last longer than

3 ! 15 years in a PV system but many
80 |

last for 5-10 years. Nickel cad-
mium batteries will generally
last longer when operated under
similar conditions and may
operate satisfactorily for more
than 15 years under optimum
conditions.

*

-80 -60 -40 -20 O 20 40 60 80
Battery Operating Temperature (°C)
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Figure 5. Lead-Acid Battery Capacity vs. Temperature.

SYSTEM AVAILABILITY

Rated Battery Capacity - This System

term indicates the maximum availiability System availability is defined as

has a unique :
amount of energy that a battery meaning fora the percentage of time that a power

can produce during a single dis-  pv system. system is capable of meeting load

charge under specified conditions requirements. The number of hours
of temperature and discharge rate. the system is available divided by

You vyill not be able to obtain rated 8,760 hours will give the annual sys-
capacity repeatedly when the bat-\ / tem availability. A system with avail-
ability of 95 percent would be expected

teries are used in PV systems.

Howeyer, rated.capamty Sets a_ to meet the load requirements 8,322

baseline on which to compare- O hours during an average year for the

battery performance. When com- & useful life of the system. Annual avail-
ability of 99 percent would mean the

paring the rated capacity of /
different batteries, be sure the system could operate the load for 8,672
of 8,760 hours.

same discharge rate is being used.

State-of-Charge (SOC) -Thisis the
amount of capacity remaining in a
battery at any point in time. It is
equal to 1 minus the depth of dis-
charge given in percent.

Failures and maintenance time
are the primary contributors to
lowering system availabilities for any
energy system. However, for PV

Battery iife systems, availability takes on added

depends on  UNcertainty because of the variability

Battery Life (cycles) - The lifetime =, the  of the system’s fuel source. PV system
gl;j:uyseb?tte:jyegznﬂ;ﬂgﬂt;Onﬁrr;'%'g: 5::32’,,’3 design requires an estimate of the

abused. average amount of sunlight available.
of factors such as charge and :
. ) th th
discharge rates, depth of dis- Using these average values means that

charges. number of cvcles. and in a year with above average solar
ges, y ' insolation, the system may not

Batteries



experience any downtime (due to
fuel supply--obviously, failures can-
not be predicted). However, in a year
with much cloudy weather the system
may be unavailable more than the
expected number of the hours per
year. A PV system designed to have 95
percent availability will, on the
average, provide power to the load 95
percent of the time. The number of
hours when the system is unavailable
will likely be in the winter months
when solar radiation is the lowest.

The plots shown below were
developed by studying the variation
in year-to-year weather for selected
sites. For any location, there will be a
distribution of weather patterns over
the years. This variation gives an indi-
cation of possible downtime over a PV
system’s lifetime. A study of this
weather distribution shows that for a
system with 95 percent availability,
the 5 percent downtime (Figure 6) will
be distributed over the assumed 23-
year system life as follows: 1.2 years
will have less than 24 hours downtime
per year, 2.3 years will have 25-240
hours, 11.3 years will have 241-538
hours, 5.6 years will have 539-912
hours and 2.7 years will have over 913
hours.

A similar chart is shown as
Figure 7 for 99 percent availability.
Note the different distribution. The
system designed for 99 percent avail-
ability will have less than 240 hours of
downtime in 17 of the 23 years,
whereas the 95 percent available sys-
tem will have less than 240 hours of
downtime in only 3.5 years. However,
the system designer must consider the
cost required to increase the system

Batteries
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Figure 6. Downtime Per Year (95%).
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Figure 7. Downtime Per Year (99%).

availability. If the system size is
increased to lower the downtime in
winter, more energy will be wasted in
summer when the array will produce
more than is needed by the load. The
system cost increases rapidly--and the
efficient utilization of energy de-
creases--as you try to obtain the last
few percent, i.e., increasing availabil-
ity from 95 to 99 percent. This is
particularly true for locations where
the difference between winter and
summer insolation values is large. An
example of system cost increase for
two sites is given in Figure 8. For a
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System Availability

high system availability by using
multiple and redundant power
sources. There are few single
generators, coal fired, nuclear, or
hydropower, that achieve 90 percent
availabilities. Many PV systems ex-
ceed this figure even when component
reliability, maintenance, and solar
variability are accounted for.

Figure 8. Cost vs. Availability—Albuquerque, New
Mexico, and Burlington, Vermont.

sunny site, the incremental cost does
not climb steeply until about 98 per-
cent availability. For a site with poor
solar insolation in winter the cost of
increasing availability starts to climb
rapidly after 90 percent.

In the PV system designs pre-
sented here, two levels of system
availability are defined and used; 95
percent for noncritical loads and 99
percent for critical loads. Critical
loads are those where a system failure
might cause loss of life or expensive

Do not
equipment. A railroad crossing signal  specify 99+
H ; ; percent
or a navigation beacon _for aircraft avallabllity
would be examples of critical loads. A uniess you
are ready to

residential system and most water
pumping systems would not.

In summary, the system designer \\ / /

should understand the relationship _{",-
between cost and availability. Experi- - )

pay the price.

ence shows that PV system customers
have a tendency to over-specify the
requirements and thereby drive the
initial system cost unreasonably high.
They should keep in mind that no
energy producing system is available
100 percent of the time. Utilities obtain
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M AINTENANCE

Any battery requires periodic
maintenance; even sealed “mainte-
nance-free” batteries should be
checked to make sure connections are
tight and the cases are clean and intact.
For flooded batteries, the electrolyte
level should be kept above the plates,
and the voltage and specific gravity of
the cells should be checked for consis-
tent values. Variations between cells
of 0.05 volts/cell or 0.05 points of

@ Specific gravity may indicate prob-

lems with the battery. The specific
gravity of the cells should be checked
with a hydrometer with the SOC of the
battery about 75 percent.

Most manufacturers of flooded
batteries recommend overcharging
their batteries every few months to
reduce stratification of the electrolyte.
This may occur if the battery operates
in the same regime, say 60-90 percent
state of charge, for a long period. This
equalization charge, 30-60 minutes
long, thoroughly mixes the electro-
lyte. It is wusually done with a
generator but can be done with a PV
array if the controller and load are
disconnected. Ask the battery manu-
facturer for recommendations on
equalization charges.

Batteries



In cold environments, the
electrolyte in lead-acid batteries may
freeze. The freezing temperature is a
function of the battery’s state of
charge. When a battery is completely
discharged, the electrolyte is nearly
water and the battery may freeze at a
few degrees below 0°C. However, a
fully charged battery will have a spe-
cific gravity of about 1.24 and could
withstand temperatures as low as mi-
nus 50°C. In cold climates, batteries
are often buried below the frost line in
an insulated battery box to maintain a
constant temperature. Nickel cad-
mium batteries will not be damaged
by cold weather.

The tempera-
ture at which
a battery will
freeze
depends on
its state of
charge.

TYPES

You should be familiar with
commonly used terms such as deep-
cycle or shallow-cycle, gelled or
captive electrolyte, liquid electrolyte,
and sedled or flooded. Deep-cycle bat-
teries are made with larger plates and
are rated to withstand a specified
number of charge/discharge cycles.
The number of cycles depends on the
depth of discharge, the rates of
discharge, the length of time before
recharge, and the recharge rate,
among other things. Shallow-cycle
batteries use lighter plates and cannot
be cycled as many times as the
deep-cycle batteries. Completely dis-
charging them once or twice will often
ruin them. For this reason, they
should not be used in some PV sys-
tems. Some batteries have captive
electrolyte. One of the most common

Batteries

Many terms
are used to
describe
batteries.

ways of constraining electrolyte is the
gel-cell battery. The captive electro-
lyte battery is easy to maintain
because it is usualy sedled and there is
no possibility of spillage should the
battery be tipped. Most seadled batter-
ies are actually valve regulated and
permit the release of hydrogen gas but
do not allow electrolyte to be added.
They may be rated as deep-cycle
batteries but they will usually
withstand fewer cycles than the
industrial-grade flooded batteries.
Batteries with liquid electrolyte may
be sealed or have caps where distilled
water may be added to the electrolyte.
Usudly if the capacity is greater than
about 100 ampere-hours, the batteries
are open. Electrolyte can (and should)
be added regularly to flooded
batteries,

The batteries used in stand-alone
photovoltaic systems should be deep-
cycle heavy-duty types. These
batteries may be available with either
liquid electrolyte (flooded or sealed)
or captive electrolyte (gel cells).
Because lead is a soft metal, other
elements such as antimony or calcium
are often added to strengthen the
lead plates and customize the
characteristics of the batteries. The
lead-antimony battery will withstand
deeper discharge cycles but require
regular maintenance because they
have higher water consumption,
Lead-calcium batteries can be used for
applications in which few deep
discharges are anticipated. Their
initial cost is less, but the lifetime is
shorter than for the lead-antimony
batteries.
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Nickel cadmium batteries are
available in some countries. They
usually cost more than lead-acid
batteries. Some advantages of the
nickel cadmium batteries, include
their long-life expectancy, low main-
tenance requirements, durability,
their ability to withstand extreme hot
or cold temperatures, and their toler-
ance to complete discharge. Because
of this tolerance, the controller can be
eliminated in some applications. A
design note: if a controller is to be used
with NiCd batteries, the controller
supplier should be told. Commonly
available controllers are designed to
work with lead-acid batteries and the
charging regimen is different for NiCd
batteries. The controllers are not inter-
changeable.

HAZARDS

Most batteries contain acid or
caustic materials that are harmful or
fatal if mishandled. Also, open batter-
ies with caps produce explosive
hydrogen gas when charging. These
batteries must be located in a well-
ventilated area. Other electric system
components should not be installed in
the battery compartment since spark-
ing could ignite the gases. Also, the
gases from lead-acid batteries are
corrosive and may damage electrical
components. Recombiners or cata-
Iytic converter cell caps that capture
the vented hydrogen gas, recombine it
with oxygen, and return the liquid
water to the battery electrolyte are
available. These caps have a life
expectancy of three to five years, but
they must be checked and cleaned pe-
riodically to ensure proper operation.
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NICd batteries
can be
discharged
and recharged
many times.

Nickel
cadmium
batteries
are more
expensive
but offer

many

advantages.

Use care
when working
with batteries.

Y

Batteries
produce
explosive gas
when
charged--keep
them in a well
ventilated
place.

Any battery should be consid-
ered dangerous, particularly to
children and animals. Access should
be limited to experienced persons.
Keep the terminals covered--a typical
battery used in a PV system can
produce over 6,000 amperes if the
terminals are shorted. Although this
high current will last only a few milli-
seconds, it is enough to arc weld a tool
to the terminals. The higher the volt-
age the more the hazard. Above 24
volts a shock hazard exists that can be
fatal in worst-case conditions. Even at
12 volts, the high current can cause
burns if the battery is inadvertently
shorted. Use insulated tools and wear
protective gloves, footwear, and
goggles when working around bat-
teries. Finally, remember batteries are
heavy. Use your legs--not your back
when lifting and moving the batteries.

SELECTION AND BUYING

In some countries there are many
types of batteries available and the
variation in manufacturers specifica-
tions make it difficult to compare
performance characteristics. In other
countries, the battery selection may be
limited to batteries for automotive
uses. In these cases, try to get a battery
designed for trucks or heavy equip-
ment. These are usually heavier and
should give better performance in a PV
system. The best advice is to talk to
people who have used batteries in
similar applications and conditions. If
you cannot find such people, prepare a
list of questions for your battery sup-
plier. See the dialog of the Brown
Family for some sample questions.

Batteries



THE BROWN FAMILY
SELECTS A BATTERY

The Browns had to choose the number of days of storage
and select the batteries they were going to use. Like many others,

BROWNS

SELLER

Do you saell batteries for photovoRaic systems?

For what?

PV systems—solar electric systems.

Oh yes, our company has a solar battery.

Have you sold any batteries locally for PV systems?

No, but | will call the company and ask how many
have been installed.

What kind of battery is it?

Lead calcium.

What is the rated capacity?

The 12-volt battery has 105 ampere-hours.

At what hourty rate?

10 hours.

At what! temperature?

Room temperature.

the Browns knew little
about what characteris-
tics were important for
PV system batteries.
They obtained specifi-
cation sheets from
several battery manu-
facturers and found
there was no commonly
accepted method of

presenting perfor-
mance data. They also

found the wide range of

Q| ls the battery sealed?

prices confusing. In

A | Yes, it is a no maintenance battery.

Q | What's the maximum depth of discharge?

many instances it was
difficult to find a corre-

A | No more than 20 percent.

percent, what lifetime can we expect?

Q | OK, it we keep the state of charge greater than 80 A

| don't like to discuss battery lfetime, because |
don't know how the battery will be used.

lation between features
and price. Their first

Q[ Five years? Ten years?

A | it should last more than five years—if you're careful.

visit to a battery dealer

Q | How much does it weigh?

A | 44 pounds.

was not helpful. Even

Q | How much does the battery cost?

A | $100 for one unit.

though the dealer had

Q| That's about $1 per rated ampere-hour. is
there a discount if | buy ten batteries?

advertised as a solar
supplier, they found he

A | I will make you a good deal.

to some of your competitors.

Q| Thanks, we will get back to you after we have taiked || A

Take this brochure—it gives a description of the
batery.

had not sold any batter-
ies for PV systems.

Batteries

However, their visit did allow them to come up with a set of
guestions they would ask each dealer they contacted.

The Browns generated the list shown. They knew the
batteries were a key subsystem. They wanted to buy the best
batteries available. They wanted to check out nickel cadmium
batteries because of their long life and ability to handle deep
discharges. They found some NiCd batteries listed in a catalog
but the cost was about 4 times higher than the lead-acid batteries
available locally. After considering cost, size, availability,
and local service, they decided to use flooded deep-cycle
batteries. They knew they would be available to do preventive
maintenance and add water as needed. Their loca dealer
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recommended a controller that had been used with their type of
battery before. He suggested they limit the depth of discharge to
50 percent to extend the life of the battery. They thought
this would allow them to keep the batteries operating for
over 8 years. They continued their design assuming three

QUESTIONS

days of storage, and a
MANUFACTURER 1 MANUFACTURER 2 MANUFACTURER 3 max | mum al | ow ab | e

Type of Plates?

discharge of 50 percent.

Type of Electrolyte?

Open or Sealed?

Rated Capacity?

Allowable Depth of Discharge?

Number of Cycles?

Equalization Charge Required?

Allowable Temperature Range?

Tempaerature Derate?

Cost?

Size?

Weight?

5 g

Expected Lile?

igfr...J
F

$/Ampere-Hour?

$%g?

Shipping Charges?

Saivage Value?
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PHOTOVOLTAIC ARRAYS

How many modules
do | need?

How do | compare
module performance?

How should |
install the modules?

SIZING

Completion of Worksheet 4, a
portion of which is shown in the inset,
will determine the size of the PV array
for your system. This sizing technique
is designed to generate enough energy
during the design month to meet the
load and cover all losses in the system.
This means that in an average year the
load will be met and the battery state-
of-charge will be the same on the last

Consult
several module
manufacturers

and
distributors.

The worksheet requests the entry
of rated module current. This is the
current produced at standard test
conditions (STC) of 1,000 w/m?2
irradiance and 25°C temperature. The
module specifications given by one
module manufacturer are shown in
Figure 9. The current values given are
at short circuit, I, and at the peak
power point, I The value used in the
worksheet for rated module current
should be |y The voltage at the peak

day of the design 7

month as on the first

ITWORKSHEET #4 J CALCULATE SYSTEM ARRAY

day.

power point is stated
as 16 volts. However,
the operating voltage

The design
method uses current

of a PV array is deter-
mined by the battery
voltage. This varies

(amperes) instead of

over a narrow range

power (watts) to ﬂNomlnal ﬂmm ﬂ%}?ﬁa Tou depending on the
describe the load Votsge | _semes | oamerea | v| battery state-of-
requirement because L N £ B I =F/(sv}-¢ - | charge and ambiept
it is easier to make temperature but is
a meaningful com- usually 1 to 4 volts
parison of PV

module performance, i.e.,, ask for PV In 8 PV 3

modules that will produce 30 amperes
at 12 volts and a specified operating
temperature rather than try to com-
pare 50 watt modules that may have
different operating points. You
should obtain module specifications
for available modules so you can com-
pare performance, physical size, and
cost. Generally, there are several
modules that will meet a given set of
requirements.

Photovoltaic Arrays

system with
batteries, the
modules
seldom
operate at
their peak
power point.

1 kW/m2? AM 1.5 25°C

Curreni (A)

Volmge (V)
Short Circuit Current, | 244 A
Open Circuit Voltage, V 201V
Current at Peak Power Point, | 22A
Voltage at Peak Power Point, V__ 16V
Power 352 W

Figure 9. PV Module Specifications.

29



lower than the voltage at which peak
power figures are quoted by module
manufacturers. Fortunately, the cur-
rent changes little from the peak
power voltage (17 volts) to normal
system operating voltages (12 volts).

For crystalline silicon modules,
the operating voltage will decrease

about one-half of one percent for eachV

degree centigrade rise in temperature.
The module described in Figure 9 has
a peak power voltage of 16 volts at
25°C. If this module operates at 50°C
in a specific application, the peak
power voltage would drop to about 14
volts. This is dtill adequate for use in a
nominal 12-volt battery system, but
the designer must make sure the
current supplied by the module is
adequate under the hottest expected
conditions. Also, if a blocking diode is
used between the module and the
battery, this will cause a voltage drop
of about 0.7 volts. The module must be
able to sustain this drop plus any volt-
age drop caused by the wires and still
supply enough voltage to fully charge
the battery. The module parameters at
standard test conditions and at the
highest expected temperatures should
be recorded in the space provided on
the worksheet.

The number of parallel-
connected modules required to
produce the design current is rarely a
whole number. Obviously, the
designer must make a decision
whether to round up or round down.
The system availability requirements
should be considered when making
this decision. Since the design pre-
sented here is intended to just meet the
load during the design month of an
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average year, the conservative
approach is to round up to the nearest
whole module.

The number of series-connected
modules is calculated by dividing the
system voltage by the nominal
module voltage--12 volt modules are
commonly used for stand-alone PV
systems.

T

Voltage of a CHARACTERISTICS

PV module

decreases 0.5

percent por A photovoltaic array consists of
centigrade tWO Or more PV modules connected to
Increasein  obtain a desired voltage and current.
operating

A photovoltaic module is an encapsu-
lated group of solar cells and is the
least replaceable unit in the array.
The majority of PV modules are
manufactured using single crystal or
polycrystalline silicon cells. These
cells are embedded in a laminate, usu-
aly with a tempered-glass front plate
and a soft pliable covering to sea the
back.

temperature.

There are four factors that
determine any photovoltaic module’'s
output--load resistance, solar irradi-
ance, cell temperature, and efficiency
of the photovoltaic cells. Theoutput of
a given module can be estimated by
studying a family of cur-
rent and voltage (I-V)
curves like those shown
in the center column.
Three significant points of
interest on the I-V curve
are the maximum power
point, the open-circuit
voltage, and the short cir-
cuit current. For a given

Current (A)

<

VoH’ase

Photovoltaic Arrays



solar cell area, the current
is directly proportional
to solar irradiance (S) and
is almost independent

of temperature (T). g

Voltage and power + 50° 120%C
decrease as temperature @
increases. The voltage of % |
crystalline cells de- Volfage :

creases about 0.5 percent
per degree centigrade temperature
increase. Therefore, arrays should be
kept cool and mounted so air is not
restricted from moving over and
behind the array. Do not mount mod-
ules flush on a roof or support
structure. Testing results show that
modules mounted 3 inches above a
roof will operate up to 15°C cooler

than a directly mounted array -- a m

voltages higher than 24 volts, bypass
diodes should be used around each
module to provide an alternative
current path in case of shading. Figure
10 shows the use of bypass diodes on a
48-volt series string. Note the bypass
diodes are reverse biased if all
modules are operating properly.
Many module manufacturers will pro-
vide modules with the bypass diodes
integrated into the module junction
box. If you need to connect modules in
series, ask the supplier for this feature.
Using bypass diodes may postpone
failure, but it does not prevent the loss
of energy production from the shad-
ing. It is important to check for
potential shading before installing the
PV array. Consider the seasonal
changes in foliage and sun angle. After

difference of 7.5 percent in power. See e

4. installation, the area must be main-

the installation section for details on Shadingofa tained to prevent weeds or tree
H Ingle cell ;
mounting PV arrays. o the branches from shading the array.
array’s power
significantly.

No part of a PV array can
be shaded. Unlike solar thermal

collectors, the shading of small
portions of a PV module may greatly
reduce output from the entire array.
PV modules connected in series must
carry the same current. If some of the
PV cells are shaded, they cannot pro-
duce current and will become reverse
biased. This means the shaded cells
will dissipate power as heat, and over
a period of time failure will occur.
However, since it is impossible to pre-
vent occasional shading, the use of
bypass diodes around series-
connected modules is recommended.
You do not need bypass diodes if
all the modules are in pardld, i.e, a
12-volt array using 12-volt modules

and many designers do not use them

on 24-volt arrays. However for array

Photovoltaic Arrays

Figure 10. Series String with Bypass Diodes.
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PV arrays include panels and
source circuits. A panel is a group of
PV modules packaged in a single
name. Each panel should be sized for
easy handling and mounting. A
source circuit, sometimes called a
string, may include any number of PV
modules and panels connected in se-
ries to produce the system voltage.

All PV modules should have
durable connectors on the module.
The connectors should be sturdy, and
the method of attaching the wire
should be simple, yet provide a
secure connection. Most modules
have sedled junction boxes to protect
the connections. Field testing expe-
rience shows that PV cells and connec-
tions between cells within the module
laminate rarely fail. Most problems
occur in the module junction box
where the interconnections between
modules are made. These can often be
repaired in the field without replacing
the module. Before buying a PV mod-
ule, look at the junction box and see if
it is easy to make the connections. Are
the terminals rugged and is there a
place to connect bypass diodes? Is the
junction box of good quality?

Blocking diodes are used to con-
trol current flow within a PV system.
Any stand-alone PV system should
have a method to prevent reverse
current flow from the battery to the
array and/or to protect weak or failed
strings. Individual blocking diodes
are sometimes used for this purpose if
the controller used does not contain
this feature. Figure 11 shows the loca
tion of blocking diodes that can be
installed in each parallel-connected
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Blocking
diodes are
used to
prevent
unwanted
current flow.

N

Fuses and
switches are
used to
protect
wires,
equipment,
and people.

string or in the main wire connecting
the array to the controller. When mul-
tiple strings are connected in parallel,
as in larger systems, it is recom-
mended that blocking diodes be used
in each string as shown on the left to
prevent current flow from strong
strings into weak strings (due to fail-
ures or shading). In small systems, a
single diode in the main connection
wire is sufficient. Do not use both. The
voltage drop across each diode, 0.4-0.7
volt, represents about a 6 percent
drop in a 12-volt system.

A switch or circuit breaker
should be installed to isolate the PV
array during maintenance. This same
recommendation applies to the bat-
tery circuit so another switch or circuit
breaker is required. Also circuit
breakers are normally installed to iso-
late each load. Fuses are used to pro-
tect any current carrying conductor.
Fuses and cables in the array circuit
should be sized to carry the maximum

Figure 11. 48-Volt Array Showing
Use of Blocking Diodes.

Photovoltaic Arrays



current that could be produced by is true south. The decrease in energy
short-term “cloud focusing” of the production for off-south arrays
sunlight--up to 1.5 times the short roughly follows a cosine function, so if
circuit current at 1,000 w/m2 Useonlyde the azimuth of the array is kept to +20°

. . rated
irradiance. Slow-blow fuses are components. Of true south, annual energy produc-

recommended. Only fuses rated for tion is not reduced significantly. Some
dc current should be used. (Auto- arrays are sited west of south to skew
motive fuses should not be used.) All the production toward an afternoon
metal in a PV array should be peak load demand. The effect of array
grounded to help protect the array tilt angle on annua energy production
against lightning surges, and as an is shown in Figure 12. For most loca
added safety feature for personnel tions, a tilt angle near the latitude
working on the system. The negative angle will provide the most energy
conductor on most PV systems is aso over a full year. Tilt angles of latitude
grounded to the same grounding elec- +15° will skew energy production
trode used for the equipment ground. toward winter or summer,
Other disconnect and grounding respectively.

requirements are given in the National
Electricadl Code® (NEC). This code is
intended to ensure that safe, durable
PV systems are installed.
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A photovoltaic array can be el
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horizontal or on a sun-tracking Time of Year
mechan|st The preferred a;ImUth Figure 12. Effect of Array Tilt Angle on
for arrays in the northern hemisphere Annual Energy Production.

THE BROWN FAMILY
SELECTS THEIR PV MODULES

The Browns obtained performance data for two different
crystalline silicon modules. They completed Worksheet 4 and
selected a candidate module that would meet their require-
ments. Because they considered their load noncritical, they
rounded down the number of modules from 13.5 to 12 modules.
Using a rule of thumb that the array might be 20°C warmer than
the peak ambient temperature, they thought their array would
reach about 55°C on the hottest day. They made sure that the
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voltage of the module would be greater than 14.5 V when it was
operating at 55°C. This would give them enough voltage to fully
charge the battery. They intended to use a controller that would
give them reverse current protection so they did not have to
alow for blocking diode voltage drop.

Before they made their final decision they carefully
inspected the module junction boxes. They wanted an easy-to-
make connection, but they also wanted a rugged connection that
would last more than 20 years. When they were sdtisfied, they
bought modules from the local dedler.

The Browns planned to configure their array with six
parallel strings of two series connected modules (6P X 2S). With
this configuration, they would not use bypass diodes across the
modules. They asked about array mounting structures, and their
dealer was able to supply some that were tailored to the mechani-
cal and electrical characteristics of the modules. They were less
expensive than any the Browns could make themselves so they
ordered al the hardware they needed to do a ground mount of
their PV array. They used cables to anchor the array frames so
they would withstand the winds in their area.

They asked the dealer how they could tell if the array was
performing as specified without installing a great deal of expen-
sive instrumentation. He suggested installing only an ammeter
and told them to expect greater than 80 percent of the module
rating at noon on a clear day. The Browns calculated that this
meant their array should produce over 15 amps on the meter. If
it dropped below this value consistently, they would look for
problems. The modules had a warranty and would be replaced
in the first 10 years at no cost if they failed.

With their mgjor purchases made, the Browns were ready
to install their system. They studied the local electrical codes on
wiring, grounding, and disconnecting power sources. They
talked to a local electrical supply store and asked for recommen-
dations on wire type and installation techniques. They visited
their site and marked the location for the array and the wire runs
to the control center. They were excited and anxious to get their
system operating.

Photovoltaic Arrays



HYBRID INDICATOR

When should | consider using a generator with my PV system?

ARRAY TO LOAD RATIO

At this point, the basic PV system
configuration and size have been
determined. Before proceeding to
specify components for the system, a
simple test is recommended to see if
the application might be a candidate
for a hybrid system. Two main
indicators work together to alert the
designer to a possible hybrid applica-
tion; the size of the load, and the
seasonal insolation variability at the
site. These two factors have been
combined into the graph on
Worksheet 5 (see inset below), which
plots the daily load in watt-hours
versus the array/load ratio. The
larger the load the more likely a
hybrid PV-generator system will be a
good economic choice. Likewise, in

Calculate the
array-to-load
ratio and
check the
hybrid
Indicator
graph.

There may be other reasons to
consider a hybrid system. For
example, systems with high availabil-
ity requirements, or applications
where the load energy is being
provided by an existing generator.
Request a copy of the booklet “Hybrid
Power Systems--Issues and Answers’
from Sandia for more information
on hybrid systems. The worksheets
for hybrid systems, provided in
Appendix B, can be used to size a PV/
generator hybrid system if one is de-
sired. A word of caution--the controls
required for a hybrid system are more
complex because the interaction
between engine generator, PV array,
and battery must be regulated.
Obtaining advice from an experi-
enced designer is recommended if
you decide to install a hybrid system.

cloudy climates you need a

larger system to meet the load |
demand; thus having a higher
array/load ratio. Plotting the

l WORKSHEET #5 I HYBRID DESIGN DETERMINATION

load versus the array/load
ratio gives an indication of

whether a hybrid system
should be considered. If the
point falls in or above the gray
area, then sizing a hybrid
system is recommended so that
cost comparisons with the PV-
only design can be made.

Dally Watt-Hour Load

701
o

12000

10000 o

8000 —

6000 =

4000

2000 -

CONSIDER
HYBRID

Array to Load Ratio

Hybrid Indicator
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CONTROLLERS

Do | need a
controller?

What features
are required?

Where should it
be installed?

SPECIFICATION

Charge controllers are included
in most photovoltaic systems to
protect the batteries from overcharge
or excessive discharge. Overcharging
can boil the electrolyte from the
battery and cause failure. Allowing
the battery to be discharged too much
will cause premature battery failure
and possible damage to the load. The
controller is a critical component in
your PV system. Thousands of dollars
of damage may occur if it does not
function properly. In addition, all
controllers cause some losses (tare
loss) in the system. One minus these
losses, expressed as a percentage, is
the controller efficiency.

A controller’s function is to
control the system depending on the
battery state-of-charge (SOC). When
the battery nears full SOC the
controller redirects or switches off all
or part of the array current. When the
battery is discharged below a preset
level, some or all of the load is
disconnected if the controller includes
the low voltage disconnect (LVD)
capability. Most controllers use a
measurement of battery voltage to
estimate the state-of-charge.
However, this does not give a precise
indication because, as shown in Figure
13 on the next page, the voltage
changes little until the battery nears
the extremes of SOC. Battery
temperature, age, type, and rate of
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CONTROLLER SPECIFICATION
ﬂ Array ﬁl ﬂj .ﬂ]
Short Minimum Rated Coxs
Circuit Controller Controller
| Current Current Current) P
82| (A) (A) (A)
125 (x| /3 |=|/¢.3]|+] 20 |5
L
Make/Model
Rated Voltage
Rated Current
Features
Temperature Compensation

Reverse Current Protection

A
High Voltage Disconnect

High Voltage Re-connect
Low Voltage Disconnect

Keep it
simple—
added
features
lower
reliability.

Determining
battery state
of charge
under all
conditions is
virtually
impossible,
but battery
voltage is a
commonly
used
indicator.

charge/discharge also affect this
curve. Measuring battery temp-
erature improves the SOC estimate
and many controllers have a
temperature probe for this purpose.
These compensated controllers are
recommended if the battery
temperature is expected to vary more
than £5°C from ambient.

There are two voltage
thresholds or activation setpoints, at
which the controller will take action
to protect the battery. Each threshold
has a complementary-action setpoint.
For instance, the array disconnect
voltage is usualy set near 14 volts for
a nominal 12-volt battery. When the
array is disconnected, the battery
voltage will drop immediately to
about 13 volts. The array re-connect
voltage is usually set near 12.8 volts.

Controllers
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10%

Figure 13. Typical Battery State-of-Charge Curve.

Similarly, when the voltage reaches
about 11.5 the load is disconnected
and not re-connected until the voltage
reaches about 12.4 volts. On some
controllers these connect/disconnect
voltages may be adjusted in the field.
This is a good feature if you have ready
access to your system and can monitor
battery performance. Otherwise, ask
your battery manufacturer what
controllers have been used
successfully with your type of
batteries.

A worksheet to help you specify
a controller for your system is given in
Appendix B. The controller voltage
must be compatible with the nominal
system voltage and it must be capable
of handling the maximum current
produced by the PV array. Multiply
the array short-circuit current by at
least 1.25 to alow for short periods of
high irradiance produced by momen-
tary cloud enhancement. (The docu-
ment Stand-Alone Photovoltaic Systems
and the National Electrical Code presents
an argument for a conservative 1.56
multiplier.) This maximum current
value and the system voltage are the
minimum information needed to or-
der a controller. Other features to

Controllers

specify are

» Efficiency (tare loss),

e Temperature compensation,
* Reverse current protection,
» Display meters or status lights
Adjustable setpoints,

- High voltage disconnect

- High voltage re-connect

- Low voltage disconnect

- Low voltage re-connect
Low voltage warning,

e Maximum power tracking

Reverse current protection is the
prevention of current flow through
the controller from the batteries to the
PV array at night. Most controllers
include a blocking diode or other
mechanism that prevents this
unwanted current. Also, most small
controllers include built-in LVD
capability to switch off the loads,
activate lights or buzzers to alert users
that action is required, or turn on a
standby power supply.

The cost of the controller
increases rapidly as the current re-
guirement increases. Controllers for
12-volt and 24-volt systems with cur-
rents up to 30 amperes are available at
a reasonable cost. Controllers with 30-
100 amperes are available but 2-5
times more expensive. Controllers
that will switch currents over 100 am-
peres are usualy custom designed for
the application. One way to work
with currents over 100 amperes is to
connect controllers in parallel. It is
often less expensive to use five 20-
ampere rated controllers in parallel
than one 100-ampere unit. However,
the array must be electrically divided
and each controller wired separately
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with the controller outputs recom-
bined before connecting to the battery.
The activation levels of individual
controllers will be slightly different
but this presents no problem. All pos-
sible array current will be used to
charge the batteries until the lowest
activation voltage is reached; one con-
troller will then shut off and the other
controller(s) will allow current pas-
sage until the battery voltage exceeds
their threshold.

TYPE

There are two basic types of
controllers used for small PV systems.
A shunt controller redirects or shunts
the charging current away from the
battery. These controllers require a
large heat sink to dissipate the excess
current. Most shunt controllers are
designed for smaller systems produc-
ing 30 amperes or less. A series
controller interrupts the charging cur-
rent by open-circuiting the PV array.
This switching controller is thus lim-
ited by the current handling capability
of the components used to switch the
dc current. There are many variations
of both series and shunt controllers.
Both types can be designed as
single-stage or multistage. Single-
stage controllers disconnect the array
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More
systems
have had
problems

caused by a
poor control
scheme than
any other
cause.

when the battery voltage reaches the
high voltage level. Multistage con-
trollers allow different charging cur-
rents as the battery nears full state-of-
charge. This technique also provides
a more efficient method of charging
the battery. As the battery nears full
SOC, its internal resistance increases
and using a lower charging current
wastes less energy. As the size and
complexity of the system increase, the
need for expert advice on controllers
becomes greater. Check with your
battery supplier about charge control-
lers and what features they should
have. Most solar system dealers sell
both batteries and charge controllers
and will have determined the ones that
work best together.

INSTALLATION

The controller must be installed
in a weather resistant junction box and
can be located with other components
such as diodes, fuses, and switches.
Excessive heat will shorten controller
lifetime so the junction box should be
installed in a shaded area and venting
provided if possible. Controllers
should not be mounted in the same
enclosure with batteries. The batteries
produce a corrosive environment that
may cause failure of electronic
components.

Controllers



INVERTERS

What features
do | need?

Do | need a sine

wave output?

Where should the
PCS be installed?

SPECIFICATIONS

Power conditioning units, com-
monly called inverters, are necessary
in any stand-alone PV system with ac
loads. The choice of inverter will be a
key factor in setting the dc operating
voltage of your system. When speci-
fying an inverter, it is necessary to
consider requirements of both the dc
input and the ac output. All require-
ments that the ac load will place on
the inverter should be considered--
not only how much power but what

a study of many parameters listed
by various inverter manufacturers.
Some parameters are listed on the
specification sheet provided, a
portion of which is shown in the
inset. This sheet, located in Appen-
dix B, aso includes the specification
for a dc to dc converter if one is
needed to supply dc loads operating
at different voltages.

The choice of inverter will
affect the performance, reliability,
and cost of your PV system. Usualy,
it is the third most expensive

POWER CONDITIONING UNITS SPECIFICATION SHEET | component after the array and
A | Inverter battery. Fortunately in 1994,
SY*MM“WN?NC o Inverter Spi | there is a good selection of
B1|w F (14 .
L Weve Form e =W make inverters for stand-alone PV
B3 | AC System Voltage %x&) e Vonegs 00 systems in the United States.
81 | Surse Capacity 2500 output voitage (ac) _ | Characteristics that should be
BS | Total AC Watts £,500 (w) Surge Capacity :
86 | Maximum Single AC Load /800 (W) considered are
FEATURES:
. Battery Charging
Er::‘;mum SlmUImneOUSACZ,ZOO W) Voltmeter . OUtpUt Waveform
'B__s] Inverter Run Time at Maximum 3 Remote Control ]
Simultaneous Load .90 (MIN) Generator Start e power conversion
| Conti Transfer Switch 1
E‘ ;:t?::r ontinuous buty 2,500 (W) Maximum Power Trac effICI ency'
Required Inverter * rated power’
QE' Efficiency at Load 35 (%) e duty rating
\. * input voltage,
» voltage regulation,
(r [Converter l e voltage protection,
I Svstem Reoulremants ] [es] Conv . frequency’
modularity,
variation in voltage, frequency, and power factor,
waveform can be tolerated. On the idle current,

input side, the dc voltage, surge capac- g

ity, and acceptable voltage variation
must be specified. Selecting “the best
inverter” for your application requires

Inverters

size and weight,
audio and RF noise,
meters and switches.
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Added features available with some width in their output. Efficiencies can

inverters are reach 90 percent. This type of inverter
can be used to operate a wider variety

e battery charging capability, of loads including lights, electronic

* remote control operation, equipment, and most motors. How-

* load transfer switch, ever, these inverters will not operate a

» capability for parale motor as efficiently as a sine wave
operation. inverter because the energy in the

additional harmonics is dissipated in
the motor windings. Sine wave invert-

ers produce an ac waveform as good
CHARACTERISTICS as that from most electric utilities.
They can operate any ac appliance or
Stand-alone inverters typically motor within their power rating. In
operate at 12, 24, 48 or 120 volts dc general, any inverter should be over-
input and create 120 or 240 volts ac at sized 25 percent or more to increase
50 or 60 hertz. The selection of the reliability and lifetime. This also
inverter input voltage is an important allows for modest growth in load
decision because it often dictates the demand. The efficiency of al inverters
system dc voltage; see the discussion is lowest for small load demand and
of system voltage selection on page 12. reach their nomina efficiency (around
Square 90 percent) when the load demand is
The shape of the output wave- wave  greater than about 50 percent of rated
form is an important parameter. load.

Inverters are often categorized
according to the type of waveform
produced; 1) square wave, 2) modified 80
sine wave, and 3) sine wave. The , ..
output waveform depends on the sine Wave
conversion method and the filtering “0

used on the output waveform to 20
eliminate  spikes and unwanted .

100

60

Efficiency

frgqugnues that result when the Sine Wave 6 10 20 3 4 s 8 7 8 %
switching occurs. % of Rated Load

Square wave inverters are rela- The manufacturers' specification
tively inexpensive, have efficiencies sheets will list some of the following
above 90 percent, high harmonic parameters.

frequency content, and little output

voltage regulation. They are suitable Some « Power Conversion Efficiency -

for resistive loads and incandescent ;’:‘;fgﬁ:’;ﬂ; This value gives the ratio of output

lamps. Modified sine wave inverters a square power to input power of the
offer improved voltage regulation by  "&vemPut inverter. Efficiency of stand-alone
varying the duration of the pulse inverters will vary significantly
40
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with the load. Values found in
manufacturers’ specifications are
the maximum that can be
expected.

Rated Power - Rated power of the
inverter. However, some units can
not produce rated power continu-
ously. See duty rating. Choose an
inverter that will provide at least
125 percent of simultaneous peak
load requirements (Block 11B,
Worksheet 1) to allow for some
growth in load demand.

e Duty Rating - This rating gives the

amount of time the inverter can
supply its rated power. Some
inverters can operate at their rated
power for only a short time with-
out overheating. Exceeding this
time may cause hardware failure.

* Input Voltage - This is deter-

mined by the total power required
by the ac loads and the voltage of
any dc loads. Generally, the larger
the load, the higher the inverter
input voltage. This keeps the cur-
rent at levels where switches and
other components are readily
available.

» Surge Capacity - Most inverters

can exceed their rated power for
limited periods of time (seconds).
Surge requirements of specific
loads should be determined or
measured. Some transformers
and ac motors require starting cur-
rents several times their operating
level for several seconds.

Inverters

P C

| & &r‘OrW'\QC

C:Cost

The efficiency
of inverters
can be less
than half of
that claimed

when they are

used with
certain loads.

e Standby Current - This is the

amount of current (power) used by
the inverter when no load is active
(power loss). This is an important
parameter if the inverter will be left
on for long periods of time to
supply small loads. The inverter
efficiency is lowest when load
demand is low.

* Voltage Regulation - This indi-

cates the variability in the output
voltage. Better units will produce a
nearly constant root-mean-square
(RMS) output voltage for a wide
range of loads.

» Voltage Protection - The inverter

can be damaged if dc input voltage
levels are exceeded. Remember,
battery voltage can far exceed
nominal if the battery is over-
charged. A 12-volt battery may
reach 16 volts or more and this
could damage some inverters.
Many inverters have sensing cir-
cuits that will disconnect the unit
from the battery if specified volt-
age limits are exceeded.

* Frequency - Most loads in the

United States require 60 Hz.
High-quality equipment requires
precise frequency regulation--
variations can cause poor
performance of clocks and
electronic timers.

* Modularity - In some systems it is

advantageous to use multiple in-
verters. These can be connected in
parallel to service different loads.
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Manual load switching is some-
times provided to allow one
inverter to meet critical loads in
case of failure. This added redun-
dancy increases system reliability.

* Power Factor - The cosine of the
angle between the current and
voltage waveforms produced by
the inverter is the power factor. For
resistive loads, the power factor
will be 1.0 but for inductive loads,
the most common load in residen-
tial systems, the power factor will
drop, sometimes as low as 0.5.
Power factor is determined by the
load, not the inverter.

INSTALLATION

An inverter should be installed
in a controlled environment because
high temperatures and excessive
dust will reduce lifetime and may
cause failure. The inverter should not
be installed in the same enclosure with
the batteries because the corrosive
gassing of the batteries can damage
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Protect the
inverter
circuits with
fuses on both
input and
output,

the electronics and the switching in
the inverter might cause an explosion.
However, the inverter should be
installed near the batteries to keep
resistive losses in the wires to a mini-
mum. After conversion to ac power,
the wire size can be reduced because
the ac voltage is usually higher than
the dc voltage. This means the ac
current is lower than the dc current for
a equivalent power load. All wiring
and installation procedures described
in Article 300 of the National Electrical
Code (NEC) should be followed.

Both the input and output
circuits of the inverter should be
protected with fuses or circuit break-
ers. These safety devices should be
accessible and clearly labelled. Using
a surge protection device on the
inverter input to protect against
nearby lightning strikes is recom-
mended for most areas. A component
such as a movistor shunts surge
current to ground. If a nearby light-
ning strike occurs, this may destroy
the movistor, but its destruction
might prevent expensive inverter
repair hills.

Inverters



THE BROWN FAMILY
SELECT ANINVERTER

The Brown Family chose a 2.5-kilowatt inverter that
operated at 24 volts dc and provided 120 volts ac single-phase
sine wave output. This unit was adequate for their 1,800 watt
domestic household loads, but it would not be large enough to

QUESTIONS ABOUT
INVERTERS

run their water pump and washing machine simultaneously.
This problem was avoided by installing a water storage tank on

Power Factor?
Waveform?

Rated Efficiency?
Duty Rating?
Surge Capability?
Voltage Protection?
Input?

Output?

Safety Features?
Operator Alarm?
Meters?

the hill behind their house and using a gravity-feed system for
their domestic water system. This water storage would give
them independence for several cloudy days and they could use
the inverter to run the pump and fill the tank at night or at times
when other household demands were low. This alowed the
single 2.5-kilowatt inverter to meet al their needs. Before buying
the inverter, they visited the local distributor and asked for a
demonstration using both resistive and motor loads such as an
electric blender. Also, they wanted to hear the unit operating and
to know how much current the inverter used when it was in

Inverters

standby. They were concerned about audible noise levels
because they planned to put their inverter on the wall in
Mr. Brown's workshop. They asked questions about the techni-
cal performance of inverters and also questioned the dealer

about the service policy and the warranty on the unit.
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INTERCONNECTING THE SYSTEM

Where should | put the switches and fuses?

How do | select the wire type and size?

Now that the major components
have been sized and selected, it is time
to consider how to interconnect
everything as a working system. It is
important to select wire, connectors,
and protection components such as
switches and fuses that will last for
twenty years or more. To obtain this
long life, they must be sized correctly,
rated for the application, and installed
carefully. Connections are particu-
larly prone to failure unless they are
made carefully and correctly. Obtain a
quality crimp tool and ask an experi-
enced electrician for advice on ways to
make and protect long lasting connec-
tions. Remember the performance
and reliability of the entire system
depends on each connection.

Selecting wire for your applica-
tion may seem confusing because
there are so many types of wire and
insulation available. However, only a
few types are popular with PV system
installers. In most cases you don't
need specia (and therefore expensive)
wire. Tak to a local electrician or a
wire supplier and describe how and
where the wire will be used. Ask for
recommendations.

Use switches
and fuses for
safety of
components
and
personnel.

Consult
Article 310 of
the NEC for a
discussion of

wire types
and sizes.

W IRE TYPE AND SIZE

In the United States, the size of
wire is categorized by the American
Wire Gage (AWG) scale. The AWG
scale rates wires from No. 18 (40 mil
diameter) to No. 0000 (460 mil
diameter). Multiple conductors are
commonly enclosed in an insulated
sheath for wires smaller than No. 8.
The conductor may be solid or
stranded. Stranded wire is easier to
work with particularly for sizes larger
than No. 8. Copper conductors are
recommended. Aluminum wire is
less expensive, but can cause prob-
lems if used incorrectly.* Many
different materials are used to make
the sheath that covers the conductors.

DC WIRE SIZING SPECIF

e

Module to Module

Array to Controller

Battery to Battery

Battery to
ds

A
B
Cc
D
F

* Aluminum is sometimes specified for applications requiring long wire runs, for instance,
from array to controller. If aluminum is used, terminations must be made with connectors
suitable for use with aluminum wire. These connectors will be stamped AL. Do not splice

aluminum to copper wire.
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You must select a wire with a covering
that will withstand the worst-case
conditions. It is mandatory that sun-
light resistant wire be specified if the
wire is to be exposed to the sun. If the
wire is to be buried without conduit it
must be rated for direct burial. For
applications such as wiring to a
submersible pump or for battery inter-
connections, ask the component
dealer for recommendations. Often
the dealer or manufacturer will sup-
ply appropriate wire and connectors.

Some wire types commonly used
in the United States are listed below.

. Underground Feeder (UF) -
may be used for interconnect-
ing balance-of-systems (BOS)
but not recommended for use
within battery enclosures;
single conductor UF wire may
be used to interconnect mod-
ules in the array but this type of
wire is not widely available.

. Tray Cable (TC) - multicon-
ductor TC wire may be used for
interconnecting BOS; TC has
good resistance to sunlight but
may not be marked as such.

y Service Entrance (SE) - may be
used for interconnecting BOS

y Underground Service En-
trance (USE) - may be used for
interconnecting modules or
BOS; may be used within bat-
tery enclosures,

. THHN - indicates wire with

heat resistant thermoplastic
sheathing; it may be used for

Interconnecting the System

Protect the
wire from the
sun if
possible.

interconnecting BOS but must
be installed in conduit--either
buried or above ground. It is
resistant to moisture but
should not be used in wet loca-
tions.

. TW - refers to moisture resis-
tant thermoplastic sheathing; it
may be used for interconnect-
ing BOS but must be installed
in conduit. May be used in wet
locations.

The use of NMB (Romex) is not
recommended except for ac circuits as
in typical residential wiring. Al-
though commonly available, it will
not withstand moisture or sunlight.

More useful information is con-
tained in the NEC. It is recommended
that any designer/installer review
Article 300 before proceeding. This
article contains a discussion of wiring
methods and Table 310-13 gives the
characteristics and recommended us-
age of different wire types. Table 310-
16 gives temperature derate factors.
Another useful reference available
from the PVDAC at Sandia National
Laboratories is "Photovoltaic ~ Power
Systems and the National Electrical Code,
Suggested Practices.”

Selecting the correct size and
type of wire for the system will
optimize performance and increase
reliability. The size of the wire must be
capable of carrying the current at the
operating temperature without
excessive losses. It is important to
derate the current carrying capacity of
the wire if high temperature operation
is expected. A wire may be rated for
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high temperature installations
(60-90°C) but this only means the
insulation of the wire can withstand
the rated temperature—it does not
mean that ampacity is unaffected. The
current carrying capability (ampacity)
depends on the highest temperature to
which the wires will be exposed when
it is carrying the current. According to
Table 310-16 in the NEC, a UF type
wire operating at 55°C can safely carry
only 40 percent of the current it can
carry at 30°C—a significant derate. If
the ampacity of the wire is exceeded,
overheating, insulation break-down,
and fires may occur. Properly sized
fuses are used to protect the
conductors and prevent this kind of
damage.

Loss in a dc circuit is equal to I12R
where | is the current and R is the
resistance of the wire. For 100 ampere
current this means 10,000 times the
loss in the circuit. It is easy to see why
resistance must be kept small. Also,
the voltage drop in the circuit is equal

Fuses are
used to
protect the
conductors in
the system.

The sub-
systems
must be
protected
from the high
current

12-, 24-, 48-, and 120-volt dc systems
and provide the minimum wire size
that should be used if the voltage drop
is to be limited to 3 percent for any
branch circuit. A portion of the 24-volt
table is shown in Table 2. (These
tables can be adjusted to reflect
different voltage drop percentages by
using simple ratios. For example, a 2
percent table can be calculated by
multiplying the values in Table 2 by
2/3.) The tables are calculated for
one-way distance taking into account
that the circuit consists of both posi-
tive and negative wires. As an
example, assume the array is 30 feet
from the controller and the maximum
current is 10 amperes. Table 2 shows
that a No. B-size wire can be used up to
a one-way distance of 40 feet (no
temperature derate included). While
the genera rule is to limit the voltage
drop for any branch circuit to 3
percent, there may be low-voltage
applications where it should be less
than 1 percent. For the total wire run
on any path from source to load, the

to IR. Voltage drop can cause possiblefrom |oss should be no greater than 5

problems, particularly in low voltage
systems. For a 12-volt system, a one
volt drop amounts to over 8 percent of
the source voltage. Avoid long wire
runs or use larger wire to keep resis-
tance and voltage drop low. For most
applications AWG No. 8, No. 10, and
No. 12 are used.

The wire sizing worksheets
given in Appendix B, a portion of
which is shown in the inset, provide a
consistent way to record the minimum
wire size for different subsystems.
Four tables are included that give
maximum length for selected wire
sizes and currents. The tables are for
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the battery.

percent.
TABLE 2
Portion of 24-V Table
} Maxi
3% Voltage Drop;
AWG Wire Size 14 12 10 8
Resistance (/1000 ft.} 2.52500 i 1.58800 | 0.99890 | 0.62820
Amperesi Watts Distance { Distance ; Distance | Distance
0.5 12 570 907
1 24 285 453 721
2 48 143 227 360 573
3 72 95 151 240 382
4 96 71 113 180 287
6 144 48 76 120 191
8 192 36 57 90 143
10 240 29 45 72 115
12 288 24 38 60 96
14 224 N 27 g1 )
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SwiTcHES AND FUSESs

There is a specification sheet
provided in Appendix B that can be
used to size and record the switches,
diodes, and fuses for the system.
Switches, circuit breakers, and fuses
are used to protect personnel and
equipment. The switches provide the
capability to manually interrupt
power in case of emergency or for
scheduled maintenance. The fuses
provide overcurrent protection of the
conductors in case of system shorting
or ground faults. Diodes are used to
control the direction of current flow in
the system.

These protection com-
ponents should be located
throughout the stand-alone
PV system. The designer
should ask “What might
happen?” and try to guard
against reasonable failure
scenarios. The largest current
source in the system is the bat- ==
tery. A typical battery can
provide over 6,000 amperes
for a few milliseconds if faults
occur and the battery is

Install
switches in
accessible

places.

ac switch may operate properly a few
times, but it will probably fail when it
is needed most. DC components are
rated for voltage and current. Com-
mon voltage levels are 48, 125, 250,
and 600 volts dc. Current ratings of
15, 30, 60, 100, and 200 amperes are
common. The switch or breaker must
be sized to handle the maximum pos-
sible current. This is the same current
level used to specify the fuses. Fused
disconnect switches with both devices
incorporated into one assembly may
be available. Using these will save on
installation costs. DC rated circuit
breakers can be used to replace both
switches and fuses. They may be more
difficult to find but the reli-
Il ability is high and they are
| preferred by many system
| designers.

The current produced by
the PV array is limited, but the
array short-circuit current,
multiplied by a safety factor
of 1.56, is commonly used to
specify the size of a slow-blow
fuse in the array output cir-
cuit. Should a ground fault
occur in the array while the
controller is engaged, this

short-circuited. These levels
of current can destroy components
and injure personnel so an in-line fuse
should be installed in all battery
circuits. The fuses must be rated for dc
operation and have an amperage in-
terrupt capability (AIC) sufficient for
these high currents. The NEC requires
that there must be a method of discon-
necting power from both sides of any
installed fuse. This may require addi-
tional switches to be installed. Any
switch used in a dc circuit should be
specifically rated for dc operation, An

Interconnecting the System

fuse will protect the array

Youcanbuy modules and the conductors from

switch/fuse
assemblies
for installa-
tion in one
box.

high battery current. In the load cir-
cuits a fuse or circuit breaker is usually
installed for each significant load.

Switches, fuses, blocking diodes,
movistors, and any sensors used for
data acquisition are normally installed
in a centrally located weather-proof
junction box (Jbox). The controller is
often installed in the same Jbox which
may be referred to as the control center
of the system. All negative wires
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should be attached to the negative
buss and a solid copper wire used to
connect this buss to the ground lug in
the J-box. (The ground lug is con-
nected to the common ground rod of
the system). The positive leads are
usually connected through a fuse to
the positive buss. A surge protection
device such as a movistor can be con-
nected from each positive lead to
ground. (See the wiring diagrams for
the system design examples in this
manual.)

CONNECTIONS

Poorly made connections are the
biggest cause of problems in stand-
alone PV systems. Making a good
connection requires the correct tools
and connectors. Do the following:

* Use connectors--do not try to wrap
bare wire around a terminal.
Make sure the connector size and
wire size are compatible.

* Strip 3/8 to /2 inch of insulation
from the wire and clean.

* Use a good quality crimp ||
tool to attach the connector |
to the wire. A ring-type
connector is superior to a
spade-type connector be- &
cause there is no possibility [
of the wire falling off the &
terminal.

* Solder the crimped }4
connection. This is§
particularly important if
the installation is in a
marine environment or ®
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Protect all
connections.
More system

failures are

caused by
poorly made
connections

than by
component
failures.

exposed to the weather. However,
soldering makes a wire brittle and
subject to breaking if the wire is
repeatedly flexed near the
connection.

Use weather resistant boxes to
make connections between sub-
systems. Do not try to make more
than two connections to the same
terminal. Make sure the terminals
and connectors are clean and of the
same type of metal. Tighten
firmly. Split bolt connectors
should be used instead of terminal
strips if the wire size is greater than
No. 8. If disassembly is not
required, soldered connections
may also be used but only if the
connection is electrically and
mechanically sound before the
soldering.

Allow plenty of wire for entry and
exit of the boxes. Use boxes with
strain relief entrances and tighten
the clamps firmly around the
wires. After making the connec-
tion to the terminal, check each
wire for strain relief.

e Test thoroughly after
installation. Check the
connector attachment--
give it a pull test. Look for
places where the connec-
tions or bare wire might
touch the metal box or
other metal equipment.
Make sure the wires to the
terminal strip are neatly
aligned and do not over-
lap. Check entry and exit
points for nicks or cuts in
the wire insulation.

Interconnecting the System



SYSTEM INSTALLATION

How should the
array be grounded?

What about wind
damage or lightning?

What kind of battery
enclosures are needed?

Stand-alone PV systems will be
reliable power producers for more
than two decades if properly sized for
the application, engineered well, and
installed carefully. All electrical wir-
ing should be done in accordance with
the NEC and local codes. Some
general guidance is given here.

ARRAYS

PV arrays for stand-alone
systems are installed in many unique
and innovative ways. However, there
are common issues involved in any
installation, whether the array is fixed
or tracking, mounted at ground level,
or on a pole or building. The array
orientation and tilt angle consider-
ations are discussed in the section on
PV arrays, page 29.

The objective is a solidly
mounted PV array that will last for
many years and withstand all kinds of
weather. Regardless of whether you
buy or build the mounting structure
make sure it is anchored and the mod-
ules are restrained. Many module
manufacturers and distributors sell
mounting  hardware  specifically
designed for their modules. This
hardware is intended for multiple
applications and different mounting
techniques and considerations like

System Installation

Trying to
save $ on
Installation
of system
components
Is false
economy.

Use
materials
that will last
20+ years.

wind loading have been included in
the design. Using this mounting hard-
ware is the simplest and often the
most cost effective. Customized array
mounting structures can be expen-
sive. Consider the characteristics of
various mounting materials:

e Aluminum - lightweight, strong,
and resistant to corrosion. Alumi-
num angle is an easy material to
work with, holes can be drilled
with commonly available tools,
and the material is compatible
with many PV module frames.
Aluminum is not easy to weld.

* Angle Iron - easy to work with but
corrodes rapidly. Galvanizing will
slow corrosion but mounting
brackets and bolts will still rust,
particularly in a wet environment.
The material is readily available
and brackets can be welded easily.

o Stainless Steel - expensive and
difficult to work with but will last
for decades. May be a good invest-
ment in salt spray environments.

* Wood - inexpensive, available,
and easy to work with but may not
withstand the weather for many
years--even if treated with preser-
vative. Attaching modules to a
wooden frame requires battens or
clips to hold them in place.
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Figure 14 shows one mounting
technique that has been used for small
PV systems. Aluminum or galvanized
angle can be used for the support

struts, steel fence posts can be driven  mounting of
into the ground and the cross-beam PVarraysis
can be made from treated wood, "¢ommended
metal, or concrete. Galvanized U- alonesytems.
bolts can be used to hold the cross-
beams. Stainless steel bolts and nuts
are recommended because they will
not rust and portions of the array can
be removed if future maintenance is
required. The foundation for the array
should be designed to meet the wind
load requirements of the region. Wind
load depends on the size of the array
and the tilt angle. Ask a local contrac-
tor or your module distributor how to
anchor your array to withstand the
wind expected in your area.
PV MODULE FRONT
SUPPORT FOOTPADS

STRUTS

CARRIER
BEAM

GROUND LEVEL

STEEL POST

- CHANNEL STAKE

|_ CARRIER BEAM

SQUARED U-BOLT
L~ WITH THREADS

HEX NUTS WITH
SPLIT LOCKWASHER

Lo

Figure 14. Simple Ground Mount for a PV Array.
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Changing the tilt angle of an
array to account for seasonal changes
in sun altitude is not required. For
mid-latitude locations, a tilt angle
change every three months is esti-
mated to increase energy production
about 5 percent on an annual basis.
For most applications, the additional
labor and the added complexity of the
array mount does not justify the small
increase in energy produced.

If tracking of the flat-plate array
is desired, the recommended trackers
are single axis units that require little
control or power; see Figure 15. These
are passive trackers driven by a closed
Freon system that causes the tracker to
follow the sun with adequate accu-
racy for flat-plate PV modules. In
high wind areas a powered tracker
may be preferred. Pole mounted
trackers that support 4 to 12 PV mod-
ules are available and often used for
small stand-alone systems, particu-
larly water pumping applications.
The tracker manufacturer will provide

Figure 15. Passive Tracker for a PV Array.

System Installation



al the array mounting hardware and
instructions for securely installing the
tracker. The amount and type of foun-
dation for the pole-mounted tracker
depends on the size of the array being
supported. Reinforced concrete with
anchor bolts is recommended. The
foundation and frame should be
designed to withstand the worst case
wind expected in the area. The move-
ment of the array should be checked to
make sure the path is clear of
obstructions.

In general, roof mounting of PV
modules should be avoided. They are
more difficult to install and maintain,
particularly if the roof orientation and
angle are not compatible with the
optimum solar array tilt angle. Pen-
etrating the roof seal is inevitable and
leaks may occur. Also, it is important
to achieve a firm and secure attach-
ment of the array mounting brackets
to the roof. Attaching the mounting
brackets to the rafters will provide the
best foundation, but this may be
difficult because module size and
rafter spacing are usually not compat-
ible. If there is access to the underside
of the roof, 2 x 6-inch blocks can be
inserted between the rafters and the
attachment made to the blocks.
Attaching the array to the plywood
sheathing of the roof may result in
roof damage, particularly if high
winds are likely.

If a roof mount is required, be
sure to alow a clear air flow path up
the roof under the array as shown in
Figure 16. The array will operate
cooler and produce more energy if it
stands off the roof at least 3 inches,
Flush mounting PV modules to the

System Installation

roof of a building is not recommended.

The modules are more difficult to test

and replace, and the performance of
securethe the array is decreased because of the
amayfor  higher operating temperatures,

worst-case
windstorms.

BATTERIES

Batteries must be protected from
the elements. If freezing temperatures
are expected, the batteries can be
buried below the frost line in a water-
tight enclosure or in a building where
the temperature will remain above
freezing. If the batteries are buried,
a well-drained location should be
selected and a drainhole provided in
the battery enclosure. Batteries should
not be set directly on concrete surfaces
as self discharge will be increased,

Figure 16. Roof Mount for a PV Array.
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particularly if the surface gets damp.
Adequate venting must be provided
to minimize explosion hazard if open-
cell batteries are used. Any battery
should be stored in a location where
access is limited to knowledgeable
personnel. Never allow unsupervised
children or pets near batteries.

Commercial battery enclosures
may be available but are usually
expensive. For small systems, a
heavy-duty plastic tub may serve as
an inexpensive alternative. Be sure it
will withstand direct sunlight if the
batteries are to be installed outdoors
and above ground.

CoNTROL CENTER

Electronic controllers, convert-
ers, or inverters are often installed in
the control center along with switches,
fuses, and other BOS. Electronic
components must be able to withstand
expected temperature extremes in
both operating and non-operating
states. Any printed circuit boards in
these units should be coated or sealed
to protect the electronics from humid-
ity and dust. Certified electrical
service boxes should be used. Consult

Do not set
batteries on
cold, damp

surfaces.

Install all
switches,
fuses,
movistors

and electron-

icsina
protected
J-box.

mount the boxes in a shaded area and/
or provide air circulation, particularly
for inverters. Dust can be a problem in
a well-vented enclosure. Some boxes
have filters at the air access points.
Filters require regular cleaning.
Screen the inlets of the electrical boxes
to prevent spiders, wasps, and other
insects from setting up residence.
Finding wasps in the electrical box
may not affect performance, but it
will certainly make maintenance more
exciting.

GROUNDING

A good ground will provide a
well-defined, low-resistance path
from the stand-alone PV system to
earth ground. This path is expected to
carry fault current if system malfunc-
tions occur so the ground wire must be
as large as the largest conductor in the
system. Two types of grounding are
needed in PV systems--system ground
and equipment ground. For the sys-
tem ground, one of the current carry-
ing conductors, usually the negative,
is grounded at a single point. This
establishes the maximum voltage
with respect to ground and also serves
to dlscharge surge currents induced

any electrical supply
company to get
advice about the type
of box needed for a
specific application.

High tempera-
tures will shorten the
life of electronic
equipment. Try to

by lightning. Any
| exposed metal that
might be touched by
personnel should be
grounded. This in-
cludes equipment
boxes and array
frames. This will limit
the risk of electrical
shock should a ground
fault occur.
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A low-resistance earth ground
requires good contact between the
ground rod and earth. Subterranean
water lowers the resistivity of the con-
tact. If the system is in an area with
rocky soil, a good ground may be
difficult to achieve. Consult a local

There is little that can be done to pro-
tect the PV system equipment from a
direct lightning strike. Surges caused
by near strikes occur more fregquently
and the severity of possible damage
depends on the distance from the
strike to the array. Commercially

electrician for suggestions. lightning  available surge protection devices
ds ab . - ) .
P araye . (movistors and silicon oxide varistors)

A PV array can attract lightning, focatedon  are reasonably priced and their use is

high ground.

especialy if located at a high elevation
relative to the surrounding terrain. In
particular, water pumping systems
may draw lightning because of the
excellent ground path provided by the
well casing. Current surges can be
caused by a direct lightning hit or by
electromagnetic coupling of energy

recommended. They are normally
installed in the array output and at the
dc input to any electronic device. If an
inverter is used, surge protection
devices should be installed at the ac
output as well as the dc input. Install-
ing the wiring in grounded, buried
metallic conduit will decrease

into the PV system’s conductors. g/

susceptibility to lightning.

THE BROWN FAMILY

PLAN THEIR SYSTEM INSTALLATION

Each family member was
taught safe system
operation and how to
disconnect array power.

System installation

The Browns came to understand that a system is a collection
of interactive components, and satisfactory operation is depen-
dent on the reliability of each part. They were told that more
system downtime is caused by failure of connections, switches,
and fuses than failure of controllers, batteries or modules. These
common failures can be avoided, to a large degree, with good
installation practices. The Browns intended to supervise the
instalation of their system, so they studied the codes and regu-
lation for electrical installations in their area. They contacted
local authorities and asked what codes applied. They were
particularly interested in safety issues, compliance with the
NEC, convenience, and ease of maintenance. They carefully
selected the location for their array, batteries, and control center.
They planned to install the batteries, inverter, controller, and
safety switches in a 100 sguare foot enclosure on the north side of
their house. The wire run from batteries to inverter was less than
10 feet. The control/battery room would be attached to the house
but could be accessed only from outside through double-wide,
lockable doors. They made sure there would be good cross-flow
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Batteries

ventilation in the insulated room. The PV array would be
installed using the simple ground mounting technique
described in this handbook. They would use lag screws to attach
the panel frames to a treated wooden 4 x 4 carrier beam. They
Cortteal Conte planned to buy the panel frames, and support har(_JI—
Q—__—J— ™" ware from the module manufacturer. By using this
hardware, they would also be able to use the
manufacturer designed wiring harness to electrically
interconnect the PV modules. They would use
conduit for all wire runs except the array to battery.
For this, they would use No. 6 direct-burial cable.
Number 6 wire was larger than required but would
keep the voltage drop to just over 1 percent. With

components on-hand and planning completed, the Browns
started their installation project.

Garose

System Installation



M AINTENANCE

How much maintenance will be required?

Do | need special equipment or training?

PeErIobIc CHECKS mix the electrolyte. If the specific

gravity reading of any cell is differ-
ent from the others by 0.050 it may
indicate a weak cell. Monitor this
cell’s performance to see if replace-
ment is required.

Preventive maintenance is the
best maintenance! Periodic checks are ¢
maintenance

recommended for any stand-alone PV is the best
system so that little problems can maintenance.

Preventive

be found and corrected before they
affect system operation. The system
should be checked soon after installa
tion when it is presumably operating
well. Much of the checking can be
done with only a voltmeter, a clamp-
on ammeter, and some common Ssense.
Many failures can be avoided if
periodic checking is done and correc-
tive action taken before the problems

cause system failure.

Do these

recommended checks regularly:

Check the tightness of adll
connections in the system. Battery
connections should be cleaned and
sealed with a corrosion inhibitor.

Check the electrolyte level and
add clean (distilled) water as
necessary. Do not overfill the
batteries. Measure the specific
gravity of each cell in the battery
every year. The specific gravity is
an indicator of the battery state-of-
charge but the measurements may
be misleading if the electrolyte has
stratified. Check specific gravity
from different levels in the cell to
see if the electrolyte is stratified. If
stratification is present, the battery
should be charged vigorously to

Maintenance

5y -

Check
systems at
least once a

year.

With the battery under load, check
the voltage of each battery cell and
compare it to the average of al cell
voltages. If the voltage of any cell
differs by 0.05 volts from the oth-
ers, it indicates a possible problem.
Monitor this cell’s performance to
see if replacement is required.

Check the system wiring. If any
wires are exposed, look for crack-
ing or checking of the insulation.
Inspect the entry and exit points
from all junction boxes and look
for breaks or cracks in the insula-
tion. Replace wires if necessary.
Do not rely on common black elec-
trical tape for long-term repair of
damaged insulation.

Check that all junction boxes are
closed and sealed. Inspect for
water damage or corrosion. If elec-
tronic components are mounted in
junction boxes, check for ventila-
tion in the box. Change or clean air
filters.

Inspect the array mounting frame

or tracking mechanism. Maintain
any tie-down anchors.
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* Check the operation of switches.
Make sure the switch movement is
solid. Look for corrosion or char-
ring around contacts. Check fuses
with a voltmeter. A good fuse will
have almost no voltage drop when
current is flowing. Look for discol-
oration at the fuse ends.

The designer should provide
specific instructions for maintaining
the system. Following that advice,
doing these simple checks, and cor-
recting any visible problem as soon as
they appear will increase the system
availability and extend its life.

TROUBLESHOOTING

If a known or suspected problem
has occurred, it can usualy be located
by following a logical progression of
tests and analyzing the results. Basic
tests can be completed with simple
tools such as a voltmeter, clamp-on
ammeter, hydrometer, pliers, screw-
drivers, and crescent wrenches.
Gloves, safety glasses, (for working
around batteries), and rubber-soled
shoes are recommended. Remove
jewelry before testing any electrical
circuits. Have two people working
together to test the system. Before
testing, make sure that both persons
know where the power disconnect
switches are and how to operate them.
Safety first! Remember a PV array will
produce power any time the sun is
shining and any array that contains
more than two modules can produce
enough electricity to kill a human
being under worst-case conditions.
Always measure the voltage present
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Safety first

Check the
simple things
first.

before touching a wire or connector
and never disconnect a wire before
knowing what voltage and current are

Figure 17 gives some general
guidance for finding problems in
stand-alone PV systems with batter-
ies. Check the simple things first.
Look for blown fuses, tripped break-
ers, or bad connections. Repair as
necessary. Check the status lights, if
any, on the controller. Next, check the
loads. The appliances or pumps, e€tc.
may have blown a fuse or failed.
Check to see if the correct voltage and
current are present at the load input. If
you have another load that can be
plugged into that circuit see if it will
work. If it does, the original appliance
is suspect. If the correct voltage is not
present, check the battery voltage. If
the correct voltage is present at the
output, check the circuit between the
battery and the load. Recharge the
battery if the battery voltage is low.
You can also check the voltage and
specific gravity of each cell and look
for weak cells. If the battery voltage is
low (less than 11.0 volts on a 12 volt
system) the problem may be with the
controller. (Has the weather been
cloudy for a long period--if so, there
may be no system problem.) Check
the input voltage at the controller, Is it
equal to the battery voltage? If so, the
controller has the array connected to
the battery, Is a charging current flow-
ing from the array? If yes, you may
want to disconnect the load(s) and let
the array charge the battery. If no
current is flowing or if the voltage at
the controller input equals the open-
circuit voltage of the array, the
controller may have failed. If the

Maintenance



DO A VISUAL INSPECTION

Check all fuses and switches
Look for loose connections
Look for broken wires

',——> Repair if necessary

CHECK LOAD

Is correct voltage present?

——® Repair if necessary

Y

CHECK BATTERY

Is charging current present?
Is load current present?
Is electrolyte level OK?

Is every cell equal?

| ]
VOLTAGE SPECIFIC GRAVITY
Is voltage greater than 2 volts? (1.1 V on NiCd batteries) Is specific gravity less than 1.217

Is every cell equal?

l———> CHARGE BATTERY <——‘

Recheck voltage and specific gravity

Repair if necessary

CHECK CHARGE CONTROLLER

Is array current present at the input?
Is array voltage present at the input?

Is it open circuit voltage or operating voltage?
Is output voltage present?

Is it less than the input voltage?

—— Repair if necessary

Y

CHECK PV MODULES

Are connections OK?
Check output voltage
Is it open circuit voltage or operating voitage?
Is array current flowing?
Shade one module at a time
Does output current change?

Maintenance

‘—> Repair if necessary

Figure 17. Troubleshooting Guide.
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controller is okay, test the array.
Measure the voltage at the output.
You may want to bypass the controller
and connect the array directly to the
battery-check for current. Shade each
module in turn and see if the current
changes. Be sure to return the system
to its origina configuration when you
have finished troubleshooting.

If the loads operate sometimes
and you suspect the quantity of power
being produced, the problem may be

more difficult to locate. The power
output of a stand-alone PV system
varies with conditions, and checking
the system performance requires
simultaneous measurement of the
existing solar conditions, the tempera-
ture, and the power output from the
system. This may require specific test
equipment and expertise that is not
widely available. Contact your sys-
tem designer or installer if you suspect
a decrease in system performance but

you can locate no problems.

DEVELOP A M AINTENANCE PLAN

THE BROWN FAMILY

L
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The Browns bought a
notebook and recorded
all system data in it

The Browns wanted their PV system to include sensors and
meters so they could monitor system performance and be alert
to potential trouble. They took photographs as their system was
installed and included this photographic record in a log book
they planned to keep as a record of all system events. They put
this and all other system documentation on a shelf near the
control center.

They ordered an operations manual complete with all
system schematics, component specifications, warranties, pre-
ventive maintenance procedures, and a troubleshooting guide.
They spent several hours studying the system documentation,
and each family member was taught how to disconnect the array
power and electrically isolate the battery bank. They put a sign
over the array disconnect switch that reminded them that the dc
side of the disconnect would have voltage present anytime the
sun was shining.

They plan to inspect the system every month for the first
year and every three months thereafter. They plan to tighten
connections, clean equipment boxes, and look for corrosion.
They will check the level on the battery electrolyte and correct
the little things that may save them money over the long term.
The system should serve them well--if they take care of it, it will

| take care of them.

Maintenance



EcoNoMIcSs: LIFE-CycLE CosT

How do | compare the cost of alternative systems?

DESCRIPTION

Doing a life-cycle cost analysis
(LCC) gives you the total cost of your
PV system--including al expenses in-
curred over the life of the system.
There are two reasons to do an LCC
analysis: 1) to compare different
power options, and 2) to determine
the most cost-effective system
designs. For some applications there
are no options to small PV systems so
comparison of other power supplies is
not an issue. The PV system produces
power where there was no power
before.  For these applications the
initial cost of the system is the main
concern. However, even if PV power
is the only option, a life-cycle cost
(LCC) analysis can be helpful for
comparing costs of different designs
and/or determining whether a hybrid
system would be a cost-effective
option. An LCC analysis allows the
designer to study the effect of using
different components with different
reliabilities and lifetimes. For in-
stance, a less expensive battery might
be expected to last 4 years while a
more expensive battery might last 7
years. Which battery is the best buy?
This type of question can be answered
with an LCC analysis.

Some agencies might want to
compare the cost of different power
supply options such as photovoltaics,
fueled generators, or extending utility

Economics: Life-Cycle Cost

LCC analysis
is a tool to
compare the
cost of
alternative
systems.

LCC analysis
can be used
to study the

effect of
changing
economic
variables.

power lines. The initial costs of these
options will be different as will the
costs of operation, maintenance, and
repair or replacement. A LCC analysis
can help compare the power supply
options. The LCC analysis consists of
finding the present worth of any
expense expected to occur over the
reasonable life of the system. To be
included in the LCC analysis, any item
must be assigned a cost, even though
there are considerations to which a
monetary value is not easily attached.
For instance, the cost of a gallon of
diesel fuel may be known; the cost of
storing the fuel at the site may be esti-
mated with reasonable confidence;
but, the cost of pollution caused by the
generator may require an educated
guess. Also, the competing power
systems will differ in performance and
reliability. To obtain a good compari-
son, the reliability and performance
must be the same. This can be done by
upgrading the design of the least
reliable system to match the power
availability of the best. In some cases,
you may have to include the cost of
redundant components to make the
reliability of the two systems equal.
For instance, if it takes one month to
completely rebuild a diesel generator,
you should include the cost of a re-
placement unit in the LCC calculation.
A meaningful LCC comparison can
only be made if each system can per-
form the same work with the same
reliability.

59



LCC CALCULATION

The life-cycle cost of a project can
be calculated using the formula:

LCC=C+ M, + E, +R,-S,

where the pw subscript indicates the
present worth of each factor.

The capita cost (C) of a project
includes the initial capital expense for
equipment, the system design, engi-
neering, and installation. This cost is
always considered as a single pay-
ment occurring in the initial year of the
project, regardless of how the project
is financed.

Maintenance (M) is the sum of all
yearly scheduled operation and
maintenance (O&M) costs. Fuel or
equipment replacement costs are not
included. O&M costs include such
items as an operator’'s salary, inspec-
tions, insurance, property tax, and all
scheduled maintenance.

The energy cost (E) of a system is
the sum of the yearly fuel cost. Energy
cost is calculated separately from op-
eration and maintenance costs, so that
differential fuel inflation rates may be
used.

Replacement cost (R) is the sum
of all repair and equipment replace-
ment cost anticipated over the life of
the system. The replacement of a bat-
tery is a good example of such a cost
that may occur once or twice during
the life of a PV system. Normally,
these costs occur in specific years and
the entire cost is included in those
years.
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Convert all
values to
their present
worth.

Salvage value
is usually 10
to 20 percent
of original
cost

The salvage vaue (S) of a system
is its net worth in the fina year of the
life-cycle period. It is common prac-
tice to assign a salvage value of 20
percent of original cost for mechanical
equipment that can be moved. This
rate can be modified depending on
other factors such as obsolescence and
condition of equipment.

Future costs must be discounted
because of the time value of money.
One dollar received today is worth
more than the promise of $1 next year,
because the $1 today can be invested
and earn interest. Future sums of
money must also be discounted
because of the inherent risk of future
events not occurring as planned. Sev-
eral factors should be considered
when the period for an LCC analysis is
chosen. First is the life span of the
equipment. PV modules should
operate for 20 years or more without
failure. To analyze a PV system over a
5-year period would not give due
credit to its durability and reliability.
Twenty years is the normal period
chosen to evaluate PV projects. How-
ever, most engine generators won't
last 20 years so replacement costs for
this option must be factored into the
calculation if a comparison is to be
made.

To discount future costs, the
multipliers presented in Tables 3 and 4
can be used. Table 3 lists Single
Present Worth factors. These are used
to discount a cost expected to occur in
a specific year, such as a battery
replacement in year 10 of a project.
Table 4 lists Uniform Present Worth
factors. These are used to discount
annually recurring costs, such as the

Economics: Life-Cycle Cost



annua fuel cost of a generator. To use
the tables, simply select the column
under the appropriate discount rate
and read the multiplier opposite the
correct year or span of years.

The discount rate selected for an
LCC analysis has a large effect on the
final results. It should reflect the
potential earnings rate of the system
owner. Whether the owner is a
national government, small village, or
an individual, money spent on a
project could have been invested else-
where and earned a certain rate of
return. The nominal investment rate,
however, is not an investor's rea rate
of return on money invested. Infla-
tion, the tendency of prices to rise over
time, will make future earnings worth
less. Thus, inflation must be sub-
tracted from an investor’s nominal
rate of return to get the net discount
rate (or real opportunity cost of
capital). For example, if the nominal
investment rate was 7 percent, and
genera inflation was assumed to be 2
percent over the LCC period, the net
discount rate that should be used
would be 5 percent.

Different discount rates can be
used for different commodities. For
instance, fuel prices may be expected
to rise faster than genera inflation. In
this case, a lower discount rate would
be used when dealing with future fuel
costs. In the example above the net
discount rate was assumed to be 5
percent. If the cost of diesel fuel was
expected to rise 1 percent faster than
the general inflation rate, then a dis-

count rate of 4 percent would be used

for calculating the present worth of
future fuel costs. Check with your
local bank for their guess about future

Economics: Life-Cycle Cost

The discount

rate used has

a large effect
on LCC
results.

Use 20-30
years for a PV
system
evaluation.

A low
discount rate
increases
future cost—-a
high discount
rate empha-
sizes initial
costs.

LCC can be

used to

analyze
investment
decisions.

inflation rates for various goods and
services. You have to make an esti-
mate about future rates, realizing that
an error in your guess can have a large
affect on the LCC analysis results. If
you use a discount rate that is too low,
the future costs will be exaggerated,
using a high discount rate does just the
opposite, emphasizing initial costs
over future costs. You may want to
perform an LCC analysis with “high,
low and medium” estimates on future
rates to put bounds on the life-cycle
cost of alternative systems.

TeEcHNICAL NOTES

1. The formula for the single present
worth (P) of a future sum of money
(F) in a given year (N) at a given
discount rate (I) is

P=F(@+1)".

2. The formula for the uniform

present worth (P) of an annual sum

(A) recelved over a period of years
(N) at a given discount rate (1) is

P=A[1-(1+ )"

3. The formula for the modified
uniform present worth of an
annual sum (A) that escalates at a
rate (E) over a period of years (N) at
a given discount rate (I) is

The formula for the annual pay-
ment (A) on a loan whose principal
is (P) at an interest rate (1) for a
given period of years (N) is

A =P{/[L-(1+1)"}.
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TABLE 3
Single Present Worth Factors

Net Discount Rate

Year| | 0.01 002 003 004 005 0.06 007 008 009 010 011 012
1 0.990/ 0.980] 0.971! 0.962 0.952. 0.943 0.935 0.926] 0.917, 0.909 0.901 0.893
2 0.980, 0.961, 0.943. 0.925. 0.907| 0.890 0.873 0.857| 0.842° 0.826 0.812] 0.797
3 | 0971 00942 0915 0.889 0.864| 0.840 0.816 0.794| 0.772] 0.751] 0.731] 0.712
4 0.961] 0.924] 0.888] 0.855! 0.823] 0.792] 0.763 0.735] 0.708] 0.683 0.659, 0.636
5 0.951] 0.906] 0.863] 0.822! 0.784] 0.747, 0713 0.681] 0.650| 0.621 0.593] 0.567
6 0.942| 0.888] 0.837| 0.790] 0.746] 0.705 00666 0.630| 0.596| 0.564/ 0.535| 0.507
7 0.933] 0.871] 0.813] 0760/ 0.711] 0.665 0.623 0.583) 0547 0513 0.482] 0.452
8 0.923] 0.853] 0.789] 0.731] 0.677] 0.627 0.582 0.540] 0.502] 0.467 0.434] 0.404
9 0.914] 0.837] 0.766] 0.703] 0.645] 0.592] 0.544 0.500] 0.460| 0.424 0.391] 0.361
10 0.905| 0.820] 0.744] 0.676' 0.614] 0558 0.508] 0.463] 0.422] 0.386 0.352] 0.322
11 0.896{ 0.804 0.722] 0.650. 0.585 0.527 0.475 0.429 0388 0.350 0.317 0.287
12 0.887 0.788] 0.701. 0.625 0.557. 0.497 0.444 0.397| 0.356. 0.319] 0.286 0.257
13 0.879] 0.773| 0.681| 0.601 0.530/ 0.469 0415 0.368 0.326: 0.290 0.258] 0.229
14, | 0.870 0758/ 0.661 0577 0.505 0442 0.388 0.340] 0299 0263 0.232] 0.205
15 0.861, 0.743' 0.642. 0.555 0.481: 0.417 0.362 0.315] 0.275' 0.239, 0.209| 0.183
16 0.853] 0.728 0.623 0.534 0.458 0.394 0.339 0.292] 0252 0.218] 0.188] 0.163

17, | 0844] 0714 0.605 0513 0436 0371 0317 0270 0.231] 0.198  0.170] 0.146
18 0.836/ 0.700] 0.587. 0.494. 0.416] 0.350 0296 0.250| 0.212] 0.180/ 0.153] 0.130
19, | 0828 0686, 0570 0475 0396, 0331 0277 0.232] 0.194 0.164: 0.138] 0.116
20 0.820) 0.673, 0.554 0.456 0.377. 0312 0.258 0.215 0.178 0.149: 0.124. 0.104
21| 0.811] 0.660/ 0.538' 0.439 0.359 0294 0.242 0.199] 0.164 0.135 0.112 0.093
22/ . 0.803/ 0647 0522 0.422 0.342 0.278 0226 0.184, 0.150 0.123 0.101 0.083
23 0.795 0.634. 0.507 0.406 0.326 0.262 0.211  0.170 0.138 0.112 0.091 0.074
24| ' 0788 0622 0.492 0.390 0.310 0.247 0.197 0.158' 0.126 0.102. 0.082 0.066
25, . 0780, 0.610 0.478 0.375 0.295 0.233] 0.184 0.146] 0.116 0.092] 0.074 0.059
26’ 0.772] 0598 0.464 0361 0.281 0220 0.172 0.135] 0.106] 0.084, 0.066/ 0.053
27 0764 0586 0.450 0.347, 0.268 0.207. 0.161 0.125 0.098 0.076! 0.060! 0.047
28 0.757| 0.574] 0.437 0.333 0.255 0.196' 0.150 0.116] 0.090 0.069/ 0.054 0.042
29 | 0749 0563 0.424 0.321 0.243] 0.185 0.141 0.107| 0.082 0.063] 0.048' 0.037
30 | 0742 0552/ 0.412. 0.308 0.231] 0174 0.131] 0.099] 0.075 0.057, 0.044 0.033
35 | 0706 0500/ 0.355 0.253 0.181 0.130 0.094 0.068 0.049 0.036. 0.026 0.019
40 | 0672 0453 0.307 0208 0.142 0.097 0.067 0.046' 0.032 0.022° 0.015 0.011
45 0639 0.410: 0.264 01471 0.111] 0.073 0048 0031 0021 0.014 0.009 0.006
50 0.608 0.372] 0.228  0.141 0.087 0.054 0034 0021/ 0.013 0.009 0.005 0.003

| 55, . 0579 0337, 0197 0.116 0068 0041 0024 0015 0009 0005 0003 0.002
60 0.550, 0.305 0.170 0.095 0.054 0.030 0.017 0.010/ 0.006 0.003 0.002 0.001
65  0.524| 0276 0.146 0.078 0.042 0.023 0.012 0.007| 0.004 0.002 0.001 0.001
70 | 0498 0250 0.126. 0.064 0.033 0.017 0.009 0.005] 0.002 0.001. 0.001/ 0.000
75 | 0474 0226/ 0.109] 0.053] 0.026] 0.013 0.006/ 0.003] 0.002° 0.001] 0.000/ 0.000
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TABLE 4
Uniform Present Worth Factors

Net Discount Rate

Year oot 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 011 012
| |

1 0990 0980 0971 0962 0952] 0943 0935 0926 0917 0909] 0901 0.893

2 1970 1942] 1913 1886 1859 1.833] 1808  1.783 1759 1.736] 1.713_ 1690

3. 2941 2884] 2829 2775 2723 2673] 2624 2577 2531  2.487| 2444 2402

4 | 3902 3808 3717 3630 3546 3465 3387 3312 3240, 3.170 3102  3.037

5 4853] 4713 4580 4452 4329 4212] 4100 3993  3.890 3.791] 3.696 3605

6 | 5795 5601 5417 5242 5076 49170 4767 4623 4486 4355 4231 4111

7 6728] 64720 6230 6002 5786 5582 5389 5206 5033 4868 4712 4564

8 7652 7325 7020 6733 6463 6210 5971 5747 5535 5335  5.146  4.968

9 8566  B162 7786 7435  7.108 6802 6515 6247 5995 5759/ 5537 5328

10 | 9471 8983] 8530 8111 7722 7.360 7024 6710, 6418 6.145 5889 5650

EE 10368 9787, 9253 8760, 8306 7.887 7.499 7.139] 6805 6495  6.207. 5938

12 11.255 10575 9954 9385 8863 8384 7943] 7536 7161  6814] 6492 6194

13 12.134] 11.348] 10.635  9.986 9394, 8853  8358) 7904 7487  7.103) 6.750 6.424

14 13.004] 12106 11296 10.563. 9.899 9.295  8.745| 8244 7786  7.367] 6982 6.628

15 13.865| 12.849; 11.938, 11.118 10.380] 9.712; 9108/ 8559] 8061 7.606| 7.191] 6811

16 14.718] 13.578] 12561] 11.652 10.838 10.106] 9447 8851 8313, 7.824] 7379 6.974

17 15562 14.292] 13.166] 12.166  11.274] 10477 9763 9122 8544  8022] 7549  7.120

18 16.308) 14.992] 13.754] 12.659] 11.890, 10.828] 10059, 9372 8756  8.201| 7.702'  7.250

19 17.226] 15678 14.324] 13.134 12.085  11.158] 10.336] 9604 8950 8365  7.839,  7.366

20 18.046] 16.351] 14.877| 13500 12.462 11.470] 10594 9818 9129  8514] 7963  7.469

21 18.857| 17.011] 15415 14.029 12821 11.764 10.836. 10017 9292 8649 8075  7.562

I 19.660] 17.658| 15.937. 14.451 13.163  12.042] 11.061 10201 9442 B772 8176 7645

23 20456 18.292| 16444 14.857 13.489 12303 11.272] 10.371] 9580 8883 8266  7.718

24 21.243] 18.914/ 16936 15247 13.799 12550 11.469 10529 9707 8985 8348  7.784

25 | 22023 19523 17.413 15622 14.094 12.783  11.654) 10675 9823  9.077 8422  7.843

26 22795 20121 17.877 15983 14375 13.003 11.826 10.810_  9.929  9.161 8483 789

27 23.560] 20.707| 18.327 16.330 14643 13211 11987 10935 10027 9237 8548  7.943

28 24.316] 21281 18.764| 16.663 14.898] 13.406] 12.137, 11.051, 10.116 9307, 8602  7.984

29 25.066] 21.844] 19.188] 16.984 15.141 13591 12.278. 11.158] 10.198° 9370 8650  8.022

30 25.808] 22396 19.600 17.292 15372 13.765 12.409  11.258 10.274_ 9.427| 8694  8.055

35 29.400. 24.999] 21487 18.665 16.374 14.498 12.948 11.655 10567/ 9.644 8855 8176

40 32.835| 27.355 23.115 19.793 17.159 15.046 13.332 11.925 10.757. 9.779, 8951 8244

45 36.095 29.490, 24519 20.720 17.774 15456 13.606 12.108 10881 95863 9008 8283

50 39.196] 31.424] 25730 21482 18.256 15.762] 13.801 12233 10962 9915 9042 8304

55 42147 33175] 26.774] 22109 18633 15991, 13904 12319 11014 9947 9062 8317

60 44.955  34.761] 27.676 22623  18.929 16.161 14.039 12.377  11.048 9967  9.074 8324

65 47627 36197, 28453 23047 19.161 16289 14.110 12416 _11.070. 9980/ 9081 8328

7 50.169' 37.499 29123 23395 19343 16385 14160, 12.443 11084 9987 9085  8.330

75 52.587| 38.677 29.702/ 23680 19.485 16.456 14.196 12.461 11.094 9992 9087  8.332
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Yearly Principal and Interest Per $1,000 Loan

TABLE 5

Loan 5-Year 10-Year 15-Year 20-Year | 25-Year
_Rate Loan Loan Loan Loan Loan
0.05 $230.97 | $129.50 |  $96.34 $80.24 $70.95
0.0525 $232.57 $131.08 |  $97.98 $81.95 $72.74
0.055 $234.18 $132.67 $99.63 $8368 $74.55
0.0575 $235.78 $134.26 $101.29 . $85.42 $76.38
0.06 $237.40 $135.87 $102.96 | $87.18 $78.23
0.0625 $239.01 $137.48 $104.65 $88.96 $80.09
0.065 $24063 1 $139.10 $106.35 © $90.76 $81.98
0.0675 $242.26 | $140.74 $108.07 $92.57 | $83.89
0.07 $243.89 $142.38 $109.79 $94.39 $85.81
0.0725 $245.53 $144.03 $111.53 $96.23 |  $87.75
0.075 ) $247.16 $145.69 $113.29 $98.09 $89.71
0.0775 $248.81 | $147.35  $115.05 $99.96  $91.69
0.08 $250.46 $149.03  $116.83 |  $101.85 $93.68
0.0825 $252.11  $150.71 $118.62  $103.75 . $95.69 |
0.085 $253.77 | $152.41 $12042 $105.67 $97.71
0.0875 $255.43 $154.11 §12223  $107.60 $99.75
0.09 $257.09 $155.82 $124.06 $109.55 $101.81
0.0925 $258.76 $157.54 $125.90 $111.50 $103.88
0.095 $260.44  $159.27 $127.74 $113.48 $105.96
0.0975 $262.11 | $161.00 $129.60 $115.46 | $108.06
0.1 $263.80 $162.75 $131.47 $117.46 . $110.17
0.1025 $265.48 $164.50  $133.36 $119.47 $112.29
0.105 $267.18  $166.26 $135.25 $121.49 $114.43
0.1075 $268.87 $168.03 $137.15  $123.53 $116.58
0.11 $270.57  $169.80 $139.07  $12558 $118.74
0.1125 $272.27 $171.59 $140.99 . §$127.63 $120.91
0.115 $273.98 $173.38 $142.92 $129.70 | $123.10
0.1175 $275.69  $175.18 $144.87 $131.79 1  $125.29
0.12 $277.41  $176.98 $146.82 $133.88,  $127.50
0.1225 $279.13 $178.80  $148.79|  $135.98 $129.72
10.125 $280.85 $180.62 $150.76  $138.10 $131.94
0.1275 $282.58 $182.45 |  $152.75 $140.22 | $134.18
MULTIPLY THE COST PER $1000 BY THE SIZE OF THE

LOAN (IN THOUSANDS OF DOLLARS)
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THE BROWN FAMILY
DoEs A LIFE-CycLE CosT ANALYSIS

The Browns used the life-
cycle cost worksheet to
compare PV and propane

systems.

LIFE-CYCLE COST ANALYSIS ]
P3C.ECT CESCRIPTION: Brown Family/Generator System
ZCONOMIC PARAMETERS:
vears in _fe-Cycle: 20 3. General Inflation Rate: 4
2 ~vestmer: Rate: 7 4. Fuel Infiation Rate:
Ne' Tscount Rate {2-3) = 3 Ditferential Fuel Inflation (4-3) = 1
Single Uniform
Present Present Present Present
Worth Worth Dollar Worth Factor Worth
rem Year Years Amount (Table 4 or 5) Amount
Capta. Equipment
and Instaliaton 7.800 X 1 - $7.800
2. Operaton and
Mairtenance
« Labor: Tune-up 20 120 X 1488 = 1,785
+ Veary Inspection 20 75 X 1488 = 1,115
+ i~sLrance X =
+ Ctrer X =
-ergy Costs
« Gere-ater Fuel 20 200 X 18.05 = 3.61C
+ Discount Rate = .C2) =
Recair arg
Jep aceTent
Zattery Sark 8 1,600 «x 789 = 1,185
+ Zattery Bark 16 1,500 X 623 = 935
- Gererator Rebuild 5 1,200 X 863 = 1,035
+ Gereraior Reouild 10 12060 X 744 = 830
- Gererator Rebuid 15 1,200 X 642 = 770
X z
Sz .age
+ 20% Onginal 20 1,360 X 258 = {350)
+ Zgup. Cost (36,800) _ X =
TCTAL L FE-CYCLE COST (MEMS 1 +2 +3+4-5) $18,775

8CTES

LCC for Generator

System

Economics: Life-Cycle Cost

When the Brown Family was planning their home, they
considered two options for providing electricity--the use of a
diesel generator and the installation of a stand-alone PV system.
They considered the reliability and power availability of these
two options to be equal if both systems were maintained in good
condition throughout their operational life spans. However,

they expected to make three
replacements (or rebuilds) of
the generator over the 20-year
period. They performed the
following LCC analysis to help
them determine the total cost
the two options. They used
the LCC Worksheet in
Appendix B for eachexample.

The proposed generator
system consisted of a 4-
kilowatt generator, a 500
ampere-hour battery bank,
and a 2.5-kilowatt inverter.
The initia installation cost of
this system was calculated to
be $7,800 U.S. dollars, includ-
ing design and engineering.
The generator would con-
sume $200 a year in fuel,
require annual inspections
($75/year) and tune-ups
($120/year), and have to be
rebuilt every 5 years at an
estimated cost of $1,200. In
addition, the battery bank
would have to be replaced
every 8 years.

The PV system consisted of a 600-watt array, a 950-
ampere-hour battery, and a 2.5-kilowatt inverter. The cost of
designing and installing this system was estimated to be $10,800.
The only future cost for this system was replacing the batter)
bank every 8 years and a yearly inspection at $75 per year.
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The life-cycle period was set at 20 years to coincide with the
expected life of the PV power system. Mrs. Brown thought the
family could earn a 7 percent rate of return on a 20 year fixed
investment, and general inflation was assumed to be 4 percent a
year. Thus, their net discount rate was set at 3 percent. Fuel
inflation was estimated to be 5 percent a year so the differential
fuel inflation was set at 1 percent (5 percent fuel inflation minus
4 percent general inflation). Having made the basic assumptions
for each system the family filled out the LCC sheet in Appendix
B for both alternatives.

The initial capital cost of

—_ LIFE-CYCLE COST ANALYSIS each system Is trea:[ted as a pay-
ment that occurs in Year 0 of
PROJECT DESCRIPTION: Brown Family/PV System the Iife—cycle. Even if the
ECONOMIC PARAMETERS: money is borrowed, the initial
1. Yearsin Lie-C : . i i
o pearsin LfeCyce: 20 3. GeneralInflation Rae: ; c_ost |§ not discounted because
Net Discount Rate (2-3)= 3 _ __Ditferential Fuel Inflation (4-3)= 1 flnanCI ng_ costs ShOUId not be
gl Umtom bosent prasem | INClUded in any life-cycle cost
hem WYOQZ? vyfgg:l A[r)noc?ifm g:glz iaoc:&;') xvr::mnt ana'l ySI S.
Capital Equipment
ane insiataton 10800 X1 - $10.800 The yearly tune-up cost is
2 Operation and calculated under the mainte-
Marterance . . .
+Labor Veary Inspecton 20 75 x  1ess = 1ns | hance heading. This is an
. aterials X = . .
[ [eurance B X - annually recurring cost and is
' r X = - -
I , - - T discounted using Table 4 at a 3
3 Z-g7gy Costs i
- — —— X _— =___ | percent net discount rate. (For
¢ Aepairard - the 20 years the factor is 14.877.
Rep i . . .
.egjiz,fg”;nt 6 2850 X 769 = 2250 The annual inspection cost is
. atter ar - . . .
L e ' 280 X #2 = 1775 | multiplied by this factor to
E— — %X —— >—— | obtain the present worth esti-
- X = .
e Saug — mate.) Energy cost is also an
: EO‘VeOfGinal 20 2,160 X 258 =  (560) annual cost and is handled the
» Equip. Cost ($10,500) X = )
same way, except the discount
1A LIPE.CYCLECOST (TEMS 14243445 $15.380 rate used is differential fuel
N inflation rate of 1 percent.
Repair costs are dis-
counted using the 3 percent
net discount rate and Table 3.

LCC for PV System
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At a 3 percent discount rate,
the factor for year 8 is 0.789. The repair cost is multiplied by this
factor and entered into the presentworth column. This is done
for each individua repair, in this case, two battery replacements
and three generator rebuilds.

Economics: Life-Cycle Cost



The final cost factor is salvage. Here, 20 percent of the
original value of each system’s hardware is entered and dis-
counted in year 20. A 7 percent discount rate is used because
inflation is not a factor in the salvage value computation.

The present worth figures can now be added, subtracting
the salvage value, to give the life-cycle cost of each system. The
generator system cost was $18,775 while the LCC of the PV
system was $15,380. Since the PV system costs less and provides
silent power reliably, the Brown Family confirmed the economic
feasibility of their desire to invest in a PV system.

After deciding on the PV system, the Browns wanted to

E COST COMPARISON

|

Present Worth

Present Worth

tem Generator System PV System

Cap*al Equpment

anc .nstasation $7,800 $10,800
2 Cperalon ana

Ma ntenance

- .avor: Tune-up 85 1,115

- Vaarly Inspection 1,119

~surance

» Ctrer

£nergy Costs

+ Generator Fuel 3610 -

- {JiscocJrt Rate = .02)

Repair and

ReplaceTent

- Batery Bank, yr. 8 1,185 2,250

- Batery Bank, yr. 16 §35 1,775

- Generator Rebuild, yr. 5 1,035

+ Generator Rebuild, yr. 10 890

+ Generator Rebuild, yr. 15 770

Savage

+ 20% Crigiral {350} (560
“CTA__FE-CYCLECOST $18,775 $15,38C
NOTES

Go PV

Economics: Life-Cycle Cost

check the annual financing
cost of their PV system so they
could estimate their cash flow
requirements. Using the loan
payment chart given in Table
5, they calculated the principal
and interest on the $10,500 ini-
tial system cost. The result was
$991.09 per year or about $83
per month for 20 years assum-
ing a 7 percent interest rate.
The Browns felt the indepen-
dence provided by their PV
system was a big bargain.
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SPECIFIC APPLICATIONS

There are some applications that deserve extra attention because of their importance
or uniqueness. This section includes a discussion on four such areas--water pumping,
hybrid systems, direct-drive systems, and cathodic protection systems. Specific examples
of these systems are included in the yellow pages of this handbook.

W ATER PUMPING SYSTEMS

What pump should | use?

Do | use batteries?

What about water storage?

Should | use a tracking array?

UsE

Water pumping is an application
common around the world. Stand-
alone PV systems are being used
increasingly for intermediate sized
pumping applications--those be-
tween hand pumps and large
generator powered systems. The
advantages of PV powered pumps are

* Low maintenance,

* No pollution,

» FEasy ingalation,

* Rdiability,

* Possibility of unattended
operation,

* Capability to be matched to
demand.

The disadvantages are the high

initial cost and the variable water pro-
duction.
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To accurately

If a reliable pump system is to be
realized, the system designer must be
familiar with the well, the storage sys
tern, the terrain surrounding the well,

sizezaPv  and manufacturers data on available
h . .
pump e pumps. Using water pumping
tics of the  Worksheet, WP 1, a portion of which is
t . . .

oo ko shown in the_ inset, will allow an accu-
rate calculation of the energy needed
to pump the water required. Four
example water pumping systems are
included in this handbook.

,f

WATER PUMPING
WORKSHEET #1 WP

CALCULATE THE WATER PUMPING

1 wote:

THE UNITS FOR WATER
VOLUME AND HEAD ARE
LITERS AND METERS
RESPECTIVELY.

=

7P 8p 9P 10P i o
Static Drawdown Static Discharge CEiStatin -
Level Level Lift Head
(M) (M) (M) (M AW
{lwee | g a2 o Hu b
Mw.ou = Thtal li, 17 1ap ......P

Water Pumping Systems



The first requirement is an
estimate of the water needed and the
amount of water that can be supplied
by the source (flowrate). If the water
needs vary throughout the year, a
monthly profile should be drawn and
matched to a monthly profile of the
production capability of the water
source. It is important to know the
worst case conditions, so data on pro-
duction and demand for the driest
months of the year should be available
or estimated. If the capability of the
water source is limited, the designer
must take action. One thing that can
be done is to improve the water source
or develop other sources. Using a
smaller pump is another option but
the availability of different size pumps
is limited. Another method is to incor-
porate batteries into the system and
distribute the pumping time over a
longer period. This is one of two
reasons to use batteries in a water
pumping system. The other is if
the pumping time needs to be
controlled--usually to pump at a high
flowrate for a short time. An example
might be a residential system with
storage tanks when you want to pump
al the water for the household during
times when other loads are not operat-
ing. Although using batteries in a
system will maximize the pump
efficiency--because of the steady oper-
ating conditions presented to the
pump and motor--most water pump-
ing systems do not contain batteries. It
is usually less expensive to store water
than to store electricity. If a tank is
available, the system can pump al day
and the water stored for later use.
Gravity-feed or a small pressure
pump can then be used to deliver the
water to the user.

Water Pumping Systems

Talk to
several pump
manufacturers.
Investigate
several pumps.

Ancther variable that must be
specified is the pumping time factor.
For the design method presented in
this handbook, this time factor is refer-
enced to the number of daily peak sun
hours. If a direct-drive centrifuga
pump is used, the pumping time
factor will equal 1.0. In other words,
the pump will operate with varying
efficiency through all daylight hours
but that is equivalent to operating at
the rated efficiency during the peak
sun hours. If batteries are used, the
pumping time factor would be equal
to the hours of scheduled operation
divided by the number of peak sun
hours. If a linear current booster or
peak power tracking controller is used
between the array and the pump in a
direct drive system, the pumping time
factor should be 1.2. This takes into
account the improvement in pump
performance that these devices
achieve.

The pump size, operating time,
and total power demand can be calcu-
lated if the efficiency of the pump and
the depth of the water are known. The
efficiency of specific pumps depends
on pump type and operating condi-
tions. For centrifugal pumps the
efficiency is a function of head, flow,
and solar insolation, al of which will
vary throughout the day. Under
some conditions the average daily
efficiency, called wire-to-water effi-
ciency, can be as little as one-third the
peak pump efficiency. In contrast, the
efficiency of a displacement pump
changes little with changing solar
conditions. Some typical wire-to-
water efficiencies are given in Table 6.
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TABLE 6
Measurements of Wire-to-Water Efficiency

Wire-to-Water

Head (m) Type Pump Efficiency (%)
0-5 Centrifugal 15-25
6-20 Centrifugal with Jet 10-20
Submersible 20-30
21-100 Submersible 30-40
Jack pump 30-45
>100 Jack pump 35-50

Many pumping systems use PV
arrays mounted on one-axis trackers.
Tracking the array not only increases
the hours of operation (peak sun
hours) but also provides a more con-
sistent operating point (voltage and
current) for the pump motor. There-
fore, tracking is recommended for
latitudes less than 40°.

SIZING

Batteries can
be used to

control

pumping time.

water source capacity,

water volume required per day,
* solar insolation availability,

* pumping time,

* dtatic water level,

* drawdown level,

* discharge head,

* pipe size friction,

*  pumping subsystem efficiency.

Some of the terms are defined in
Figure 18. The most important is total
dynamic head (TDH) which is the sum
of the static head, the drawdown, and
the equivalent head caused by friction
losses in the pipe. TDH is expressed in
feet or meters and is dependent on the
flow rate. It must be specified at a
certain flow rate such as a TDH of 10
meters at 250 liters per hour. The result
of the calculations is the corrected
ampere-hour load, the same value
determined using Worksheet 1 for a
non-water pumping loads.

Worksheet WP 1 can be
used to calculate the energy
needed by the water pump-
ing load. The system design
can then be completed using
Worksheets 2 through 5 that
are common to any other PV
system sizing. Finally,
Worksheet WP 2 can be filled
in to summarize the key fac-
tors of the pump system.
Copies of WP 1 and WP 2 are
provided in Appendix B. The
key factors required are
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Figure 18. Water Pumping System Terms.
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Worksheet WP 2 provides a
method of calculating the daily total
water pumped and the pumping rate.

CHARACTERISTICS

There are two broad categories
of pumps being used in stand-alone
PV systems around the world--
rotating and positive displacement--
and there are many variations on the
designs of these two basic types.
Examples of the rotating pump type
are centrifugal, rotating vane, or
screw drive. These pumps move
water continuously when power is
presented to the pump. The output of
these pumps is dependent on head,
solar radiation (current produced),
and operating voltage. They are well
suited for pumping from shallow
reservoirs or cisterns. They can be tied
directly to the PV array output but
their performance will be improved
by using an electronic controller such
as a linear current booster to improve
the match between the pump and PV
array.

Positive displacement pumps
move “packets of water.” Examples
are diaphram pumps and piston
pumps (jack pumps). These are typi-
cally used for pumping water from
deep wells. Their output is nearly
independent of head and propor-
tional to solar radiation. Jack pumps
should not be connected directly to a
PV array output because of the large
load current changes during each
pump cycle. Peak power controllers
are recommended. The controllers
adjust the operating point of the PV

Water Pumping Systems
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Water storage
is usually the
lower cost
option for
deeper wells.

Batteries can
provide a
steady
operating
voltage to the
dc motor of a

pump.

array to provide maximum current for
motor starting and then keep the array
operating at the maximum power con-
ditions Some system designers use
batteries between the jack pump and
the array to provide a stable voltage
source to start and operate the pump.
Usually they are not sized to provide
nighttime pumping, but only to give
stable system operation.

Pumps are also categorized as
surface or submersible. Surface
pumps have the obvious advantage of
being more accessible for mainte-
nance. When specifying a surface
pump you must distinguish between
suction and lift. A pump may be in-
stalled a few feet above the water level,
with a pipe from the pump to the
water. The maximum length of the
pipe is determined by the suction
capability of the pump. The pump
may then “lift” the water to a storage
tank above the pump. The elevation of
the storage tank is determined by the
lift capability of the pump. Most
submersible pumps have high lift
capability. They are sensitive to dirt/
sand in the water and should not be
run if the water level drops below the
pump. The type of pump will depend
on the water required, the total
dynamic head, and the capability of
the water source. Most dealers will
help you specify the best pump for
your application.

Both rotating and displacement
pumps can be driven by ac or dc
motors. The choice of motor depends
on water volume needed, efficiency,
price, reliability, and availability of
support. DC motors are an attractive
option because of their compatibility
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with the power source and because
their efficiency is usually higher than
that of ac motors. However, their ini-
tial cost is higher, the selection may be
limited in some countries, and the
brush type motor requires periodic
maintenance. Some brushless dc
motors are available and promise
improved reliability and decreased
maintenance. AC motors require a dc
to ac inverter, but their lower price and
wider availability are advantages.

In water pumping systems,
storage can be achieved by using
batteries or by storing the water in
tanks. Adding batteries to a system
increases cost and decreases reliabil-
ity. Water storage is better for most
applications. However, considerable
evaporation losses can occur if the
water is stored in open tanks or reser-
voirs. Closed tanks large enough to
store severa days water supply can be

expensive. In some countries, these =

tanks are not available or the equip-
ment necessary to handle, move, and
install the tanks may not be available.
Also, any water storage is susceptible
to vandalism and pollution.

Long pipe runs
and bends in

friction losses

INSTALLATION

Water pumps

Many failures of PV pumping
systems are caused by pump prob-
lems. The PV power supply has much
higher reliability than the pump/
motor subsystem. A good installation
of the pumping hardware will in-
crease reliability. Some things to
watch for are described below.

* Varying Water Levels - The water
level in a well may vary seasondly,
daily, or even hourly. The water
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level in some wells in rocky areas
has been reported to drop as much
as 75 feet during pumping. The
pump must be mounted to keep
the water inlet below the water
level at all times. If the replenish-
ment rate of a well is lower than the
maximum possible pumping rate,
a level switch or mechanical valve
should be included to protect the
pump from operating dry. Float
switches should be used on storage
tanks if the volume of the tank is
smaller than the daily pump rate.
This will prevent wasted water or
worse, pump damage due to over-
heating.

Protect the Pump Input - Sand is a
primary cause of pump failure. If
the well is located where dirt and
sand may be pulled into the pump,
a sand screen should be used. Most
pump manufacturers offer this
option or they can recommend
methods for limiting the risk.

Ground the Equipment - Water
pumps attract lightning because of
the excellent ground they provide.

"8 |f possible, do not locate the pump

system on high ground. Consider
erecting lightning rods on higher
terrain around the pump. Ground
the pump motor, the array frame,
all equipment boxes, and one
system conductor to the well
casing (if metal) or to a bare con-
ductor running down to the water
level. Never use the pipe string to
the pump as a ground, because the
ground would be interrupted
when maintenance was being per-
formed. Use of movistors to pro-
tect electronics is recommended in
areas prone to lightning.

Water Pumping Systems



e Use Steed Pipe -

Avoid Long Pipe Runs - Friction
losses can significantly increase
the head and thus the size of the PV
array. Friction losses depend on

the size of the pipe, the length, the =%

flow rate, and the number of bends
in the pipe. Because the output of
a stand-alone PV system is power-
limited and varies throughout the
day, it is particularly important to
keep friction losses low. Pump
system efficiency can drop to near
zero if a large friction loss must be
overcome. Try to limit the friction
loss to less than 10 percent of the
head. This can be done by
oversizing the pipe, eliminating
bends and junctions, and reducing
flow rate. Data on pipe size and
friction rates are available from
pump manufacturers.

Steel pipe is
recommended for use in the well,
particularly if submersible pumps
are used. Plastic pipe may break.
However, plastic pipe provides an
inexpensive way to run water from
the well to the storage tank or end
user. Fiberglass sucker rods may

Water Pumping Systems

Mark pipe
location for
future
reference.

e Protect the Wdl -

be used in a well with a jack pump.
They are lighter than metal, buoy-
ant, and much easier to pull for
pump maintenance. The pipe di-
ameter should be larger than the

pump cylinder. This will allow the

pump leathers to be changed by
pulling the sucker rod without
pulling the pipe.

Protect the Control Equipment -
All electronic control equipment
should be housed in weather-
resistant boxes. All wires should
be approved for outdoor use or
installed in conduit. Any cables
used for submersible pumps
should be appropriate for that
application. Pump manufacturers
will give recommended wire
types for their equipment.

Use sanitary
well seals for al wells. Bury pipes
from wellhead to tank at a depth
that will insure the pipe will not be
broken by traffic or during future
trenching or excavation. Mark
pipe runs for future reference.
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HYBRID SYSTEMS

What advantages do hybrid systems offer?

How do | design a hybrid system?

UsE

A hybrid power system has more
than one type of generator-usually a
gasoline or diesel-powered engine
generator and a renewable energy
source such as PV, wind, or hydro-
power system. A W-engine hybrid is
the only type considered in this hand-
book. A hybrid system is most often
used for larger applications such as
village power; residential systems
where generators aready exist; and in
applications like telecommunications
where availability requirements are
near 100 percent. Almost all PV-
generator hybrid systems include
batteries for storage.

The most common configuration
for a W-generator system is one in
which the PV array and the generator
each charge the batteries. A block
diagram is shown in Figure 19. This
configuration is intended to optimize
the use of both power sources during
normal operation. In many systems,
the photovoltaic array is sized to sup-
ply power to the load during normal
conditions. The generator is used only
if solar radiation is low for several
days in a row, or if load demand is
unusually high. The generator is run
for a short period of time near its opti-
mum operating point, typically at 80
to 90 percent of rated power. This kind
of operation reduces generator main-
tenance and fuel costs and prolongs
the useful life of the generator.
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Forsome  hybrid system are
applications,
a Pv- )
gener:;or * Improved Economics - A large
ma a
good optlan. part of the cost of PV stand-alone
systems results from the need to
size the array and batteries to sup-
port the load under worst-case
weather conditions. In many ap-
plications, this marginal power
may be less expensive if provided
by a generator. In regions with
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Figure 19. PV-Hybrid System Block Diagram.
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variable climate, where average
daily insolation in winter is two or
three times less than in summer,
the use of a hybrid system may be
a good option. Figure 20 demon-
strates how the marginal cost of
photovoltaic systems changes
relative to power availability. This
plot indicates that a PV system
providing 90 percent of the load
will cost about $3,600 but the cost
rapidly goes past $8,000 before an
availability of 98 percent is
reached. It may be more economi-
cal to provide some of this power
with a generator. However, main-
tenance, logistics, and fuel costs
can be quite expensive for genera
tors operating in remote areas.
These factors must be considered
in any cost estimate of the hybrid
system.

Lower Initial Cost - An engine
generator costs less than a PV sys
tem of equal size.

It is expen-
sive to get
the last 5
percent of
system
availability
with PV.

Increasing
the size of the
PV array will
increase the
reliability of a
hybrid
system.

Increased Reliability - The two
independent power systems pro-
vide redundancy and possibly
greater overal reliability if the hy-
brid system is properly maintained
and controlled.

Design Flexibility - The design of
a hybrid system depends on the
load mix between the engine gen-
erator and the PV system. As the
size of the PV array increases the
operating time of the generator
goes down. This saves fuel, lowers
maintenance, and prolongs gen-
erator life but theinitial cost will be
higher than a power system with a
smaller PV array. For a hybrid
system the size of the battery bank
is usually smaller than for a stand-
alone PV system designed for the
same application. This is because
the fueled generator will be
available to keep the battery state-
of-charge above the recom-
mended limit. When sizing the
batteries, be sure the generator
charging current does not exceed
the recommended charge rate for
the battery (usually less than C/3).

Array Cost $
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IEigure 20. Cost v. Availability for a PV-Only System in the
Northeastern United States.
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SIZING

Two hybrid worksheets, HY 1
shown in the inset, and HY 2 are pro-
vided in Appendix B. The key factors
to be determined are

e the load mix between PV and
generator,

» the size and type of generator, and

» the battery size.

The sizing method assumes that
a stand-alone PV system has already
been considered--the load has been
estimated and the solar radiation at
the site is known. The primary
decision is the load mix between gen-
erators. Selecting the mix is simplified
by using the graph given in Figure 21.

The designer selects a hybrid
array to load ratio for the system real-
izing that the higher up the curve, the
higher the percentage of load sup-
plied by the PV array. The load mix
will be a key determinant in the type
and size of the generator and the bat-
tery. The most cost-effective system is
obtained by selecting a point on or
dightly below the knee of the curve.
For example, a hybrid array/load ra-
tio of 0.25 should give a hybrid system
design where the PV array supplied
90 percent of the annual load demand.
An array/load ratio of 0.15 would
give a system with lower initial cost
because the amount of load provided
by the PV array would be about 57
percent. The generator would operate
more in this latter design with corre-
sponding increases in fuel cost and
maintenance. If the generator is in a
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remote location the cost of this mainte-
nance may be exorbitant. These are
the design tradeoffs that must be
made.

If high reliability is required, the
system should be designed for 90 to 95
percent PV contribution. The genera-
tor is used only for back-up during
worst-case conditions, typically in the
winter months when it is most
difficult to get a generator started.
Therefore, having two power sources
at an unattended site does not, in itself,
guarantee 100 percent reliability. The
control system must be properly
designed for fail-safe operation
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Figure 21. PV-Generator Mix Plot for Omaha.
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and regular maintenance performed,
particularly on the generator. Also,
the control system for a hybrid system
is more complex because the regula-
tion of the batteries and load must
be maintained under all operating
conditions.

All generators require periodic
routine maintenance (i.e., oil change,
engine tuneup, and eventually
engine rebuilding). The designer
should always look carefully at the
generator service requirements, see
Table 7, which depend on the run time
and thus the generator’s electrical
power contribution to the hybrid
system. At a remote unmanned
microwave relay site, the desired gen-
erator maintenance interval for oil
change and engine tuneup may be
only once a year. In contrast, the
owner of a hybrid home power system
is often willing to perform this routine
maintenance monthly. The type of
generator and the percentage of load
demand met by the generator depend
on these issues.

The battery
size can be
decreased if a
generator is
available.

With a generator available for
back-up power, the battery size in the
hybrid system may be decreased with-
out lowering system availability.
However, the battery must be care-
fully matched to the loads and power
sources. To extend battery life, the
designer must use a reliable controller
to protect the smaller battery and pre-
vent frequent cycling or excessive
depth of discharge. The batteries must
have sufficient capacity to provide the
maximum peak power required by the
load and to accept the maximum
charge current provided by the
generator.

The discharge capability of the
battery is a function of the battery size
and state of charge. Batteries that are
discharged quickly will drop in volt-
age, and may shut down the inverters
and/or loads. A discharge factor of 5
or greater is recommended. Like the
charge factor, this number is given
relative to the rated capacity, C, of the

TABLE 7
Generator Information
Maintenance Intervals Engine
Size Range Cost Oil Change [Clean, Tune-up Rebuild
Type (kW) Applications (&/W) (Hours) (Hours) (Hours)
Gas* 1-20 Cabin, RV 0.50 25 300 2,000 - 5000
(3600 rpm) Light Use
Gas 5-20 Residence 0.75 50 300 2,000 - 5,000
(1800 rpm) Heavy Use
Diesel 3-100 Industrial 1.00 125-750 500 - 1,500 6,000
*Gasoline, propane, or natural gas
Hybrid Systems 77



battery, i.e., and a 100-ampere-hour
battery should not be discharged at
more than a 20 ampere rate for a long
period.

Conversely, the batteries must
have sufficient capacity to accept the
maximum charge current from the
generator/charger and the PV system.
If not, the battery may be damaged by
the high current. Few batteries can
withstand a charge rate greater than
C/3 amperes.

GENERATOR SELECTION

The choice of the size and type of
generator is critical to successful
hybrid design. Several types of gen-
erators, their size range, applications,
and approximate cost/watt are given
in Table 8. The portable, light-duty
generator is the least expensive option
for a small intermittent load where
reliability is not a maor factor. For
industrial systems with high reliabil-
ity requirements, a stationary heavy-
duty generator is recommended. Im-
portant considerations in choosing
the type of generator are

» Size and Nature of the Load -
Consider the size of the load, the
starting requirements, and run-
ning time.

* Fuel Type - Consider fudl avail-
ability, handling and storage
requirements, and environmental
factors, such as temperature and
likelihood of contamination. Pro-
pane or LPG fuel is an excellent
choice for many remote homes
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Efficlency
falls rapidly if
the generator
Is operated at

low load.

because it is readily available in
most parts of the U.S., requires no
handling on the part of the
homeowner, is easily stored, and is
excellent for cold weather starting.
Although diesel fuel is widely
available, contamination can occur
and lead to difficulties in cold
weather starting.

* Generator Running Speed -
Choose a generator running speed
suitable for the expected run time.
If the generator is only used occa-
sionally to charge a battery bank, a
3,600 rpm unit may suffice. If the
generator will be used over 400
hours per year, a unit with a
lower running speed, 1,800 rpm, is
recommended.

« Compatibility with Controls -
Check the generator specifications
for details on operational control
and whether the generator can be
integrated into a central control
system. Larger generators often
have built-in control systems to
prevent the generator from start-
ing or operating when engine
failure might occur; i.e., when ail
pressure is low.

When the generator size is
caculated, the main consideration is
operating efficiency. Generators oper-
ate most efficiently when running
near their rated output power. Effi-
ciency can drop by 50 percent or more
when operating at low loads. This will
result in greater maintenance costs
and shorter generator lifetime. Size
the generator to provide the current
needed to operate the loads and
charge the battery efficiently. Power

Hybrid Systems



losses in the battery charger and those
losses due to environmental condi-
tions and fuel type must be accounted
for. The generator’'s capacity to sup-
ply power under the system’s actual
operating conditions depends on the
current required to start the load, the
duration of generator run time, fuel
consumption at the desired running
efficiency, and maintenance require-
ments under real conditions (i.e.,
considering temperature, altitude,
dust, moisture, and contamination).
This information is provided in
the generator and battery charger
specifications.

Most control

CONTROL

Integration of a generator into a
PV system requires a more sophis-
ticated control strategy. Most

Hybrid Systems

controllers are custom designed by
an experienced electronic engineer /
technician. Controls for PV-
generator systems perform two main
functions--battery regulation and
subsystem management. Battery
regulation is the same as the control
process in a stand-alone PV system
where batteries must be protected
against excessive charging and dis-
charging. Subsystem management of
the generator, photovoltaic array, and
load requires starting or stopping the
generator, and connecting or discon-
necting the loads or portions of the PV
array. Finally, it may be desired to
actuate alarms, either on-site or via
telephone link, in the event of system
malfunction or to automatically pro-
vide an equalization charge to the
batteries. Remember, the more one
requires of the control system, the
higher the price and the higher the
chance of failure.
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DIRECT-DRIVE SYSTEMS

What happens if | wire a module directly to a small load?

UsE

Some loads may be powered . L)
directly from a PV array. Many of the .-

loads are small and require only a few
watts of power. Since no batteries are
used, the load will operate only when
the sun is shining, There must be a
good match between the daytime
operating hours and the load demand
profile. A good example is an attic fan.
A PV powered direct-drive attic fan
moves more air on sunny days than on
cloudy ones, thus matching the need
for attic cooling. Direct-drive systems
seldom operate at their optimum
operating point because of the varying
solar conditions and load power
requirements. Because the character-
istics of the load determine the
operating point of the PV module, the
primary design requirement for these
applications is the match of the load
impedance with the PV module’s
optimum output.

To evaluate an application for a
direct-drive power source consider
the following

* Does the daily load demand pro-
file match the solar profile?

» Are the needs of the load compat-
ible with the seasona variation of
solar insolation at the application
site? Will the load be damaged by
operating at or near open circuit
voltage or by high currents caused
by high solar radiation?
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Many
companies
are selling

‘kits’ that
include the
PV source
and the load.

Match load
and solar
availability
profiles.

' » Does the direct-drive system need

to be transportable?

' Finally, check with local solar system

dealers to see if a complete system
(like an attic fan) is available. A pack-
aged system will likely be less expen-
sive than a custom designed system.

SIZING

As with all stand-alone PV
systems, the determination of the load
is the first requirement for a direct-
drive system. Since the load will
seldom operate at its optimum point,
try to determine how it will perform
over a range of input voltage and
current. The main thing to prevent is
any damage to the load. Two
worksheets are provided in Appendix
B and a portion of Worksheet DD 1 is
shown in the inset. They are meant for
small systems such as attic fans, blow-
ers, toys, etc.,, and not for direct-drive
water pumps. Worksheet DD 1 can be
used to describe the load, the expected
losses, and the number of modules
required. Worksheet DD 2 is for
listing the wiring and protection
components. The calculations are
straight-forward. The keys are to:

» Make sure the voltage of the load
and module are compatible. The
load must be able to withstand the
module’s maximum open-circuit
voltage which will occur on the
coldest day.

Direct-Drive Systems



* Select a module that provides the
necessary current for rated load
operation at the average insola-
tion. For instance, if the solar
insolation is typically 900 w/m2 on
a clear day, select a module that
produces the desired current at
that level of insolation. However,
check that the load will not be
damaged by a current produced at
1,200 w/mz,

Make sure flexible sunlight
resistant wire is specified and used. A
manual disconnect switch is recom-
mended for fixed installations to give
the user daytime control over the load.
If the system is portable, the module
can be covered or turned away from
the sun to turn off the load.

Direct-Drive Systems
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CATHODIC PROTECTION

Why do we need it?

How does It work?

When should PV be used?

BACKGROUND

Methods for preventing corro-
sion on underground metal structures
(cathodic protection) have been
known for over 150 years. However,
cathodic protection was not widely
practiced in the United States until the
1940’s. Since that time protection
systems have become standard for
many pipelines, railroads, bridges,
wharves, towers, etc. The U.S.
Environmental Protection Agency
now requires cathodic protection for
all buried storage tanks containing
petrochemicals. Corrosion is caused
by an oxidation process that occurs
when electrons leave a metal that is
immersed in an electrolyte. In practi-
cal situations, the electrolyte consists
of water or the water in the ground.
This water will have impurities and
may be acidic or salty. Furthermore,
the consistency of the electrolyte will
vary from season to season and even
day to day. This makes the design of a
cathodic protection system a job for
experienced experts. However, the
basic concept is smple. If the loss of
electrons from the buried metal can be
prevented, there will be no corrosion.
Cathodic protection systems are used
to reverse the current flow caused by
the electrons leaving the metal and
going into the electrolyte. In most
cases this requires a low voltage dc
power system--an ideal application
for PV systems.
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Corrosion
control for
buried
storage tanks
Is mandated
by the federal
government.

Burying
sacrificial
anodes Is a
common
practice to
protect
selected
metal

Almost all metals corrode to
some extent when they are located in a
damp environment. Some materials
like metallic sodium will react
violently when it comes into contact
with water. At the other end of the
oxidation potential scale are the noble
metals such as gold which will not
react unless it is placed in a strong acid
solution. Most of the metals that are of
interest to the cathodic protection
engineer contain some iron. When
iron or an iron alloy are buried, a
chemical reaction will occur where
electrons will leave the metal and
enter the surrounding electrolyte.
This causes corrosion and the method
of slowing or stopping these electrons
from leaving the metal is called
cathodic protection. Stopping the
electrons can be accomplished if a
voltage that is dlightly larger than the
oxidation potential is set up between
the metal to be protected and the elec-
trolyte. Setting up this voltage can be
done in two ways; with an external
power supply, and by burying a meta
with more tendency to corrode than
the protected metal. In this latter case,
the so-called sacrificial anode, usually
made of magnesium or zinc, will cor-
rode first and setup a potential that
will “protect” the other metal in the
electrolyte. The sacrificial anode
method does not require an external
voltage source and will not be consid-
ered in this handbook except to say
that the material of the sacrificial
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anode must corrode easily; this
reduces the potential between the
metal to be protected and the sur-
rounding electrolyte. However, the
sacrificial anode loses effectiveness as
it corrodes and has a finite lifetime.

The other method of corrosion
control is to use an external voltage
source to overcome the galvanic
potential between the buried metal
and the anode. For this type of protec-
tion system, the anode is made of an
inert material such as graphite, high-
silicon iron, or one of the noble metals,
(The latter are seldom used because of
their high cost.) The impressed volt-
age, which can be provided with a PV
system, causes the current to flow
from the anode to the metal to be
protected. ~ The amount of current
required depends on many factors
such as the type of metal, the area to be
protected, the ever changing composi-
tion of the electrolyte and the type of
anode used. The voltage depends on
the amount of current required and
the total resistance in the cathodic pro-
tection circuit. Although only a few
volts are required for many small
applications, the customary way to
obtain power has been to rectify ac
utility grid power to low voltage dc
power and in almost all cases, the
current is supplied continuously.
Because dc voltage is applied to the
metal to be protected, some corrosion
control engineers have started to use
PV power supplies for some of their
applications. While most include
batteries to provide the required
current continuously, there is some
research being considered to deter-
mine how much protection can be
given by a PV only system that
reverses the current only when the sun

Cathodic Protection

Corrosion is
Increased if
the soil is
damp.

shines. If this type of protection can be
shown to lengthen the life of the
buried metal by some significant
amount of time, we may see PV mod-
ules connected to a pipeline every mile
or so—a breakthrough for economical
cathodic protection. In any case, using
PV power systems eliminates the need
for utility power and the losses inher-
ent in rectifying high voltage ac power
to low voltage dc power.

Impressing a current with an
external power supply is a more con-
trollable technique than the sacrificed
anode method and is almost always
used if a power supply is available in
the area. One or more anodes are
buried in the vicinity and the external
voltage source connected between
these anodes and the metal to be
protected. = The amount of current
required depends on the amount of
metal in contact with the electrolyte,
the effectiveness of the metal’s coat-
ing, and the characteristics of the soil
where the metal is buried. If the resis-
tivity of the soil around the buried
metal is less than 1,000 ohms per cubic
centimeter (W /cc), the number of elec-
trons leaving the metal will be high
enough to cause severe corrosion. A
resistivity of 10,000 to 50,000 W /cc will
cause mild corrosion and corrosion
may not be a problem at resistivities
higher than 100,000 W /cc. Estimating
the soil resistivity is not easy but in
general, a sandy, dry soil will have a
resistivity greater than 20,000 W /cc
whereas a salt water marsh may be
below 1,000 W /cc. Locating the metal
in the highest resistivity soil available
will lower the current required for ca-
thodic protection. When the current
requirement is known, the PV power
source can be sized using techniques

presented in this handbook.
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Corrosion begins at the surface —]

of bare metal and usually causes pit-
ting that will eventualy penetrate the
metal. The current required to protect
a bare metal surface can be greatly
reduced by using protective coating
on the metal prior to installation; a
coating efficiency of 99 percent or
better is commonly achieved by wrap-
ping a pipe that is to be buried. Sail
resistivity is the single, greatest,
rapidly changing variable in cathodic
protection systems. Although metals,
surface area, anode type and polariza-
tion will change relatively little over
the life of the particular system, soil
resistivity changes significantly with
soil texture, organic matter, solute
content, location, depth, etc. A mile-
long pipeline can easily transsect
three or more soil types having a range
in soil properties and can experience
continuous gradients in moisture con-
tent. Therefore, accurately specifying
a cathodic protection system requires
much data on the conditions at the
site. It is common to do a series of tests
using a temporary anode. A low volt-
age dc generator is used to impress a
current on system and the voltage is
measured near the temporary anode.
Even with these test data, it is known
that the soil resistivity will change
with weather conditions. For this rea-
son many cathodic protection systems
include a variable resistor to allow
periodic adjustments of the load cur-
rent to compensate for changing soil
moisture, corroding anode surface
area, and polarization effects. More
recently, electronic controllers have
been designed and used to compen-
sate for changes in soil resistivity.
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SIZING

As with all PV systems, load
determination is central to system
sizing. A load current greater than or
equal to the corrosion current is neces-
sary to protect the metal structure.
However, overcurrent is wasted
current, and can be detrimental
because it may cause blistering of pro-
tective coatings. The required current
depends upon the following:

The exposed meta surface area

and metal type,

The metal’s coating effectiveness,

 The polarization effect of applied

current on the metal surface,

The soil resistivity,

* The shape of the metal surface
(cylinder, I-beam, flat plate, etc.),

* The isolation from another
cathodic protection system (stray
current elimination),

* The type and size of anode used.

The systems must provide
enough current to meet the worst-case
demand but not enough to damage a
structure when conditions are favor-
able. Two special cathodic protection
worksheets (a portion of Worksheet
CP is shown below) can be used to
estimate the load current if better in-
formation is not available. These, plus
the normal worksheets, all of which
are provided in Appendix B, can be
used to complete the cathodic
protection system sizing.

Cathodic Protection



INSTALLATION

The installation of the anodes is
critical to the performance of the
cathodic protection system. The
number used, their orientation to one
another and with the metal to be pro-
tected, and their depth are decisions
that require expert advice, particu-
larly for larger systems. Anodes can
be installed several hundred meters
from the structure to be protected to
take advantage of optimum soil condi-
tions and to spread the effect over a
larger area such as a pipeline. Alterna-
tively, anodes may be placed around
or on either side of a tank, for instance,
and be located only a few meters from
the protected structure. In either case,
a thick bed of prepared petroleum
coke or coal coke is usually used to
surround the anode. This reduces the
resistivity of the soil surrounding the
anode and provides a measure of
consistency to the soil conditions.
Multiple anodes may be required to

Cathodic Protection

Anode
Installation
Is expensive.

provide the protection current to all
the uncoated areas of the metal
structure to be protected. Also, most
designers try to limit the current from
a single anode to less than 2 amperes
because the cost of rectifiers goes up
for higher power units. (This will not
be a limitation with PV power systems
and may offer another reason to use
this renewable power source.) If mul-
tiple anodes are used, their interaction
must be considered. The resistance of
two parallel anodes placed close to
one another will be more than one-half
the resistance of the single anode. For
instance, a pair of anodes 100 feet apart
will have resistance equal to 51 per-
cent of a single anode; if they are 10 feet
apart the combined resistance will be
57 percent. The interaction increases
and becomes more complex with
more than two anodes, particularly if
they are located in a non-uniform
geometry. A correction table is given
with the instructions for the cathodic
protection worksheets in Appendix B.

CATHODIC PROTECTION
WORKSHEET #1 CP

LOAD CURRENT DETERMINATIC

NOTES:

1C CRES 3C
N N 3 [ W €3
Coating Metal
Surface St
Efficiency Area
(DECIMAL) (SQFN s
[(1.0 |-[o. 99 [x[etooc |5

1) USE 5C TO ESTIMATE LOAD CURRENT IF ACTUAL
FIELD MEASUREMENTS ARE NOT AVAILABLE.

2) CC IS THE ABBREVIATION FOR

CUBIC CENTIMETER.

3) ENTER 1.0 IN BLOCK IF ONLY

ONE ANODE IS USED.

|1oc 0 e 12€ [gingle L0 _13¢
Anode
Soil Conversion N
e cteatita, l Resistance

......
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GLOSSARY

Glossary

Activated Shelf Life « The period of time, at a specified temperature, that a charged
battery can be stored before its capacity falls to an unusable level.

AlC « Amperage interrupt capability. DC fuses should be rated with a sufficient AIC to
interrupt the highest possible current.

Air Mass ¢ Equal to the cosine of the zenith angle-that angle from directly overhead to
a line intersecting the sun. The air mass is an indication of the length of the path solar
radiation travels through the atmosphere. An air mass of 1.0 means the sun is directly
overhead and the radiation travels through one atmosphere (thickness).

Alternating Current (ac) « An electric current that reverses direction periodically.
Ambient Temperature ¢ The temperature of the surrounding area.

Amorphous Silicon ¢ A thin-film PV silicon cell having no crystaline structure.
Manufactured by depositing layers of doped silicon on a substrate. See also Single-crystal
Slicon & Polycrystaline Silicon.

Ampere (A) » Unit of electric current. The rate of flow of electrons in a conductor equal
to one coulomb per second.

Ampere-Hour (Ah) ¢ The quantity of electrical energy equal to the flow of current of one
ampere for one hour. The term is used to quantify the energy stored in a battery.

Angle of Incidence « The angle that a light ray striking a surface makes with a line
perpendicular to the surface.

Anode  The positive electrode in an electrochemical cell (battery). Also, the earth ground
in a cathodic protection system. Also, the positive terminal of a diode.

Array ¢ A collection of electrically connected photovoltaic (PV) modules.

Array Current » The electrical current produced by a PV array when it is exposed to
sunlight.

Array Operating Voltage ¢ The voltage produced by a PV aray when exposed to sunlight
and connected to a load.

Availability « The quality or condition of a PV system being available to provide power
to aload. Usually measured in hours per year. One minus availability equals downtime.
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Azimuth « Horizontal angle measured clockwise from true north; 180° is true south.
Base L oad * The averageamount of electric power that a utility must supply in any period.

Battery ¢« A device that converts the chemical energy contained in its active materials
directly into electrical energy by means of an electrochemical oxidation-reduction (redox)
reaction.

Battery Capacity ¢ The total number of ampere-hours that can be withdrawn from a fully
charged battery. See Ampere-Hour & Rated Battery Capacity.

Battery Cell « The smallest unit or section of a battery that can store electrical energy and
is capable of furnishing a current to an external load. For lead-acid batteries the voltage
of acell (fully charged) is about 2.2 volts dc.

Battery Cycle Life « The number of times a battery can be discharged and recharged
before failing. Battery manufacturers specify Cycle Life as afunction of discharge rate and
temperature.

Battery Self-Discharge ¢ Loss of energy by a battery that is not under load.

Battery State of Charge (SOC) « Percentage of full charge or 100 percent minus the depth
of discharge. See Depth of Discharge.

Battery Terminology
Captive Electrolyte Battery * A battery having an immobilized electrolyte (gelled or
absorbed in a material).

Deep-Cycle Battery A battery with large plates that can withstand many discharges
to a low SOC.

Lead-Acid Battery ¢ A general category that includes batteries with plates made of
pure lead, lead-antimony, or lead-calcium immersed in an acid €electrolyte.

Liquid Electrolyte Battery « A battery containing a liquid solution of acid and water.
Distilled water may be added to these batteries to replenish the electrolyte as necessary.
Also called a flooded battery because the plates are covered with the electrolyte.

Nickel Cadmium Battery A battery containing nickel and cadmium plates and an
alkaline electrolyte.

Sealed Battery ¢ A battery with a captive electrolyte and a resealing vent cap, aso
called a valve-regulated battery. Electrolyte cannot be added.

Shallow-Cycle Battery « A battery with small plates that cannot withstand many
discharges to alow SOC.

Blocking Diode = A diode used to prevent undesired current flow. In aPV array the diode

is used to prevent current flow towards afailed module or from the battery to the PV array
during periods of darkness or low current production.
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British Thermal Unit (Btu) ¢ The quantity of heat required to raise the temperature of one
pound of water one degree Fahrenheit. 1 kw/m? = 317 BT/ft? hour

Bypass Diode * A diode connected in parallel with a PV module to provide an alternate
current path in case of module shading or failure.

Capacity (C) ¢ The total number of ampere-hours that can be withdrawn from a fully
charged battery at a specified discharge rate and temperature. See Battery Capacity.

Cathode « The negative electrode in an electrochemical cell. Also, the negative terminal
of adiode.

Charge  The process of adding electrical energy to a battery.

Charge Controller « A device that controls the charging rate and/or state of charge for
batteries.

Charge Controller Terminology
Activation Voltage(s) ¢ The voltage(s) at which the controller will take action to
protect the batteries.

Adjustable Set Point « A feature alowing the user to adjust the voltage levels at which
the controller will become active.

High Voltage Disconnect « The voltage at which the charge controller will disconnect
the array from the batteries to prevent overcharging.

High Voltage Disconnect Hysteresis « The voltage difference between the high
voltage disconnect setpoint and the voltage at which the full PV array current will be

reapplied.

L ow Voltage Disconnect « The voltage at which the charge controller will disconnect
the load from the batteries to prevent over-discharging.

Low Voltage Disconnect Hysteresis « The voltage difference between the low
voltage disconnect setpoint and the voltage at which the load will be reconnected.

Low Voltage Warning « A warning buzzer or light that indicates the low battery
voltage setpoint has been reached.

Maximum Power Tracking or Peak Power Tracking ¢ Operating the array at peak
power point of the array’s I-V curve where maximum power is obtained.

Multi-stage Controller « Unit that alows different charging currents as the battery
nears full SOC.

Reverse Current Protection « Any method of preventing unwanted current flow from
the battery to the PV array (usualy at night). See Blocking Diode.
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Series Controller « A controller that interrupts the charging current by open-
circuiting the PV array. The control element isin series with the PV array and battery.

Shunt Controller « A controller that redirects or shunts the charging current away
from the battery. The controller requires a large heat sink to dissipate the current from
the short-circuited PV array. Most shunt controllers are for smaller systems
producing 30 amperes or less.

Single-Stage Controller « A unit that redirects all charging current as the battery
nears full SOC.

Tare Loss » Loss caused by the controller. One minus tare loss, expressed as a
percentage, is equal to the controller efficiency.

Temperature Compensation ¢ A circuit that adjusts the charge controller activation
points depending on battery temperature. This feature is recommended if the battery
temperature is expected to vary more than £5°C from ambient temperature. The
temperature coefficient for lead acid batteries is typicdly -3 to -5 millivolty°C per cell.

Charge Factor « A number representing the time in hours during which a battery can be

charged at a constant current without damage to the battery. Usually expressed in relation
to the total battery capacity, i.e., C/5 indicates a charge factor of 5 hours. Related to Charge

Rate.

Charge Rate » The current used to recharge a battery. Normally expressed as a percentage
of total battery capacity. For instance, C/5 indicates a charging current equal to one-fifth
of the battery’s capacity.

Cloud Enhancement « The increase in solar intensity caused by reflected ix-radiance from
nearby clouds.

Concentrator « A photovoltaic module that uses optical elements to increase the amount
of sunlight incident on a PV cell.

Conversion Efficiency « Theratio of the electrical energy produced by a photovoltaic cell
to the solar energy impinging on the cell.

Converter « A unit that converts a dc voltage to another dc voltage.

Crystalline Silicon A type of PV cell made from a single crysta or polycrystalline slice
of dlicon.

Current (Amperes, Amps, A) « The flow of electric charge in a conductor between two
points having a difference in potentia (voltage).

Cutoff Voltage « The voltage levels (activation) at which the charge controller
disconnects the array from the battery or the load from the battery.

Cycle » The discharge and subsequent charge of a battery.
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Days of Storage ¢ The number of consecutive days the stand-alone system will meet a
defined load without solar energy input. This term is related to system availability.

Deep Cycle » Type of battery that can be discharged to a large fraction of capacity many
times without damaging the battery.

Design Month ¢ The month having the combination of insolation and load that requires
the maximum energy from the array.

Depth of Discharge (DOD) ¢ The percent of the rated battery capacity that has been
withdrawn. See Battery State of Discharge.

Diffuse Radiation « Radiation received from the sun after reflection and scattering by the
atmosphere and ground.

Diode « Electronic component that alows current flow in one direction only. See
Blocking Diode & Bypass Diode.

Direct Beam Radiation < Radiation received by direct solar rays. Measured by a
pyrheliometer with a solar aperature of 5.7° to transcribe the solar disc.

Direct Current (dc) « Electric current flowing in only one direction.

Discharge « The withdrawal of electrical energy from a battery.

Discharge Factor « A number equivaent to the time in hours during which a battery is
discharged at constant current usually expressed as a percentage of the total battery
capacity, i.e., C/5 indicates a discharge factor of 5 hours. Related to Discharge Rate.
Discharge Rate * The current that is withdrawn from a battery over time. Expressed as
a percentage of battery capacity. For instance, a C/5 discharge rate indicates a current
equal to one-fifth of the rated capacity of the battery.

Disconnect ¢ Switch gear used to connect or disconnect components in a PV system.

Downtime « Time when the PV system cannot provide power for the load. Usualy
expressed in hours per year or that percentage.

Dry Cdl « A cell (battery) with a captive electrolyte. A primary battery that cannot be
recharged.

Duty Cycle Theratio of active time to total time. Used to describe the operating regime
of appliances or loads in PV systems.

Duty Rating ¢« The amount of time an inverter (power conditioning unit) can produce at
full rated power.

Efficiency » The ratio of output power (or energy) to input power (or energy). Expressed
in percent.
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Electrolyte « The medium that provides the ion transport mechanism between the
positive and negative electrodes of a battery.

Energy Density « The ratio of the energy available from a battery to its volume (wh/m°)
or weight (wh/kg).

Equalization Charge * The process of mixing the electrolyte in batteries by periodically
overcharging the batteries for a short time.

Fill Factor « For an |-V curve, the ratio of the maximum power to the product of the open-
circuit voltage and the short-circuit current. Fill factor is a measure of the * squareness’
of the -V curve.

Fixed Tilt Array « A PV array set in at afixed angle with respect to horizontal.
Flat-Plate Array » A PV array that consists of non-concentrating PV modules.

Float Charge « A charge current to a battery that is equa to or dightly greater than the self
discharge rate.

Frequency ¢ The number of repetitions per unit time of a complete waveform, expressed
in Hertz (Hz).

Gassing * Gas by-products, primarily hydrogen, produced when charging a battery.
Also, termed out-gassing.

Grid « Term used to describe an electrical utility distribution network.

Insolation  The solar radiation incident on an area over time. Equivalent to energy and
usually expressed in kilowatt-hours per square meter. See also Solar Resource.

Inverter (Power Conditioning Unit, PCU, or Power Conditioning System, PCS) ¢ Ina
PV system, an inverter converts dc power from the PV array/battery to ac power
compatible with the utility and ac loads.
Inverter Terminology
Duty Rating ¢ This rating is the amount of time the inverter can supply its rated
power. Some inverters can operate at their rated power for only a short time without
overheating.

Frequency « Most loads in the United States require 60 Hz. High-quality equipment
requires precise frequency regulation--variations can cause poor performance of
clocks and electronic timers.

Frequency Regulation ¢ This indicates the variability in the output frequency. Some
loads will switch off or not operate properly if frequency variations exceed 1 percent.

Harmonic Content « The number of frequencies in the output waveform in addition

to the primary frequency. (50 or 60 Hz.) Energy in these harmonic frequencies is lost
and may cause excessive heating of the load.
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Input Voltage * Thisis determined by the total power required by the ac loads and
the voltage of any dc loads. Generally, the larger the load, the higher the inverter input
voltage. This keeps the current at levels where switches and other components are
readily available.

Modified Sine Wave « A waveform that has at least threestates (i.e., positive, off, and
negative). Has less harmonic content than a square wave.

Modularity « The use of multiple inverters connected in parallel to service different
loads.

Power Factor « The cosine of the angle between the current and voltage waveforms
produced by the inverter. For resistive loads, the power factor will be 1.0.

Power Conversion Efficiency ¢ The ratio of output power to input power of the
inverter.

Rated Power  Rated power of the inverter. However, some units can not produce
rated power continuously. See duty rating.

Root Mean Square (RMS) « The square root of the average square of the instanta-
neous values of an ac output. For a sine wave the RMS value is 0.707 times the peak
value. The equivalent value of ac current, I, that will produce the same heating in a
conductor with resistance, R, as a dc current of value I.

Sine Wave « A waveform corresponding to a single-frequency periodic oscillation
that can be mathematically represented as a function of amplitude versus angle in
which the value of the curve at any point is equal to the sine of that angle.

Square Wave « A wave form that has only two states, (i.e., positive or negative). A
sguare wave contains a large number of harmonics.

Surge Capacity * The maximum power, usually 3-5 times the rated power, that can
be provided over a short time.

Standby Current « This is the amount of current (power) used by the inverter when
no load is active (lost power). The efficiency of the inverter is lowest when the load
demand is low.

Voltage Regulation ¢ This indicates the variability in the output voltage. Some loads
will not tolerate voltage variations greater than a few percent.

Voltage Protection « Many inverters have sensing circuits that will disconnect the
unit from the battery if input voltage limits are exceeded.

Irradiance « The solar power incident on a surface. Usually expressed in kilowatts per
square meter. Irradiance multiplied by time equals Insolation.
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I-V Curve « The plot of the current versus voltage characteristics of a photovoltaic cell,
module, or array. Three important points on the 1-V curve are the open-circuit voltage,
short-circuit current, and peak power operating point.

Kilowatt (kw) ¢ One thousand watts. A unit of power.

Kilowatt Hour (kwh) ¢ One thousand watt-hours. A unit of energy. Power multiplied
by time equals energy.

Life « The period during which a system is capable of operating above a specified
performance level.

Life-Cycle Cost » The estimated cost of owning and operating a system for the period of
its useful life. See Economics section for definition of terms.

L oad « The amount of electric power used by any electrical unit or appliance at any given
time.

Load Circuit » The wire, switches, fuses, etc. that connect the load to the power source.
Load Current (A) « The current required by the electrical device.
Load Resistance * The resistance presented by the load. See Resistance.

Langley (L) « Unit of solar irradiance. One gram calorie per square centimeter. 1 L = 85.93
kwh/mz.

Low Voltage Cutoff (LVC) » The voltage level at which a controller will disconnect the
load from the battery.

Maintenance-Free Battery ¢ A seded battery to which water cannot be added to maintain
electrolyte level.

Maximum Power Point or Peak Power Point ¢ That point on an I-V curve that represents
the largest area rectangle that can be drawn under the curve. Operating a PV array at that
voltage will produce maximum power.

Module ¢ The smallest replaceable unit in a PV array. An integral, encapsulated unit
containing a number of PV cells.

Modularity « The concept of using identical complete units to produce a large system.

Module Derate Factor « A factor that lowers the module current to account for field
operating conditions such as dirt accumulation on the module.

Movistor « Metal Oxide Varistor. Used to protect electronic circuits from surge currents
such as produced by lightning.
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NEC ¢ An abbreviation for the National Electrical Code which contains guidelines for al
types of electrical installations. The 1984 and later editions of the NEC contain Article
690, “Solar Photovoltaic Systems’ which should be followed when installing a PV
system.

NEMA e« National Electrical Manufacturers Association. This organization sets stan-
dards for some non-electronic products like junction boxes.

Normal Operating Cell Temperature (NOCT) ¢ The estimated temperature of a PV
module when operating under 800 w/m? irradiance, 20°C ambient temperatureand wind
speed of 1 meter persecond. NOCT is used to estimate the nominal operating temperature
of a module in its working environment.

Nominal Voltage ¢ A reference voltage used to describe batteries, modules, or systems
(i.e., a 12-volt or 24-volt battery, module, or system).

N-Type Silicon « Silicon materia that has been doped with a material that has more
electrons in its atomic structure than does silicon.

Ohm e« The unit of electrical resistance in which an electromotive force of one volt
maintains a current of one ampere.

Open Circuit Voltage  The maximum voltage produced by an illuminated photovoltaic
cell, module, or array with no load connected. This value will increase as the temperature
of the PV material decreases.

Operating Point ¢ The current and voltage that a module or array produces when
connected to a load. The operating point is dependent on the load or the batteries
connected to the output terminals of the array.

Orientation « Placement with respect to the cardind directions, N, S, E, W; azimuth is the
measure of orientation from north.

Outgas * See Gassing.

Overcharge « Forcing current into a fully charged battery. The battery will be damaged
if overcharged for a long period.

Panel « A designation for a number of PV modules assembled in a single mechanical
frame.

Parallel Connection  Term used to describe the interconnecting of PV modules or
batteries in which like terminals are connected together. Increases the current at the same
voltage.

Peak Load ¢ The maximum load demand on a system.

Peak Power Current « Amperes produced by a module or array operating at the voltage
of the I-V curve that will produce maximum power from the module. See I-V Curve.
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Peak Sun Hours * The equivalent number of hours per day when solar irradiance
averages 1,000 w/m2. For example, six peak sun hours means that the energy received
during total daylight hours equals the energy that would have been received had the
irradiance for six hours been 1,000 w/mz.

Peak Watt « The amount of power a photovoltaic module will produce at standard test
conditions (normally 1,000 w/m? and 25° cell temperature).

Photovoltaic Cell « The treated semiconductor materia that converts solar irradiance to
electricity.

Photovoltaic System « An installation of PV modules and other components designed
to produce power from sunlight and meet the power demand for a designated load.

Plates « A metal plate, usually lead or lead compound, immersed in the electrolyte in a
battery.

Pocket Plate « A plate for a battery in which active materias are held in a perforated metal
pocket.

Polycrystalline Silicon « A material used to make PV cellswhich consist of many crystals
as contrasted with single crystal silicon.

Power (Watts) « A basic unit of electricity equal (in dc circuits) to the product of current
and voltage.

Power Conditioning System (PCS) « See Inverter.

Power Density « Theratio of the rated power available from a battery to its volume (watts
per liter) or weight (watts per kilogram).

Power Factor  The cosine of the phase angle between the voltage and the current
waveformsin an ac circuit. Used as a designator for inverter performance. A power factor
of 1 indicates current and voltage are in phase and power is equal to the product of volt-
amperes. (no reactive power).

Primary Battery A battery whose initial capacity cannot be restored by charging.

Pyranometer ¢ An instrument used for measuring global solar irradiance.

Pyrheliometer « An instrument used for measuring direct beam solar irradiance. Uses an
aperature of 5.7° to transcribe the solar disc.

Rated Battery Capacity ¢ The term used by battery manufacturers to indicate the
maximum amount of energy that can be withdrawn from a battery under specified
discharge rate and temperature. See Battery Capacity.

Rated Module Current (A) ¢ The current output of a PV module measured at standard
test conditions of 1,000 w/m? and 25°C cell temperature.
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Reactive Power ¢ The sine of the phase angle between the current and voltage waveforms
in an ac system. See power factor.

Remote Site » A site not serviced by an electrical utility grid.

Resigtance (R) ¢ The property of a conductor which opposes the flow of an eectric current
resulting in the generation of heat in the conducting material. The measure of the
resistance of a given conductor is the electromotive force needed for a unit current flow.
The unit of resistance is ohms.

Sacrificial Anode ¢ A piece of metal buried near a structure that is to be protected from
corrosion. The metal of the sacrificial anode is intended to corrode and reduce the
corrosion of the protected structure.

Seasonal Depth of Discharge * An adjustment factor used in some system sizing
procedures which “allows’ the battery to be gradually discharged over a 30-90 day period
of poor solar insolation. This factor results in a dightly smaller PV array.

Secondary Battery ¢ A battery that can be recharged.

Self-Discharge ¢ The loss of useful capacity of a battery due to internal chemical action.

Semiconductor ¢ A material that has a limited capacity for conducting electricity. The
silicon used to make PV cells is a semiconductor.

Series Connection « Connecting the positive of one module to the negative of the next
module. This connection of PV modules or batteries increases the voltage while the
current remains the same.

Shallow Cycle Battery « A type of battery that should not be discharged more than 25
percent.

Shelf Life « The period of time that a device can be stored and still retain a specified
performance.

Short Circuit Current (Isc) « The current produced by an illuminated PV cell, module, or
array when its output terminals are shorted.

Silicon ¢ A semiconductor material used to make photovoltaic cells.

Single-Crystal Silicon « Material with a single crystalline formation, Many PV cells are
made from single crystal silicon.

Solar Cell » See Photovoltaic Cell.
Solar Insolation ¢ See Insolation.

Solar Irradiance ¢ See Irradiance.
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Solar Noon ¢ The midpoint of time between sunup and sunset. The point when the sun
reaches its highest point in its daily traversal of the sky.

Solar Resour ce * The amount of solar insolation a site receives, usually measured in kwh/

m?/day which is equivalent to the number of peak sun hours. See Insolation and Peak
Sun Hours.

Specific Gravity  The ratio of the weight of the solution to the weight of an equal volume
of water at a specified temperature. Used as an indicator of battery state of charge.

Stand-Alone PV System ¢ A photovoltaic system that operates independent of the utility
grid.

Starved Electrolyte Cell « A battery containing little or no free fluid electrolyte.

State of Charge (SOC) « The instantaneouscapacity of a battery expressed at a percentage
of rated capacity.

Stratification « A condition that occurs when the acid concentration varies from top to

bottom in the battery electrolyte. Periodic, controlled charging at voltages that produce
gassing will mix the electrolyte. See Equalization.

String * A number of modules or panels interconnected electrically in series to produce
the operating voltage required by the load.

Subsystem ¢ Any one of severa components in a PV system (i.e., array, controller,
batteries, inverter, load).

Sulfating « The formation of |lead-sulfate crystals on the plates of a lead-acid battery. If
the crystals get large enough shorting of the cell may occur.

Surge Capacity ¢ The ability of an inverter or generator to deliver high currents
momentarily required when starting motors.

System Availability « The percentage of time (usually expressed in hours per year) when
a PV system will be able to fully meet the load demand.

System Operating Voltage ¢ The array output voltage under load. Thesystem operating
voltage is dependent on the load or batteries connected to the output terminals.

System Storage ¢ See Battery Capacity.
TC, TW, THHN « See Wire Types
Temperature Compensation ¢ An alowance made in charge controllers set points for

battery temperatures. Feature recommended when battery temperatures are expected to
exceed £5°C from ambient.
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Temperature Factors ¢ It is common for three elements in PV system sizing to have
distinct temperature corrections. A factor used to decrease battery capacity at cold
temperatures. A factor used to decrease PV module voltage at high temperatures. A factor
used to decrease the current carrying capability of wire at high temperatures.

Thin Film PV Module « A PV module constructed with sequential layers of thin film
semiconductor materials. See Amorphous Silicon.

Tilt Angle » The angle of inclination of a solar collector measured from the horizontal.

Total ac Load Demand « The sum of the ac loads. Thisvalueisimportant when selecting
an inverter.

Tracking Array « A PV array that follows the path of the sun. This can mean one-axis, east
to west daily tracking, or two-axis tracking where the array follows the sun in azimuth and
elevation.

Trickle Charge < A small charge current intended to maintain a battery in a fully charged
condition.

UP, USE ¢ See Wire Types

Uninterruptible Power Supply (UPS) ¢ The designation of a power supply providing
continuous uninterruptible service. The UPS will contain batteries.

Varistor ¢« A voltage-dependent variable resistor. Normally used to protect sensitive
equipment from power spikes or lightning strikes by shunting the energy to ground.

Vented Cell » A battery designed with a vent mechanism to expel gases generated during
charging.

Volt (V) » The unit of electromotive force that will force a current of one ampere through
aresistance of one ohm.

Watt (W) ¢ The unit of electrical power. The power developed when a current of one
ampere flows through a potential difference of one volt; 1/746 of a horsepower.

Watt Hour (Wh) ¢ A unit of energy equal to one watt of power connected for one hour.
Waveform e The characteristic shape of an ac current or voltage output.

Water Pumping Terminology
Centrifugal Pump ¢ See rotating pump

Displacement or Volumetric Pump « A type of water pump that utilizes a piston,
cylinder and stop valves to move packets of water.

Dynamic Head « The verticad distance from the center of the pump to the point of free
discharge of the water. Pipe friction is included. See Friction Head.
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Friction Head « The energy that must be overcome by the pump to offset the friction
losses of the water moving through a pipe.

Rotating Pump « A water pump using arotating element or screw to move water. The
faster the rotation, the greater the flow.

Static Head « The vertical distance from the water level to the point of free discharge
of the water. It is measured when the pump is not operating.

Storage ¢ This term has dual meaning for water pumping systems. Storage can be
achieved by pumping water to a storage tank, or storing energy in a battery subsystem.

Suction Head « The vertica distance from the surface of the water source to the center
of the pump (when the pump is located above the water level).

Wet Shelf Life » The period of time that a charged battery, when filled with electrolyte,
can remain unused before dropping below a specified level of performance.

Wire Types » See Article 300 of National Electric Code for more information
Tray Cable (TC) - may be used for interconnecting balance-of-systems (BOS).

Underground Feeder (UF) - may be used for array wiring if sunlight resistant coating
is specified; can be used for interconnecting BOS components but not recommended
for use within battery enclosures.

Underground Service Entrance (USE) - may be used within battery enclosuresand for
interconnecting BOS.

TW/THHN - may be used for interconnecting BOS but must be installed in conduit-
-either buried or above ground. It is resistant to moisture.

Zenith Angle « The angle between directly overhead and the line intersecting the sun.
(90°- zenith) is the elevation angle of the sun above the horizon.
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PoOINT DESIGNS

Sixteen specific design examples, called point designs, are described in this section.
These point designs cover awide range of applications, geography, and system size. Each
example is based on an actual installation, but some of the details have been altered to make
the design more illustrative. The components described were available and commonly
used in 1994. However, their inclusion does not represent an endorsement as in all cases
comparable products were available.

The sixteen point designs are summarized in the table below.

Peak Array Storage Size System
Location Size (W) (AH) or Type Control
_— Batteries
Navigation Beacon Texas 39 315 Photocell
(DC)
o Batteries Controller/
Security Lighting Arizona 157 540 Timer
(DC)
' ! Roatan Batteries
Vaccine Refrigeration Honduras 261 612 Controller
Freezer (DC) (World.Maps)
Batteries Hybrid System
Microwave Repeater Idaho 1,683 1.800 Control Unit
(Hybrid) '
) Batteries
Radio Repeater Oregon 612 1,860 Controller
(%) :
v Batteries
Travelers Radio New Mexico 180 300 Controller
(6C%)
. Batteries
DC Cabin Vermont 180 220 Controller
(DC)
. . Batteries
Residential Colorado 72 Controlier
(AC/DC) s %0
South ] Hybrid System
; i Batteries y Y
Residential Carolina 1,014 555 Controller
(Hybrid)
. Linear Current
Direct Pump Nebraska 144 Water Booster
(DC)
Peak Power
Deep Wc?;IDJCe;ck Pump New Mexico 809 Water Tracker
Inverter /
Submersible Pump Antigua 1,323 Water Controiler
(AC)
Batteries Linear Current
Shallow Well Pump Bolivia Booster
(0C) 300 240 00S
- . Batteries
Pipeline Monitor Kansas N
o0) 11 10 one
Direct Fan
o0, Colorado 22 None Nene
Cathodic Protection Louisiana 30 Battenies Controller
(DC) 55
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A cost analysis for each example is included. The prices used are approximately what
aperson installing a PV system in the United States would pay in 1994. They are

Crystalline PV Modules $6.50/watt
Deep-Cycle Lead-Acid Batteries $2.00/ampere-hour
Solid state controllers $6.00/ampere
Inverters $0.75/watt

BOS System Dependent
Installation Site Dependent

The life-cycle cost (LCC) analyses were performed using the simplified methodology
presented in Economics: Life-Cycle Costing beginning on page 59. The period and rates
used are shown in the box.

Life-Cycle Period = 20 years General Inflation = 4 percent
Investment Rate = 7 percent Fuel Inflation = 5 percent
Net Discount Rate = 3 percent Differential Fuel Inflation= 2 percent

Installation labor is priced at $250 per day per person, and does not include travel
except as noted. Loads are not included as a capital cost except where noted.

All operation and maintenance items are calculated as an annually recurring cost.
Replacement costs are estimated for array, battery, and BOS components over the life cycle
period. Load replacement is not considered part of the life cycle cost of the power system.
Salvage is estimated at 20 percent of the original equipment cost (excluding installation).
No inflation adjustment is used in the discount rate when calculating salvage value.

The installed cost per peak watt is calculated by dividing the initial cost of the
hardware and installation by the peak array power. The peak array power is the number
of modules times the peak module power as stated by the manufacturer even though the
array may not operate at that peak power point.

The reader is cautioned not to use these cost figures to compare the different
systems or_attempt to identify less expensive components. Many site-specific factors
affect the cost of an installed system. Often these factors outweigh the cost difference
between different models. However, the system costs stated here are typical for the generic
type of application and they can be used for comparison with other power options such as
generators or primary batteries. For those readers in countries other than the United States,
the relative costs may be useful in determining driving factors in the life cycle cost of the
sample system.
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W ARNING SIGNALS

Warning signals are used for public safety and their operational performance is
often mandated by law. The warning signal must be located where the need is and
using a photovoltaic power system offers the advantage of being able to place the
system at the optimum location. System availability requirements are near 100 percent
for those systems that safeguard human life. Check with local authorities for applicable
regulations.

APPLICATIONS
* Navigation Beacons » Aircraft Warning Lights
» Audible Fog Signas  Railroad Crossing Signals
* Highway Warning Signs

USERS

Maritime shipping, U.S. Navy, U.S. Coast Guard, oil industry, highway departments,
railroads, and private owners of communication towers, tall buildings on flight paths,
wharves, or structures requiring warning or identification.

Lamps, sirens, and foghorns are common 12 volt dc loads. The power require-
ments for lamps are usualy predictable but may vary seasonally if warning
system operation is dependent on thenumber of nighttime hours. Power demand
for highway and railroad signals may vary with traffic. Warning signals for dust
or icy roads will vary with ambient conditions.

LOAD

Many systems are located in harsh environments. For marine applications,
modules that have passed stringent salt water testing conducted by the U.S. Coast
Guard should be used. Non-corroding metal such as stainless steel is often used.
Wiring connections should be enclosed and protected against corrosion. Solder
connections are recommended. All switches should be enclosed in NEMA boxes
rated for the type of environment. Enclose wire in conduit where practical.

ARRAY
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Batteries must be protected from the environment. Vented, non-metallic, sunlight
resistant battery enclosures are available but expensive. Vinyl tubs are an
inexpensive alternative but require inspection and possible replacement. Bat-
teries are often buried for added protection in cold climates. Select a well drained
location and provide a moisture drain hole in the bottom of the battery enclosure.
Adeguate venting must be provided if batteries are to be stored inside a building.
Sealed batteries are often used because of lower maintenance requirements and
to prevent leakage or contamination of the electrolyte. Regulations dictate
minimum number of days of battery storage and possibly minimum state of
charge levels for navigation aids in some locations.

BATTERIES

Many warning systems use no controller because the battery storage is large
relative to the array size and the probability of overcharging the batteries is low.
A low-voltage disconnect should be used to prevent excessive battery discharge.
A blocking diode should be used to protect against battery discharge through the
array at night. Be sure that module has sufficient voltage to charge the battery
fully with the diode in the circuit.

CONTROL

PV arrays should be mounted in an area clear from shading. In colder climates,
snow shedding from the array must be considered. In such areas, modules are
sometimes mounted vertically. Seaborne arrays may be subject to hurricane
force winds up to 125 mph (60 meters per second) and salt spray environments.
Horizontal mounts are common on floating buoys. Bird spikes or other roosting
inhibitors are often used for arrays. In marine conditions, all mounting structures
should be constructed from non-corrosive materials such as stainless steedl,
aluminum, brass, or plastic. Protect wire and connections and keep wire runs
short. A good ground must be provided, particularly for pole or tower mounted
systems.

MOUNTING
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(NAVIGATION BEACO@

PoINT DEsSIGN No. 1

NAVIGATION BEACON

This point design example is a flashing beacon mounted on a navigation buoy in
the shipping channel near Port Arthur, Texas. The load consists of a single lamp
operating 1.0 second on and 3.6 seconds off during hours of darkness. The lamp draws
2 amperes when lighted. The flasher controls the lamp and draws 0.22 amperes when
the lamp islighted. Thereis a surge current of 0.39 amperes each time the flasher turns
on. This current flows approximately 1/10 of the time the flasher is on. A photocell
controls the hours of operation. The design has 14 days of battery capacity (required
by regulation) and does not include a charge controller. Provision is made to disconnect
the load if the battery voltage drops below 11 volts.

KEeEY DESIGN INFORMATION

APPLICATION: Maritime Navigation

SITE: Near Port Arthur, Texas
LOCATION/ELEVATION: 31°3 N 110°2°'W 5m
ENVIRONMENT: Salt Spray

TEMPERATURE RANGE (°C): -15to 42

MAXIMUM WIND SPEED (m/s): 40

AVAILABILITY REQUIRED: Critical (>99.9% by regulation)

LOAD PROFILES: Hours of darkness vary from 9.8 hours in July to
13.0 hours in December

INSTALLATION

The photovoltaic array is mounted horizontally above the beacon using an
anodized aluminum framework mechanically and electrically attached to the metal
body of the buoy. The module is wired to the battery using a thermoplastic jacketed TW
cable designed to be both sunlight resistant and weatherproof in a marine environment.
No fuses are used but a blocking diode is installed in the positive lead between the
battery and the module. The diode is located inside the battery compartment for
protection from the environment. The conductors for the beacon are of the same type
as the array conductors. Both array and load conductors are run in conduit attached to
the buoy structure to prevent them from becoming abraded or damaged. The batteries
are installed inside a vault on the buoy with wire access through grommet-protected
holes. All battery terminals are coated with a corrosion inhibitor. A light sensing
photodiode switchused to control the hours of operation is installed inside the standard
beacon fixture. The fixture is sealed to protect both lamp and photodiode from the salt-
spray environment. All wiring connections are made with crimped and soldered
connectors. Strain relief is provided.
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WORKSHEET #1| CALCULATE THE LOADS (FOR EACH MONTH OR SEASON AS REQUIRED) DESIGN NOTES:
1 X EX I 1 I T IR R I 2 [ Daily Duty Cycle
Load a| Lead Load DC AC Daily Weekly Power ‘Nominal /| Amp-Hour
oe.c:fpuon 2 | current| voitage|  Load PLoad guty Duty Cg:;\lVTrslon System | Load .0 seconds on
P | : . :

vl @ ) ::‘:)er ower oy (o(:\)r';;;x) (DE&;:E)V Vo(l:lz;ge (AH/DAY) 3.6 Seconds b

lame I 7
X|e2.0 [X| /2 |= 07‘(/ N/A x| . X o S = /2 = & Y
[oc] : 29 =7 / 8 6™ 23% Du\‘g Cjbl&

Flasher
mel | o ¥ /& 2.4
4.8

va (29 W 2t 1 | 2 [ 0.58 "
Surae aximum demand
Cur‘;%n‘}[a? | |x 0'4 X| 12

nA [ 029 |x 7 wrlH /O F R 0/R on longest night
- + = of 13 hours.

o3 X X = ’N'/A =X X : % =
R S I3x O'O‘za 2 o?q hr/dax
i I O e X L .
DR Surge currevt Yows
X X S N/A X X = |+ : = PS .
[c] -7 fo of ontime or
wm X NA X S T B = 0.99 hr [day.
m] [ X NA X X T K =
11} Total Load Power  |DM 118 12f Total Amp-Hour Load
(T o st powr [0 3.0 JEP o At | 4.5

i 13] 14 18 |o]19] |o

: Total Total Wire Battery

&4 DC Load AC Load Etfficlency | Efficlency

. Power Power Factor Factor

% 1T;](W) o1 R (DECIMAL) | (DECIMAL) | |
e 3/ |+ +]0.9¢9 [+ 0.9 |=17.¥

e— " "
EEESR



WORKSHEET #2 | DESIGN CURRENT AND ARRAY TILT
QEJ 21| System Location Gullo? Mexico Latitude 31 °3'N Longitude [10° 2 W
§- _. Insolation Location | NewOvrleans Latitude Q9° ¢'N Longitude 90° 2’ W
) .
Q Tilt at Latitude -15° Horizontal Tilt-att-atitude— . Tilt at Latitude +15°
s [ 28 234] 2a2] 235] 2a8] 220 23] 24]
g Corrected Peak Design Corrected Peak Design ki Corrected Peak Deslign
T Load Sun Current Load Sun Current Load Sun Current
w| (AH/DAY) | (HRS/DAY) (A) K| (AH/DAY) | (HRS/DAY) (A) (AH/DAY) | (HRS/DAY) (A)
[20] ja: 20
3 ry = M 74 B[29 |26 + = /7
F - = / X - = <= =
M + =] + = + y.
A + J< + = + /=
M + /1= + = =
J = + = = =
J s — s — ng =
A =| - = /:2- =
N[ + = + = L + =
D + = 1-4 HRE =26 E + =
1 _Select the largest design current and corresponding peak sun from each latitude and enter below : |
Latitude -15°¢ Latitude Latitude +15°
25A] 26A | 258] 26B] 25C 26C
Peak Design Peak Design eak esign
Sun Current Sun Current Sun Current
(HRS/DAY) (A) (HRS/DAY) (A) (HRS/DAY) (A)
2.8 R-b

- - Now select the smallest design current and corresponding peak sun =~ .. .

NOTE:

DO NOT MIX TRACKING AND FIXED ARRAY DATA ON THE SAME SHEET.

DESIGN NOTES:

Floa‘“ns buos'
Imodules mounted
in horizontal
plane ontop

of buo%-

Insolation
estimate from
local source..

Maximum load
in December
nd Sanucu-%
with 13 hours
ol darkness.
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WORKSHEET #3

CALCULATE SYSTEM BATTERY SIZE

= EC I 1 X [ 1 7 I 2 =]
Corrected Maximum Derate R ired Capacity of
Amp-Hour Storage Depth of for Beaqtltlerrey Selected BattI:rles
Load Days Discharge |Temperature Capacity Battery Parallel
20] (AH/DAY) (DECIMAL) (DECIMAL) (AH) (AH)
7.4 x| 14 || 0.3 |+ 095 |=| 304 || 05 | 3
5 7 2] 5] m|
NOTE: BLOCK 35. ROUND UP Nominal Nominal Batteries | Batteries
FOR CONSERVATIVE DESIGN. System Battery in in Total
Vol(:la)ge Vol(:la)ge Serles _Parallel Batteries
BATTERY INFORMATION Enl 2
= = X =
Make | Delco /& /2 / 3 3
Model | 9000 (a1] a2 43 4] axi a5
Type . Capacity of System aximum Usable
Lead Calcium Bat't:rles Selected Battery D?epthh of Battery
scharge
Nominal Voltage (V) /2 Parallel Ba(:\t:)ry Ca?AaH‘;“y - (DECIMAE) Ca(pAch;lty
[35] 34 31
Rated Capacity (AH) 1 0S 3 x| /05 = 315 X 0.3 — QS

NOTE: USE MANUFACTURER'S DATA TO FILL
IN BATTERY INFORMATION BLOCK

\

DESIGN NOTES:

>30% disem
may dam eﬂ[g:—s
sealed shallow
(23016 battery.

Coldest fempera‘(-ure;
ex‘oec‘fed s =1s°C.

(NOOVHG NOLI.VE)II\VN)
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WORKSHEET #4 | CALCULATE SYSTEM ARRAY SIZE
iﬂDesign —f’—lModuleu—@JDerated 4—9] Rated lD_ﬂlModules
Current Derate Design Module in
(A) Factor Current Current
=] (DECIMAL) (A) (A) Parallel
26 |+ 095 |=| 2.7 [+] 2.3 [=]
| 51] [52] Voltage [5|Highest [55] s6 | 5]
Nominal Batteries Required |Temperature| Modules Modules Total
Battery in for Module In in M gal s
_Voltage | ___Series Load Voltage Series | Parallel oduile
37 38 (V) V) 50
1 [ 1.20 x| /R X / VA T =] / X / =] /
58 59 60
—l —l Rated —-J Rated
Module Array
NOTE: USE MANUFACTURER'’S SPECIFICATIONS Current Current
TO FILL IN PV MODULE INFORMATION BLOCK. (A) (A)
Modules
in X .3 =| 2-8
Parallel
61|Module |52] Array
PV MODULE INFORMATION Short Short
Make/Model [Solarex MSX-38MM|Nominal Volts 1Q g&:ﬁ::t g‘lj:‘:::t
Length 28 Width | 28 |Thickness 2 (A) (A)
Weight 21 lbs. Bypass Diode [@ [50] x| 25 =| 25
63 64 65
Voltage At STC |Open Circuit At F.'rlg:,les;r;f‘?:cmd —] —J Rated —l Array
v) p Module Rated
/¢.8 -4 /S Voltage Voltage
Current | At STC [Short Circult Modules (V) (V)
(A) . In
2.3 25 Series
Open
NOTES: BLOCK 50 - ROUND UP FOR CONSERVATIVE DESIGN. Circult = Arr(any "
)pen  Circu
BLOCK 55 - ROUND UP OR SELECT ANOTHER MODULE WITH Module Voltage
SUFFICIENT VOLTAGE TO CHARGE THE BATTERIES WHEN Voltage (V)
OPERATING AT THE HIGHEST EXPECTED TEMPERATURE? v)
[55] x[2/6 =] <074

DESIGN NOTES:

Module is vated

*for use in a
marine environ -
ment.

Rated vo H-agé of

17.8 V(@ R5°C
gives a vo Hage

ol 15 v 55°C.

Hybrid s S'fem.
not‘i ‘PQ@SI e,
Hhis C!pp/:Ca‘hOVl.

)

NOJV3ga NOILVOIAVN
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PROTECTION COMPONENTS SPECIFICATION

Protected’ Clrcuit o

Protection Device

Switch|Dlodd Fuse] Movistor

Rated
Current.

. Rated
Voltage

~ Description

—J AY(‘OJ ou{pu‘\

v Samp 100 VvV Bloddns dlCde
02| Array output v Surge protector
03 Load civcuit v damp | 0V th*v shodiode Conteolled

o
'S

o
0

=
=)

O
~

=
®

1

(=]

2} & Bl ] B &) & lg] &} 8]
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DC WIRE SIZING SPECIFICATION

E1] E2 E3| [E4] 5] [E6] [E7] B 1 DESIGN NOTES:

System Maximum | One Way | Allowed | Aliowance
Wire Runs Voltage Current Length Voltage for N::Sor '\rA\’III::
V) (A) (FT) Drop |Temperature Al wire

(%) Derate . dalled .

 Array Clrcult ins : ‘C{: n

Module to Module C(.m .Lu or

Array to Controller TW/ within the

or Battery . #1Q buo‘d'

DC Circulits

Battery to Battery

Battery or Controller T u7

to DC Loads ” / | 3 - 4 / # 1

Branch Circults

m o®O @O »

Battery Charger
to Batteries

Battery to Inverter
Or Converter

Wire Type AWG Number Type of Earth Ground
Equipment Ground Bare Copper #'8 To buo% bod«i
= System Ground Bare Copper #g To buoxj bodtj
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Blocking
Diode

;

1 Module
39 W

e o o i o o " o T S

Surge
Protector

(+

Ground

Photodiode

£y

Ay A AK Al
~« o

%,
(+)

(+)

(=)

3 Batteries
315 Ah

Beacon
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(NAVIGATION BEACON)

EcoNnomics ANALYSIS

LIFE-CYCLE COST ANALYSIS
POINT DESIGN: NAVIGATION BEACON

Dollar Present Percent Total
ltem Amount ($) Worth ($) LCC cost (%)
1. CAPITAL COSTS:
Array $450 $450 8.2
Battery 630 630 11.5
BOS and Mounting Hardware 205 205 3.7
Installation 500 500 9.2
A - SUBTOTAL (Equipment & Installation) 1,785 1,785 32.6
2. OPERATION & MAINTENANCE
B - Annual Inspection 125 1,860 34.0
3. REPLACEMENT: (YEAR)
Battery 4 630 560 10.2
Battery 8 630 497 9.1
Battery 12 630 440 8.0
Battery 16 630 392 7.2
C - SUBTOTAL (Replacement Cost) 2,520 1,889 34.6
4. SALVAGE: (YEAR)
D - 20% of Original 20 (257) (66) (1-2)
TOTAL LIFE-CYCLE COST (A +B + C - D) $5,468 100.0

ECONOMIC NOTES:

1) For this application, a module rated for a marine environment is specified. The cost is $1150/peak
watt.

2) Installation cost assumes two person/days at $250 per day. However, the cost of $1,100 for boat
& fuel is not included as this cost would have to be borne regardless of the type of system installed.

3) Capital cost does not include beacon, flasher, or photocell.

4) Maintenance is based on average 4-hour annual inspection visit by U.S.C.G. personnel.

COST ELEMENTS AS A PERCENT OF LCC (%)

8% W Array
" 1% [ Battery
4% BOS
9% B installation
O&M

L] Replacement

Warning Signals
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LIGHTING

PV powered lighting systems are installed and operating in many locations. They
have proved reliable and are the low cost aternative for many users. Recent improve-
ments in lamp efficiency have alowed system costs to decrease. Security lighting, such
as required for military applications, can be powered by PV systems at a fraction of the
cost of extending utility lines to remote areas. Lamp control can be implemented with
photocells, timers, switches, or sensors such as motion or infrared. The increasing
demand for dc lamps has caused an improvement in reliability of lamp fixtures and
ballasts. Outdoor lamps are packaged and sealed to prevent build up of dust and dirt
on or in the fixture and inside reflectors. Starting gas lamps in cold weather can be a
problem. The mounting position affects the performance and lifetime of gas bulbs;
check specifications. Lamp efficiency generaly increases with wattage so it is better to
use fewer bulbs of higher wattage. Extended service lamps are generaly less efficient
than standard lamps but may prove to be the least cost option. Prepackaged systems
with PV power supply, battery, ballast, lamp, and control are now available. Check
with local PV system supply companies.

APPLICATIONS
» Billboards » Area Lighting
» Security Lighting * Domestic Use
 Emergency Warning

Most stand-alone PV lighting systems operate at 12 or 24 volts dc. Incandescent
and halogen bulbs that operate at 12 volts have been used in automobiles for years
but the bulbs are not energy efficient and must be incorporated into a lamp fixture
that is suitable for the application. Their use is not recommended. Fluorescent
lamps are recommended for their efficiency-up to four times the lumens per
watt of incandescent lamps. The fluorescent bulb and any other gas bulb, such as
mercury vapor or sodium, may be difficult to start in extreme cold weather. The
latter types, examples of high intensity discharge lamps, may require several
minutes to light fully and must cool completely prior to relighting. A well-
designed reflector and/or diffuser can be used to focus the available light and
lower the total PV power required.

LOAD
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All connections should be made in water-tight junction boxes with strain relief
connectors. See Article 310 of the NEC for wire types and approved usage.
Conduit is often used to protect the wire from the lamp to the batteries. If conduit
is not used, all wiring should be laced and attached to the support structure with
sun resistant nylon or plastic wire ties. The array frame should be grounded. The
array azimuth should be true south (north in southern hemisphere) with tilt angle
as determined in sizing calculations. A switch is normally installed so the array
can be disconnected. Use of afusein the battery lead is recommended to prevent
damage in case of a short in the load. Use movistors or silicon oxide varistors for
lightning and surge protection. Consider the possibility of vandalism when
deciding how to install the system.

ARRAY

Batteries are required for all PV lighting systems. Deep cycle lead acid and nickel
cadmium batteries specifically designed for photovoltaic applications are recom-
mended. Using sealed batteries minimizes the problem of ventilation and
corrosion and lowers maintenance cost but the sealed battery may not last as long
as an industrial grade deep-cycle battery. Batteries should be located in a weather
resistant enclosure. Nonmetallic enclosures are recommended to prevent corro-
sion. Follow battery manufacturer’s installation and maintenance requirements.

BATTERIES

For systems installed in remote areas, the reliability of the charge controller is
critical and directly affects life-cycle cost. Buy a high quality controller with
plenty of safety factor on the current that can be handled. The operation of the
lamp may be controlled by sensing the PV array current and activating the lamp
when the current drops near zero. Other methods of control are timers, photo-
cells, or motion sensors.

CONTROL

PV arrays may be ground mounted, pole mounted, or mounted to the structure
that is being illuminated. Elevating the array above the structure may decrease
the possibility of vandalism. Array frames should be anodized auminum,
galvanized, or stainless steel and the installation designed for maximum antici-
pated wind velocities. Stainless steel fasteners with lockwashers are recom-
mended. Keep the wire length to a minimum. Fencing may be required to protect
the array from animals. A steep array tilt angle increases snow shedding if there
are no restrictions near the bottom of the array.

MOUNTING
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PoiINT DESIGN NO. 2

SECURITY LIGHTING

An officer at amilitary base near Yuma, Arizona, was required to install security
lighting on a one acre area. Overhead lines were prohibited and underground service
was expensive. Her options were PV or a diesel generator and after she investigated
pole mounted PV lights the choice was obvious. She could provide enough light to
guard against intrusion with three 18-watt pole lamps. They were independent, no
interconnect wires to run, and they could be located at any convenient place within the
designated area. She decided to put one pole light near the guard shack, double the
power system size on that unit, and provide an 18-watt lamp inside the shack. All lights
were to operate al night every night so she decided to use a current sensing relay in the
PV array circuit to control the lamps. Any time current was flowing from the array the
lamps would remain off. With this control method, al three independent lights would
turn on and off at approximately the same time.

KEY DESIGN INFORMATION

APPLICATION: Security Lighting

SITE: Y uma, Arizona
LOCATION/ELEVATION: 32°42° N 114°36' W 300 m
ENVIRONMENT: Desert

TEMPERATURE RANGE (°C): -5t0 45

MAXIMUM WIND SPEED (m/s): 40

AVAILABILITY REQUIRED: Noncritical

LOAD PROFILES: Every hour of darkness

INSTALLATION

The base engineers designed the system and hired a local contractor to build a pole
kit with PV modules mounted above the lamp and the battery enclosure mounted to the
pole near ground level. The modules were prewired and assembled in an aluminum
frame that was attached to the pole at the proper tilt angle. The array conductors were
run down the inside of the metal pole to the control box mounted to the pole behind the
battery enclosure. The battery box was shaded with a metal overhang to maintain
temperatures near ambient. The metal pole was used as the ground and the negative
conductor was bonded to it in the controller box. A lightning rod was bonded to the pole
and extended above and on the north side of the modules. A design and operations
manual was generated and a maintenance logbook was placed in the guardshack.
Personnel were instructed to keep a record of all maintenance items.

Lighting 117
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WORKSHEET #2 | DESIGN CURRENT AND ARRAY TILT
21| System Location  [neqy LJUMQ Az Latitude 32°42° N Longitude | //4° 346" W/
Insolation Location | Phoenix , Az Latitude 33" 1L N Longitude 11R° W
Tilt at Latitude -15° Tilt at Latitude Tilt at Latitude +15°
M_ggg 234| 24A {228] 238| 248 22C 23C 24¢]
3 Corrected Peak Design . Corrected Peak Design Corrected Peak Design
T Load Sun Current Load Sun Current Load Sun Current
H| (AH/DAY) | (HRS/DAY) (A) (AH/DAY) | (HRS/DAY) (A) (AH/DAY) | (HRS/DAY) (A)
{20] 20 /| 70
J + g / + / 531 |+] 579 | 9.«
F - = / - = -+ =
M + = + + =
A = N= + /= + =
M i = = 1= + =
J | = -:-// = + =
J —;7/ = 1 = = =
A A= = /+ = - =
S / = = / - = - =
N // + = | + = + =
L2 + = |V + §3.1 |+ 5. 431=] 9.8
| Select the largest design current and corresponding peak sun from each latitude and enter below ]
Latitude -15° Latitude Latitude +15°
25A 26A ] [258 268] 25C 26CJ
Peak Design Peak Design Peak Design
Sun Current Sun Current Sun Current
(HRS/DAY) (A) (HRS/DAY) (A) (HRS/DAY) (A)
S 4 9.8
L, ~ Now select the smallest design current and corresponding peak sun . - = = |
27 | e 28 Frnn s
*TJ«,Pe_a.k“ _JD sign
NOTE: DO NOT MIX TRACKING AND FIXED ARRAY DATA ON THE SAME SHEET. - Sun. | Current
(HRS/DAY)} (A}
5.4 9.8
Tilt o
Angle ~§O

DESIGN NOTES:

wih‘\e\"{'lme
will e
Maximumw
load. Use
Jatitude +15°
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WORKSHEET #3 CALCULATE SYSTEM BATTERY SIZE .
DESIGN NOTES:
=] EC) [ Y 5] [ Y21 S 151 o] ]
Corrected Maximum Derate Capacity of
Amp-Hour Storage Depth of for RB"aqt‘t’L’reyd Selected BattI:rles
Load Days Discharge |Temperature Capacity Battery Parallel
20] (AH/DAY) (DECIMAL) (DECIMAL) (AH) (AH)
s53.1 X & || os | 1 |5 531 |5 90 |5 ¢
36 ] 7] EJ E| 40
NOTE: BLOCK 35. ROUND UP Nominal Nominal Batterles | Batteries
FOR CONSERVATIVE DESIGN. System Battery in n Total
Vol(:/a;ge Vol(:;;ge Serles | Parallel Batteries
BATTERY INFORMATION ] 3 7’
AR /R = X = &
Make | Tohnson Cowtrols
Model |GC /100 3 a1 42 a3 a4 45
TyPe (6o Sealed Aead Acid _JBatterles '_CJapaclty of _]System —]Maxlmum Usable
ea ! n Selected Battery D[:BP::‘ of Battery
Batter Capacit scharge| capacit
Nominal Voltage (V) /R 3_51Para||e| = (AH) y &H) y _ (DECIMAL) (At y
Rated Capacity (AH) | Q) A x| 90 =| $*%0 |x| 0.5 |=| «70

NOTE: USE MANUFACTURER'S DATA TO FILL
IN BATTERY INFORMATION BLOCK

ONILHOIN )
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WORKSHEET #4 | CALCULATE SYSTEM ARRAY SIZE DESIGN NOTES:
ﬁlDeslgn ﬂlMcadule‘l-4ﬂ0erated —Mﬂ Rated lD >0 ]Modules
Current Derate Design Module in This modele wil/
(A} Factor Current Current .
(DECIMAL) (A) (A) Parallel produce 149V
2] @ 75%.
9.8 ] 0.9 =] 09 5] @22 [5] «
51] 2] Voltage [5¢[Highest |[55] 5 | 7]
Nominal Batteries Required |Temperature| Modules Modules Total
Battery in for Module in in Modules
| Voltage | Series Load Voltage Serles | Parallel
37 38 (V) (v) 50
[ 1.20 x| /& X / | o I+l /4.9 1= ¢ X 4/ = «
5] 9] pated  [* Rated
Module Array
NOTE: USE MANUFACTURER'S SPECIFICATIONS Current Current
TO FILL IN PV MODULE INFORMATION BLOCK. (A) (A)
Modules
in
P el
aratle 61]Module Array
PV MODULE INFORMATION Short Short
ujt
Make/Model | Sy larex MSX-«40 |Nominal Volts /R gt:rrtr::rl:t gxi:(r:e:\t
Length 30 Width | 20 |Thickness R./ (A) (A)
X . =
Weight /=R /bs. Bypass Dlode | Y l® [50] [ 06 | z0. 4/ Hebrid ¢
At Highest Expected 63 | 64 ] Rated 65 | Arra yorid s ystem
Vo(‘\t/?ge At STC [Open Circuit Temperature megor Rate¥! not reasona ble
/7.1 R/ 6 /4.9 Voltage Voltage Cortnrs appli-
Current At STC |[Short Circuit Modules (V) (V) QR\\"\DV\ m
A X A = g
Serles o
66] Open ) array
o NOTES: BLOCK 50 - ROUND UP FOR CONSERVATIVE DESIGN. Circuit o nay : r
. BLOCK 55 - ROUND UP OR SELECT ANOTHER MODULE WITH Module |OPen Clreult %)
SUFFICIENT VOLTAGE TO CHARGE THE BATTERIES WHEN Voltage V°,“39° 5
OPERATING AT THE HIGHEST EXPECTED TEMPERATURE. (V) V) -z.
55] X[ 20¢ |=1R/4 o

C
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CONTROLLER SPECIFICATION

N DESIGN NOTES:

Al Array a2 [A3] [A4]
Short Minimum Rated Controllers
Circuit Controller Controller in
| Current Current Current) Parallel
62 (A) (A) (A)
1.25 x| 704 |=| /3 |+| 0 |= /
2]
{(CONTROLLER)

Make/Model J-/e,//m%ro’aﬂ CCRO

Rated Voltage

Rated Current

Eeatures

Temperature Compensation
Reverse Current Protection

High Voltage Disconnect
High Voitage Re-connect
Low Voltage Disconnect
Low Voitage Re-connect
Meters

Battery Voltage

Array Current

Load Current

T EEFE RR B

7

&Q'\ " AR A A AL AR A A o

B

R

Z

)
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Protection Device Rated Rated
Protected Circuit
switch|Diodd Fuse|Movistor| Current | Voltage Description
D1 C tch ins led
01 Arcay output e /5 amps| 00V S o
lh\_\,unC‘HOY\ box
D2
Arvay output relay I5amps [ 24V
D3| OC Luse installeot
A‘vmti output v 15 amps 1_E V intunction kox
D4| DC switch installed
Controllexr +u load v ISamps | 200V in junction Box
_Ds_l tHhat 18 mounted on
e H\S;h'f pole
D6 F \ )
260 0 g teolier o load v ISamps | /@5y |OC Tuse installeclin
wuncHon box moun
DT| on ‘iﬁh+ fole
DBI DC Fuse installed
Baﬁ-b\('\j \/ o?Oamps [RE V in b&Hm bOX
)

E'J Corteoll

ex inpud'

)

( ONILHOIN
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DC WIRE SIZING

SPECIFICATION

[£1] & 3] E4]  [Es|  [ee] D
System Maximum One Way | Allowed | Allowance AWG Wire
Wire Runs Voltage Current Length | Voltage for Number Type
v) (A) (FT) Drop |Temperature yp
(%) Derate
Array Circult o
Module to Module
Array to Controlier
or Battery /3 /0 RS 3 /9 6!—4
DC Circults N
Battery to Battery | 2 —_ / 1%, —_— #
Battery to ¥
DC Loads /3 3.6 | 4o 39 /8% Yur
Branch Circuits | - - - -
A
B
C
D
E
Battery Charger
to Batterles
Battery to Inverter
Or Converter
System Grounding | Wire Type AWG Number | Type of Earth Ground
E9
= Equipment Ground Bave Copper #9 Copper Rod
E1
System Ground Rave Copper #Q Copper Rod

DESIGN NOTES:

All exposed
wire (s to be

marked sunlig ht

ro.sls+on+.

Battery cables

supplied bg
ba'H‘erﬂ Olealer.

)

ONILHON
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STA

Normally
Closed
Relay mm————— )
— | |
ntroller
g G T 2 neall LVD
Fused PV LVD
(+)] (+) (+) (+) Disconnec Batt
. I Switch
A )
\-
-
1
RS S
Frame Surlge
Ground Protector
4 Modules Z
157 Watts ! 4 o
r—y \i \p
Grounded
To Rod
(=)
(+)
1 2 6
6 Batteries
540 AH

)

ONILHOIN
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EcoNnomIcs ANALYSIS

LIFE-CYCLE COST ANALYSIS
POINT DESIGN: SECURITY LIGHTING

Dollar Present Percent Total
Item Amount ($) Worth ($) LCC cost (%)
1. CAPITAL COSTS:
Array $1,040 $1,040 18.6
Battery 1,080 1,080 19.3
BOS + Mounting Hardware 900 900 16.1
Installation 400 400 7.1
A - SUBTOTAL (Equipment & Installation) 3,420 3,420 61.1
2. OPERATION & MAINTENANCE
B - Annual Inspection 50 743 13.3
3. REPLACEMENT: (YEAR)
Battery 8 1,080 1278 15.2
Battery 16 1,080 1010 12.0
Controller 10 104 64 1.1
C - SUBTOTAL (Replacement Cost) 2,264 1,598 28.5
4. SALVAGE: (YEAR)
D - 20% of Original 20 (604) (156) (2.9)
TOTAL LIFE-CYCLE COST(A+B +C-D) $5,605 100.0

ECONOMIC NOTES:

amount when installation costs are included.
2) Capital cost does not include the fluorescent light fixtures or lamps.

1) Cost is calculated for the two lamp system. The other pole lamps would cost about 70 percent of this

19%

26%

19%

13%

7% | 16%

COST ELEMENTS AS A PERCENT OF LCC (%)

[ | Array

1 Battery

4 BOS
B installation

0&M

O Replacement
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REFRIGERATION

The use of PV powered refrigerator/freezers (R/F) is increasing because of the
high reliability they provide. The World Health Organization has specified PV power
be used for medical vaccine refrigerators in numerous countries around the world.
Many dollars worth of vaccine can be ruined if not maintained at the recommended
temperature. This requires a reliable power source for the refrigerator. Also, the high-
efficiency dc refrigerators are being used more in residential applications because their
cost is decreasing as larger numbers are manufactured. In most instances, the efficiency
of the dc refrigerator is higher than an equivaent size ac unit. This reduces the power
requirements accordingly. For PV powered refrigerators, the mode of operation
directly affects the total system cost. Factors such as number of users, door opening
habits, seasonal use variations, time of loading, temperature of incoming material, and
physical location of the unit will significantly affect the amount of power required. User
training in proper operation and maintenance should be a part of any project to install
R/F systems in remote areas.

APPLICATIONS
e Medicd e Commercia
* Recreational * Residential

Most stand-alone PV refrigerator/freezer systems operate at 12 volt or 24 volt dc.
The design features that contribute to efficient operation and lower power
demand include shape, increased insulation, tight door seals, compartmental-
ization, efficient compressors with effective heat removal (with or without fans),
manual defrosting, and top-loading design. However, all these advantages can
be outweighed by careless and improper use. User training is mandatory. Ice
making requires a large amount of power. If regular ice making is required,
consider an R/F unit with two separate compressors or use an inverter and ac
freezer.

LOAD

Refrigeration 127



ARRAY

BATTERIES

CONTROL

All connections should be in water-tight junction boxes with strain relief connec-
tors. All wiring should be in conduit or laced and attached to support structure
with wire ties. The array should be grounded with the ground conductor securely
attached to each support structure and the earth rod. Array azimuth should be
true south (north in southern hemisphere) with tilt angle as determined in sizing
calculations. If vandalism is a possibility, consider elevating the array or restrict-
ing access with fencing.

Batteries provide the high availability of PV refrigeration systems. Deep cycle
lead acid or nickel cadmium types specifically designed for photovoltaic applica-
tions are recommended. Sealed batteries may be used to minimize the problem
of ventilation and corrosion and lower maintenance cost. Check battery availabil-
ity in the local area. Batteries should be located in a weather-resistant enclosure
close to the R/F. Nonmetallic enclosures are recommended to prevent corrosion
particularly if flooded electrolyte batteries are used. An in-line fuse should be
installed at the battery output terminal. Follow battery manufacturer’s installa
tion and maintenance requirements. For systems instaled in remote areas, the
battery charge regulation is critical and directly affects life-cycle cost.

Battery state of charge control is required to prevent deep discharge or overcharge
of the battery particularly for systems installed in remote areas. Using a controller
with temperature compensation is recommended if the batteries are not in a
controlled environment. Controllers with meters or warning lights alow the
system performance to be monitored easily. The operation of the R/F can be
controlled by a thermostat. Manually controlled mechanical thermostats are
recommended over electronic thermostats because of their ssmplicity and reliabil-
ity. Select an R/F unit with separate thermostat controls for each compartment.

128
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PV arrays may be ground mounted or mounted to the building that houses the

refrigerator. Instaling the array on the roof of the structure may decrease the
possibility of vandalism, but precautions should be taken to minimize the
possibility of roof leaks. Do not put the array directly on the roof--leave at least
3 inches for air circulation under the array. Array frames should be anodized
auminum, galvanized or stainless steel, and designed for maximum anticipated
wind velocities. Stainless steel fasteners with lockwashers, nylock or pel nuts are
recommended. Locating all subsystems close to the load will keep wire length to
a minimum. Fencing may be required to protect the array from animals if the
array is ground mounted. Use solid foundations and/or ground anchors to
secure the array. Put the junction box and controller in the building with the
R/F if possible.

MOUNTING

PoiNT DESIGN No. 3
VACCINE REFRIGERATION/FREEZER

A PV powered refrigerator/freezer was needed for medical vaccine storage on the
remote tropical island of Roatan, Honduras. A dual compressor R/F unit was chosen.
Each compressor operates independently and draws 5 amperes when operating. The
sealed lead-acid battery bank is enclosed beneath the R/F unit. This arrangement
reduces the chance of accidental contact with the battery terminals and the room is well
ventilated so no danger of gas build up exists. The R/F is used every day with the active
compressor time estimated at 9 hours per day for the refrigerator and 5 hours for the
freezer in the summer time with corresponding wintertime numbers of 7 hours and 4
hours. The operators of the clinic were briefed on the operation and maintenance of the
installed R/F and told how to conserve energy by keeping the R/F closed as much as

possible.

KEY DESIGN INFORMATION

APPLICATION: Vaccine Refrigerator/Freezer Storage
SITE: Roatan, Honduras
LOCATION/ELEVATION: 16° N 86° W 30m
ENVIRONMENT: Island

TEMPERATURE RANGE (°C): 15t0 35
MAXIMUM WIND SPEED (m/s): 40
AVAILABILITY REQUIRED: Critical

Refrigeration 129



| NSTALLATION

This refrigeration system uses a roof-mounted array that supplies power to the
internal batteries in the R/F. The array was placed on a portion of the building roof that
was free from shadows caused by vent stacks, chimneys, trees, and overhead wires. The
array conductors were routed in conduit around the base of the building and entered
the building at the back of the R/F. The system switches were mounted on the wall
adjacent to the refrigerator/freezer unit. After the batteries were installed in the R/F,
it was carefully leveled to provide optimum operation. The location chosen for the
refrigerator/freezer was in a room that provided good ventilation for the compressor
while keeping the unit out of direct sunlight.

130 Refrigeration
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WORKSHEET #1| CALCULATE THE LOADS (FOR EACH MONTH OR SEASON AS REQUIRED) DESIGN NOTES:

For W n+er Use

' 2]l [ [ 6] 7| X C2E o]
Load q| Load Load DC AC Dally Weekly Power Nominal | Amp-Hour
Descripti 7 | Current| vortage| Load Load Duty Duty Conversion| o/ tem Load
escription (A) V) Power Power Cycle Cycle Efficiency Voltage (AH/DAY)
v (HRS/DAY) | (navs/wk) | (DECIMAL) v
Refrigerated
[53‘1"5 x| 1.2 7 x7+7+! =12 [Fl 35
Freezer
X X 7 -~ KR —_
[5¢] [ 5 12 4 X 7 [H | 112 [F| RO
X X s KN —
[E‘ X +7 . O =
X X . - | = -
rﬁ X =71 g =
[ac] X X X +71* <+ =
X X . o |+ + =
[ac] X <7
[ac] +7
11]  Total Load Power _ D[114] 2] Totai Amp-Hour Load 55
‘ oWy e - _(AHIDAY)
13] 14 i 1]  [ofief o] )
Total Total Nominal Al:o-:-la;ur Wire Battery or e
< DC Load | AC Load | System l?oad Efficlency | Efficiency | Am .
Power Power Voltage AH/DAY) Factor Factor | L rﬂq
TAl W W — V) (DECIMAL) | (DECIMAL) | A
120 [+ — 1] 55 |+] 98 [+ 9 2
ol
=
3
>
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WORKSHEET #1

\

CALCULATE THE LOADS (FOR EACH MONTH OR SEASON AS REQUIRED)

T

For Summer Use
(1] EX] EX B K B T o 7 8 [ofs] m|
Load ol Lead [ Load bC e Dally | Weekly [ Power [ Nominai [ Amp-Hour
Descripti 1 | Current| Voltage Load Loa uty Duty onversion| gystem Load
escr pt on Y (A) (V) Power Power Cycle 0yc'e Ef"clency VO"agQ (AH/DAY)
(HRS/DAY) | (pays/wk) | (DECIMAL) | 7€ 8¢
Refe. era 7 . . _
3¢5l | |¥ > q |x 7 D P IR 45
Freezer
X 7 = = =
B/ [ 5 [l 1 B2 | as
X R = —_
IE‘ X _:_7 . 0 =
X . < = —_
[E‘ X =71 0 =
X X . + + =
ﬁ? <7
X X . - = =
[ac] <7
11]  Total Load Power  [D[114] 12] Total Amp-Hour Load . 0
13] 14 15 17 18 [of1s} |of20f
Total Total Nominal Ar:o-:-lao'ur Wire Battery | Corrected.
DC Load AC Load System Lp Efficiency | Efficiency | Amp-Hour:
oad Eieih s
Power Power Voltage (AH/DAY) Factor Factor | ::Load
(W) — (W) —_ W B (DECIMAL) | (DECIMAL) | (AH/DAY)
120 [+ — =] 12 720 [+] 98 [+ 9

=154

DESIGN NOTES:

Summar use is

kug\\er ‘H\w\ winter.

T‘\e. worS"' cose.

load s re;Q le.c.{'ecb

N OPQ"O«‘L "\5
hou s pecr AQS .

Se,Para‘Lc. access
'\'O rer‘\sera'Lor
and

1 Poss'tl:\c,.

reezer

More, access LO
re rtse,ra‘\‘or s

re,cY ue ed.
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WORKSHEET #2

DESIGN CURRENT AND ARRAY TILT

-

System Location

rod-an Island

Latitude

/GO N

Longitude

& 6&° W

Insolation Location

Latitude

Longitude

Wovld Maps

Tilt at Latitude -15° Tilt at Latitude Tilt at Latitude +15°
NED 1234 | 244 | 228 | 238 | 248 | 22C | 23C | 24C |
g Corrected Peak Design Corrected Peak Design Corrected Peak Design
T Load Sun Current Load Sun Current Load Sun Current
n| (AH/DAY) | (HRS/DAY) (A) (AH/DAY) | (HRS/DAY) (A) (AH/DAY) | (HRS/DAY) (A)
0 eod |2 50 =l 05 | + = M oo 1H oo 1= 0.4
F = = - = / + =
M - = - = / = =
A + = + = + =
M - = = — -~ =
U294 [H 5.9 =] /4.4 +H = 794 1# 45 =l /2.4
1 294 |H 55 =] /44 H = 7294 |+ 45 1=l /7.0
A + = f'/ = = =
s + = AN+ = + =
° < = , e = + =
N + = 4 + = + =
ol o4 13 sp 1=l 085 H A + = 1 g0y x Lo 1=l /0.4
Select the largest design current and corresponding peak sun from each latitude and enter below |
Latitude -15° Latitude Latitude +15°
25A ] 26A ] 258 268 | 250! 260!
Peak Design Peak Design eak esign
Sun Current Sun Current Sun Current
(HRS/DAY) (A) (HRS/DAY) (A) (HRS/DAY) (A)
S.5 (4.4 .5 176
Now select the smallest design current and corresponding peak sun . o I
AR T T —
'—JPQQK ~-Deosign
NOTE: DO NOT MIX TRACKING AND FIXED ARRAY DATA ON THE SAME SHEET. Sun . Current
(HRS/DAY (A)
5.5 /4L
Tilt o
Angle |™ O

DESIGN NOTES:

Rak sun hours
taken Lrom world
dato maps Lor
winter

(latiude +15°)

and summer

Clatitude -18°).
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WORKSHEET #3

CALCULATE SYSTEM BATTERY SIZE

29 [30] E1E| Lo]32 [o]33] 34 35 |
Corrected Maximum Derate Required [Capacity of [ g 0 10
Amp-Hour Storage Depth of for Battery Selected In
Load Days Discharge Temperature Capacity Battery Parallel
20] (AH/DAY) (DECIMAL) (DECIMAL) (AH) (AH)
794 IXI &5 || 0.8 |+ ‘0 |=| 49% || 04 || 3
36 37 38| 39 ] 40
NOTE: BLOCK 35. ROUND UP Nominal Nominal Batteries | Batteries
FOR CONSERVATIVE DESIGN. System Battery in in Total
Vol(:’a;go Vo::le;ge Serles | Parallel Batteries
BATTERY INFORMATION ERl B
- = X =
Mako | Exide 2 /8 / 3 3
Model DE 30 @ 2 ﬂ] ﬂM | m
Type . Capacity of System aximum Usable
Flooded kead Acid Batlt:rles Selected Battery Dtl)epthh of Battery
scharge
Nominal Voltage (V) 2 Parallel | Ba(}\t:)ry Ca:)Ach)lty | (DECIMAE) Ca::AaHt;Ity
[35] 34 31
Rated Capacity (AH) o?oa}L 3 x| Q4 [I=| o/ || 08 |=| <90

NOTE: USE MANUFACTURER'S DATA TO FILL

BAESHSI BRI TN N M

IN BATTERY INFORMATION BLOCK

\

DESIGN NOTES:

Rounded up
Lor crnsevative
des lS -

C HOLlvH3OIHd43d )
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WORKSHEET #4 | CALCULATE SYSTEM ARRAY SIZE
ﬁlDesign ﬂModuleuﬂlDerated -ﬂJRated LD_E&JModules
Current Derate Design Module in
(A) Factor Current Current Parallel
2] (DECIMAL) (A) (A)
4 |+ 095 |=] 154 |+] 3.0 [=] &
51 52| Voltage [54]Highest |55] 56 | 57]
Nominal Batteries Required |Temperature| Modules Modules Total
Battery In for Module in in Modules
| _Voltage | _ Serles Load Voltage Series | Parallel
37 38 (V) V) 50
[ 1.20 x| /2 X / | .4 |+ 4s =] 7 x| < =] <
ﬁj 3’ Rated ﬂl Rated
Module Array
NOTE: USE MANUFACTURER’S SPECIFICATIONS Current Current
TO FILL IN PV MODULE INFORMATION BLOCK. Modules (A) (A)
in X -0 = /5
Parallel 61]Module |62} Array
PV MODULE INFORMATION Short Short
Ci it c it
wakoModol[Siemens WSS [Nomnal Vors] /2 Srou | groutt
Length &) | width | /3 |Thickness /-4 (A) (A)
Weight IR. 6 16 Bypass Diode | Y [@ s0] x] 34 |=] /7
63 64 65
Voitage At STC |[Open Circuit At Tg;as;r:z’::cmd o2 o] Rated ] Array
v) p Module Rated
/7% 217 (4.5 Voltage Voltage
Current At STC |Short Circuit Modules V) (v)
(A) in /7
3.0 3.4 Serles
NOTES: BLOCK 50 - ROUND UP FOR CONSERVATIVE DESIGN. Clrgult
BLOCK 55 - ROUND UP OR SELECT ANOTHER MODULE WITH Module
SUFFICIENT VOLTAGE TO CHARGE THE BATTERIES WHEN Voltage 99 -
OPERATING AT THE HIGHEST EXPECTED TEMPERATURE. (V) (V) i
55] x| 2.7 =] 2757

DESIGN NOTES:

Module derate

of 5% because
Clinic operators
will clean modules
pariod}wltj_

HOLVHADINAAY )
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WORKSHEET #5

HYBRID DESIGN DETERMINATION

~

s leo 70 71 72
Corrected JNomlnal JWatt-Hour a Annual
Amp-Hour System Load Conversion | Kilowatt-Hr
Load Voltage (WH/DAY) Factor Load
5] (AHDAY) 57 (V) (KWH/YEAR)
794 x| 12 |5 953 |x| 365 | 348
73 74 75 76 77
Derated _]Nomlnal T'J Design _IWatt-Hour —I A;r:y
Design System Array Load Load
Current Voltage Power (WH/DAY) Ratlo
mi ] v (W) 79 (DECIMAL)
152 X 12 |5 182 |5 950 [H ©-11
Hybrid  Indlcator
Yes|| No
120009 Hybrid Design
10000 - Fla
. : X
8| awod
‘g' CONSIDER
I | ™1 HYBRID IF YES, USE HYBRID WORKSHEETS TO
] 4000 4 COMPLETE SIZING OF A HYBRID SYSTEM.
> IF NO, PROCEED TO FUNCTIONAL
;:' 2000 — SPECIFICATION SHEETS.
a
2 0 T T T 1 1 T 1
0o 1 2 5 6 7 8 9
_ﬁl Array to Load Ratlo

DESIGN NOTES:

( voivuaomsay )



CONTROLLER SPECIFICATION

)
@,
t(_gD-
g. ﬂ] Array A_"’_] _AEJ ﬁ]
S Short Minimum Rated Controllers
Circuit Controller Controller in
| Current Current Current) Parallel
62]| (A) (A) (A)
1.25 (x| /7 =l X/ |*¥| Fo |= /
5]
(CONTROLLER)
Make/Model Lolar Croducts PCC 1Av30
Rated Voltage L2
Rated Current
Features
Temperature Compensation —_—
Reverse Current Protection P
Adjustable Set Points)
High Voltage Disconnect
High Voltage Re-connect
Low Voltage Disconnect
Low Voltage Re-connect
Meters
Battery Voltage i
Array Current 5:;& . .
Load Current —%
|_\
w
\‘

DESIGN NOTES:
Controller has 3 i ndicater

||‘3h+5:
Green - baH’C«‘"y Cha[(fed
Yellow - warnivg
Rea - low voHuGe

Tce makims Lunetion
distonwnected when red

ll‘Sm‘ S on.
Medical {bersonne\
nstructed to wake ce

only when a. Qreen [}j\ﬁ'
Conditon exists.

( HOLVHIOIH43H )
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PROTECTION COMPONENTS SPECIFICATION

Protection Device Rated Rated
Protected CI it
Lt ko Switch|Dlodd FuselMovistor| Current | Voltage Description
o1} Arvay output v Zoamps| 250 v | B¢ Switch
ﬂl DC slew- blow
Arrag OLL+PU-+ l/ 300"’7P$ /o’\’S \V4 UJP“’! LSL,UI{‘CJL,
D .
—3I Controller to load v Roamps| &0 vV | DC Switch
D4 D¢ slow - blow
I Controller o load v’ R0 amps IAS V o it ::}M
—D—sl Freezer circuit v 20 Qmps Xso V Manual switch

=
~

=
®

o
©

1

-h

Ef E] E] ] 8] 8]

-t
>

Reverse Cuvrent provection provided in controller,

wl fu

A\*ms and load switch

es ha

SRR

ve inte

SIS N

O B AR R

.........

( HOLVH3DIY43H )
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DC WIRE SIZING SPECIFICATION

ﬂl iz_] EEJ E] EI El El (9] DESIGN NOTES:

System Maximum | One Way | Allowed | Allowance
Wire Runs Voltage Current Length | Veltage for Nﬁ:fer rmea NO OlHOUOClY‘C&
(V) (A) (FT) Drop |Temperature yp ‘P ,l_ Y
(%) Derate or Temperature

RO RO SERNN

because ambient

3 ;§'\:?£: S

SRS

Array Circult e e
Module to Module | /7 3 R /% fempexcﬂ-um of
A . S | |30 execka
DC Circuits , "
Battery to Battery —_— —_ All extexnal
DC Loads /3 13 | ss | 5% | 0% |#* g |use filis | [eiring excert
Branch Circults o 1 |module Yo wodule
A mstolled w
B conduit.
C
D
E

Battery Charger
to Batteries

Battery to Inverter
Or Converter

System. Grounding . Wire Type AWG Number Type of Earth Ground
9| Ground pont
Equl H 2 er Rod
quipment Ground Bare Coppey Copp R s neav
[E1o
System Ground Bare Copper 2 Copper Rod bu'n\d‘mg.

C HO1VH3IOIH43H )
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1
Controller ! L
by i LVD (+)
Batt
s Refrigerator
J Compressor
€ T € =)
Surge
Protector
5 Modules Ground | 4
261 Watts Lug 1 f
]
—_ \[ N
(+)
Manual (+)
Switch Freezer
Compressor
=)
(+
(=)
3 Batterles
612 Ah

( HO1vHd3aDIH43d )



( REFRIGERATOR )

EcoNnomIics ANALYSIS

LIFE-CYCLE COST ANALYSIS
POINT DESIGN: VACCINE REFRIGERATOR/FREEZER

Dollar Present Percent Total
Item Amount ($) Worth ($) LCC cost (%)
1. CAPITAL COSTS:
Array $1,700 $1,700 18.9
Battery 1,224 1,224 13.6
BOS Components 650 650 7.3
Installation 750 750 8.4
A - SUBTOTAL (Equipment & Installation) 4,324 4,324 48.2
2. OPERATION & MAINTENANCE
B - Annual Inspection 200 2,975 33.1
3. REPLACEMENT: (YEAR)
Battery 5 1,224 833 11.9
Battery 10 1,224 567 8.1
Battery 15 1,224 385 5.5
Controller 10 168 78 0.7
C - SUBTOTAL (Replacement Cost) 5,676 1,863 20.8
4.  SALVAGE: (YEAR)
D - 20% of Original 20 (714) (184) (2.1)
TOTAL LIFE-CYCLE COST (A +B +C-D) $8,978 100.0

ECONOMIC NOTES:
1) The LCC analysis does not include capital cost of refrigerator.
2) The refrigerator has a compartment for batteries so no additional enclosure is needed.

COST ELEMENTS AS A PERCENT OF LCC (%)

19%

[ Array

O Battery

& Bos
13%
B Installation

O&M
7%
32%

% LJ Replacement

8%
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COMMUNICATIONS

Power system reliability is critical for most communications applications and
availability must be near 100 percent. Most systems are in remote locations with
limited access and often with extreme weather conditions (wind, snow, ice) part of
the year. For these reasons, PV systems are increasingly being used to supply power for
telecommunication applications. Hybrid systems are sometimes used to reduce initial
cost, particularly if the peak power demand is much greater than the average demand.
Deep-cycle lead-acid batteries or NiCd batteries are recommended for this application.
Even though NiCd batteries are more expensive initially, they may be the best choice
because of the low maintenance required and their ability to withstand extreme cold. All
specified electronics must be able to withstand the temperature extremes. Lightning is
a common problem that must be considered in system design.

APPLICATIONS
* Two-Way Radio
 Radio Communications

Telephone
Mobile Radio Systems

USERS
o Utilities * Government Agencies
* Military » Businesses

UHF, VHF, AM and FM receivers and transmitters for this application will
typically operate on 12 volt dc or 24 volt dc. Load current varies depending on
operating mode and duty cycle of the radio. Transmitting loads are the largest
load and range from 10 to 50 amperes depending on the power of the transmitter.
In the receive mode, currents are typically in the 2 to 10 ampere range, while in
standby the currents are typically less than 2 amperes. Standby loads can be
reduced by turning down volume and squelch. Microwave radios for this
application will typically operate on 24 volt dc or 48 volt dc. Load current
averages 2.5 to 15 amperes. The permissible voltage range of microwave radio
equipment is often lower than the highest possible voltage of the battery. |f sp,
battery charge regulation must be set to terminate charging before the upper
voltage limit of the radio equipment is reached. Additional loads may include
alarm equipment, ventilation fans, lights and small appliances used on site.

LOAD
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Modules will typically be mounted on towers, on the communications building,
or ground mounted. Wind loads and snow accumulations are maor consider-
ations. Support structures should be anodized aluminum, galvanized or stainless
steel designed for maximum anticipated wind velocities (125 mph typical).
Stainless steel fasteners with lockwashers, nylock or pel nuts are advised. Snow
depth must be considered in array placement. Snow can build up in front of the
array and prevent the snow from dliding off the array. Ice buildup and windloads
on array wiring can cause strains on connections. Array wiring should be heavy-
duty USE or UF type cable with all connections in water-tight junction boxes with
strain relief connectors. All wiring should be laced and attached to the support
structure with wire ties. PVC conduit is often used for output wiring to the
regulator and batteries. The array should be grounded, usually to the support
structure. DC-rated fuses and switches should be used near the charge controller
to provide a manual disconnect for the equipment. The array azimuth should be
true south (north) with tilt angle as determined in sizing calculations.

ARRAY

Batteries must have low standby losses combined with occasiona deep discharge
capability, low water consumption, and minimal maintenance requirements.
Transport to remote sites must be considered. Lead acid and nickel cadmium
types specificaly designed for photovoltaic applications are suggested. The
length of time for personnel to get to the site must be considered. Response times
of 2 to 5 days are typical when the weather is bad. High and low voltage alarms
are advised for systems with large battery banks. Battery capacity must be
derated to account for temperature. In extreme climates, batteries should be
insulated to minimize temperature extremes. Nonsealed batteries must be
installed with adequate ventilation as they can produce explosive and corrosive
gas during charging. For this reason, it is not advisable to locate radio equipment
near nonsealed batteries. Using sealed batteries minimizes the problem of
ventilation and corrosion. Two hundred to twelve hundred ampere-hour battery
capacity is typical for PV powered radio repeater sites. One thousand to five
thousand ampere-hour battery capacity is typical for PV powered microwave
sites. Large capacity cells should be utilized in order to keep the number of
batteries in parallel to a minimum. As the short-circuit current available from the
battery bank is large, each parallel string of batteries should be protected by a fuse
installed at the battery output terminal. Closely follow battery manufacturer's
installation and maintenance requirements.

BATTERIES
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( MICROWAVE RELAY j

Simplicity and redundancy is the rule. Be sure that controls will operate over the
range of expected temperatures. Some controllers have low temperature limits of
0°C. This can easily be exceeded at some sites. Controls that offer temperature
compensation should be used for sites where batteries will experience large
temperature fluctuations. As charge currents can be high, multiple charge
controllersin parallel are often used in lieu of a single high-current controller. In
this case, the array is divided into subarrays each connected to a separate charge
controller. Metering of battery voltage, charge current, and load current is
advised along with high and low battery voltage or state of charge aarms.
Protection against lightning-induced electrical damage should be included in the
controls. Metal oxide varistors are typically used from the positive conductor to
ground. At sites with high lightning potential, additional protection such as gas
discharge tubes may be required.

CONTROL

PoINT DESIGN No. 4

MICROWAVE REPEATER

This hybrid system was located in themountains in Idaho. System availability was
critical. Two charge controllers were used in parallel to provide reliability. Both were
housed in a NEMA 13 enclosure with analog voltage and current meters mounted to the
door. The controllers had the temperature compensation feature with temperature
sensors attached to the batteries. An adjustable low-voltage sensor was used to control
operation of the generator. When the batteries reached 2.0 volts/cell, (approximately
50 percent state-of-charge) the generator was started and provided load power and
charged the batteries to 80 percent SOC (2.3 volts/cell). A battery charger was
connected to the generator through the load center located inside the repeater building.
When the generator starts, the battery charger turns on and remains on until its cycleis
complete. The shutdown of the generator terminates the battery charger cycle. The
array was mounted on an aluminum support structure that was attached to a wooden
platform elevated 7 feet above the ground. Two inch PVC conduit was used for al
exposed wiring. A fused, two-pole, 30-ampere dc rated switch in the communications
building was installed to disconnect the array. A dc to dc converter was installed,
because this particular repeater had both 12-volt and 24-volt dc loads. The converter
obtains its power from the 24-volt battery bank through conductors running in conduit
from the control box to the converter and its loads.
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Key DESIGN INFORMATION

APPLICATION: Microwave Repeater

SITE: [ron Mountain, Idaho
LOCATION/ELEVATION: 44°N 115° 3 W 2540 m
ENVIRONMENT: Mountain Top

TEMPERATURE RANGE (°C): -30to 24
MAXIMUM WIND SPEED (m/s): 40

AVAILABILITY REQUIRED: Critical
DAYS OF STORAGE: 4 (Hybrid)
LOAD PROFILES: Variable

INSTALLATION

The array support structure consists of pressure treated wooden utility poles that
provide an elevated platform for the array. This mounting prevents heavy winter snow
accumulation from obstructing the array. The array mounting system consists of
aluminum supports designed to meet the wind load requirements of the site. All
modul e interconnections were made using type USE sunlight resistant cable, secured
at the module junction boxes with strain relief connectors. The parallel module
connections were made inside weatherproof junction boxes mounted on the back of the
array frame and interconnected with PV C conduit. The array conductors were run in
PV C conduit from the parallel junction boxes to the control box inside the building. The
array and its mounting structure are grounded to a grounding electrode at the base of
the support structure. The negative conductors in the photovoltaic system were
grounded. Positive conductors were fused in a double pole safety switch. All metal
enclosures in the repeater station were bonded to the existing grounding system. As a
precaution against transient voltages, metal-oxide varistors were installed between
each ungrounded conductor and the grounding system. A current limiting fuse was
placed in the positive lead to the battery to prevent load and array fuses from blowing
in the event of a serious fault.
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WORKSHEET #1| CALCULATE THE LOADS (FOR EACH MONTH OR SEASON AS REQUIRED) DESIGN NOTES:
1 2 _3_, _4] 2-' .i.l _7__] _i] ]i.il m Use &‘“IVS&&‘[’&Y"’\,
Load Load DC AC Dally Weekly Power Nominal | Amp-Hour | [Hhisis ‘the \arqest
Load Q Current | Voltage Load Load Duty Cycle Duty Conversion System Load
Description l A s Power Power (HRS/DAY) Cycle %fggmy Voltage (AHDAY) load ana ‘Hfle, C.Lu"r&n'"
W) W) (DAYS/WK) ( ) ) will be hald that o
Miccowave 7 o IQV sqstem. Wse
Rad o [ X & |X 24 |5 /20 N/A  |x X a5l 2o ] 24 [F| /200 3 :
o Qawoﬁa 24 -7 # lo DC + DC convertex
Tr‘ansmif,w Xl /s X /KR || /180 N/A IX] /0.5 |X 7 +7 +Ho8 |+ o?ﬁl = 984/ QO‘( 1 Vv loads.
VHF Radio
Receive o] / [¥[ 32 |¥| /R [H 384 ~na |X| /0.5 x| 245 |+|os 2| o4 || <0
VHF Rad;
Standty [oa] / [X|0-32%| /2 || 28 NA X 3.0 |x| Z75ql+0-8 3| 24 |=| 0.¢
[ac] X X N/A X X +~71% = =
X X . s = =
| X N/A o
M X N/A X X 7|+ + =
11]  Total Load Power D[11A] 18 12] Total Amp-Hour Load
) c 342-R (Ar':/mv) YO
13] 14 15 18] 18 [o]is]  [o]20] K 300 watts is
Total Total Nominal Pesk | A T‘_’:'u Wire Battery Corrected the maximum
DCload | AC Load System | Current | "'an: " | Efficlency | Efficiency | Amp-Hour | |load . This occurs
Power Power Voltage Draw - E Factor Factor |  Load
o w o W Jamoan | pecmay | osomay  (anoAY when \c?o+h VHF
s : And micrpwave
+| 0 ¥ 24 |=[/i2.5 H 240 [+]0.98 [+]0.%s [=]2s8 | )radios ave

‘trans m‘.‘\“‘\"\V\S.

- AVI13H JAVMOHDIW )
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WORKSHEET #2 | DESIGN CURRENT AND ARRAY TILT
E 21| System Location TIvronMountain , ID Latitude 4(,°N Longitude /115° 3" W
Insolation Location {Boise,ID Latitude 42 3N Longitude 16° |
Tilt at Latitude -15° Tilt at Latitude Tilt at Latitude +15°
e 234] 244] 228 238] 248 22C 23¢] 24¢]
g Corrected Peak Design Corrected Peak Design Corrected Peak Design
T Load Sun Current Load Sun Current Load Sun Current
w| (AH/DAY) [ (HRS/DAY) (A) | (AH/DAY) [(HRS/DAY) (A) (AH/DAY) | (HRS/DAY) (A)
[20] {20] 20
| o585 233 /1R 7 | 258  #H AR-S¢ |5 /00 - 258 || 69 =] 959
F K = -+ = + =
M - =] - = - =
A + = - = <= =
J = = == = = =
J - = -+ = + =
A - = - = s =
S - = - = + =
[+] - = = = = =
N - = -+ = - =
0| 258 |3 9. 30 17aall 258 [H 262 =] 385 258 |5 278 =] 2.8
L Select the largest design current and corresponding peak sun from each latitude and enter below - ]
Latitude -15° Latitude Latitude +15°
25A 26A | 258 26B| 25C 260!
Peak Design Peak Design eak esign
Sun Current Sun Current Sun Current
(HRS/DAY) (A) (HRS/DAY) (A) (HRS/DAY) (A)
32-3 ERS R-S8 100 R.69 95.9

' Now select the smallest design current and corresponding peak sun

suonediunwwo)

NOTE:

DO NOT MIX TRACKING AND FIXED ARRAY DATA ON THE SAME SHEET.

(HRS/DAY | (o)

9.

69

Tiit

DESIGN NOTES:
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WORKSHEET #3 | CALCULATE SYSTEM BATTERY SIZE DESIGN NOTES:
5 EC) N I 5 S 1 ) B 3 €5 ] ]
Corrected Maximum Derate Required Capacity of Batteries
Amp-Hour Storage Depth of for Battery Selected in
Load Days Discharge |Temperature Battery
Capacity Parallel
2] (AH/DAY) (DECIMAL) (DECIMAL) (AH) (AH)
258 XI /6 || 0.8 |+ 0.8 |=| ¢¥450 |¥| /Ro0o |= &
36 ] 7] 38] 29 20]
NOTE: BLOCK 35. ROUND UP Nominal Nominal Batteries | Batteries
FOR CONSERVATIVE DESIGN. System Battery in in Total
Volitage Voltage Serles Parallel Batteries
v v —
BATTERY INFORMATION Enl =
- = X =
Make | GNB 24 2 /R 4 72
Modoel ’75A. &f’ i‘_' E] L:EJ 4_4] a5
Type | Lead Acid Batteries | Capacity of System Maximum Usable
€a C’ Selected Battery Depth of Battery
In Battery Capaclty Discharge| capacity
Nominal Voltage (V
n oltage (V) ) EﬂParallel - (AH) (AH) - (DECIMAL) (AH)
Rated Capacity (AH) | ; Q00 b x| /200 |=| 7200 |X| 0. 5 =1 5760

NOTE: USE MANUFACTURER'S DATA TO FILL
IN BATTERY INFORMATION BLOCK

)

AVI3H SAVMOUHOIIN

—



0ST

suonediunwwo)

~

R ‘-.~. SR
%\\m R RRRRR R RN

WORKSHEET #4 | CALCULATE SYSTEM ARRAY SIZE
Ls]Deslgn 17-lMm:fuIeu)—-ﬁ-]Derated :ﬂnated Iiio_]Modules
Current Derate Design Module in
(A) Factor Current Current
p” (DECIMAL) (A) (A) Parallel
95.9 1+ 0.9 =] r06.¢ [5] 3 =] 3¢
51] 52] Voltage [54|Highest [55] 56 ] 57
Nominal Batterios Required |Temperature| Modules Modules Total
Battery in for Module in in Modules
| _Voltage | _ Series Load Voltage Series | Parallel
37 38 (V) V) 50
(120 IxI 2 x[ /2 l 288 [+ /s 1= =2 x| 3¢ 1=l 72
5t | =] pated 2 Rated
Module Array
NOTE: USE MANUFACTURER’'S SPECIFICATIONS Current Current
TO FILL IN PV MODULE INFORMATION BLOCK. Modules (A) (A)
In
Paralle 61]Module Array
PV MODULE INFORMATION Short Short
c
Make/Model [Syler S-So  |Nominal vois| /2 careult Shreult
Length 5/ Width | /3 |Thickness /-5 (A) (A)
Welght 12 1bs. Bypass Dlode |(¥) [ N s0] x| 334 |=] 0
63 64 65
Voltage At STC |Open Circuit At I-.I'_Ig;ops:raEtﬁezcted & o] Rated o] Array
v) Module Rated
/oS 20-3 /5 Voltage Voltage
Current | At STC |Short Circuit| Modules (V) V)
) 3.0 3.3¢ L in x[ /e.5 |=] 33
Series 8] Open
NOTES: BLOCK 50 - ROUND UP FOR CONSERVATIVE DESIGN. CIrguIt
BLOCK 55 - ROUND UP OR SELECT ANOTHER MODULE WITH Module
SUFFICIENT VOLTAGE TO CHARGE THE BATTERIES WHEN Voltage
OPERATING AT THE HIGHEST EXPECTED TEMPERATURE. (V)
x| 2.3

DESIGN NOTES:
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WORKSHEET #5

HYBRID DESIGN DETERMINATION

[s8] | 70 71 72
Corrected "JNomlnaI _\]Natt-Hour o Annual
Amp-Hour System Load Conversion | Kilowatt-Hr
Load Voltage (WH/DAY) Factor Load
5] (AWDAY) [ (V) (KWH/YEAR)
X585 (x| 24 |H /92 |x| .365 |5 *Kk40
73 74 75 76 77
_]Derated _lNomlnaI _" Design _IW t-H _l Ar{ay
Design System Array aL ) dour L °d
Current Voltage Power oa oa
m\ 9 70 (DECIMAL)
s ] 106-b [X| X4 2| k558 |+| ¢/92 = 0./
Hybrid Indlicator
12000 Yes|{| No
Hybrid Design |
10000 - Flag v
k1 8000
3 CONSIDER
2 ™7 HYBAID IF YES, USE HYBRID WORKSHEETS TO
:l':; 4000 COMPLETE SIZING OF A HYBRID SYSTEM.
= IF NO, PROCEED TO FUNCTIONAL
%’ 2000 - SPECIFICATION SHEETS.
<1
4 0 1 1 1. T 1 1 1 1
o 1 2 3 4 5 6 7 8 9
m Array to Load Ratio

DESIGN NOTES:

C AV13H 3AVMOHOIIN )
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HYBRID
WORKSHEET #1 HY

CALCULATE THE BATTERY CAPACITY, GENERATOR SIZE, AND\
PERCENT CONTRIBUTION OF THE ARRAY AND GENERATOR

1Y | 2y | o3y ] {pfav] lo]sy | 6Y | 7Y |
Corrected Storage Maximum Derate Hybrid Peak Battery
Amp-Hour Days for Depth of for Battery Current Discharge
Load Hybrid Discharge |Temperature| Capacity Draw Time
D58 X 4 H o8 |H o075 || /7RO |+ RS |5 /38
8y | lov] Lo 1ov] 1Y 12y | 13v | Lo_|1ay] [oTsv]
Hybrid Battery Maximum Nominal Nominal Effici Generator G N
Battery Charge Battery System Charging p g G:tncy Derate ersulara or
Capacity Time Charge Rate Voltage Power OCh; 2?’ Factor (vf)e
=1 (AH) (HOURS) (A) ER V) (W) (DECM?AL) (DECIMAL)
/720 |+ & =l /5 X| KXY = STeo || 0.-85 |5 0.eR5%|=| 9700
16Y | Lo Jzy] D 18Y | 19v | 20Y 21y |
Hybrid Load Load Load Annual Annual
Array to Provided by Provided | p ,yjded by| Kilowatt- Generator
Load Array (l:)yEc‘I\M":L); Generator | Hour Load Output
DECIMAL DECIMAL KWH
Ratlo ( ) | ( ) m(KWH/YR) ( )
oKXWl 0.75 1.0 —| 0.75 |7 0.5 (X[ 2RO [F S&5
22Y] 23y 2aY] 25Y 26Y | Lo_J27v]
Annual Nominal Annual oil Ch Servi
Generator C°:V°f3'°" Charging | Generator Intersra?o p:rrvY‘:;‘:'
actor
%‘:&’H‘;‘ P‘(’v"\;’f' R”&Jg;“" (HRS) (NUMBER)
217] 12Y ]
565 X 1000 |5 5/60 || 110 || 00 H 7

DESIGN NOTES:

Temperature
de rate Yrom
nﬁi&ure 5 7[}0r
0°C.

( AV13H BAVMOHOIW)

% Generator
derated 37.5%
Lo operation

ot ~ 7500 Yeet
elevation
(1-.378)=0.a5

I8 Chosen so
PV array would
provide 15 %
of annual
load.
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HYBRID
WORKSHEET #2 HY

CALCULATE THE NUMBER OF MODULES AND
BATTERIES IN SERIES AND PARALLEL

\

28Y] [o_]29v 30Y] 31Y | 32Y | 33Y
Hybrid Hybrid Nominal Rated
Array to Waito-::ur Array System Module Mocli:les
;:3: (WH/DAY) P‘(’v"v')e' V°'(:,"’)'ge C”(';)e"t Parallel
16Y ] 70 ] (9] [59]
0- & |X| @192 |=| /1R38 || R« |F| o |H /7
3ay] 35Y 36Y | 37Y] 3sY |
Nominal Nominal
System Module Mozli:les Mocli:les Total
Voltage Volitage Serles Parallel Modules
B v) V) B
R4 /R = 2 X\ /7 |F 34
39Y | 40y | a1y ] a3Y] aav] 45Y | 26Y
Hybrid Capaclty Hybrid Nominal Nominal Hybrid Hvbrid Total
Battery of Selected | Batteries System Battery Batteries y
Batteries in Hybrid
Capacity Battery in Voltage Voltage in
(AH) (AH) Parallel v v Serles Parallel Batterles
5v] 36 | a1y
/1720 |+ 1800 =l 24 | 2 =l /& X / = /Q
47y [T| MH brid |22 51Y]
Hvbrid Capacity S ytr Maximum Usable
y of Selected ystem Depth of Battery
Batteries in Battery
Battery Discharge| Capacity
Parallel Capacity
(AH) (DECIMAL) (AH)
a1v] 40v] (AH)  [3v]
/ X| /800 |=| 7800 |X| 0-8 |=| /440

DESIGN NOTES:

Selected a
higher capacity
battery +o more
Closely mateh

the required
Co_paceij.

CAV']HH JAVMOHIIN >
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CONTROLLER SPECIFICATION

\

ﬂJArray A2 | A3 [A4]
Short Minimum Rated Controllers
Circuit Controlter Controller in
Current Current Current) Paraliel
62| (A) (A) (A)
1.25 |x| 5/ =638 |+| 30 = 2
2]
(CONTROLLER)

Rated
Rated

Meters

Array

Voltage
Current

Features

Temperaturea Compensation
Reverse Current Protection
Adjustable Set Points)

High Voltage Disconnect
High Voltage Re-connect

Battery Voltage

Current

Load Current

Low Voltage Disconnect
Low Voltage Re-connect

Make/Model Sp.mﬁ*ﬂnmz.piﬁ_xl_l_ﬁ_‘iﬁ

L]

DESIGN NOTES:

Controller provides reverse
cucvyenyt prMeU\-ion.

(AV'IE!H BI\VMOHOIW)
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POWER CONDITIONING UNITS SPECIFICATION

\

A Inverter
System Requirements B11 Inverter Specifications
B1|wave Form / Make N/A
B2| DC System Voltage — V) Model
B3| AC System Voltage —_ (V) \INave '\:,°';m 00) (V)
t Voltage
B4| Surge Capacit — (W) npu
ge Capaclly w) Output Voltage (AC) (V)
BS5| Total AC Watts _ Surge Capacity (W)
B6 | Maximum Single AC Load (W)
EEATURES:
337 Maximum Simultaneous AC Battery Charging )
Load (W) Voltmeter ()
5] Inverter Run Time at Maximum Remote Control )
Simultaneous Load (MIN) Generator Start ()
_B_i| Inverter Continuous Duty Transfer Switch )
Rating (W) Maximum Power Tracking ( )
510 Required Inverter
|___l Efficlency at Load _____ (%)

Converter

°5| Converter

System Requirements
Input DC Voltage 23 to _30 (V)
Output DC Voltage RS to L35 (V)
Output Power (W)

Operating Temperature _Q_ to SQ_ (C°)

ORI

Make Willmore Electronics
Model [RLS-R¢-/3-30

Input Voltage X0 -=9 (V)
Output Voltage —{ (V)
Output Current —30 (A)
Operating Temperature 30 to 7! _ (C°)
EEATURES:

Adjustable Output Voltage ————— (V)

DESIGN NOTES:

( AV13H 3AVMOHDIN
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96T

PROTECTION COMPONENTS SPECIFICATION

rores o [__Pteten Dopee ] 708 T 0 | osscrpor
l’ﬂ«vag output - 100amps| 200 v | P switeh
02| Arcay output v Soamp | 185V | IC dlow-blow
E-] Contvoller Yo Load - Qoamp 200V | DC switch
04] Controllex Yo |oad v 2oamp | 185V | dC fuse
0] Baﬁex:g v Soamp asoV | D¢ slow- blow

O
(=]

o
~

=)
©

B} 2] B] 2| I8

D14

The controller provides reverse cuxrent protection.

The junction box Sox all connections  switches, Luses, and controllers (s Mounted onthe wall inside dhe build:

D\\S.

\v13Y aAvmouom)
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yAS] )

\

Gl 2]
System
Voliage

V)

Wire Runs

El
Maximum

Current

(A)

El
One Way

Length
(FT)

&5 |
Allowed
Voltage

Drop

(%)

&

Allowance
for
Temperature
Derate

El

AWG
Number

Wire
Type

Array Circuit

Module to Module

USE Sunlight
Resistan

Array to Controller
or Battery

va THAA

DC Clircuits
Battery to Battery i 5( —_— / / O 2 Thermonlastic.
Battery or Controller
to DC Loads R4 9.4 /0 o2 — g USE

Branch Circuits

m o © >

Battery Charger
to Batteries

Battery to Inverter

Or Converter R b /10 2 — S USE
System Grounding Wire Type AWG Number Type of Earth Ground

= Equipment Ground Bave Copper # To buried qrid

E10 System Ground Bave Copper # 4 wnstalled Yor vadio

Qxouwnd.

DESIGN NOTES:

Al woie ng

extept array

nstalled in
Conduit with
ra W hoods.

( AV13d AVMOUHDIN )
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Controller -
._‘/‘_" + + j/'\/.— P+
PV Load bc
'Fusod —P - Batt . Fused N
Dlg;oi;\cnhect Py Disconnect
|/ Switch
- S Controller
< ¥ o\ e dh + \ b
PV Load
Fused P~ Fused
Disconnect Bat! Disconnect
Switch J g Switch 12:¥_Loads
d ! P *oc
il 3 L’F' )
Surge : P l—o + .
rotectors 1 24V 12v ,_f
1683 Watt 1 ¢
atts | ‘e Dc-DC
e NN Converter
\ [ Voltage _ _
E— Sensor i i
= i Relay i Start
i Controlled i Signal
1 Switch 1
* o
Generator
Battery
Charger
P+ N +
(+)

12 Batteries
1800 Ah

(AV'IEH JAVMOHDIN )



( MICROWAVE RELAY )

EcoNnomics ANALYSIS

LIFE-CYCLE COST ANALYSIS
POINT DESIGN: MICROWAVE REPEATER

Dollar Present Percent Total
ltem Amount ($) Worth ($) LCC cost (%)
1. CAPITAL COSTS:
Array $10,940 $10,940 22.4
Battery 3,600 3,600 7.4
BOS + Mounting + Control Center 5,100 5,100 10.4
Generator 5,000 5,000 10.2
Battery Charger 1,000 1,000 2.0
Installation 3,500 3,500 7.2
A - SUBTOTAL (Equipment & Installation) 29,140 29,140 59.8
2. OPERATION & MAINTENANCE
Generator Inspection (Annual) 250 3,718 7.6
Annual Fuel Cost 640 10,464 214
Annual Inspection 75 1,115 2.3
B - SUBTOTAL (Operation & Maintenance) 815 15,297 31.3
3. REPLACEMENT: (YEAR)
Battery 10 3,600 2,678 55
Generator Rebuild 5 1,000 863 1.8
Generator Rebuild 10 1,000 744 1.5
Generator Rebuild 15 1,000 642 1.3
Controller 10 600 446 0.9
C - SUBTOTAL (Replacement Cost) 9,000 5,373 11.0
4, SALVAGE: (YEAR)
D - 15% of Original ®20 (3,846) (992) (2.1)
TOTAL LIFE-CYCLE COST (A +B +C - D) $48,818 100.0

ECONOMIC NOTES:

checked. No extra travel costs are included.

10 when the batteries are replaced.

1) LCC analysis includes the complete cost of the power system including PV system and generator.
2) Generator uses propane fuel. Estimated cost is $2.00 per gallon delivered to the site.
3) Generator and PV power system should be inspected each year when the microwave equipment IS

4) Parts of the control center will be replaced once during the life of the system--assumed to be in year

5) Salvage value set at 15% because of difficulty in dismantling and removing equipment from site.
6) Two percent discount rate used to calculatepresent worth of fuel cost.

Communications

159



COST ELEMENTS AS A PERCENT OF LCC (%)

11%
j. Il 22%
E B Generator
o 7%
31% B =~ [ Battery Charger
] Installation
. M Replacement
7% o, 10%

160
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C RADIO REPEATER

~
_/

PoINT DEsSIGN NoO. 5

RADIO REPEATER

This 350-watt PV system powers a radio repeater in Oregon. The load demand
peaks in the summer when use is approximately three times the winter usage. Use of
two solid-state charge controllers increase reliability. The solid-state regulators have
the low operating temperature range needed for this site. Low voltage disconnect
capability is desired but is not possible in the current range for the regulator chosen. A
separate 30 amp power relay was installed and activated by the low-voltage disconnect
provided by the regulator. Movistors were placed across positive and negative
conductors to ground. The negative of the battery was not grounded. This system
contains large, deep cycle, maintenance free, batteries. The batteries require no
electrolyte replacement and they are not susceptible to freezing. The critical availability
of the system is provided by the large storage capacity of the batteries.

KEY DESIGN INFORMATION

APPLICATION: VHF Radio Repeater

SITE; East of Prineville, Oregon
LOCATION/ELEVATION: 44°12 N 120° 30 w 1300 m
ENVIRONMENT: High Desert

TEMPERATURE RANGE (°C): -20t0 35
MAXIMUM WIND SPEED (m/s): 50

AVAILABILITY REQUIRED: Critical
DAYS OF STORAGE: 14
LOAD PROFILES Variable

INSTALLATION

The array was ground mounted on a concrete foundation. Array conductors were
run directly into a weatherproof control box located on the back of the array mounting
structure. Charge regulators, lightning arrestors, fuses, switches, and load manage-
ment equipment are all located inside the weatherproof control box. The batteries are
contained in an insulated weatherproof enclosure which is ground mounted beneath
the array and connected to the control box with watertight flexible conduit. Power leads
to the nearby repeater are enclosed in PV C conduit, properly sized to contain the No.
6 copper conductors from the control box. Neither conductor of the PV system is
grounded and fuses are installed in both leads. Lightning or transient suppression is
provided by varistors between the conductors and a grounding electrode. Current
limiting fuses were installed on the battery leads to prevent damage from catastrophic
short circuits.

Communications

161
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WORKSHEET #14 CALCULATE THE LOADS (FOR EACH MONTH OR SEASON AS REQUIRED) DESIGN NOTES:
Summex load
] 11 2 0 i O I R I X R T e
Load Q Load Load DC AC Daily Weekly Power Nominal Amp-Hour P
Description T Current | Voltage Fl;oad ;-:V::f Duty Cycle Duty chf;Z::ioyn System Load S €P+€Yh IOQX‘ .
ower c
vl @ v W) (W) (HRS/DAY) (DS'S;LK, (DECIMAL) V°'(\‘,‘;9° (ARDAY)
Transmit
M\IE x| 21 x| /2 =] K& N/A  Ix A X 7 7 |+ r0 |+l /R = /Re
Receive 2 12 24 2 2
= = . R — /
oe I Ix X NA X 4 X 22+ o R O=
Standby / Ix X 7 . .
[oc] 42 =S NA (X ;02 |X 27 ¥ /0 |F /R |= S
l.E X X = N/A X X +7 -+ + =
Re] X X N~ X X +7|* - = —
>
KR KN =1
lﬁ. /X X / =7 |+ + =
[ac] X X N/A X X =7 |3 -+ =
1 ] Total Load Power D[11A] 118 12} Total Amp-Hour Load
-z‘m < 0’28 , (AI-F:IDAY) / §[3
13 ] 14 8] [ofe] [ofao] K Transmit mode
Total Total Nominal E AmT?:i‘::ur Wire Battery [ Corrected | Juill be \Q\BQS\' load .
DCload | ACLoad | System | Current F{ “"P "C Efficlency | Efficlency | Amp-Hour | k) 4 o0 it ke in
Power Power Voltage Draw Factor Factor Load
(W) W) ) ) |__(AHDAY) | pecimay | (DECIMAL) | (AHDAY) More than one
[114] 118 —_— e mode atany
252 _|+] 0 /2 R/*E +1 095 [+] 095 1=1/53.¢ | Jone time.

C H31v3d3d olavy )
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WORKSHEET #13) CALCULATE THE LOADS (FOR EACH MONTH OR SEASON AS REQUIRED) DESIGN NOTES:
i E2J EX [y K1 [ 1V . 7] o] o] 10] Winter load is
Weekl ower .
Load Q Load Load Load Load Dalty Dut Y Conversion Nominal Amp-Hour @¢+ok>er to
Description T | Cuent | Votage Power Power Duty Cycle dy Efficlency System Load
v *) v o " (HRS/DAY) (ogs "‘; o | ©Ecwal vg(.\.:ge (AH/DAY) Maveh.
T it
e L2 [ R Hesa ] wa Y 2 | TG o [+ 2| 42
RE’L&'NQ,
F.E./xozxue=o?s/ NA X 2 [x 7_7+ 10 |+ /R |= £
Standly 7 . .
[E/x%?x/"?_ & NA X oo |X T2E o H R OE 83
me] ¥ X = N/A X X O + =
ml [ x| | X Pt ; /:r/
- oA —
L1
X v |+ + =
e _x X N/A X] +7
11]  Total Load Power D[] n18] 2] Total Amp-Hour Load
W) ¢ ezl {AH/DAY) S 4'3
3] 1 1 6] Tl o] [o]w] [o]x] * Transmit mode
Total Total Nominal Peak - AmT?:lalur Wire Battery Corrected w}l\ be lamgest Ioad
DCload | AC Load System Current f : Efficlency | Efficlency | Amp-Hour | [t comnet be 1h
Power Power Voltage Draw o8 Factor Factor Load +ha
W) w) V) A) JAHDAY) | pecimay | (DECIMAL | (AHDAY) movre none
1] 118 9 . B s mode at any one
asa*l+] o =] /a2 [ Hs«¢. 3 [£]0.9 [+]0. %5 |=[55 3 fie.

( H31Vv3d3H Oiavy D
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(( WORKSHEET #2 | DESIGN CURRENT AND ARRAY TILT Summ ey )
21| System Location  |Prineville , OR Latitude Al 12 NV Longitude /R0° 30 L BES‘GN NOT:SI
. . . ; rineville Nas
Insolation Locat Latitud
nsolation Location * : atitude Longitude 3rgaf;gr+l}oca(
Tilt at Latitude -15° Tilt at Latitude Tilt at Latitude +15° e bt > than
28] ZA 24n] 28] | 28] 250] 2 crrd ey
M Data supplied
S Corrected Peak Design Corrected Peak Design Corrected Peak Design }nAPPwd.‘x A.
T Load Sun Current Load Sun Current Load Sun Current T, NK
u| (AH/DAY) | (HRS/DAY) (A) (AH/DAY) | (HRS/DAY) (A) (AH/DAY) | (HRS/DAY) (A) daTOIQ ron
] > ] =] o were
J = = + = =+ intec polated
F Y = + = + = from Fhree
M * = + = * = locations
Al 1836 |*H 55 =279 (534 |+ 5.3 |=| 29 /534 [+ 4§ I=| 34 surround n
Ml 1§3.6 ¥ 4.3 5|44 (534 1% 5.8 = 26.5 | (536 1F| S/ = 30.4 Hhe sicnt
S /934 1F o4 1=l 04 (534 1| 4.3 = 244 (536 1F| g4 |=| 284 N
'l 4936 1F 227 = /9.9 536 ¥ 27 = b (§3.L %l L2 |=| 248
Al 153 I+ 2.0 5| /.3 (534 1F| 6.9 =l 2R3 L334 |F| L3 |=| 244
S| /53¢ | 4/ = R5.2 L5361 6.2 |=| Q4§ (836 |+ Lo 15| R8¢
° + = + = + =
N + = = = < =
D = = i + +
| Select the largest design current and corresponding peak sun from each latitude and enter below |
Latitude -15° Latitude Latitude +15°
25A 26A [ 258 26B | 25C | 26C |
Peak Design Peak Design Peak Design
Sun Current Sun Current Sun Current
(HRS/DAY) (A) (HRS/DAY) (A) (HRS/DAY) (A)
5 279 5.3 K97 8 IR
[ Now select the smallest design current and corresponding peak sun |
z 5]
ea Peak Design
NOTE: DO NOT MIX TRACKING AND FIXED ARRAY DATA ON THE SAME SHEET. Sun Current
(HRS/DAY (A)
S8 K79
Tilt ~ 30°
Angle |T )

( H31v3d3d Oiavyd >



((wonKSHEET #2 | DESIGN CURRENT AND ARRAY TILT  Winter
0 e System Location Rinevile, OR Latitude 4y Q' N Longitude /R0° 30" LW
g Insolation Location x* Latitude Longitude
c
=) . . : .
8 Tilt at Latitude -15° Tilt at Latitude - Tilt at Latitude +15°
S Y 23A ] 248 ] 228 238 ] 248 22C] [25C] 24¢]
(7]
g Corrected Peak Design Corrected Peak Design Corrected Peak Design
T Load Sun Current Load Sun Current Load Sun Current
H| (AH/DAY) | (HRS/DAY) (A) (AH/DAY) | (HRS/DAY) (A) (AH/DAY) | (HRS/DAY) (A)
[ ] (20 | EX
J| 583 <+ /-3 = 3.4 S8 3 + 19 36.-7 | S%.3 |+ 2o = X925
Fl 58.3 1% 3.0 |=| ;9.4 583 |F| 3.2 |5 /22 %2 = 39 |=| /8.2
Ml 583 ¥ 4R = /39 Sg3 |+ 4R = /3.9 583 |5 <o 1= b
A + = - = = =l
M < + = -+ =
J + = + = + =
A + = —:' =] -E' =
S + = -+ = - =
ol &x3 I+ 42 = /39 583 |+ <5 |=| /3 5.3 13 ¢ |= /2.9
N sx 3 3] 2.4 =] 243 S%3 FHl 26 = 2.4 k.3 1 997 1= 2.6
0] s¢3 ¥ s& =l 229 Wl sg3 ¥ 7 =l 3« bl sz 3 [ 48 1= 3294
Select the largest design current and corresponding peak sun from each latitude and enter below |
Latitude -15° Latitude Latitude +15°
25A 26A | 25B | 268 | 25C | 26C |
Peak Design Peak Design Peak Design
Sun Current Sun Current Sun Current
(HRS/DAY) (A) (HRS/DAY) (A) (HRS/DAY) (A)
/.S 3%.9 /-7 34/ /-8 324
Now select the smallest design current and corresponding peak sun ]
V{4 2
_lp°ak —]Deslgn
NOTE: DO NOT MIX TRACKING AND FIXED ARRAY DATA ON THE SAME SHEET. Sun Current
(HRS/DAY (A)
[N -8 384
2 Tilt o
Angle |[=|™ 0

DESIGN NOTES:

¥ See notes
on Sqm 12482 4
Wworksheet.

H31v3d3d O1avyd )
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WORKSHEET #3

CALCULATE SYSTEM BATTERY SIZE

5] EC) RN ) ET) [ I EF) N 1 3 5 5]
Corrected Maximum Derate Required |Capacity of
Amp-Hour Storage Depth of for Be:tltlerr‘; Selected Battlt:‘rles
Load Days Discharge |[Temperature Capacity Battery Parallel
20] (AH/DAY) (DECIMAL) (DECIMAL) (AH) (AH)
58.3 Xl 4 || 08 |+ 06 |=| 100 |+ 930 |5 2
@ 7 ] 5] m
NOTE: BLOCK 35. ROUND UP Nominal Nominal Batteries | Batteries
FOR CONSERVATIVE DESIGN. System Battery in in Total
Vol&a;ge Vol(:,a;ge Series Parallel Batteries
BATTERY INFORMATION 1 =
+ = X =
wake | GN& /18 ¢ 2 Q2 4
Model 3- 7514&\ .4_1l 42 2' fi.] Maxi 45
Type Capacity of [ System aximum Usable
Deep C‘-'ic"e’ Batlt:rles Selected Battery D?"P:‘ of Battery
Battery Capacity scharge| capacity
Nominal Voltage (V) b mParallel — (aH) (AH) — (DECIMAL) (AH)
Rated Capacity (AH) |G 30 o) x| 930 =| /860 x| 0.¢ =| /4 8%

NOTE: USE MANUFACTURER'S DATA TO FILL
IN BATTERY INFORMATION BLOCK

\

DESIGN NOTES:

C H31v3id34d Ooiavyd )
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WORKSHEET #4 | CALCULATE SYSTEM ARRAY SIZE
‘ﬂDesign ﬂIModulellilDerated £J Rated E'_Si]Modules
Current Derate Design Module in
(A) Factor Current Current parallel
o] (DECIMAL) (A) (A)
324 [+] 09 =] 3¢ |3| 302 |=] /&
51 | 52 Voltage [5¢JHighest [55] 56 | 57 |
Nominal Batteries Required Temperature] Modules Modules Total
Battery in for Module in in Modules
| Voltage | Series Load Voltage Series | Parallel
37 38 (V) V) 50
{_1.20 X b x] & A4 = S =] X /& 1= r&
2-] 2’ Rated 2-] Rated
Module Array
NOTE: USE MANUFACTURER'S SPECIFICATIONS Current Current
TO FILL IN PV MODULE INFORMATION BLOCK. (A) (A)
Modules
in TG - 2
Parallel
Module Array
PV MODULE INFORMATION Short Short
Make/Model [Kuocera KS) Nominal Volts o} gl::(::rl:t gl::::::t
Length 35.¢ | Width |17-S |Thickness -4 (A) (A)
Weight 13.5 /bs Bypass Diode | Y |® ;‘ x] 3.25 =] 37
63 64 65
Voltage At STC |Open Circuit At Tg;?;r:tt‘::cmd —] —, Rated —I Array
) Module Rated
/6.9 20.7 (A4 Voltage Voltage
Current | At STC [Short Circult Modules (V) V)
(A)
3.02 3.85 SeI:Ies
: Open i ‘
1 NOTES: BLOCK 50 - ROUND UP FOR CONSERVATIVE DESIGN. Circult ;Afrav '-
| BLOCK 55 - ROUND UP OR SELECT ANOTHER MODULE WITH Module | OPEn Clreuit
SUFFICIENT VOLTAGE TO CHARGE THE BATTERIES WHEN Voltage Voltage
OPERATING AT THE HIGHEST EXPECTED TEMPERATURE. (V) (V)
55] x] 0.7 [=][s0.7

DESIGN NOTES:

( H31v3d3d oiavd )
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WORKSHEET #5

HYBRID DESIGN DETERMINATION

70

\

68 69 7_o_| 7_1] 72
Corrected Nominal Watt-Hour Annual
Amp-Hour System Load Conversion | Kilowatt-Hr
Load Voltage (WH/DAY) Factor Load
] (AH/DAY) [ (V) (KWH/YEAR)
73 74 75 76 77
Derated _]Nominal Design '—I _J Array
. Watt-Hour to
Design System Array
c Load Load
urrent Voltage Power Y .
(A) | ) (W) | (WH/DAY) Ratio
48 9 70 (DECIMAL)
3 X /1R || 3R |H| 700 (o 0ea
Hybrid Indicator
12000 Yes|| No
Hybrid Design
10000 Flag v
3 8000 -
:l CONSIDER
3 8000 4 HYBRID IF YES, USE HYBRID WORKSHEETS TO
;:; 4000 — COMPLETE SIZING OF A HYBRID SYSTEM.
= IF NO, PROCEED TO FUNCTIONAL
= 2000 SPECIFICATION SHEETS.
(=]
0

DESIGN NOTES:

C H3d1lv3id3d Olavy )
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69T

\

_AIJ Array
Short
Circuit

__Current

A2 ]
Minimum
Controller

Current

%]
Rated
Controller

Current)

(A) (A) (A)

A4|
Controllers
in

Parallel

1.25

39 [=]1 488 [+] 30

= &2

A5
_' (CONTROLLER)

Make/Model Trace C30A

Rated Voltage
Rated Current

Features

Temperature Compensation
Reverse Current Protection
Adjustable Set Points)
High Voltage Disconnect
High Voltage Re-connect
Low Voltage Disconnect
Low Voltage Re-connect
Meters

Battery Voltage

Array Current

Load Current

RIS

DESIGN NOTES:

~

H31v3id3H Olavyd )
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PROTECTION COMPONENTS SPECIFICATION

I S e e I
01] r/—\\-vaﬂ 0w\~pud‘ v 30amp | 1A V OC switch ¢
02] A\'vab output v 30amp |1as V | DC Fuse

03] Conteollex to Load v S0amp [ 125V | DC switch ¢
2] omteolies 4o L oad v’ 30amp | IS V[ DL Fuse

o5 BaJr\'ug v Coamp | 185 V | Fused Swifeq

O
o)

O
)

o
©

2 & 5] 2

D10

o o
- e
'S -

(=
sk
(%)

D14

Two controllers used - each circuit carries less than 30 A. Current Grom controllers o

ba'\'"\'extj ray veoch 4O A.

RO

SR

CHBLVHdHH OICIVHU
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DC WIRE SIZING SPECIFICATION

1]

Wire Runs

Array Circult

B

System
Voltage
V)

B

Maximum
Current

E4

One Way
Length
(A) (FT)

Allowed | Allowance
Voltage for
Drop |[Temperature

(%) Derate

AWG Wire
Number Type

¥ Covirrollex

Branch Circuits

A Trangmitter

Module to Module | /2 Y, 2 — - #/o |uSE Benidars

Array to Controller . ]

or B‘;ttery /2 RO K /(0 62070 - ## b THWN inconduit
DC Circults

Battery to Battery /3l -_ ) — - #é THWN

Battery to Loads /2 40 2% . #_é THWN in condui b

B

(o
D
E

Battery Charger
to Batteries

Battery to Inverter
Or Converter

System Grounding Wire Type AWG Number Type of Earth Ground
E9 . ‘
o Equipment Ground Bare Copper # b Buried Grid
E10 } :
1o System Ground Rare Copper b RBuried Grid

DESIGN NOTES:

* Two Separafe
Civcuits used.

C H31lv3d3d Olavy
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6 7 8 12
12 Modules Frame
612 Watts Ground
I

I -
To

Ground
Rod

(+)
(—
(+

Controller Radio
+ b
PV Load Equipment
Batt I
- l P (+)
& ~Le
Coptrofler || & e (=)
* + 1)
PV Load
=
T + Batt
urge
rotectors
<
-

4 Batteries
1860 AH

C H3lv3ad3d oiavyd )



( RADIO REPEATER )

EcoNomIics ANALYSIS

LIFE-CYCLE COST ANALYSIS
POINT DESIGN: RADIO REPEATER

Dollar Present Percent Total
Item Amount ($) Worth ($) LCC cost (%)
1. CAPITAL COSTS:
Array $3,160 $3,160 22.0
Battery 3,720 3,720 26.8
BOS Components 930 930 6.7
installation 1,250 1,250 9.0
A - SUBTOTAL (Equipment & Installation) 9,060 9,060 65.3
2. OPERATION & MAINTENANCE
B - Annual Inspection 150 2,232 131
3. REPLACEMENT: (YEAR)
Battery Bank 10 3,720 2,768 19.9
Controllers 10 360 275 2.0
C - SUBTOTAL (Replacement Cost) 5,940 4,427 21.9
4, SALVAGE: (YEAR)
D - 20% of Original 20 (1,812) (467) (3.3)
TOTAL LIFE-CYCLE COST (A +B +C - D) $13,868 100.0

ECONOMIC NOTES:
1) LCC includes an annual inspection of all equipment. Travel costs are included for one trip per year.

COST ELEMENTS AS A PERCENT OF LCC (%)

B installation
16%

£ oam

| Replacement

6%
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PoINT DESIGN No. 6

TRAVELLER’'S INFORMATION RADIO

The State of New Mexico recently installed severa short range radio systems to
broadcast historical facts and folklore to passing motorists. These PV powered systems
were installed along highways in the southern part of the State. The land varies from
high desert to mountains with elevations greater than 12,000 feet. The pole mounted 12
volt dc sys terns include the PV modules, battery, controller, transmitter and tape player.
The messages play continuously. The load demand is dominated by the transmitter; its
current requirement depends on the effectiveness of the antenna ground plane. Initial
testing showed the current demand to be about one ampere but under worst-case
conditions could go as high as 1.5 ampere. This worst-case value was used for the
design. State personnel plan to inspect the systems for operation every six months.

KEY DESIGN INFORMATION

APPLICATION: Traveller’s Information Radio
SITE: Southern New Mexico
LOCATION/ELEVATION: 31-36° N 103-109° W 1300 m
ENVIRONMENT: High Desert

TEMPERATURE RANGE (°C): -10to 45
MAXIMUM WIND SPEED (m/s): 50

AVAILABILITY REQUIRED: Noncritical
DAYS OF STORAGE: 5
LOAD PROFILES: Continuous

INSTALLATION

The pole mounted array was tilted at 50° to optimize wintertime insolation
capture. The batteries were buried near the foot of the pole and the transmitter antenna
was located on top of the pole. Array conductors were run to a weatherproof control
box located behind the modules. The negative conductor was grounded to the pole and
a movistor was used from the positive conductor to ground. A controller with low
voltage disconnect was used. This system uses deep cycle maintenance free batteries
and the batteries are large enough to keep state of charge over 60 percent in all but the
worst conditions. Operating in this manner, the batteries should provide many years
of trouble free service and not be susceptible to freezing. The batteries are connected to
the control box with watertight flexible conduit. Power conductors to the antenna are
inside the pole. An in-line fuse was installed on the battery conductors. A single pole
switch was installed to disconnect array power from the system.
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WORKSHEET #1| CALCULATE THE LOADS (FOR EACH MONTH OR SEASON AS REQUIRED) DESIGN NOTES:
| BJE I I VI e ... K o] [oTe] o] The load current
Load Load ally Weekly ower Nominal | Amp-Hour . .
D”I;:o:adtI (1? Current | Voltage Load Load Duty Duty Conversion s(;':'::‘ Lpoad w;” Uqra dependmﬁ
ription v (A) (v) Power Power Cycle 0yc|e E”'c'ency VOltﬂge (AH/DAY) / +\ 49
(W) (W) (HRS/DAY) | (pays/wk) | (DECIMAL) V) oh location O
Transmiter / an‘}'ehna and
x| 1.5 |x| /12 |<] /8 NA Ixl X 7 L=l l0 & /72 =] B6 ,
[oc Y +7 oectiveness o
X X = - -~ —
[oc] N/A |X X 7 |F : = ground p\ane.
Worst case
X X = . -+ + = N
[o¢] N/A - |X X +7 assumphion used.
[TD-E X X = N/A X X =71* <+ =
FE- X X X X +7 = <= ;/
/
L1
[ac] /} ~7 //
/i/ X X _Xa/, = - =
b= B e
s :
11]  Total Load Power D114 12] Total Amp-Hour Load 3(0
(W) € (AH/DAY)
3] 14] 15 'rsl m o] [ofis]  [o]2o]
Total Total Nominal Peak AmTQ-::;ur Wire Battery Corr_ebled
DC Load AC Load System Current Lpoad Efficiency | Efficiency | Amp-Hour
Power Power Voltage Draw (AH/DAY) Factor Factor Load
1—1;| (W) = (W) — (A) = (DECIMAL) | (DECIMAL) |- (AH/DAY)
/8 + +l/R | /5 36 +10.9¢ [+] 0.9 [=[«0.2

(OIGVH S‘Ha'l'lBAVH.I.)
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WORKSHEET #2 | DESIGN CURRENT AND ARRAY TILT
21| System Location  |Southerna of NM Latitude 31-3L°N Longitude 103-709° W DESIGN NOTES:
Insolation Location |Albq NM /El Paso TX Latitude Longitude .
Wintertime
Tilt at Latitude -15° Tilt at Latitude Tilt at Latitude +15° tilt chosen -
" 224 234 244 [228] [238] 248 22€| [23¢] 24¢] load i's ossumed
g Corrected Peak Deslgn Corrected Peak Design { Corrected Peak Design constant qll
T Load Sun Current Load Sun Current Load Sun Current
n| (AH/DAY) | (HRS/DAY) (A) (AH/DAY) | (HRS/DAY) (A) (AH/DAY) | (HRS/DAY) (A) year.
[ 20] 20] 20 |
F s = / - = / < — wors+ case
M + = ~ + =1 + = weather data
- =V s i o — .
; : —F : //— 2 = Cor Ruidose
) O A= s - NM indicates
J +// = + = + = /\1 peak sun
A 7 = 3 = <= =
s + = |+ — s = hours m‘_ﬂ'-;\be
0 |+ — A = = — +the maximum
M + = e + = + = recewed n
o[~ + = / + = | Y408 |+] 4.0 | 10.2 wintex
\ .
| Select the largest design current and corresponding peak sun from each latitude and enter below ]
Latitude -15° Latitude Latitude +15°
25A 26A ] 25B 26B] 25C 260!
Peak Design Peak Design eak esign
Sun Current Sun Current Sun Current
(HRS/DAY) (A) (HRS/DAY) (A) (HRS/DAY) (A)
~.0 0.2
| ' , .. Now select the smallest design current and corresponding peak sun = = 0 ]
27) o 28 i
“—lPeak "'Jn‘e'slgn'
NOTE: DO NOT MIX TRACKING AND FIXED ARRAY DATA ON THE SAME SHEET. ~Sup - I current
(HRS/DAY | = (A)
4.0 0.8
Tilt
Angle

IavH S.HH'I'IHAVH.L)
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WORKSHEET #3

CALCULATE SYSTEM BATTERY SIZE

= EC) N I 5 Y 7 EIE| ] ]
Corrected Maximum Derate Required Capacity of Batterles
Amp-Hour Storage Depth of for Battery Selected in
Load Days Discharge |Temperature Capacity Battery Parallel
2] (AH/DAY) {DECIMAL) (DECIMAL) (AH) (AH)
“p. 8 x| s = o¢ |+ s = s [+ o |5 X
= 5 5] o] m|
NOTE: BLOCK 35. ROUND UP Nominal Nominal Batteries | Batteries
FOR CONSERVATIVE DESIGN. System Battery n in Total
Voltage Voltage Series Parallel Batteries
v) )] —
BATTERY INFORMATION EBi 2
= /3 = X =
Make [Dekg Solar /= / 2 -
Model S G4D Yl a2 43 a4 Maxi 45
Type lled E! Capacity of [ System aximum Usable
Gelled w+r°\3*€' Batlt:rles Selected Battery D?epthh of Battery
Battery Capacity scharge| capacity
Nominal Voltage (V) /R Parallel (AH) (AH) | (DECIMAL) (AH)
[35] 34 31
Rated Capacity (AH) | /S0 2 X /50 =| 300 X 0. ¢ =| /80

NOTE: USE MANUFACTURER'S DATA TO FILL
IN BATTERY INFORMATION BLOCK

\

DESIGN NOTES:

(OIGVH S‘HE]'I'IHAVH.LD
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WORKSHEET #4 | CALCULATE SYSTEM ARRAY SIZE
ﬂoesign -ﬂJModulellia-]Derated -ﬂj Rated EilModules
Current Derate Design Module in
(A) Factor Current Current Parallel
2] (DECIMAL) (A) (A)
-2 |+ 09 =] #3 |J+] 35 |=] 3
51] [52] 153 Voltage [54]Highest |55] 56 | 57
Nominal Batterles Required |Temperature| Modules Modules Total
Battery in for Module in in Mogua:es
| __Voltage | Serles Load Voltage Serles | Parallel
ar 38 (V) (V) 50
[1.20 Ix][ /&2 Ix] 7 | /4« 1] /45 |=] x] 2 =] 3
sl] -51] Rated ﬂl Rated
Module Array
NOTE: USE MANUFACTURER'’'S SPECIFICATIONS Current Current
TO FILL IN PV MODULE INFORMATION BLOCK. Modules (A) (A)
in 4 3.5 /0.5
Parallel ‘
61JModule Array
PV MODULE INFORMATION Short Short
Clrcuit Circult
Make/Model | Splarey MSX(o |Nominal Voits /1 Current Current
Length 44 Width | 20 |Thickness R (A) (A)
Weight /b /bs. Bypass Diode | Y ]@ s0] x[ 3.8 =l /1o
63 64 65
Voltage At STC |Open Circuit | HT'S::'?;’:’:I‘::"“’“ o2 1 patea [ Array
V) Module Rated
171 R/ /4.5 Voltage Voltage
Current | At STC |Short Circuit Modules (V) v)
(A) in
35 3.8 Serles
Open
NOTES: BLOCK 50 - ROUND UP FOR CONSERVATIVE DESIGN. Circult — Array
BLOCK 55 - ROUND UP OR SELECT ANOTHER MODULE WITH Module |OPen Clreult
SUFFICIENT VOLTAGE TO CHARGE THE BATTERIES WHEN Voltage | Yoltage
OPERATING AT THE HIGHEST EXPECTED TEMPERATURE. (V) e . (V)
5] x] 2/ =] .4

DESIGN NOTES:

A h\‘bﬁo\
system 13
" QP\QHQ‘
able .

(onavu S‘HEI'II-JAVH.L)
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6.7

CONTROLLER SPECIFICATION

\ DESIGN NOTES:

ﬂ] Array

Short
Circuit

_Currant

(A)

2]

Minimum
Controller
Current
(A)

%]
Rated

Controller
Current)
(A)

A4|
Controllers
in
Parallel

1.25

/14

=| /43

+ /5

As]

(CONTROLLER)

Make/Model
Rated Voltage
Rated Current

Eeatures
Temperature Compensation
Reverse Current Protection
Adjustable Set Points)

High Voltage Disconnect
High Voltage Re-connect

Sel Mack T /is

Low Voltage Disconnect
Low Voitage Re-connect
Meters

Battery Voltage
Array Current
Load Current

LR

(OI(]VH SMB'ITHAVH.L)
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PROTECTION COMPONENTS SPECIFICATION

Protection Device Rated Rated
Protected Circuit Description
Switch|Diodd FuselMovistor] Current | Voltage P
ﬂ A‘(‘(‘QB Ou%pud' v &Oam_p 200 V SPST  Switle
_D_2_] Ba‘H‘th v 3amp /RS V | DC TIn-line Fyuse

o
w

o
o

Q
3l

=

=)
®

o

| E] 2] ] 3] 2] ] I2] &

D14

(OIGVH S‘HHTIBI\VHD



suonediunwwo)

18T

DC WIRE SIZING SPECIFICATION

£ E2] E3] Ea] [es]  [Eq] €7] (g9 DESIGN NOTES:

System Maximum | One Way | Allowed | Allowance AWG Wire
Wire Runs Voltage Current Length | Voltage for
Number Type
v) (A) (FT) Drop [Temperature

(%) Derate

S

Array Circuit

Module to Module | /2 4/ K | — —  |F 4 |usE Bl

Array to Controller . .

or Battery /X /4 | 40 X% — # g U§E in conduit
DC Circults -

Battery to Battery /3 —_— < — — # b USE

Battery to L . #

DC Loads /X X S /»(/ UsSE

Branch Circuits

A

m gO @

Battery Charger
to Batterles

Battery to Inverter
Or Converter

- System Grounding Wire Type AWG Number Type of Earth Ground
E9
—] Equipment Ground Rare Coppe,\' #2 Gl'ound Rod
E10
System Ground Bare Copper g Grownd Rod

(oidﬁuéaarrlamm)
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=) =)

Ji G

Frame
Ground

3 Modules
180 Watts

| |
Controller i !
el + s A +
Disconnec PV gatttV2 - Lvo (+)
att <
Switch - Tape &
Radio
Transmitter
c e c
w . . T (_)
1
1
1
: Sufge
| Prdtector
| -
[} L L
- ¢ <
_ W, N
Grounded
To Pole
(+)
-)
2 Batteries
300 AH

COICIVH S.HB'I'IBAVHQ



CTRAVELLER’S RADIO)

EcoNnomIics ANALYSIS
LIFE-CYCLE COST ANALYSIS

POINT DESIGN: TRAVELLER’'S INFORMATION RADIO

Dollar Present Percent Total
ltem Amount ($) Worth ($) LCC cost (%)
1. CAPITAL COSTS:
Array $1,170 $1,170 22.0
Battery 600 600 11.3
BOS + Mounting Hardware 250 250 4.7
Installation 125 125 2.4
A - SUBTOTAL (Equipment & Installation) 2,145 2,145 40.4
2. OPERATION & MAINTENANCE
B - Annual Inspection 125 1859 35.0
3. REPLACEMENT: (YEAR)
Battery Bank 5 600 520 9.8
Battery Bank 10 600 447 8.4
Battery Bank 15 600 387 7.3
Controller 10 76 57 1.1
C - SUBTOTAL (Replacement Cost) 1,876 1,411 26.6
4. SALVAGE: (YEAR)
D - 20% of Original 20 (404) (104) (2.0)
TOTAL LIFE-CYCLECOST(A+B +C-D) $5,311 100.0

ECONOMIC NOTES:
1) The tourist information tape system and transmitter are not included in the LCC analysis.
2) The sealed lead-acid batteries are scheduled for replacement every 5 years.

26%

34%

COST ELEMENTS AS A PERCENT OF LCC (%)

22%

11%

5%

M Array

[ Battery

4 BOS
B installation

O&M

O Replacement

Communications
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(" ResoenTiaL

RESIDENTIAL

An increasing number of people living in remote areas are using PV systems or PV-
generator hybrid systems because they are clearly the best economic option. Some
estimates for utility line extension range up to $30,000 per mile depending on terrain.
In such situations, PV systems are the economic choice, even for homeowners who want
to maintain their suburban life-style. For the owner of a weekend cabin, recreationa
vehicle, or boat, the choice of PV is often based on the desire for serenity. PV systems
make no noise and fuel delivery is automatic and free. Thousands of 30-200 watt
systems are being installed for residential power in developing countries. These small
systems are usually dc only and require 12 volt or 24 volt dc appliances. Stand-alone
inverters are available from 100 watts to 5,000 watts. An inverter is often used in the
larger systems to allow the owner the wider selection of ac appliances.

Stand-alone residential PV systems must handle a diverse set of loads. However,
unlike other systems the owner/operator has direct control over the use of the loads and
therefore, the power demand placed on the system. Training is an important part of
owner satisfaction with system performance.

APPLICATIONS
* Residences * Recreational Vehicles

USERS
 Homeowners

The designer should consider the following options to conserve energy and
minimize initial PV system cost:

» Use fluorescent light bulbs and fixtures-they are four to five times more
efficient than incandescent lights for the same level of illumination.

» Use dternatives such as propane for the maor household loads; in
particular, refrigerators, ovens, ranges, clothes dryers, hot water, and
space heat systems.

» Use high-efficiency appliances.

LOAD

As a generd rule, the designer should consider using a 12 or 24 volt dc systems for
demands less than 1,000 watts. When the ac load is less than 1,500 watts, a 12-volt
system with inverter is typically selected. A 24-volt system should be considered
for ac loads (120/240 volts) in the 2,500-5,000 watt range, and a hybrid system may
be the preferred option for large home power demands.
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( RESIDENTIAL )

Arrays should be designed for easy expansion as the needs of the users increase.
If the array is at ground level, access should be restricted to authorized personnel.
Roof-mounted arrays should use a stand-off mount (>3 inches) and should not
face more than 20° from true south. A specially designed support structure will
be required if the tilt angle of the roof is not close to the tilt angle determined as
optimum for the array. Roof-mounted arrays are less subject to accidental
damage but are more difficult to test and maintain. Wiring should be sunlight
resistant USE or UF type cable. All connections should be in water-tight junction
boxes with strain relief connectors. Array wiring should be laced and attached to
support structure with wire ties. Use conduit for output wiring to the controller
and batteries. The array should be grounded using bare copper grounding wire
(No. 8 or larger) securely attached to each support structure. Array tracking is
sometimes used but the economic tradeoff of tracking structure versus more
modules should be calculated. All disconnects or circuit breakers should be
located in rainproof enclosures. Simple metering of voltage and current is
recommended.

ARRAY

Batteries should be installed in a temperature controlled environment in or near
the building. Prevent children and pets from getting near batteries and provide
adequate ventilation. The batteries should be placed in a nonmetallic enclosure
to protect against potential spillage of corrosive electrolyte if flooded batteries are
used. Do not place batteries on cold surfaces. Do not expose batteries to flames
or electric sparks. Industrial grade deep-cycle batteries are recommended for full-
time residences but sealed batteries may be used to minimize the problem of
ventilation and corrosion and lower maintenance cost. Check battery availability
in the local area. Meters and/or alarms are often used to aert the homeowner to
a low battery state-of-charge. An in-line fuse should be installed at the battery
output terminal. Follow battery manufacturer’s installation and maintenance
requirements. Battery charge regulation is critical and directly affects battery life.

BATTERIES

Charge controllers are recommended for residential systems and they should
be sized to allow for future expansion of the system as the owner’s power
demand increases. Meters or battery charging indicators are recommended to
allow the homeowner to monitor performance. Some system installers tie
their warranty to monthly reporting of selected parameters from the
homeowner. A competent control technician/engineer should be consulted
for hybrid systems controls.

CONTROL/INVERTERS/
SWITCHGEAR
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( DCCABIN

The selection of an inverter is a critical decision in remote home power PV
system design as it sets the dc voltage of the system. Before purchasing an
inverter, verify that it will be capable of starting and operating the expected
loads. Multiple inverters connected in parallel, may be used to power larger
loads. Make sure that the battery is large enough to supply the surge current
requirements of the loads. A rule of thumb for battery capacity to ampere
draw of theinverter is 5:1. All wiring, fusing, etc. should conform to standard
electrical procedures as discussed in the National Electrical Code (NEC) for
home wiring. NEC Article 690 covers photovoltaics, Article 310 has informa-
tion on wire types, and Article 250 contains grounding regulations. Check
with local authorities for applicable codes.

CONTROL/INVERTERS/
SWITCHGEAR

Ground mounts offer easy installation and maintenance and the possibility of
seasona adjustment of tilt angle. Fencing is recommended to protect the array
from animals and children. Roof mounts may give better solar access in areas with
alarge number of trees or obstructions. Locate the array as close to the batteries
as practical to keep wire length to a minimum. Support structures should be
anodized aluminum, galvanized or stainless steel designed for maximum antici-
pated wind velocities. A good ground is required.

MOUNTING

PoINT DEsIGN NoO. 7
DC SYSTEM

This system is designed to power lights, a stereo, and a refrigerator for a vacation
cabin occupied three days per week, May through September, in the mountains of
Vermont. The cabin is far from utility service and located in a scenic area where utility
lines would not be welcome. A 4 cubic-foot refrigerator, typical of those used in the RV
industry, isamajor part of the load. The refrigerator will require power seven days per
week during the summer period but on four of those days the unit will not be opened.
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KEY DESIGN INFORMATION

APPLICATION: Vacation Cabin dc System
SITE: Vermont
LOCATION/ELEVATION: 44°N 73° W 560 m
ENVIRONMENT: Mountains

TEMPERATURE RANGE (°C): -25°C to 40°

MAXIMUM WIND SPEED (m/s): 20

AVAILABILITY REQUIRED: Noncritical

LOAD PROFILES: Variable when cabin is used-refrigerator only
during other summer days

INSTALLATION

A two-story south-facing wall was used as the mounting surface for the array. This
allowed much better solar access than a pitched roof or a ground mount and leakage
was not a problem with the wall mount. The upper portion of the array was fastened
directly to the wall, while the lower portion stood out from the wall on mounting legs
to achieve the proper tilt. A weatherproof junction box was used to prevent moisture
from following the array conductors into the building. The meters (array current, load
current, and system voltage) were located in the kitchen area where they could be
observed easily. The load center was located adjacent to the meters. The system
batteries were located in an upstairs storage loft and vented to the outside. Because of
the cabin construction (milled tongue & groove logs), al wiring was enclosed in meta
raceways to prevent physical damage from exposure and rodents. Plugs and recep-
tacles with a specia dc configuration were used in place of standard receptacles. These
units were approved for this application by the local electrical inspector. The use of
special plugs and receptacles prevents an unfamiliar user from plugging the low
voltage dc equipment into the standard ac receptacles that are aso available in the
cabin. (A portable ac generator is used for an occasional maintenance job or to run the
vacuum cleaner.) The homeowners were supplied with a complete manual for their
system. The manual describes expected system performance, what items require
maintenance at what intervals, and some simple troubleshooting steps to be taken in
case of system malfunction.
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WORKSHEET #1| CALCULATE THE LOADS (FOR EACH MONTH OR SEASON AS REQUIRED) DESIGN NOTES:
1] (2] [a] 4] Ac iJDaIIy JJW " _°_|p°wer[°__9_] o] Re#risera{'ov runs
Load Q CL°°d erad Load Duty ;:tyy Conversion Noininal AmLp-H:ur 7 da s/weeJ( but
Description | T u(r;)enl o‘\l;;ge Power Cycle Cycle Efficlency Sylsttam (AHO/;AY) . 3
\ (W) (HRS/DAY) | (pays/wk) | (DECIMAL) °(v‘;9° is not opened Lor
Relvigerator | | '7 4 days asthe
x[3.0 |X /2 N/A  |x X o=l 1o |+ 7/ = .0
RV Type [oc] b =7 /-0 £ 48 cabin iS oceupied
Batwroom
Ugwr ool | | 0.7 x| /1Q NA X X Ll o B 12 || 0.3 only 3o|ags/weak.

piiwgi JI IS O B

3
nA x| 2 x3+7-:-/.0+/02=/.é
K

Divin .
Liah\'s bd] | [x 14 (x| /2 NA X &2 X 21170 ¢ 12 |= [ R Fluorescent ‘\8\'\*‘5
- S i L : were used where
IE X X X X =7 -+ + = poss'lb\e.
X X X . - + =
IE" X =7
X X X X . <+ =
[ac] <7
1] Total Load Power Dj1A . 118] 12] Total Amp-Hour Load .
(W) c Conhnue (AH/DAY) Coﬂhmd
13] 14 15 ] 18 o |1s] | o |20} _ N
Total Total Nominal Peak AmT(i::olur Wire Battery C'or"revcie‘d_‘ o
DC Load AC Load System | Current : I?oad Efficlency | Efficiency | Amp-Hour:
Power Power Voltage | = Draw AHDAY Factor Factor “iload
vy Kl — (W) L Ay ) | (oEcimAL) | (DECIMAL) -~ (AH/DAY)
+ +

_Nvooa
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WORKSHEET #1

CALCULATE THE LOADS (FOR EACH MONTH OR SEASON AS REQUIRED)

~

1] 3] EX IR K3 R C o 7 | a] [ofs] o
Load a Load Load DC ga"y Weekly c Powerl Nominal | Amp-Hour
Descriptl 1 | Current| Voltage Load uty Duty onversion| gystem Load
escription (A) (v Power Cycle Cycle Etficiency Voltage (AH/DAY)
Y (W) (HRS/DAY) | (paysiwk) | (DECIMAL) )
L‘ﬂw\- [E‘ P A |x =| 36-0 X °2 X =7 = /0 - /o? = &é
Rodio /Tape 3
quSe\- I'EE / X|R.0 |X /‘Q =0?$10 X 02 X =7 = /0 |+ /Q = /7
X X = : = —
[E X X =71 G =
pg | X = X X +7[* + =
[ac] X X N/A X X =7+ - =
X . - N -
] X X N/A X =7 1F :
mc] [ X N/A X X 1|+ < =
1_1] Total Load Power  |D[114] 1B 12} Total Amp-Hour Load
(W) e 07040 N/A (AIEDAY) : 65_4
13] [14] 15 18 lo{1s] |of20}
Total Total Nominal AmTo-::c:ur Wire Battery | Corrected
DC Load AC Load System Lpoad Efficlency | Efficiency [ Amp-Hour |
Power Power Voltage AH/DAY Factor Factor | ' Load
A ™ W { )| (oEcIMAL) | (DECIMAL) | (AH/IDAY)
A04.0 |+|V/A [+] /R S5 4 [+10.98 [£]0.9 |=][42.8

DESIGN NOTES:

)

_NIgV2 Oa
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WORKSHEET #2 | DESIGN CURRENT AND ARRAY TILT
21| System Location  |Montpellier, VT Latitude Lao N Longitude 73° () DESIGN NOTES:
Insolation Location |Burlington, VT Latitude “ufo28' N Longitude 73° /" W
: - Local Source
Tilt at Latitude -15° Tilt at Latitude Tilt at Latitude +15° /s Sound %r
o 3% INSO 'a+l on
g Corrected Peak Design Corrected Peak Design £} Corrected Peak Design
T Load Sun Current Load Sun Current E Load Sun Current dq*a-
n| (AH/DAY) (HRS/DAY) (A) (AH/DAY) | (HRS/DAY) (A) (AH/DAY) | (HRS/DAY) (A)
J 20] s — = — s _ The cabin \S
F + = + = + = used in
M + = = = = = Summer onlud.
A + = - = - =
M ¢0.8 [+ 429 | 28 3 |l 45/ |=| 139 g 13 3.97 |=| /5%
S o8 1+ g.2¢ = a0 2.8 =] 427 = /38 g |+ 4.3 =l /5.2
Y 628 [H $5.3¢ = 17 4 2.8 3 494 =l /2.7 3 ¥ 433 =4S
Al o8 [+ 499 H a7 K8 | 4723 = (3 g x| 430 [=| /46
S + = + = - =
o + = + = + =
N = = 2 = <= =
D -+ = = = R -+ =
L Select the largest design current and corresponding peak sun from each latitude and enter below B
Latitude -15° Latitude Latitude +15°
25A 26A] 25B 26B 25C |.26C]
Peak Design Peak Design eak Design
Sun Current Sun Current Sun Current
(HRS/DAY) (A) (HRS/DAY) (A) (HRS/DAY) (A)
A 89 /R.8 <&/ /3.9 3.97 /5.8 )
" Now select the smallest deslgn current and corresponding peak sun
ﬂ]; : :' -
NOTE: DO NOT MIX TRACKING AND FIXED ARRAY DATA ON THE SAME SHEET. ... Sun 8
 (HRS/DAY o
4 89 3
Tilt -z_.'.':;.
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WORKSHEET #3

CALCULATE SYSTEM BATTERY SIZE

= ECY SR ) X1 R 1 ) I Y 1 5 T
Corrected Maximum Derate R ired | Capacity o
Amp-Hour Storage Depth of for Beaqtlt’errey Selected Battlzrles
Load Days Discharge |[Temperature Capacity Battery Parallel
(AH/DAY) (DECIMAL) (DECIMAL) (AH)
20] (AH)
2.8 X 3 +| 0.% = / =l 3¢ |+ 20 |= /
5 5 5] 53] m|
NOTE: BLOCK 35. ROUND UP Nominal Nominal Batteries Batterles
FOR CONSERVATIVE DESIGN. System Battery in in Total
Vol(:/a)ge Vol(:lt;go Serles |__Parallel Batteries
BATTERY INFORMATION o] 35
/3R + = KX X / = X
Make In'{-t\(s‘-aj\-e’ é
Model | 195 - /00 [a1] a2 a3 21 . a5
Type . Capacity of System aximum Usable
Flooded lead acid Batlt:rles Selected Battery D[:°P:‘h of | Battery
Batt c it Scharge; ¢ it
Nominal Voltage (V) A Parallel ‘:A:)'Y G?AGH(; y | (DECIMAL) 3(PA3H°; y
[35] 34 31
Rated Capacity (AH) | QR0 / X|220 = &2K0 X| ©0.% =| /7

NOTE: USE MANUFACTURER'S DATA TO FILL
IN BATTERY INFORMATION BLOCK

\

DESIGN NOTES:

3days Storagc
Selected because
the cabin is
Only used 3
ﬁaﬁs consecus -
Vely

)

NIgvO 0a
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WORKSHEET #4 | CALCULATE SYSTEM ARRAY SIZE

DESIGN NOTES:
is—lpesign 4—7lModuIel-[l-ia—lDerated ﬁl Rated LE_EBJModules Used two la\fse
Current Derate Design Module in modules that Lol
(A) Factor Current Current Parallel produce over ¥0%
m (DECIMAL) (A) (A) ex 7]
- - of dexated design
51 52 Voltage [ JHighest [55] 56 | 57 | [erivical design.
Nominal Batteries Required |Temperature| Modules Modules Total
Battery in for Module in In Modules
| Voltage | __Serles Load Voltage Serles | Parallel
37 38 (V) V) 50
L_1.20 x[ ¢ x| 2 [ /40« 1T /7 1= 7 x| -2 = 2
5 ] 5] pated |2 Rated
Module Array
NOTE: USE MANUFACTURER'S SPECIFICATIONS Current Current
TO FILL IN PV MODULE INFORMATION BLOCK. Modules (A) (A)
in 3. & /&
Parallel
aratle Module Array
PV MODULE INFORMATION Short Short
c
Make/Model | Splee. S-90 Nominal Volts /2 gl::‘r:::\tt Ctll:tr:::\tt
Length 4g | Width [25.5|Thickness Iy (A) (A)
Weight < /bs. Bypass Diode | Y |® s0] x| ¢.2 =] /24
63 64 65
Voltage At STC |Open Circuit At l-:_lg:‘epsetraEtt;::cted & o] Rated os] Array
V) Module Rated
/5.5 2o /4.7 Voltage Voltage
Current | At STC |Shert Circuit Modules V) V) N\
(A) 5.7 o2 in Hybria design
: ' Series e net Cons\der ed.
NOTES: BLOCK 50 - ROUND UP FOR CONSERVATIVE DESIGN. Clrcult — Array U
BLOCK 55 - ROUND UP OR SELECT ANOTHER MODULE WITH Module |©Pen Clrcuit S
SUFFICIENT VOLTAGE TO CHARGE THE BATTERIES WHEN Voltage Voltage o
OPERATING AT THE HIGHEST EXPECTED TEMPERATURE. V) (V) >
[55] x[ oo [=] 20 2
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CONTROLLER SPECIFICATION

ﬂ[Array a2 | 23] A4]
Short Minimum Rated Controllers
Circuit Controller Controller in
| Current Current Current) Parallel
62| (A) (A) (A)
1.25 x| /<72 |=| /84 |*| 30 =
ﬁl
{(CONTROLLER)
Make/Model .Hﬂu.ﬂtm.ﬂ.ﬂ_miﬁ;
Rated Voltage
Rated Current
Eeatures

Temperature Compensation
Reverse Current Protection
Adjustable Set Points)

High Voltage Disconnect
High Voltage Re-connect

Low Voltage Disconnect
Low Voltage Re-connect
Meters
Battery Voltage
Array Current
Load Current

KR BERE KR T

DESIGN NOTES:

Contreoller is mounted in the

kitchen where meters can
be read by tHe home owner.

Low Voltage disconnect
was mceladed.

)

NIgvO 0a
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PROTECTION COMPONENTS SPECIFICATION

Protection Device Rated Rated
Protected Clrcult
Switch|Diodd Fuse|Movistor| Current | Voltage Description
DC. Fused

__J A riay Ou,#puj‘ -~ R0 mp o250V disconnect switele
02] Atray  output v 25 amp | /A5 V
D3 ¥ Civeuit breaker

Con+ro\‘&¥ +0 lOQO\ s/_x in each [ead Cira..i'f'
._] BQ‘H‘&L\ o 3oamp | I&SY | Fused Switch
DSI

Con‘l'ro\‘e\’ ‘mpl,d‘ v Suvse_ Protection

o
o

Q
~

©

2f B] &3] 2]

(=)
-
(=]
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DC WIRE SIZING SPECIFICATION

)

[enuapisay

[»)
\ @)
System Maximum One Way | Allowed | Allowance AWG Wire !
Wire Runs Voltage Current Length | Voltage for Number Type -
v) (A) (FT) Drop |Temperature yp
Derate
Array Clrcult L u
Module to Module
Array to Controiler ,
or Battery /2 /3.3 /5 2% THHN
Battery to Battery
Battery to In load
DC Loads 3
centex with
Branch Circuits b ’
% ] reakers.
B X %! Li
. [ V) 134
c RKedegexator /&) 3-0 Q0 3% 9 THHN Wi roo\
5 ~ Kitchen \|8h'ts
QQd'\O
E
Battery Charger N / A %2 Bathroom
to Batterles Bedroom \“8"‘“
Battery to Inverter Radi
Or Converter N/A ado
SystemGroundlng Wire Type AWG Number Type of Earth Ground
Equipment Ground Barxe Copper # g To around rod
E1
[E1d System Ground Rave Copper #g To ground rod
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i i
1 [
—
_ [ controller i
& Ly « - - LvD — (
P LVD _— 9
Fused N [rr—
Disconnect r Ba'”t o
(+ ) (+ ) Switch ' rosse
Breaker =)
Box
HSurge
Protector
Ground
)
FHIES € €
; N
2 Modules I| . <
180 Watts = 4
Ground:d e e
To NN
1 e
'R Portal_; e AC
- Gasoline Manually Outlets
- Generator Connected
=

2 Batteries
220 AH

)

NigvDd Oa
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Q DC CABIN )

EcoNnomIcs ANALYSIS

LIFE-CYCLE COST ANALYSIS
POINT DESIGN: DC SYSTEM

Dollar Present Percent Total
ltem Amount ($) Worth ($) LCC cost (%)
1. CAPITAL COSTS:
Array $1,170 $1,170 29.1
Battery 440 440 10.9
BOS Hardware 480 480 11.9
Installation 600 600 14.9
A - SUBTOTAL (Equipment & Installation) 2,690 2,690 66.8
2. OPERATION & MAINTENANCE
B - Annual Inspection 25 372 9.2
3. REPLACEMENT: (YEAR)
Battery Bank 5 440 380 9.4
Battery Bank 10 440 327 8.1
Battery Bank 15 440 282 7.0
Controller 10 150 112 2.8
C - SUBTOTAL (Replacement Cost) 1,470 1,101 27.3
4. SALVAGE: (YEAR)
D - 20% of Original 20 (538) (139) (3.3)
TOTAL LIFE-CYCLE COST (A+B + C-D) $4,024 100.0

ECONOMIC NOTES:
1) LCC analysis does not include refrigerator or other loads in the cabin.

COST ELEMENTS AS A PERCENT OF LCC (%)

26% - W Array

O Battery

& sos

B iInstaliation

9% O&M

Replacement

14% | 12%

198 Residential



CAC/DC RESIDENTIAL)

PoINT DEsiIGN NoO. 8

AC/DC RESDENTIAL

A homeowner living full time in a remote location has been using a portable
generator to provide ac power to his home. The family is not happy with the generator
noise and need for fuel. They already have a battery bank that is charged with the
generator and dc power is used for some lighting. The major loads such as washing
machines, pumps, etc., use ac power. They designed this example PV system to supply
their power needs. They made provision to manually switch the generator on and
charge the batteries in an emergency.

KEY DESIGN INFORMATION

APPLICATION: AC/DC Residence

SITE: Colorado
LOCATION/ELEVATION: 41° N 105° W 2000 m
ENVIRONMENT: Mountains

TEMPERATURE RANGE (°C): -15t0 33
MAXIMUM WIND SPEED (m/s): 15
AVAILABILITY REQUIRED: Noncritical
LOAD PROFILES: Variable

INSTALLATION

The array was ground mounted on a series of concrete poles about 100 feet from
the home. This configuration allowed the array to be oriented at true south while
avoiding the high wind hazard associated with a roof mount. Because of the long wire
run, aluminum conductors were used to minimize cost. The conductors, installed
underground in metallic conduit, were terminated using the appropriate lugs for
aluminum wire. The central electrical distribution system was |located near the laundry
room in the house. This location was for ready access to existing distributionequipment
in the house. The house circuits were aready segregated into two service panels, one
panel containing the dc circuits and the other the ac circuits. The dc panel was served
directly by the battery bank through the controller. A current limiting fuse was used in
the positive battery lead. A manual transfer switch was used to allow the generator to
charge the batteries. All equipment was grounded according to Article 250 of the NEC.
The inverter was protected by a fused safety switch, so it could be easily isolated from
the batteries for maintenance. Fused safety switches also isolated the controller from
the battery and array. The negative conductor of the dc system and neutral conductor
of the (240) ac system were connected to ground. All ungrounded conductors were
protected by either circuit breakers or fuses. Surge arresters were installed in both the
ungrounded dc and ac system conductors to suppress transients induced by lightning.
A low voltage aarm (visual indicator) was placed in the kitchen to alert the homeowner
of alow battery state-of-charge,

Residential 199
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WORKSHEET #1

\

CALCULATE THE LOADS (FOR EACH MONTH OR SEASON AS REQUIRED)

| 11 X J 1 I O N S 3 3 R )
Load Q Load Load Lgsd [I)):ltlyy Wl;ekly Corl:::'re;lon - Nominal | Amp-Hour
t
Description ;I' Cu(r;:m Vo(l:la)ge Power Cycle c:c'y‘ Efficiency 3:;;:: (AL}17;:Y)
(W) (HRS/DAY) | payswk) | (DECIMAL) W)
De 7
Lights [og]S |X| /-0 |X] 24 [F[/20.0 x| 4.0 |x 15 10 |Hlay = Q00
Incandescent
Ligwts | [Y|21 [x[24 [Hi00.8 o [ LM o l+lay [ «a
IEE X X = X X +7 = <+ =
el | X = X Xl -2+ + =
well S } B : o R 4‘ ‘ [o I . . R S
Pump [ac] ! [¥[/R-OX[2¥0 | NA x| 10 |x| L2 |+085 [+| 24 || 0.2
U-)ash'm
Mnch‘mes =/ x| 84 |x[/RO | NnaA x 0.7 x| / c7[H0 85| 4 = 49
Vocewum 11 [x|2.s x| 120 | wa x{ 0.5 x| T |03 || 24 |<| 3.7
Televisien ) Ixl .0 || 220 | wa 10 W 257085 |+ R | 5.9
11} Total Load Power Dléﬂl . 12| Totat Amp-Hour Load
' (W) °| Contmued Continued : (AH/DAY) ‘
EI 14 15 .1_5J : 18 D 2] ll of -
Total Total Nominal Peak Wire Battery | C
DC Load AC Load System | Current Efficilency | Efficiency |
Power Power Voltage | ‘Draw ] Factor Factor
m-l(W) F-B'I(w) v) LY b (DECIMAL) | (DECIMAL) |

P
RS

DESIGN NOTES:

(f:yu,uaq;sau oa/ov>



[enuapisay

T0C

WORKSHEET #1| CALCULATE THE LOADS (FOR EACH MONTH OR SEASON AS REQUIRED) DESIGN NOTES:
AC loads dominate. .
] IE1 X N I3 R 7Y ¢] 7] O e o] Select 24 v pe o
DC Weeki ower
Losd 2| corramt Vt;:;e Load Duzagc,e Duty | Conversion mz:‘ Amp-Hour system because
Description l A v Power (HRS/DAY) Cycle Efficiency Voltage (AHDAY) 24 VDC inverteg
W) (DAYSWK) | (DECIMAL) " ‘ ‘
will provide AC
el [ X = X X 7 |+ + =l — Powex.
L — . .
X x/: X X = _ One invertex s
[E -7 | °
suflicient because
sl X = |t + = the water pump
X X = nill . . which is approxamat -
[oc] = X X +7[* - = ely half Hhe load
Toastetr T will not be Pump;fﬁ
oven [ac] !/ X[ 94 |X| /20 N/A X o0.5 [x| 2 27| o8s || R4 = 8/ L hen the other loads
Microwave .
oven ] ! |50 x| 0| WA X 020 [X| 772, |+ 085 |+ 24 || 59 are n use.
] X X N/A X X =7 IF - =
11]  Total Load Power D[114] 2] Total Amp-Hour Load
W) c IR0 & @O/ & ¢ (Al-F:/mgv)r ° 79.9
2] 14 15 6] 7 o] [olw]  [o]z0]
Total Total | Nominal Pek | , T | wire Battery | Corrected
DC Load AC Load System Current | mf d Efficlency Efficlency | Amp-Hour
W Power Power Voitage Draw | ( A:/ao AY) Factor Factor Load
1A (W) m (W) T V) A) 2 (DECIMAL) (DECIMAL) (AH/DAY)
2390-8 |+|o0ra |5 24 |Jast.7 ] 72.9 |2]o-% =] 0.9 |=182.7

(wunaalsaa oa/o'v)
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WORKSHEET #2 | DESIGN CURRENT AND ARRAY TILT
21| System Location  |Ft.Collins , CO Latitude A0° N Longitude J05° W DESIGN NOTES:
Insolation Location |Denvex,CO Latitude 40° N Longitude /108° W
Tilt at Latitude -15° Tilt at Latitude Tilt at Latitude +15° Designed for
w22 23A] 244] 228 238] 248 23] 24¢] winter
Ol corrected Peak Design Corrected Peak Design Corrected Peak Design maximum load. \
# Load Sun Current Load Sun Current | Load Sun Current L (
u| (AH/DAY) | (HRS/DAY) (A) (AH/DAY) | (HRS/DAY) (A) (AH/DAY) | (HRS/DAY) (A) ocal Solar
(20] 20 Oata used Jor
8.7 I+ 4ol =06 827 |+ 4.56 |=| /5.7 2.7 | 484 |=[17./ ldesign.
Fl 83.7 #4065 |=[ /7.8 82-7 |+ 6.0l |=[16-& 2.7 |+ s08 [=[76.3
M = = = = = =
A + = + = + =
M < = + =] - =
J < = -+ = -+ =
J + = + =] + =
A - = -+ = - =
S + = + =| - =|
0 + = + = + =
Nl g2 7 |+ 489 =] 19-3 8.1 |+ 4.9 |=| 169 $2.7 |+ S22 || /5.8
0l 887 1+ 375 =l a1 || g27 [H 436 =] 190 |l 327 |+ 4728 |5 /2.8
ospin Select the largest doslgn current and corresponding peak sun from each latitude and enter below ]
Latitude -15° Latitude Latitude +15°
[25A] 26A] 258 26B] 25C 2sc!
Peak Design Peak Design eak esign
Sun Current Sun Current Sun Current
(HRS/DAY) (A) {(HRS/DAY) (A) (HRS/DAY) (A)
3.7 | aa.l 436 /9.0 4 72 /785

- Now select the smallest design current and corresponding peak sun

NOTE:

DO NOT MIX TRACKING AND FIXED ARRAY DATA ON THE SAME SHEET.

( vunaaisay oasov )
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WORKSHEET #3

CALCULATE SYSTEM BATTERY SIZE

= EC) [ 3 EX S 35 R 2D Z ]
Corrected Maximum Derate Required |Capacity of
Amp-Hour Storage Depth of for Be:tl:errey Selected Battit:‘rles
Load Days Discharge |Temperature Capacity Battery Parallel
20] (AH/IDAY) (DECIMAL) (DECIMAL) (AH) (AH)
$s2.-7 [X| ¢ T 0.7 || o |=| 7209 ¥ 35S0 || R
36 37 38| [39] 40
NOTE: BLOCK 35. ROUND UP Nominal Nominal Batteries | Batterles
FOR CONSERVATIVE DESIGN. System Battery in in Total
Voltage Voltage Series Parallel Batteries
v 1)) —
BATTERY INFORMATION Exl 2
Make | Trgian a
Model | £- 6 [41] 42 43 ﬁlM : [as]
Type . Capaclty of System aximum Usable
Lead An‘hmong Batlt:rles Selected Battery D?ep:nh of Battery
. scharge
Nominal Voltage (V) b Parallel Bx:;t:)ry CE?AH(;IW | (DECIMAE) Ca(pAch;ny
[35] 34 a1
Rated Capacity (AH) | 350 2 x| 350 =| 7200 X| 0.7 — 470

NOTE:

USE MANUFACTURER'S DATA TO FILL
IN BATTERY INFORMATION BLOCK

~

DESIGN NOTES:

Battexies are
located 1 n ~the
S'{‘Drasf, Yyoom
to maintain

modevate

temperatuves.

( IviLN3aQISad OG/OV)
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WORKSHEET #4 | CALCULATE SYSTEM ARRAY SIZE DESIGN NOTES:
I [T odurel2]®] 5] [oJeo] Non ccitical design
Design Module Derated Rated Modules _waag e num
Current Derate Design Module in 'Q or
(A) Factor Current Current Paraliel oY Modules was
=] (DECIMAL) (A) (A) roundeg cdown.
75 |3 0.9 |=] 20 ] 3 =] ¢
51] 52 Voltage |54 JHighest |55] 56 | 57
Nominal Batteries Required |Temperaturef{ Modules Modules Total
Battery in for Module in in Modules
| Voltage | Series Load Voltage Series | Parallel
37 38 (V) V) 50
L 1.20 x| ¢ X A | 25.8 |=] ~« =] & X 4 =] /2
‘ Module
& ] Rated [ Rated Highest modu
Module Array +€Mpexa+u.\‘e,
NOTE: USE MANUFACTURER'S SPECIFICATIONS Current Current Q,xped-eol ‘o be
TO FILL IN PV MODULE INFORMATION BLOCK. Modules (A) (A) s ¢
in x| 2.0 =] /% ST =
Parallel
arafle 61]Module |[52] Array
PV MODULE INFORMATION Short Short
Make/Model | Siemens M75 |Nominal Volts /12 gl::‘:::' g‘ll:-‘::rl:t
Length 4g | Width | )3 |[Thickness Xy (A) (A)
Welight /R Ibs. Bypass Dlode | Y ]® ;] x]. 7.4 =] 20/
63 64 65
Voltage At STC |Open Circuit At Tg:\es@traEtz;::cted —J —J Rated —‘ Array
v P Module Rated
/57 /9.5 ‘ /4 4 Voltage Voltage
Current | At STC [Short Circult| Modules (V) V)
(A) o in 3/.8
3.0 3.4 — ——— Serles ’ v
Open RS
NOTES: BLOCK 50 - ROUND UP FOR CONSERVATIVE DESIGN. circuilt |- Array.
BLOCK 55 - ROUND UP OR SELECT ANOTHER MODULE WITH Module |©Pen. Clreult
SUFFICIENT VOLTAGE TO CHARGE THE BATTERIES WHEN Voltage | - Voltage.
OPERATING AT THE HIGHEST EXPECTED TEMPERATURE. (V) N
5] x] /9.8 =1 39¢

('IVI.LNEGISBH 00/0\1)
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WORKSHEET #5| HYBRID DESIGN DETERMINATION DESIGN NOTES:
ﬁ' s o] 7] 72] .Genu'a‘{'or used
Corrected Nominal Watt-Hour Annual In emergencies
Amp-Hour System Load Conversion | Kilowatt-Hr Dn{y-
Load Voltage (WH/DAY) Factor Load
;O_L (AH/DAY) 'j’-' v) (KWH/YEAR)
7.9 X| 4 = /7250 |[|X| -365 |5 ¢339
73 74 75 76 77
_JDerated _JNomlnaI _l Design _'Iw H-H _l Ar:ay
Design System Array aL k :ur L °d
Current Volitage Power WH‘:I:AY) Rofi
IO I w atlo
48 9 70 {DECIMAL)
s ] /8.1 X| 24 |=| «35 |¥| /750 |5 0.Ls
Hybrid Indlcator
12000 Yes{| No
Hybrid Design |
10000 Flag vd
3 8000
-: CONSIDER
3| 07 HYBRID IF YES, USE HYBRID WORKSHEETS TO
é 4000 COMPLETE SIZING OF A HYBRID SYSTEM.
= IF NO, PROCEED TO FUNCTIONAL
;-: 2000 SPECIFICATION SHEETS.
o
R ° — T 1 1 1 T 1T T 1

('WIJ.NE(]I_SEIH OCI/OV)
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CONTROLLER SPECIFICATION

\ DESIGN NOTES:

Mﬂj Array “_2| _Ail A4

Short Minimum Rated Controllers
Circuit Controller Controller in
| Current Current Current) Parallel
62| (A) (A) (A)

1.25 x| 204 |=| 2 |[*| o |=| /

>
o
O
(@)
D
m
»
(w ]
“me
=z
=
=

A5
sl (CONTROLLER)

Make/Model biey El ] DR-

Rated Voltage
Rated Current

Features

&j_v.npiion
S Toet o {‘acz‘or7
Temperature Compensation —
—
+

Reverse Current Protection
Adjustable Set Points)

High Voltage Disconnect
High Voltage Re-connect
Low Volitage Disconnect
Low Voltage Re-connect
Meters

Battery Voitage

Array Current —_—
Load Current —

h’1(:5 D char\c] ing indicators.

e

R
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POWER CONDITIONING UNITS SPECIFICATION

\

5]
59]

Inverter Run Time at Maximum
Simultaneous Load — 5  (MIN)

inverter Continuous Duty
Rating 2,500

Required Inverter

Efficiency at Load 80 (%)

(W)

/ Inverter
" System Requirements B11 Inverter Specifications
B1|wave Form Modified Sive Make Photocoamm (42oow)
B2| DC System Voltage 24 (V) Model 24 /4%
RS
L] [83] AC System voltage /2o /a4p (V) ‘INa"T C°'|:“ (DC) 24 (V)
oo (W) npu ohage
B4|Surge Capacity ; w) Output Voltage (AC) /0 /asn (V)
| B5| Total AC Watts 2,000 Surge Capacity (A, 400 (W)
B6| Maximum Single AC Load2.z3¢0 (W)
EEATURES:
57] Maximum Simultaneous AC Battery Charging
Load 3,900 (W) Voltmeter

Remote Control
Generator Start
Transfer Switch

P e Tt e e B
- e e’ et e St

Maximum Power Tracking

DESIGN NOTES:
Water pump opexation
Qutowaticall

is0lates +he washing
machine Qnd

toastexr oven AC loads
Leom the imverter

to prevent overxload: ng.

Converter

System Requirements

C1
C2
C3
(of

Input DC Voltage to (V)
Output DC Voltage to (V)
Output Power — (W)
Operating Temperature to (C°)

ﬁl Converter

Make

Model

Input Voltage (V)
Output Voltage (V)
Output Current (A)
Operating Temperature (C°)

EEATURES:

Adjustable Output Voltage

(wunaalsau 2a/0V )
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PROTECTION COMPONENTS SPECIFICATION

Protection Device Rated | Rati S
- h|Diodd Fuse|Movistor| Current. Voltag ‘;‘Dgscrlptlon

C Fused di
__] Av—ras Ou.‘HOw{' J 300"1/3 D) o :—Z:Z Sconned
o2 Arm‘j °“+P“{' v’ 30amp DC Fuse

Fused disconnect
D3| Comtroller o inverter | 250amp Dc&:s'm sconnec
_Dﬂ 60”7["0//& 7‘7-" invertex v 025000110 DC Fuse
051 4z Distribution - 5728 | qapy | AC Circat breakers
ﬂl,(oad /‘ﬂpu,'f o /46 v éoamp 220V |AC Manual swHeh
07| foad pane/
o8| Battery charger J Jooamp | 5oV | PE Manual switch
09 BQ"H-@\H v’ 250amp K250V |pe In-line fuse

R R R R R RO

R R N
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DC WIRE SIZING

SPECIFICATION

\

E1 EIE e fes]  [ed] e7]  [ed]
System Maximum | One Way | Allowed | Allowance | ,we Wire
Wire Runs Voltage Current Length | Voitage for Number Type
(V) (A) (FT) Drop |Temperature
(%) Derate
_ Array Clrcult
Module to Module | 24 3 N, —_ —_— /2

DESIGN NOTES:

Array to Controller
or Battery

 DC Circults

Battery to Battery

3%

/ /0*

% Sized for
extra capacity

tBoatl;ec;yl-.:c:;d(s:ontroIler 017“/ /0 10 2 7:: o /0 T/‘/HA/
. Branch Circuits
A Lfgh‘{-'\ ng o, /5 70 o2 7o — /ol NMB
B Lighting a4 /s A 65 | A% | — /2 NMB
¢ Aighting 24 /5A 75 29 | — /2 NMB
D .Aighting 24 /SA 68 | 2% | — /R | NMB®
e Lighting 24 /5A so | d% | — /2 | _nmB
_L_L‘%hﬁnnd QY /54 27 A% — /2 AMB
Battery Charger
to Batterles
Cach
o onenar |29 [ 130 | 6| 3%| — |'/p| THAN
yste Wire Type AWG Number Type of Earth Ground
2‘ Equipment Ground S‘rmm\e,dCopper //0 Ground Rod
£l System Ground Stranded Copper I/O Ground ROd
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AC WIRE SIZING SPECIFICATION

.
Q

8 :
: %
o
=
=
T

Wire Sizing And Specification (DC Side) DESIGN NOTES:
F1 F2] 23 [ 1 R Fo] Fr] [Fel
System Maximum | One Way | Allowed | Ajlowance
Wire Runs Voltage Current Length Voltage for N::IVE" :Vyl;:
v) (A) (FT) Drop Temperature

(%) Derate ‘

 AC Circults

Inverter to AC |/20/ | 26 | 12 | /% eu | THHN
Branch Circults

A daundry /RO Q0 30 2% /4 CU NM

B Kitchen@| /30 20| s50@| 2% /Acy | NM

% (3) wall outlets

enerator to
Battery Charger

enerator to
C Load Center

Wire Type AWG Number Type of Earth Ground
Fs | Equipment Ground Bare Copper b Ground Rod
F19 system Ground Bare Copper b Ground Rod
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Controller
&~ +
PV
Fused Batt
Disconnec +
Switch
Inverter
ﬁ Surge with LVD _ g
Protector + —
DC AC — 1
__________________ - —
{3 ~ S \ —
1 2 6 d - AC |
dul | P Distributio
12 Modules ! Panel
572 Watts . ‘e 'e
= \ N
|
{+)
anual nerat
| | Batter tteh Generator
L =) Charger Manual
v ® Start
+ —_—
P+ . o >
4 —t g1

(=)

Nz

8 Batteries
700 Ah

('IVIJ.NEGISHH OGIOV)



( AC/DC RESIDENT|AL>

EcoNomIics ANALYSIS

LIFE-CYCLE COST ANALYSIS
POINT DESIGN: AC/DC RESIDENTIAL

Dollar Present Percent Total
Item Amount ($) Worth ($) LCC cost (%)

1. CAPITAL COSTS:

Array $3,720 $3,720 20.8

Battery 1,400 1,400 7.8

BOS Hardware + Mounting 1,635 1,635 9.2

Inverters 3,750 3,750 21.0

Installation 1,300 1,300 7.3

A - SUBTOTAL (Equipment & Installation) 11,805 11,805 66.1
2. OPERATION & MAINTENANCE

B - Annual Inspection 125 1,860 104
3. REPLACEMENT: (YEAR)

Battery Bank 5 1,400 1,208 6.8

Battery Bank 10 1,400 1,042 5.8

Battery Bank 15 1,400 899 5.0

Rebuild Inverters 10 2,000 1,488 8.3

Controller 10 210 156 0.9

C - SUBTOTAL (Replacement Cost) 6,410 4,793 26.8
4. SALVAGE: (YEAR)

D - 20% of Original 20 (2,361) (609) (3.3)
TOTAL LIFE-CYCLE COST(A+B +C-D) $17,849 100.0

ECONOMIC NOTES:

1) The cost of the ac distribution panel, generator transfer switch & battery charger is included in the
BOS cost.

COST ELEMENTS AS A PERCENT OF LCC (%)

W Array

O Battery
BOS

M inverter
[ Installation
J oam

B Replacement
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(HYBRID RESIDENTIAL)

PoINT DESIGN No. 9
HYBRID RESIDENTIAL

This hybrid system is located on a house on a private island off the coast of South
Carolina. The homeowner lives on the island year-round. The electrical demand is high
because of alarge air conditioning and space heating load from a ground-source heat
pump. A hybrid (photovoltaic-generator) system was determined to be the most cost-
effective design to accommodate the average daily load of about 5 kilowatt-hours. Since
the homeowner already had the generator, the PV array was designed to supply about
45 percent of the total loads. This fully automatic system includes a sophisticated
control system that starts the generator at specific battery states-of-charge and controls
all aspects of system operation.

KEY DESIGN INFORMATION

APPLICATION: Residence

SITE: South Carolina
LOCATION/ELEVATION: 29° N 80° W 20m
ENVIRONMENT: Coastal

TEMPERATURE RANGE (°C): -5t0 37
MAXIMUM WIND SPEED (m/s): 40
AVAILABILITY REQUIRED: Non-critical

INSTALLATION

The array was mounted on the south facing roof of the residence with 3 inches of
space between roof and array. Spacers were installed in the attic between the joists and
the array was attached to these boards to prevent system damage during the hurricanes
that may occur along the coast of South Carolina. The mechanical support structure
was placed in pitch pans to reduce the possibilities of moisture penetration and to
facilitate replacement of the roofing material. The array conductors were secured to the
module junction boxes with strain relief connectors. Interconnecting wires were tied to
the back of the modules to prevent chafing against the roof. Anodized aluminum was
used for all metal supports to prevent corrosion in the humid climate. The array
conductors were run in conduit to the battery room and inverter area in the attic space.
The enclosures for the flooded-cell batteries were vented to the outside. The array and
al equipment were grounded to a copper rod beneath the house. The negative
conductor of the dc circuits and the neutral conductor of the ac circuits were connected
to this same ground. All ungrounded conductors in both ac and dc circuits were fused.
Lightning arresters were installed on al ungrounded conductors. A set of schematic
drawings and an owners manual was provided as well as a battery maintenance kit
including maintenance procedures, electrolyte replenishment container, hydrometer,
and battery terminal corrosion inhibitor.

Residential 213
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WORKSHEET #1

CALCULATE THE LOADS (FOR EACH MONTH OR SEASON AS REQUIRED)

\

] FIET [ K3 N £ NN % N (3 Y R 1
Load al| Load Load AC Daily Weekly Power Nominal | Amp-Hour
Current | Voltage Load Duty Duty Conversion System Load
Description | T Power Cycle Cvycle Efficlency
(A) %) y Voltage (AH/DAY)
A (W) (HRS/DAY) | (pays/wk) | (DECIMAL) (v)g
IE' X /XA,/ N/A X X +7 +//,;« =
4 L
m X X N/A X X <7 + + =
/x X /’ - =~ —
[p<] N/A |X X =7 $ =
Lights | . .
(Mﬁ,ﬁm\rﬁ}o x|0. 13 [x|/Ro IS6 |X| ¢.0 |x 7 21508 |+l 48 |= K44
Water . .
e ] | [Y|3.77|xfaso 904 X 0.25 Y| 245 1H o8 |H 4 || 59
Washing 7
Magvine 5] ! x|2-80 [x| /&0 332 |x]0.30 |x 71508 [H| %8 |F| &6
Clothes .
Sregrn ] | X390 [¥|/00 1008 | 0-35 x| 251+ 0.9 || 48 || 26
11 Total Load P D[11A 11B . 12 . R
] Tota ‘(,‘:” ower [114] N / A ——ICOV\‘\\\'\L\Q A Total 7:1'5;121;:' Load [ At wued
13] 14 15 6] 18 {o]19] | o {20]
Total Total Nominal Peak An;ro-:olur Wire Battery ':an;ected
DC Load AC Load System Curront Lpoad Efficlency | Efficlency | Amp-Hour
Power Power Voltage Draw AH/DAY) Factor Factor Load
T1A (W) F11_B| (W) V) o {A). (DECIMAL) (DECIMAL) {AH/DAY)

DESIGN NOTES:
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WORKSHEET #1| CALCULATE THE LOADS (FOR EACH MONTH OR SEASON AS REQUIRED) DESIGN NOTES:
{ 2 | EN B 1 B ) (6] 7 | o]  [ofs] m
Load Load bc AC Dally Weekly Power Nomi Amp-Hour
Load Q d Load Dut Conversion ominal P
Current| Voltage| Lo@ y Duty System Load
Description | T (A) V) Pow Power Cycle Cycle Efficiency Voltage (AH/DAY)
Y /,y()w (W) (HRS/DAY) | (pays/wk) | (DECIMAL) V) -
- -
e -
m X X // = N/A X X 7|+ —‘/—
-
X /X = > =~ =
[53] - N/A |X X jl’7 =
oYX X = N/A |x % - + =
ﬁ' <7
7 — /
X X = . -— - —_
/ [oc] /NM/X X +7 =

l Micvowave ) Iyl .2 x| /20 | NiA 44 I o.50 x| T-27|+o-8 |+l 48 |=| 9.7
T
et Al 22 [iro | wa [=liod [ors [ T |08 || s || 43
Dock | Bridge
Lights i?_c? X|0. & |X|/X0 N/A 653 Xl /.00 | 7 L ¥ 0.8 |+ 4¢ |=|/7.0
A .
CD‘{;.&\M[E/ xp.04 Xlvo | NA 489 x| 3.00 x| 75|+ 0.8 |+ 48 |=|393
[11]  Total L‘(::v? Power gl‘_ﬁl N/A 118] 5390 12] Total A(:\Pzg:«:{t;r Load /D‘/. g
13] 14 15 16] 18 |o|19] 1o ]20]
Total Total Nominal Peak AJO_::JUI Wire Battery Corrected
DC Load AC Load System Current Lpoad Efficlency | Efticlency | Amp-Hour
Power Power Voltage Draw (AH/DAY) Factor Factor Load
1A (W) TGI(W) T (v) (A) (DECIMAL) (DECIMAL) (AH/DAY)
N A +15390 [+ 48 [=|/23 FH /048 |+]0.95 [+l0.9 |=]1158.2

C'IVI.LNBCIISHH GIHGAH)
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WORKSHEET #2

DESIGN CURRENT AND ARRAY TILT

21

System Location

Chavleston, 3C

Latitude

33°N

Longitude

50° W

Insolation Location

Chavleston, S¢C

Latitude

33°N

Longitude

80° W

Tilt at Latitude -15° Tilt at Latitude Tilt at Latitude +15°
wl222 234 244 28] 238] 248 22C] 23C] 24C]
Ol corrected Peak Design Corrected Peak Design Corrected Peak Design
? Load Sun Current Load Sun Current Load Sun Current
u| (AH/DAY) | (HRS/DAY) (A) (AH/DAY) | (HRS/DAY) (A) (AH/DAY) | (HRS/DAY) (A)
[ 20] 20 ] [20]
Jl 1/8.% 287 |5 Y14 118 .8 H 37 = 3728 //8.8 +| 330 |=| 36-0
F -+ = + = - =
M - = - = < =
A = = < = <+ =
M - = < = + =
J = = + = = =
J - = - = + =
S '£' = + = - =
N[ /8.8 +H3.73 |=[ 3/-8 /188 +| 4.9 =] 28 4 119.8 | 442 =169
0| /88 HR92 =407 Ei (/88 +H 3.3 |=135-9 i8¢ = 352 =338
| Select the largest design current and corresponding peak sun from each latitude and enter below |
Latitude -15° Latitude Latitude +15°
25A 26A| 25B 268| 25C 260[
Peak Design Peak Design eak esign
Sun Current Sun Current Sun Current
(HRS/DAY) (A) (HRS/DAY) (A) (HRS/DAY) (A)
R.87 ML 3./17 3725 3.30 36-0
L Now select the smallest design current and corresponding peak sun J
27 28
_Jp°ak _[Deslgn
NOTE: DO NOT MIX TRACKING AND FIXED ARRAY DATA ON THE SAME SHEET. . Sun Current
(HRS/DAY (A)
3.30 36-O
Tilt
Angle |~ “/8°

DESIGN NOTES:

Local solar
data was
auvailable .

Designed Por
minimum
winter

ihSo\a*‘x on.
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WORKSHEET #3

CALCULATE SYSTEM BATTERY SIZE

] E) N 3 EX1 R 1 S P 2 2 5 =]
Corrected Maximum Derate Required |Capaclty of | g ories
Amp-Hour Storage Depth of for Battery Selected in
Load Days Discharge |Temperature Capacity Battery Parallel
73] (AH/DAY) (DECIMAL) (DECIMAL) (AH) (AH)
/185 x| s x| o8 |+ s =| 725 |+| /85 |5 #
5 i ] =] @
NOTE: BLOCK 35. ROUND UP Nominal Nominal Batteries | Batteries
FOR CONSERVATIVE DESIGN. System Battery in in Total
Vol(:/a;ge Vol(:lz-;ge Series | Parallel Batteries
BATTERY INFORMATION EN i
48 5| & 5| 4 |X =
Make |Cloride (Keal Goods) L4
Model 75N05 ﬂ] 42 _4_3_] 44 Maxi 45
Type . Capacity of System aximum Usable
F/ODde,d Lgad A’CAd Batitnerles Selected Battery Dl?epthh of Battery
Batter Capacit scharge| ¢ it
Nominal Voltage (V) /R Parallel a:m:) y (pAH) y | (DECIMAL) a(pAch) y
35] 34 31
Rated Capacity (AH) | /85 4 x| /85 = TAO X 0.8 =l $9&K

NOTE:

O\

USE MANUFACTURER'S DATA TO FILL
IN BATTERY INFORMATION BLOCK

~N

DESIGN NOTES:

C’]VILNBGISEIH aid HI\H)
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WORKSHEET #4 | CALCULATE SYSTEM ARRAY SIZE
ﬂDesign ﬂIModuleEﬂlDerated 4_9] Rated ID 20 Modules
Current Derate Design Module in
(A) Factor Current Current
=] (DECIMAL) (A) (A) Parallel
36 | 09 |=| #o |z] 30 |=| /3
51 52 Voltage [54]Highest |55] [s6 ] 57]
Nominal Batteries Required |[Temperature| Modules Modules Total
Battery in for Module in in Modules
| _Voltage | Serles Load Voltage Series | Parallel
37 38 (V) (V) 50
[ 1.20 x| /&2 [x] # [ 526 51 /4s =1 « IxIT /3 =] sa
20 ] 5] pated [ Rated
Module Array
NOTE: USE MANUFACTURER'S SPECIFICATIONS Current Current
TO FILL IN PV MODULE INFORMATION BLOCK. (A) (A)
Modules
in X \3 = 3
Parallel
arafle 61]Module |62] Array
PV MODULE INFORMATION Short Short
Ci it C
Make/Model }(Rocem AA3L|K5) |Nominal Volts /2 c.,,r,‘::m cdrrf:::
Length 39 | width | ;3 [Thickness 2 (A) (A)
Waight /13 1bs. Bypass Diode [(YD| N [50] x| 23 =| 4%4n2.9
63 64 65
Voltage At STC |Open Circuit At I-;iggepsetralit;::cted —J —l Rated *——l Array
v) Module Rated
/69 R/ K /45 Voltage Voltage
Current At STC [Short Circuit Modules V) (V)
A
(A 3.0 3.3 In
Series
66 0p°n 67
NOTES: BLOCK 50 - ROUND UP FOR CONSERVATIVE DESIGN. Circuit Array
BLOCK 55 - ROUND UP OR SELECT ANOTHER MODULE WITH Module |OPeN Circult
SUFFICIENT VOLTAGE TO CHARGE THE BATTERIES WHEN Voltage Voltage
OPERATING AT THE HIGHEST EXPECTED TEMPERATURE. V) (V)
x[=2/02 [=] 54%

DESIGN NOTES:

(’IVI.LNH(]ISBH CIIHSAH)
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WORKSHEET #5

HYBRID DESIGN DETERMINATION

68 69 70 71 72
Corrected’ Nominal JWatt-Hour ) Annual
Amp-Hour System Load Conversion | Kilowatt-Hr
Load Voltage (WH/DAY) Factor Load
75] (AH/DAY) [ (V) (KWH/YEAR)
[18.8 Ix| 43 = §70 |x|] -365 |=s|XO0&/
73 74 75 76 77
Derated _INomInal Design _]Watt-H ur J Artr:y
Design System Array Loa: Load
Current Voltage Power (WH/DAY) Rafio
mis 5] v (W) 70) (DECIMAL)
Hybrid iIndicator
12000 Yes|| No
Hybrid Design
4 Fla
3 10000 g ><
- 8000
5 CONSIDER
2 _
3 HYBRID IF YES, USE HYBRID WORKSHEETS TO
© 4000 COMPLETE SIZING OF A HYBRID SYSTEM.
s IF NO, PROCEED TO FUNCTIONAL
z 2000 - SPECIFICATION SHEETS.
[a]
2 ° T
001 2 4 5 8 7 8 9
Array to Load Ratio
@

DESIGN NOTES:

GVU.NBGISHH GIHHAH)
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CALCULATE THE BATTERY CAPACITY, GENERATOR SIZE, AND

('WI.LNEGISHH GIHGM—I)

HYBRID DESIGN NOTES:
WORKSHEET #1 HY| PERCENT CONTRIBUTION OF THE ARRAY AND GENERATOR )
Four sforase olays
1Y | 2 | [ofav] [o}ev] tofsv] 6 | 7v ] e ho
Corrected Storage Maximum Derate Hybrid Peak “Battery were Sen
Amp-Hour Days for Depth of for Battery - Current Discharge because }ndus“-riq\
Load Hybrid Discharge [Temperature| Capacity Draw Time
<51 (AHDAY) | System (DECIMAL) | (pECIMAL) (AH) L) (HOURS) grade deep cscle
/18 .% |X ,(/ = 0.9 + / = 594 o %, = & 3 bateries will be
used.
8y | (oY | (o f1o¥] (11v] 12Y] 13v] Lo [1ay] [ Jisv]
Hybrld Battery Maximum Nominal Nominal Efficlency Generator Generator
Battery Charge Battery System Charging Derate : :
Capaclty Time Charge Rate Voltage Power °'Ch8:rtt:';y Factor S(‘I;)e To size the 86"“‘**0"
G2 (AH) (HOURS) (A) £ (v) (W) DECIMgAL) (DECIMAL) ‘the ba++er3 dnr&e,r
599 15| s o 83 x 4 | s702 |} 08 |3 097 | 7348 | [onetother system
loads were summed.
16v] Lo fr7v] D 18Y] 19Y] 20Y 21v ]
Hybrid Load Prtsi’:ed Load Annual Annual
Array to Provided by Provided by| Kllowatt- Generator Ky ‘-
Load Array gécﬁ"’:z Generator | Hour Load Output A 18:s Ku.) Senerx{‘o
Ratlo (DECIMAL) %] ) | (DECIMAL) o (KWHIYR) (KWH) was s,oec\Q-\ed {6 run
/28 s 1.0 [ -« [ .55 [Jaogi [ r1ds | [the battery charger
(7400 W) and }he
22Y] 23Y] 24Y 25Y 26Y] Lo |27Y] .
Annual Nominal Annual oil Ch Servl maximum Sgﬁem
Generator | Conversion | charging | Generator Inter\::?e p::vyz:f loads ¢ 5400 watts
Output Factor Power Run Time HRS NUMBER .
] (KWH) = W (HRS) (HRS) ( ) simultanesusly.
1145~ |x| 1000 |+ 5700 |5 200 || s0 |H 4
The load mavagement

fenuapisay

I R e

Sssfem allows q 3KW
Shtdd‘mj of PV array
dur‘mg bq‘H’er-j
Q\r\ava'l ng.

Generator Spec'\ﬂ\ca*‘-'\ons:
Onan / Industrial

Bq‘hLexS Charger Specilications:
100 Ame
12.5 Kw 1306 RPM Q40 Vac input /100 VBC max output

Propane Luel
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CONTROLLER SPECIFICATION

~

ﬂ' Array
Short
Circuit

Current

[62] (A)

a2]

Minimum
Controller
Current
(A)

i?'_l
Rated

Controller
Current)
(A)

[24]
Controllers

in
Parallel

1.25

X| /oS

=| 20.4

| 30

As]

(CONTROLLER)

Make/Modsl
Rated Voltage
Rated Current

Features
Temperature Compensation
Reverse Current Protection
Adjustable Set Points)

High Voltage Disconnect
High Voitage Re-connect

Low Voltage Disconnect
Low Voltage Re-connect
Meters

Battery Voltage
Array Current
Load Current

s

< Kk

AN

K

AN

Mk

DESIGN NOTES:
A central control system
Coordinates all system
Junetions autromatically.
Generator operation load
management, dnad ba*H-e\-S
C\/\arglvxg are controlled.

An analog indicator shows
battery state of charge .

(’IVI.LNEIGISEIH aid 8AH>
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POWER CONDITIONING UNITS SPECIFICATION

Inverter )
System Requirements B11 Inverter Specifications DESIGN NOTES:
B1| wave Form Modified Sine Make _Westec
B2| DC System Voltage _AE (V) Model -WS00O 4%
B3| AC System Voltage 120 /240 (V) ‘l’V3V9 '\:IO';m M%gg;‘ei;'”e W)
5,000 (W) nput Voltage
B4) Surge Capacity 5390 (W) Output Voltage (AC) /R0 /4D (V)
B5] Total AC Watts 2390 Surge Capacity NS, 000 (W)
B6 | Maximum Single AC Load_ /00§ (W) AT
EEATURES:
57| Maximum Simultaneous AC Battery Charging )
Load 5390 (W) Voltmeter ()
=5 Inverter Run Time at Maximum Remote Control )
Simultaneous Load — {0 (MIN) Generator Start ()
o] Inverter Continuous Duty Transfer Switch )
9 Rating S000 (W) Maximum Power Tracking ()
5 Required Inverter O+ther Fea“ru«e&:‘
IEI Efficiency at Load O (%) Tnput Protection («)
Output Protection )

Converter )
System Requirements C5 | Converter
c1|Input DC Voltage to (v) | | Make
C2| Output DC Voltage to (V) m:zflvmtage (V)
C3| Output Power —_ (W) Output Voltage (V)
C4 | Operating Temperature to (C°)| | output Current (A)
Operating Temperature (C°)
FEATURES:
Adjustable Output Voltage y,

(‘IVIJ.NHCIISBH GIHGAH)
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SWITCHES & PROTECTION COMPONENTS

Array Output

Fused disconnec?

_lgﬁﬁf‘“/ Controller C,/Z 3o 257 Crrcuit breaker
D_Jaaz‘z‘@:j Znverter C,’;?’ )75 | aso Igi;:z:id circyit
> attery charger| - o0 | a0 | Cebeiie
2 rray cntp? d Wlovestors

oo Znverter Tnpd 4 H/oviatders

D7]

D8]

D9

o o O
Y Y pry
N - o

C'IVI.LNECIISEH CII!:IEAD

H

nverter curvenl = 5000+ 492 0.9 = //¢ | Derated¥or NEC Uk = /754
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DC WIRE SIZING SPECIFICATION

Wire Runs

Array Circult

Module to Module

E1l E2I
System
Voltage

v)

E3|

Maximum | One Way | Allowed | Allowance
Current Length | Volitage for
(A) Drop |Temperature

[Eof

(%) Derate

AWG Wire
Number

Array to Controller
or Battery

DC Circuits

Battery to Battery

Battery or Controller
to DC Loads

Branch Circuits

A

B

C

D

E
Battery Charger —_—
to Batteries 48 19 10 ‘Q% A THHN
Battery to Inverter
Or Converter 48 14 8 0770 — o, THHN

System Grounding Wire Type AWG Number Type of Earth Ground

E9
= Equipment Ground Bare Copper 2 Ground Rod
E1

d System Ground Rare Copper L Ground Rod

DESIGN NOTES:
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AC WIRE SIZING SPECIFICATION

Wire Sizing And Specification (DC Side)

ﬂ]

Wire Runs

AC Circuits

Inverter to AC
Loads

Branch Clrcuits

[F2]

System
Voltage

v)

EI

Maximum | One Way
Current Length
(A) (FT)

Fa| IFs]

Fol

Allowed Allowance
Voltage for
Drop Temperature

(%) Derate

F [

AWG
Number

33

A Comgili

B Kitchen(D [ 1o Vae | 520.0 R0’ 2% 2 /4 NM
c Doktnade |10 Vac 10 | s00' | 3% 12/, VF
D \.l)c:*\'u P:mg KR40 Vae 37 |00 | X% 12/ ) VF
E Aauvxo\n.:‘ ] 0 Vae R0.0 xRS’ 1% /:1/02 VM
F

G

‘Generator

Generator to

Battery Charger| X0 a4 (o 2% geu | THHW
Eenerator to .

AC Load Centern QO &L[’ 4 /70 geu THHEW

. System Grounding Wire Type AWG Number Type of Earth Ground
F_9] Equipment Ground Rare Copp.@r oL tu G\rou\nd Qod

F19 system Ground Rare Copper D ew Ground Rod

%

o

S Y  , PPF,F; ;;,Y,,—

o

DESIGN NOTES:

(’IVILNHGISHH GlHQM-I)
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STETETT G O

| SpISRREPR PP Py P N B e B

Fused
Disconnec
Switch

$ e

Surge
Protector

1 2 3 4 5
20 Modules
1014 Watts
12 Batteries

555 Ah

/./\_-

-
-
AC — _AC Loads
——
A AC -
Distribution|
Panel
b C Rated
Circuit
Breaker
Voltage
sensor -
; Start
i Signal
Relay i
Controlled H
Switch
Generator
—— Battery
* "‘l Charger
P+

+*
T - —_
1
—

/

&

C’IVI.LNHGISEH GIHEAH)



EcoNnomics ANALYSIS
LIFE-CYCLE COST ANALYSIS

POINT DESIGN: HYBRID RESIDENTIAL

Dollar Present Percent Total
Item Amount ($) Worth ($) LCC cost (%)
1. CAPITAL COSTS:
Array $6,690 $6,690 17.8
Battery 1,665 1,665 3.0
Controller/BOS Components 1,245 1,245 2.1
Inverter 4,000 4,000 10.6
Generator & Battery Charger 8,400 8,400 22.4
Installation 3,500 3,500 9.3
A - SUBTOTAL (Equipment & Installation) 26,695 26,695 71.1
2. OPERATION & MAINTENANCE
Annual Inspection 125 1,860 4.9
Generator Oil Change (4 per year) 200 2,976 7.9
Energy & Fuel (500 gallon propane) 840 1,250 33
B - SUBTOTAL (Operation & Maintenance) 1,165 6,086 16.1
3. REPLACEMENT: (YEAR)
Battery Bank 8 1,110 876 2.3
Battery Bank 16 1,110 692 1.8
Controller 10 400 300 0.8
Inverter 10 2,000 1,490 3.9
Generator Rebuild 12 4.000 2,800 7.5
C - SUBTOTAL (Replacement Cost) 8,620 6,158 16.
4. SALVAGE: (YEAR)
D - 20% of Original 20 (5,339) (1,377) (3.4)
TOTAL LIFE-CYCLE COST(A+B +C-D) $37,562 100.0

ECONOMIC NOTES:

included in the LCC analysis.
2) Propane cost is assumed to be $1.40/gallon delivered to the site.

1) The batteries are installed in a prepared space in the attic of the house and the additional cost is

228
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GYBRID RESIDENTIAL)

COST ELEMENTS AS A PERCENT OF LCC (%)

16% g 17% . Array

[ Battery

3%
° BOS

M inverter

16% L -

3 instattation

O Gen/Batt Chg.

10%
& oam

M Dan! 4
us nepiacement

21%

Residential 229
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( WATER PUMPING )

W ATER PUMPING

Pumping water is a universal need around the world and the use of photovoltaic
power is increasing for this application. PV powered pumping systems offer simplicity,
reliability, and low maintenance for a broad range of applications between hand pumps
and large generator driven irrigation pumps. Both ac and dc motors with rotary or
displacement pumps are being used with PV power. Brushless dc motors are now
available and provide low maintenance on shallow submersible pumps. The PV arrays
are often mounted on passive trackers to increase the pumping time and production of
water.

Many smaller systems use direct coupled dc rotary pumps. The most common
type, a centrifugal pump, uses an rotating impeller that draws liquid through an intake
at the center of the impeller and propels it outward by centrifugal force to an outlet at
the perimeter of the impeller housing. A single stage centrifugal pump can be used for
water levels (head) of 5-7 meters. A jet centrifugal pump redirects a small portion of the
pumped water to the impeller intake. This can increase the suction lift to over 40 meters
but the efficiency drops quickly with increasing head. Another method used to increase
the pumping head is to stack impellers so that each pump moves water only from the
unit below to the one above. This increases cost of the pump system and the efficiency
decreases with the number of stages. For any rotary pump system, the water output is
proportional to the current provided to the motor that drives the element, and this
current is proportional to the solar irradiance which changes continually. Therefore, the
efficiency of these pumps will vary widely during a typical day. Using an electronic
matching device such as a linear current booster (LCB) will increase pump system
efficiency and flow by better matching the array to the pump.

Volumetric or displacement pumps are used for deep wells. These pumps use a
piston or diaphragm to move packets of liquid through a sealed chamber. These pumps
are used to pump from greater depths as typified by the oil well pump jacks that use a
“walking beam” to pull along rod that operates a piston far below the surface. A small
amount of liquid is moved upward during each cycle of the pump. The pumping rate
is almost independent of depth but the current demand varies as the pump cycles from
lifting water (upstroke) to accepting more (downstroke). A matching device (battery or
electronic) is required between the pump and the array.

Regardless of the type of pump used, water is usually stored in a tank or reservoir
for use at other times. Most pumping systems do not include batteries for on-demand
water. However, batteries are sometimes used in systems where pumping time must
be controlled because of low water demand or low source capacity.
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APPLICATIONS

* Irrigation e Stock Watering

» Village Water Supply e Domestic Use
USERS

* Farmers /Ranchers * Villages

The load is the motor that drives the pump. It may be dc or ac. If an ac pump is
used, the voltage required is typically 120 volts or 240 volts. Some manufacturers
incorporate a dc to ac inverter into their pumping unit. Submersible brushless dc
pump motors are available from a number of manufacturers. If a dc motor with
brushes is used, the brushes will require periodic replacement. Wiring for
submersible pumps must be a type approved for such applications. Electrical
connections must be protected. Many pump dealers will provide waterproof
splicing kits and instructions. The size of the power system will depend on water
demand, total dynamic head, and efficiency of the pump system. The efficiency
of pump systems will vary widely with insolation (which affects motor voltage,
current, and speed). This can be improved by providing some matching, either
electronic or with a battery, between the array and pump motor. Reasonable
system sizing can be realized using average daily values of energy demand and
daily insolation.

LOAD

Wiring should be sunlight resistant USE or UF type cable with insulation rated for
installation in damp conditions. All above ground connections should be in
water-tight junction boxes with strain relief connectors. Array wiring should be
laced and attached to support structure with wire ties. Use conduit for output
wiring to the pump motor (or the controller and batteries.) The array should be
grounded using bare copper grounding wire (No. 8 or larger) securely attached
to each support structure. Array tracking is recommended for most pumping
applications, A fused disconnect or circuit breaker in a rainproof enclosure
should be installed at the array. Simple metering of voltage and current is
recommended. Because PV powered pumps operate typically at low voltages,
the currents will be high and wire size must be appropriate to keep wiring losses
to less than 2.5 percent.

ARRAY
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Some designers use batteries between the array and motor to provide a stable
voltage and current to the pump motor. In such cases, the batteries are not meant
to operate the pump at night or on cloudy days. Shallow-cycle batteries may be
used if the controller is set to limit discharge to less than 20 percent. The other
reason for using batteries is when the pumping capability is greater than source
replenishment. In this case batteries may be used to spread pumping time over
alonger period (with a smaller pump). Deep cycle lead acid or nickel cadmium
batteries specifically designed for photovoltaic applications are recommended.
Batteries should be located in a weather-resistant enclosure. Nonmetallic enclo-
sures are recommended for nonsealed batteries to prevent corrosion.

BATTERIES

Direct-coupled PV water pumping systems do not require a controller but some
systems include a linear current booster to improve the match between the array
and motor. These are recommended. Water level switches or pressure switches
may be used so the water level will control the pump. Systems that include
batteries should use a controller for charge regulation. A low voltage disconnect
is recommended to prevent deep discharge of the battery.

CONTROL

Array tracking is recommended for most PV water pumping systems. Passive
trackers that support up to 16 modules are available. Average wind velocities
must be taken into account when considering the use of a tracking support
structure. Wind velocities above 25 mph may prevent tracking if a passive freon-
driven tracker is used. Support structures should be aluminum, galvanized or
stainless steel designed for maximum anticipated wind velocities. Locate the
array as close to the well as practical to keep wire runs to a minimum. Fencing
may be required to protect the array from animals in stock watering applications.
A good ground is required—many pump systems are struck by lightning. The
ground can be made to the well casing or wellhead. Never use the meta pipe
string because theground would be interrupted anytime the string was pulled for
pump maintenance.

MOUNTING
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PoINT DeEsigN No. 10

DC SURFACE PUMP

Rural electric cooperatives in the United States are beginning to supply PV power
to their customers who need to pump water for livestock. The conventional method of
service was to extend the grid line to the isolated well-even though the income from
the customer could never pay for the maintenance of the line, let alone provide a return
on the original investment. As these remote lines require replacement, either because
of age or storm damage, a number of utilities have discovered that a PV pumping
system can be provided for the customer at a fraction of the cost of replacing the line.
This example is of arancher in Nebraska that requires about 500 gallons of water per day
for 40 cows. The pasture where the well islocated is used in wintertime only There is
a 2,500 gallon tank near the well that provides water (gravity fed) to smaller water tanks
distributed throughout the pasture. The load is critical as the cattle cannot go without
water more than one day in winter, This small pump uses a 12 volt dc two stage
diaphragm pump and is designed to pump over 500 gallon per day (~ 2,000 liters per
day) from a level of 20 meters. The water level in this well is only 10 meters with a
maximum drawdown of 6 meters. A float switch in the main watering tank controls
operation of the pump.

KEY DESIGN INFORMATION

APPLICATION: Livestock Watering

SITE: Near Potter, Nebraska
LOCATION/ELEVATION: 40°30' N 103°30 W 200 m
ENVIRONMENT: Grassland

TEMPERATURE RANGE (°C): -10t0 35
MAXIMUM WIND SPEED (m/s): 20

AVAILABILITY REQUIRED: Critical

DAYS OF STORAGE: Reinforced Fiberglass Tank
SOURCE: Cased Borehole 3”

DYNAMIC HEAD (mj: 17

WATER REQUIRED: 2000 Ipd (500 gpd) October to March

INSTALLATION

The PV modules are mounted on a passively controlled tracking structure and
tilted at 55° for maximum winter performance. Sunlight resistant USE wire is used to
interconnect the modules. A switch box was attached to the pole and the linear current
booster was installed in the box. The pump was attached to 2-inch plastic pipe and
installed in the 3-inch bore hole. A float switch was installed near the top of the holding
tank and the control cables are protected from damage by conduit. The system was
grounded to the well casing using a short length of No. 6 stranded copper wire.
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WATER PUMPING
WORKSHEET #1 WP

CALCULATE THE W

ATER PUMPING LOAD

1P | b 2 ap | [oJar] 5P |
Source Water Pumping Peak Pumping
NOTE: THE UNITS FOR WATER Capacity Required Time Sun Rate
VOLUME AND HEAD ARE LITERS (LHR) per Day Factor (HRS/DAY) (LHR)
AND METERS RESPECTIVELY. (L/DAY)
Large. 2000 | & H A4EFE| 379
6P | 7P | 8P 9P | 10P 1P| [o]12p] 13P
Static Drawdown Static Discharge Static Allowance Static DT:;;Iic
Level Level Lift Head Head For Head o
(M) (M) (M) (M) (M) Friction (M) (M)
(DECIMAL) [10p
/0 + ¢ +  / + O = /7 X\ 0.03 |[+| /7 = /7.5
14p 15P 16P 17P | 18P 19P 20 | lo[21r]
Water Total Hvdrauli ump A Nominal A H
Required Dynamic Conversion éngargyc System Enrerragy S;':t:; mLpo-a:ur
peL;DADsy H:wa)d Factor (WH/DAY) E(:)'ég:;:f)y (WHIDAY) Voltage (AHIDAY)
2r | (PAY) 1555 V)
2000 X /75 |[#| 367 |=| 95 H 05 |5 380 |+ L2 5| 347
WATER PUMP AND MOTOR INFORMATION 2P ﬂlwne R 2P [2]2sp
Amp-Hour Loss Battery Corrected
Make/Model SOlQV:)QCJtSDS‘D'o?&‘L Load Factor Efficlency | Amp-Hour
(AH/DAY) (DECIMAL) Factor Load
Pump Type D‘.qp\nrasm 21P) (DECIMAL) (AH/DAY)
Motor Type |'/,, he DC 3.7 ¥ ©0-99 ¢ 20 =| 2.0
Input Voltage (AC/DC) 12V DC
NOTE: IF THE WATER PUMPING SYSTEM HAS
Optimum Current (A) 2.7 NO BATTERY ENTER 1.0 IN BLOCK 24.
Pumping Subsystem Efficiency 0.85

DESIGN NOTES:

Critical load-
cattle must have
about 500 Sallons
Per day in
wintex.

Will use a passive

Hocker anot a

Linear current

booster to frack
peak. powex.

¥ From local source

>

C diind 103414 04 )
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WORKSHEET #2 | DESIGN CURRENT AND ARRAY TILT
§ 21| System Location  |pear Fotter, NE Latitude A0°30'N Longitude 103° 30" W
Insolation Location |North Platte, NE Latitude 40°30'N Longitude ~ 10} °
Tilt at Latitude -15° Tilt at Latitude Tilt at Latitude +15°
" 225] 235] 24AI 223] 23BI 24B| 230[ 240'
g Corrected Peak Design Corrected Peak Design Peak Design
T Load Sun Current Load Sun Current Sun Current
H| (AH/DAY) | (HRS/DAY) (A) (AH/DAY) | (HRS/DAY) (A) (HRS/DAY) (A)
20] / 20 |
J - = / - = - */,8 = 7-4/
M - 7] = 3‘V - =
M = = + /= + =
J -~ / — < / = = —
J =~ = = . i =
2 ; - :
A A= . £ = - =
S / = = / = = - =
of [/ I+ = A = * =
N[ = - )y > = | 469 = 7.6
D -~ = B / -+ = : -+ i/ 4/ = 3, |
[ Select the largest design current and corresponding peak sun from each latitude and enter below |
Latitude -15° Latitude Latitude +15°
25A 26A | 258 268] 25C 2GC|
Peak Design Peak Design Peak Design
Sun Current Sun Current Sun Current
(HRS/DAY) (A) (HRS/DAY) (A) (HRS/DAY) (A)
4.4 3.1
| Now select the smallest design. current and corresponding peak sun _ ]
= 27 28]
s Peak Design
- NOTE: DO NOT MIX TRACKING AND FIXED ARRAY DATA ON THE SAME SHEET. - Sun Current -
pe (HRS/DAY (A)
3
] 4 M 8.1
« Ti“ o
Angle |=|~SS

DESIGN NOTES:

(Jintexrtime
load dictates
latitude +/5°

C dWNd 19341d 2a )

Use [-axis
frack'ms data.

Dire_d' pump
no batteries

used.
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WORKSHEET #4 | CALCULATE SYSTEM ARRAY SIZE DESIGN NOTES:

L"_G_I

Design
Current
(A)

3

51 52 53] Voltage [54 Highest 57 |
Nominal Batteries Required |Temperature Modules
. . Total
Battery in for Module in Modules
__Voltage | Series Load Voltage Parallel u
37 38 V) ()
[ 1.20 x[ /2 X — [ - +| /3 3 =] 3
56 |

NOTE: USE MODULE MANUFACTURER'S SPECIFICATION
IN PV MODULE INFORMATION BLOCK. Modules

in
Parallel

Module '
Short Circuit

o8

Make/Model | S;emene M 75 |[Nominal Volits /R Current
Length 4/ & | width | /3“|Thickness QY (A)
Weight /] 6% Bypass Diode | Y I@ 50] 3.7 70. 2
Voltage | At STC [Open Circuit [At Plighest Expected o3 ] 4] Rated %] Array
V) Temperature Module Rated
/5.9 1. % /7 Voltage Voltage

V) v)

Current At STC |[Short Circuit} Modules
A = : i Y7 /3.
(&) 3.02 | J.¥ in L] Z
Series Open
NOTES: BLOCK 50 - ROUND UP FOR CONSERVATIVE DESIGN. Circuit
BLOCK 55 - ROUND UP OR SELECT ANOTHER MODULE WITH Module
SUFFICIENT VOLTAGE TO CHARGE THE BATTERIES WHEN Voltage

OPERATING AT THE HIGHEST EXPECTED TEMPERATURE,,
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WATER PUMPING
WORKSHEET #2 WP PUMPED WATER AND PUMPING RATE
26P 27P 28P 29P 30P 31P | 32P I ‘33P I 34P
Pump ‘ Module
Rated Nominat Total
Modules Module System System | conversion| F.e2k Derate Dynamic | Fumped
In Current Voltage Efficlency] factor Sun Factor Head Water
Parallel (A) v) 9 (DECIMAL) (HRS/DAY) (DECIMAL) (M) (L/DAY)
50 I 49 l 20P 1BPI 4P l 47 l 13P
3 x| 3.0 |x| /&2 |x] o0.a5 |x| 367 (x| 4,4 |xX| 0.9 [¥|/7.5 |=|dX¥X
‘ 35P 36P 37p ‘38P
NOTE: MAKE SURE THE PUMPING RATE IN BLOCK 38P IS Pumped Pumping Peak Pumpling
LESS THAN THE SOURCE CAPACITY IN BLOCK 1P. Water Time Sun Rate
(UDAY) Factor (HRS/DAY) (L/HR)
3P (e ] [}
RAIAYR 2| /.2 |H # 4 |<| ¥25

DESIGN NOTES:

( diind 1034i1a 0a )
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CONTROLLER SPECIFICATION

241] Array A2 ] 23] , [4¢]
Short Minimum Rated Controllers
Circuit Controller Controller in
_Current Current Current) Parallel
62| (A) (A) (A)
1.25 x| /0.2 |=| 73 [|*]| 2o |=| /
25]
(CONTROLLER)

Rated Voltage
Rated Current

Eeatures

Temperature Compensation
Reverse Current Protection
Adjustable Set Points}
High Voltage Disconnect
High Voltage Re-connect
Low Voltage Disconnect
Low Voltage Re-connect
Meters

Battery Voltage

Array Current

Load Current

Make/Model &nwlm&ag

/& adjustable

T

DESIGN NOTES:

Linear current
booster betweeve
armg and pu.m(b
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SWITCHES & PROTECTION COMPONENTS

/4r r'qy Out FLUE

=

o nua /

220 ) p

/A5

F/oq‘f ACZ‘/VQZ‘?Q/

D3
D3] Arr‘aj ¢ Pum“)

Stlicon Oxrae
Vavistors

HRERSRERERSE

O
-
o

o
-t
-
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—t .y
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F-Y
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DC WIRE SIZING SPECIFICATION

e =]

Wire Runs

Module to Module

Maximum One Way
Current Length
(A)

s [
owed llowance

Voitage for
Drop Temperature
(%) Derate

AWG Wire
Number Type

Array to Controller/
Batter

C Circuit
Battery to Battery

. /5

43 USE

Battery to

Battery Charger
to Batteries

Battery to Inverter
Or Converter

System Grounding Wire Type AWG Number Type of Earth Ground
B .
—I Equipment Ground Bare C’opfé\f‘ "“8 M/e// Cq;f/ﬁj
E10 :
System Gare Copper -’ wel/ cRIrng

N

O Y N

DESIGN NOTES:

( dWNd 19341d 20 )
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Lihear
- Current
Booster

Disconnec

Switch

3 Modules 1
144 Watts 1

Well Casing

vTCO

Tank with
Float
Switch
Control
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EcoNnoMIcs ANALYSIS

LIFE-CYCLE COST ANALYSIS
POINT DESIGN: DC DIRECT PUMP

Dollar Present Percent Total
Item Amount ($) Worth ($) LCC cost (%)
1. CAPITAL COSTS:
Array $936 $936 30.7
Mounting & Foundation 350 350 115
LCB/BOS Components/Tracker 800 800 26.3
Installation 250 250 8.2
A - SUBTOTAL (Equipment & installation) 2,336 2,336 76.7
2. OPERATION & MAINTENANCE
B - Annual Inspection 50 744 24.4
3. REPLACEMENT: (YEAR)
C-LCB 10 100 75 2.4
4. SALVAGE: (YEAR)
D - 20% of Original 20 (417) (108) (3.5)
TOTAL LIFE-CYCLE COST (A +B + C - D) $3,047 100.0

ECONOMIC NOTES:

be considered by the owner for his specific application.

1) Neither the cost of the pump, tank, or any pump/well maintenance are included in the LCC because
they are site dependent. However, experience shows these to be major cost items and they should

2%

COST ELEMENTS AS A PERCENT OF LCC (%)

24%

7%

| Array

[ Mounting
BOS

B Installation
0&M

=] Replacement

Water Pumping
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PoINT DEsIGN No. 11

DEEP WELL JACK PUMP

This system is also used for livestock watering but the water level in southern New
Mexico is 110 meters or more. A jack pump with a 75-volt dc motor is used. The array
is connected to the motor through the maximum power point tracker. The water
demand is 2,200 gallons per day in summer and the water is stored in a 15,000 gallon
open metal tank on site. A generator can be connected to the motor if a major failure
occurs so the system sizing is considered noncritical. The pump stroke is approximately
14 inches at 30 strokes per minute under full sun. A two-pole fused disconnect switch
is mounted on the base of the array tracker support post. Summer thundershowers
cause much lightning in the area so movistors or varistors are installed from the leads
to ground in the disconnect switch box.

KEY DESIGN INFORMATION

APPLICATION: Stock Watering

SITE: Near Las Cruces, New Mexico
LOCATION/ELEVATION: 32°20 N 106°40' W 1670 m
ENVIRONMENT: High Desert

TEMPERATURE RANGE (°C): -51t045
MAXIMUM WIND SPEED (m/s): 30

AVAILABILITY REQUIRED: Noncritical
DAYS OF STORAGE: ~ 7 (open tank)
SOURCE: Cased Borehole 6”
DYNAMIC HEAD (my: 122

WATER REQUIRED (gpd): 2200 June-August

INSTALLATION

The array was mounted on a passive single-axis tracker tilted at 18° to maximize
summertime production. The array tracker pedestal foundation was designed to
withstand local windloading conditions. The tracker pedestal was located away from
the jack pump and wellhead to allow the access needed for pump maintenance. The
pump cylinder was 1 7/8 inches and installed in the well on 2 1/4 inch galvanized steel
pipe. This alows the leathers to be changed without pulling the pipe and cylinder from
the well. A fiberglass sucker rod was used to connect the jack pump to the pump
cylinder. Wires from the linear current booster (LCB) to the motor mounted on the jack
pump were enclosed in conduit and buried. The array frame and tracker were
grounded to the well casing using No. 6 copper wire. The grounding conductor was
run outside the conduit in the same trench as the power leads. Each series string of
photovoltaic modules has a blocking diode to prevent damage to a failed string. An
array safety switch was installed on the jackpump housing within easy reach of the
motor. The site was fenced to prevent animal access to the array or jack pump.
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WATER PUMPING
WORKSHEET #1 WP

CALCULATE THE WATER PUMPING LOAD

~

Pumping Subsystem Efficiency

O. 45

1e | 3p | [o]ae | 5P |
Source Water Pumping Peak Pumping
NOTE: THE UNITS FOR WATER Capacity Required Time Sun Rate
AND METERS RESPECTIVELY. (L/DAY)
AR5 W~ 8385 || 12 [ o |5 e9¢
6P | 7P | 8P | 9P | 10P 111 | [o]1z2p | 13P
Static Drawdown Static Discharge Static Allowance Static DT:;:r:Ic
Level Level Lift Head Head For Head f-lead
(M) (M) (M) (M) (M) Friction (M) (M)
(DECIMAL) |10P
/0L # y # 2 [ o = e (x| cas 4| e 5| /2R
14P 15P 16P 17P | 18P 19P 2op| |L 21P |
Water Total Hvd " ump A Nominal A H
Required Dynamic Conversion I)E’n:';yc System Enrerragyy S;':t:r: mLpo-a:ur
per Day Head Factor Efficiency
(WH/DAY) (WH/DAY) Voltage (AH/DAY)
m(UDAY) Tor ] (M) (DECIMAL) V)
~ §305 |X| /22 |H 367 |=| 2747 |5 045 |H /50 || 75 = §20.0
WATER PUMP AND MOTOR INFORMATION 22 22 wire [o]zeP [ofzer
Amp-Hour Loss Battery Corrected
Make/Model So\a\'SQCJL SIA 16 -47 (Ah?;:“ Faclor Ef'f:lac::rcy AmLpo-:I:ur
(Jack Puwmp) (DECIMAL)
Pump Type Volum e, DU ] \e t 21P| (DECIMAL) (AH/DAY)
X.0 |+| O. + /0 = :
Motor Type |12\ ranent MQ&\ML‘(’ & 0.98 / §3."7
Input Voltage (AC/DC)
TSV bQ NOTE: IF THE WATER PUMPING SYSTEM HAS
Optimum Current (A) b NO BATTERY ENTER 1.0 IN BLOCK 24.

DESIGN NOTES:

Peqli [un ‘Hbu.\"ﬁ
are estivnated
eom El Raso

insolation dalg.

Nominal Sss'l“em
VoHage is sef by
reeommended
motor jn pbd'
VOH'“QBQ_

)

diNnd Xovr
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WORKSHEET #2

DESIGN CURRENT AND ARRAY TILT

\

e s

21| System Location  [Neav AasCruces UM Latitude 3Q°N Longitude 106° 3" W
Insolation Location |E| Pase, TX Latitude 31°¢'N Longitude 107° 7' W
Tilt at Latitude -15° Tilt at Latitude Tilt at Latitude +15°
uf22A 23] 244] 228 [238] 248] 23¢] 24C
g Corrected Peak Design Corrected Peak Design Corrected Peak Design
T Load Sun Current Load Sun Current Load Sun Current
u| (AH/DAY) [(HRS/DAY) (A) (AH/DAY) | (HRS/DAY) (A) (AH/DAY) [ (HRS/DAY) (A)
[20] 20 |
J - = - = - =
F -+ = - = - =
M % = 'E' - %’ =
A < = + = =+ =
M + = + = + =
J] 83.7 [+l /1151 |=l 7.2 33.7 |+l /[0b |=| 7.6 3.7 [&l10-36 || .1
| 837 +1058 |=| 7.9 3.7 1+ 1023 =] .2 3.7 1* 96! = 87
Al §3.7 1+li0.02 |5 9. £23.7 |+ 9.89 |5 .5 3.7 =1 9.48 |=| g9
S + = - = = =
o <= = - = -+ =
D + = i <+ = + =
| Select the largest design current and corresponding peak sun from each latitude and enter below |
Latltude -15° Latitude Latitude +15°
25A 26A | 258 26B] 25C 26C
Peak Design Peak Design eak esign
Sun Current Sun Current Sun Current
(HRS/DAY) (A) (HRS/DAY) (A) (HRS/DAY) (A)
10-0Q 8.4 9.89 8-S 9. 48
[ """ - 'Now select the smallest design current:and corresponding peak sun ..
NOTE: DO NOT MIX TRACKING AND FIXED ARRAY DATA ON THE SAME SHEET. su"
(HRS/DAY
IQr-OO.
it
Angle |~ 17

DESIGN NOTES:

dNnd ovr 3

C

A summert
moximum OQ
8300 L /Day
is required.
August is
'Q'Ou\nd 1o be
the design
month.

l—ax1s
Tracj&i “3 dcd’a
used.
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QEJ : WORKSHEET #4 | CALCULATE SYSTEM ARRAY SIZE DESIGN NOTES:
3 No batt b-
T o ba 6\’3 SU
S -Q—GJDesign -ﬂlModulel—D--ﬂlDerated o] Rated IiﬂjModules SBSJ@W\ \Qor‘HﬂiS
-%_ Current Derate Design Module in dire&f‘d“‘\’e
Q (A) Factor Current Current ; .
=] (DECIMAL) (A) (A) Parallel qpp/n@;&o‘f{om .
. . g ol"/(v
34 1+l 09 1=l 938 [+ 2/ |=] 3 ﬂiere+ re, work
Shee 3 i’nN
51 ] 52] Voltage [54]Highest |55] [56 | 57] used.
Nominal Batteries Required Temperature| Modules Modules Total
Battery in for Module in in Modules
| Voltage | Series Load Voltage Series | Parallel
37 38 (V) (V) 50
[ 1.20 x| — x| — 75 +[/s5 =] & X 3 [ /s
Module Array Opganres Nneay
NOTE: USE MANUFACTURER’S SPECIFICATIONS Current Current ma x maim
TO FILL IN PV MODULE INFORMATION BLOCK. (A) (A) { L
Modules > 73 because ot pea
X . = P
Pall'r;llel power tracket.
61|Module |62] Array
PV MODULE INFORMATION Short Short
Circulit Circuit
Make/Model | Siemens MSS  |Nominal Volts | /D Current Current
Length &( | wWidth | /3 [Thickness ) (A) (A)
X . = 0.
Welght 13 )bs. Bypass Diode ®I N ;I I 35 l 05
63 64 65
Voltage At STC |Open Circuit [A! H;S::’:‘fiﬁf:cted o3| % Rated 12 Array
v) P Module Rated
174 2A-7 /S.§ Voltage Voltage
Current At STC |Short Circuit Modules (V) V)
A — .
(A) 3./ 3.5 In /74
Series
Open A
NOTES: BLOCK 50 - ROUND UP FOR CONSERVATIVE DESIGN. Circult rray
BLOCK 55 - ROUND UP OR SELECT ANOTHER MODULE WITH Module |OPen Circult
SUFFICIENT VOLTAGE TO CHARGE THE BATTERIES WHEN Voltage Voltage
IN OPERATING AT THE HIGHEST EXPECTED TEMPERATURE. (V) V)
\I
x| 207 =|10%s )

)

dWnd Xovr

C
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WATER PUMPING
WORKSHEET #2 WP

PUMPED WATER AND PUMPING RATE

26P 27P 26P | 29P | 30P 31p 32P | 33P 3ap
Modul Rated Nominal Pump Peak Module Total p d
l: es Module System Ef’f}'s't"m Conversion Seuan 2‘"?'9 Dynamic \llJVr:foor
clency Fact actor
Parallel Cu(rAr)ent vo(l:,a)ge (DECIMAL) actor (HRS/DAY) (DECIMAL) H(eMa)d (L/DAY)
5°| 49] 20P 1BP| 4P| 46 I 13PI
3 x| 3.1 x| 75 [x{0.45 |x| 367 [x|10.0 x| 09 |+ /Ra |=|§498
35p 36P 37pP 3aP|
NOTE: MAKE SURE PUMPING RATE, BLOCK 38P, IS Pumped | Pumping Peak Pumping
LESS THAN THE SOURCE CAPACITY, BLOCK 1P. Water Time Sun Rate
(L/DAY) Factor (HRS/DAY) (L/HR)
34p 3P | ap |
498 |+| 1R |l /0.0 |5 708

dNNd Movr )

DESIGN NOTES:

pumpin3 rote
does not
exceed
Source

0apam+3.
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CONTROLLER SPECIFICATION

\ DESIGN NOTES:

Al Array A2 | | A3] [A4]
Short Minimum Rated Controllers
Circuit Controller Controller in
Current Current Current) Parallel
62| (A) (A) (A)
1.25 x| /0.5 |=| 73 |+| /3 |=|
fll
(CONTROLLER)

Make/Model obiet ACR-GHYV {near Current Bofsteq
Rated Voltage 75)[_%,‘;1;15

Rated Current

Features

Temperature Compensation
Reverse Current Protection
Adjustable Set Points)
High Voltage Disconnect
High Voltage Re-connect
Low Voltage Disconnect
Low Voltage Re-connect
!EE‘I“‘”‘“W\ Power Tracking
Battery Voltage

Array Current

Load Current

[T T

6v7¢

QA S

)

diNnd ADVI

C
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PROTECTION COMPONENTS SPECIFICATION
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N

Protection Device Rated Rated
Protected Circuit : Description
Switch|Diode|lFuse|Movistor| Current | Voltage P
D1 .
_'I A\'vaﬂ OH‘LPL& / &qu?o 0’250\/ bC, SLUI*.CL\J

02] LCB //7/94(2‘

v
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Wire Runs

Array Circuit

Module to Module

System
Voltage

v)

Maximum One Way
Current Length
(A) (FT)

Allowed | Al
Voltage

(%)

lowance
for

Drop |Temperature

Derate

AWG Wire
Number

Array to Controller
or Battery

DC Circuits

Battery to Battery

Battery or Controller
to DC Loads

Branch Circuits

15

/2 N

m o @ >

Battery Charger
to Batterlies

Battery to Inverter
Or Converter

System Grounding Wire Type AWG Number Type of Earth Ground
E9 .
= Equipment Ground Rare Copper b Well CQS:nS
E10| :

System Ground Rare Copper b Well C_asmq

DESIGN NOTES:
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1
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JACK PUMP

)

EcoNnomMics ANALYSIS

LIFE-CYCLE COST ANALYSIS
POINT DESIGN: DEEP WELL JACK PUMP

Dollar Present Percent Total
Item Amount ($) Worth ($) LCC cost (%)
1. CAPITAL COSTS:
Array $5,260 $5,260 63.5
BOS Hardware 500 500 6.0
Installation + Mounting Hardware 2,000 2,000 24.2
A - SUBTOTAL (Equipment & Installation) 7,760 7,760 93.7
2. OPERATION & MAINTENANCE
B - Annual Inspection 50 744 9.0
3. REPLACEMENT: (YEAR)
C - Control Unit 10 200 149 1.8
4. SALVAGE: (YEAR)
D - 20% of Original 20 (1452) (375) (4.5)
TOTAL LIFE-CYCLE COST (A +B + C - D) $8,278 100.0

ECONOMIC NOTES:

1) The cost of the pump, tank, and pump/well maintenance are not included in the LCC because they

are site dependent. However, experience shows these to be major cost items and they should be
considered by the owner for his specific application.

9%

23%

COST ELEMENTS AS A PERCENT OF LCC (%)

2%

60%

B Array

[ Bos

4 Installation
W oam

£ Replacement

Water Pumping
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( AC SUBMERSIBLE )

PoINT DESIGN No. 12

AC SUBMERSIBLE PUMP

A village on the island of Antigua requires 5,000 gallons per day of water for
domestic use. The available well has an adequate water supply but many maintenance
problems have occurred with the gasoline generator being used to drive the ac
submersible pump. A direct-coupled pumping system was designed to replace the
generator and a new pump with a 1,500 watt constant-voltage three-phase inverter as
part of the pumping package was installed. The stainless steel multistage submersible
pump system came with a three-phase 1.5-hp induction motor, system switch box, and
heavy-duty submersible pump cable. The control e ectronics remain above ground for
€8Sy access.

KEY DESIGN INFORMATION

APPLICATION: Community Water Supply
SITE: Bendals, Antigua, West Indies
LOCATION/ELEVATION: 17°N 61°5'W Om
ENVIRONMENT: Tropical Island

TEMPERATURE RANGE (°C): 15t0 35
MAXIMUM WIND SPEED (m/s): 40

AVAILABILITY REQUIRED: Critical

DAYS OF STORAGE: N/A

SOURCE: Cased Borehole 6"
DYNAMIC HEAD (m): 47

WATER REQUIRED (gpd): ~ 5000 (yearly average)

INSTALLATION

The tropical environment and proximity to the ocean were major considerations
in the specification of the hardware. The tracking array support structure was made of
corrosion resistant steel with anodized aluminum module frames and stainless steel
hardware. Hurricane ties were placed on the tracker frame to stabilize it during tropical
storms. The tracker pedestals were designed for storm conditions. The inverter and
disconnect switch were mounted in an enclosure on the array tracker support post and
strain relief connections and drip loops were used to prevent moisture penetration into
the box. The pump was attached to 2-inch galvanized stedl pipe and installed in the 6-
inch borehole. The power cables were secured to the drop pipe to prevent them from
abrading on the casing as the pump was lowered into the well. The submersible pump
cable was run in conduit between the junction box at the array and the wellhead. The
conduit was sized to accommodate three No. 6 wires with insulation jacket. A sanitary
well seal was placed on the well casing to seal the drop pipe and conduit entries and
prevent water contamination of the well.
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WATER PUMPING
WORKSHEET #1 WP

CALCULATE THE WATER PUMPING LOAD

N

P | [ p]  [ole] 5P |
Source ther Pumping Peak Pumping
NOTE: THE UNITS FOR WATER Capaclty Required Time Sun Rate
VOLUME AND HEAD ARE (L/HR) per Day Factor | (HRS/DAY) (L/HR)
LITERS AND METERS (L/DAY) o S
RESPECTIVELY.
5700 19,000 || 7.2 |+ &% || 7974
6P | 7P | 8P | 9P | 10P 117] |o|12pr] 13P
Static Drawdown Static Discharge Static Allowance Statle DT:;::Ic
Level Level Lift Head Head For Head ¥load
(M) (M) (M) (M) (M) Friction (M) (M)
DECIMAL) [1op]|
3 + 3 # 39 [+ O = 45 [x|0.05 |+ %5 || ¥7
14P 15P 16P 17P | 18P 19P | 20P| o |21p]
Water Total Hvdraull Pump A Nominal Amb-H
Required Dynamic | Conversion én::yc System Enrerragyy S;':t::\ 'T:a:ur
per Day Head Factor (WH/DAY) E[;'E'gl';::y (WH/DAY) Voltage (AH/DAY)
T](L/DAY) i (M) { ) ) ;
19000 Ix| 47 |#| 367 |=|2433 |¥| 0.3 || 8110 |+ /05 || 772.2
WATER PUMP AND MOTOR INFORMATION 22p ﬂjwno D {24P (ojzse]
- Amp-Hour Loss Battery Corrected
Make/Mods! [Grunddos I-5 hp Load E Efficlency | Amp-Hour
actor b
- {AH/DAY) (DECIMAL) Factor Load
Pump Type |Mulistage Submersible 21P) (DECIMAL) | (AH/DAY)
Motor Type |Tnduction 77.2 |5 [0 H o0 =577
Input Voitage (AC/DC) | 10§ Vde
NOTE: IF THE WATER PUMPING SYSTEM HAS
Optimum Current (A) 9 NO BATTERY ENTER 1.0 IN BLOCK 24.

Pumping Subsystem Efficlency

DESIGN NOTES:

* With tracker
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WORKSHEET #2 | DESIGN CURRENT AND ARRAY TILT \
21| System Location Bendals Antiqua Latitude [T°N Longitude LI1°S' W DESIGN NOTES:
Insolation Location |St. Johns, Antigua Latitude Longitude
. . X - - - Year yound
Tilt at Latitude -15° N Tilt at Latitude Tilt at Latitude +15° . lation
28] 234] 224 238] 248] 23] 2ad] ‘nsoiahe
M average ol
g Corrected Peak Design Corrected Peak Design Corrected Peak Design go
T Load Sun Current Load Sun Current Load Sun Current 4 Kw”/dag v
n| (AH/DAY) | (HRS/DAY) (A) (AH/DAY) | (HRS/DAY) (A) (AH/DAY) |(HRS/DAY) (A) tracking arra
20] / 11 Shalie
J T Oq 7 ry - ry - IS used here.
F + = / + = = :
. k2 /f‘/ * = 2 — A summex
" 1 7= % = g1 7 = high of 25,%00
J +H = 77.2 1= %0 |H 9.7 = / = litres per day
. » o V
J = = = = 54 = (~ 000 qallons
A £ = -+ =] N+ = .
s |+ = <+ = / + = pey das) will
° /1= = + = | 7 I be obtained when
= / ; ; i ; é; // ; ;i inso\q'l(«\oh reaches
l Select the largest design current and corresponding peak sun from each latitude and enter below 1 lo 'wa/dmi'
Latitude -15° Latitude Latitude +15° This does net
25A 26A ] 258] 268] 25C 2sc! exceed souxce
Peak Design Peak Design eak esign ;
Sun Current Sun Current Sun Current C“Pac""a-
(HRS/DAY) (A) (HRS/DAY) (A) (HRS/DAY) (A)
NIA NV [A g.0 Q.17 NV/A N[A
[ o~ Now select the smallest design current and corresponding peak sun = . . Tilt seleetion
| Jat la+\¥uo\e
NOTE: DO NOT MIX TRACKING AND FIXED ARRAY DATA ON THE SAME SHEET. |op+'\ws'|7,ts
yearly
msolation.
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WORKSHEET #4 | CALCULATE SYSTEM ARRAY SIZE
ﬂlDesign -ﬂJModuleIE-ilDerated i{] Rated LD_E&IModules
Current Derate Design Module in
(A) Factor Current Current
=] (DECIMAL) (A) (A) Paralle|
272 |2l 09 1=l /o5 |+] 3¢ |5 3
51 52 Voltage [5¢|Highest [55] 56 | 57|
Nominal Batteries Required |Temperature| Modules Modules T
otal
Battery in for Module In ] Modules
| Voltage |  Series Load Voltage Serles | Parallel
37 38 (V) (V) 50
[ 1.20 |x X | o5 [#] /s« 1= 7 x| 3 =]
6
i] ﬂ] Rated ~°—] Rated
Module Array
NOTE: USE MANUFACTURER’'S SPECIFICATIONS Current Current
TO FILL IN PV MODULE INFORMATION BLOCK. Modules (A) (A)
In x| 3.4 =] /0.
P lel
arafie 81{Module [62] Array
PV MODULE INFORMATION Short Short
Circuit Circult
Make/Model |S,lavex MSX (4 |Nominal Voits IR Current Current
Length 4 | Width | 9n |Thickness R (A) (A)
X . = ’
Weight Jb [lbs. Bypass Diode ®I N m | 2.7 | /7
63 64 65
Voltage At STC |Open Circuit At F}igrl;es;raliz;::cted '—J —-I Rated -—] Array
(V) p Module Rated
7S R4 /5"‘/ Voltage Voltage
Current At STC Short Circuit Modules (V) (V)
A i , —
(A) 3.6 3.9 in X| /7S5 |=| /0O
Series
66 Open A
NOTES: BLOCK 50 - ROUND UP FOR CONSERVATIVE DESIGN. Circuit rray
BLOCK 55 - ROUND UP OR SELECT ANOTHER MODULE WITH Module |©OPen Circuit
SUFFICIENT VOLTAGE TO CHARGE THE BATTERIES WHEN Voltage Voltage
OPERATING AT THE HIGHEST EXPECTED TEMPERATURE. (V) (v)
5] x| 214 =] /2%

DESIGN NOTES:

No baHe,r«j
aulostssfe,m
is used.

los V bC
re,Lomme,Vla'\ed

by pumpe
manukacturex
‘QOK \leu_')r

Vol ‘m&e

beid o\e_sn n
}- Qeas\\o\e
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WATER PUMPING DESIGN NOTES:
WORKSHEET #2 WP PUMPED WATER AND PUMPING RATE

26P 27P 28P 29PI 30P 31P 32PI 33pP 34P
‘ Pump Module
Rated Nominal Total
Modules Module System System | conversion Peak Derate Dynamic Pumped
In Current Voltage Etficlency| Factor Sun Factor Head Water
Parallel (A) V) (DECIMAL) (HRS/DAY) (DECIMAL) (M) (L/DAY)
50 | 49 ] [20P] 18P ap | as | 13P |
3 x| 3.¢ Ix| tos |[x| 0-3 |x| 367 |x| 80 (x| 0.9 |+ 47 |5/ /¢
8 35p 36P 37P ﬂ]
| NOTE: MAKE SURE THE PUMPING RATE IN BLOCK 38P IS p 4 | Pumpin K :
! LESS THAN THE SOURCE CAPACITY IN BLOCK 1P. Mot Tipg Foa PumpIng Pumpm3 rate
Water me Sun Rate d
(L/DAY) Factor (HRS/DAY) (L/HR) ces not

exceed SourcCe
Capac {3.
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POWER CONDITIONING UNITS SPECIFICATION

Inverter

~

B11

Inverter Specifications

B1

B2

B3

B4
BS

B6

B7

B8

B9

iF_o|

System Requirements
Wave Form
DC System Voltage — )
AC System Voltage — (V)
Surge Capacity (W)
Total AC Watts — (W)
Maximum Single AC Load (W)
Maximum Simultaneous AC
Load (W)
Inverter Run Time at Maximum
Simultaneous Load (MIN)
Inverter Continuous Duty
Rating (W)
Required Inverter
Efficiency at Load (%)

Make G\(unnl‘gab
Model _L30H -5
Wave Form L
Input Voltage (DC)
Output Voltage (AC)
Surge Capacity
FEATURES:

Battery Charging

Voltmeter

Remote Control

Generator Start

Transfer Switch

Maximum Power Tracking

0S5
(05

)

)

)

)

)
e

P e e e e B

(V)
(V)
(W)

(V)

Converter
System Requirements _°_5J Converter
Input DC Voltage to (v) | | Make
Output DC Voltage to (V) mgﬁflvmtage
Output ‘Power — (W) Output Voltage
Operating Temperature to (C°) Output Current

(V)
(A)

Operating Temperature
EEATURES:

Adjustable Output Voltage

(C°)

V)

DESIGN NOTES:
* DC +o AC
mverter }n*egmf‘ed

with pum -

/
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PROTECTION COMPONENTS SPECIFICATION

Protected Circuit

Protection Device

Switch|Diode Fusel Movistor

Rated
Current

Rated
Voltage

Description

ﬂl A‘(‘mH ow\~pw¥ v v Fused Disconnect
02 Controller o load v *

o
w

O
I

o
[3))

o
~

o
®

2] | & 8] 8] 2] &

=)

o
-
[=]

* Toput and ouA-pu:\- switche s are included in switeh box Rrovided with Pump

s Bs‘\’em .
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DC WIRE SIZING

SPECIFICATION

Buidwng 1a1epn

Battery to Battery

System Maximum | One Way | Allowed | Allowance AWG Wire
Wire Runs Voltage Current Length | Voltage tor Number Type
V) (A) (FT) Drop |Temperature
(%) Derate
Array Clrcult - '
Module to Module | /D& 3.b 3 o) ®) /R USE
Array to Controller
or Battery 105 | 14.6 75 ‘/L /8% | 10 USE
DC Circuits :

Battery or Controller
to DC Loads

Branch Circults F . e

A

B

C

D

E
Battery Charger
to Batterles
Battery to Inverter
Or Converter

~ System Grounding Wire Type AWG Number | Type of Earth Ground
E9 .
& Equipment Ground Rave Copper Q Well Casmg
E10 :
[Exd System Ground Rare Copper ] Well CQSm3

T .

DESIGN NOTES:

/X0 V DC wire
Size table
used to
determine
V‘Nzcessar%
wire Size.

379ISHANENS OV )
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AC WIRE SIZING SPECIFICATION

( 379ISHINGNS IV )

Wire Sizing And Specification (DC Side) DESIGN NOTES:
& F2| Fo|  qre]frs] - fFe] 2 I
System Maximum | One Way | Allowed | Ajlowance
Wire Runs Voltage Current Length Voltage for Nﬁ:’n”sﬂ xl;:
(V) (A) (FT) Drop Temperature
(%)

Derata

AC Circuits

Inverter to AC
Loads (Pump)

Branch Circults

*_
| 0S5 10 /IS0 | 2.8% “ I * Submersible

pump cable
A Supplied baj
B pump dealer.
C
D
E
F
G
Generator

IGenerator to
Battery Charger| V/A

|Generator to
AC Load Center N/ A

__ System Grounding |  Wire Type AWG Number Type of Earth Ground
9| Equipment Ground Bave Copper g Well Casing
[F1q System Ground Rare Copper ¥ Wwell Cqsinq

SR

N AR
S50
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Blocking
Diodes

-

Fused
Disconnect
Switch

by

AC

Inverter/
Controller

Surge
Protectors

TECO

Water
Storage

21 Modules
1323 Watts

- - Ground
EO e g

——

l
G
bd
]
I
Ground to
Well Casing
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EcoNomIics ANALYSIS
LIFE-CYCLE COST ANALYSIS

POINT DESIGN: AC SUBMERSIBLE PUMP

Dollar Present Percent Total
Item Amount ($) Worth ($) LCC cost (%)
1. CAPITAL COSTS:
Array $8,600 $8,600 57.7
BOS (Trackers + Hardware) 4,940 4,940 33.1
Installation 1,000 1,000 6.7
A - SUBTOTAL (Equip. & Installation) 14,540 14,540 97.5
2. OPERATION & MAINTENANCE
B - Annual Inspection 75 1,116 7.5
3. REPLACEMENT: (YEAR)
C - Power system should last for 20 years or more N/A
4. SALVAGE: (YEAR)
D - 20% of Original 20 (2908) (750) (5.0
TOTAL LIFE-CYCLE COST (A +B + C - D) $14,906 100.0

ECONOMIC NOTES:
1) The pump, motor, inverter, and control switches are part of the pump system obtained from the dealer.
2) Neither the cost of the pump or any pump/well maintenance are included in the LCC because they
are site dependent. However, experience shows these to be major cost items and they should be
considered by the owner for his specific application.

32%

COST ELEMENTS AS A PERCENT OF LCC (%)

55%

n Array

O sBos

Installation

B oam
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C SHALLOW WELL )

PoINT DEsIGN No. 13
SHALLOW WELL PUMP

This small pumping system was installed to provide domes tic water for residents
in avillage in Bolivia. Water was pumped to a set of six 2,000 liter storage tanks located
on a hill above the village. The water was then gravity fed to a faucet centrally located
in the village. Because the replenishment rate of the source was low, it was decided to
incorporate batteries into the system and allow pumping 24 hours a day. The pumping
rate was decreased accordingly.

KeYy DESIGN INFORMATION

SITE: Achacachi, Bolivia
LOCATION /ELEVATION: 17°5 N 68° W 3903 m
ENVIRONMENT: La Paz, Bolivia

TEMPERATURE RANGE (°C):  -121t0 30
MAXIMUM WIND SPEED (m/s): 75

AVAILABILITY REQUIRED: Noncritical

DAYS OF STORAGE: N/A

SOURCE: Cased Borehole 6”
DYNAMIC HEAD (m): 20

WATER REQUIRED (gpd): ~ 2000 (yearly average)

I NSTALLATION

A fixed array was specified and ground mounted on concrete piers near the
wellhead. The batteries were placed in a fiberglass box and buried near the well. A
disconnect switch for the array was installed in a weatherproof enclosure on the back
of the array support structure. The conductors between the array and the battery and
wellhead were enclosed in conduit. The array was grounded to the well casing and the
bare copper ground cable was buried in the same trench as the conduit. A sanitary well
seal was used to cover the top of the well casing. The power conductors from the battery
to the pump entered the well casing through a conduit connector attached to the well
seal. The pump conductors were securely fastened to the drop pipe as it was lowered
into the well. A safety rope was attached to the pump to prevent its loss if it became
disengaged from the drop pipe during or after installation. The drop pipe was secured
with an adaptor that allows the water to exit the well casing below ground level. This
helps to protect the water delivery pipes against freezing.

Water Pumping
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WATER PUMPING

CALCULATE THE WATER PUMPING LOAD

~

Pumping Subsystem Efficiency

0.4

WORKSHEET #1 WP
1P | 3p |- [o]ar] 5P |
Source Water Pumping Peak Pumping
NOTE: THE UNITS FOR WATER Capacity Required Time Sun Rate
VOLUME AND HEAD ARE LITERS (LHR) per Day Factor (HRS/DAY) (UHR)
AND METERS RESPECTIVELY. (L/DAY)
~ 500 7500 T 3R - 5.7 =
6P | 7P | 8P | o | 10P 1P| [D]12r] 13p
Static Drawdown Static Discharge Static Allowance Static DT:;?r:ic
Level Level Lift Head Head For Head {iead
(M) (M) (M) (M) (M) Friction (M) (M)
(DECIMAL) [10P
2 +H 2 + /5 K o = /9 xl 007 |+ /9 = <20.3
14P 15P 16P 17p | 18P 19P 20 | [p[21p]

Water Total Hvd " ump A Nominal A H
Required Dynamic Conversion én:;yc System Enrerragyy S‘;r:t;‘; 'T:)-a:ur
pT_'/DE:V H(e,;)d Factor (WH/DAY) E(gelg:;:f)y (WH/DAY) Voltage (AH/DAY)

2P I( ) 13P| V)
7500 x| Q0.3 | 367 |=| “/s |H 04 |H /037 || ¥ |=| 43.RQ
WATER PUMP AND MOTOR INFORMATION 22P i"]w"e (o fzep [0 25
Amp-Hour Loss Battery Corrected
Make/Model |F |, .\ ite. Slow Pump Load E Efficiency | Amp-Hour
actor
(AH/DAY) (DECIMAL) Factor Load
Pump Type |(Diqphram 21P| (DECIMAL) (AH/DAY)
Motor Type |'/2 hp DC 43.2 ¥ 0.99 |+ 0.85 |=| 5.4/
Input Voltage (AC/DC) Q4 Vv DC
NOTE: IF THE WATER PUMPING SYSTEM HAS
op“mum Current (A) 8.4'4 NO BATTERY ENTER 1.0 IN BLOCK 24.

DESIGN NOTES:

Source capaci
won't Quwf\sh%
ru;u'\reol watex
Unless pump time
iSover 1S hours /
day. Batteries
used to extend
pPumpi g time to
I8 hours /01(18.

Defexrmine peak

Sun hours Yo
worst case morith
us\na worksheet

ﬁ’é_

Pum P e & clenty
estimated at

’“IO% ‘Qo'( this
head ana Llow
rate.
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WORKSHEET #2 | DESIGN CURRENT AND ARRAY TILT
21| System Location  |Achacachi Boivia Latitude 17°5'S Longitude ©8°W DESIGN NOTES:
Insolation Location |La Paz , Bolivia Latitude 17°3 Longitude L8° W
Tilt at Latitude -15° Tilt at Latitude Tilt at Latitude +15°
w224 234] 244] 238 248 {22¢] 23¢] 2ac]
Ol corrected Peak Design Corrected Peak Design { Corrected Peak Design
¥ Load Sun Current Sun Current Sun Current
H| (AH/DAY) | (HRS/DAY) (A) (AH/DAY) | (HRS/DAY) (A) (HRS/DAY) (A)
[20] / / June isthe
J + = / - = / + 593 |5 87 | 4 )
- = = < = oy o 53 ea‘s insolation
M = = + £.87 |I= 3-8 dQSlsh Mbn‘*h,
A = = -+ / = <+ 7&8 = 7/ 0s June 15
M < /= + = +| §.80 |5 %.9 4wl :
J = = = / — = 5.7/ H 9.0 mid- wintey In
3 g p ?/ _ _ = 595 |H 2.6 the southern
A /{:- = N+ = S/-4 = s.850 |=| .9 hemisphere.,
s pac N pac = S/IAN L .13 = 54
° S 1+ = + = Si-d 13| 606 |=| g5
NS < = + = sIH 13 o5 |5 3.5 Since load is
o + : + = A sy 1=l S8 =] 3-8 assumed
{ Select_the largest design current and corresponding peak sun from each latitude and enter below | -Cons*an‘t,io'tﬁude,
Latitude -15° Latitude Latitude +15° +15° will
25A 26A] (258 268B] 25C 26C] W
Peak Design Peak Deslign eak esign maximize the
Sun Current Sun Current Sun Current .
(HRS/DAY) (A) (HRS/DAY) (A) (HRS/DAY) (A) o\P_S\gv\ curcent
5.7 9.0 during winter. N
Now select the smallest design current and corresponding peak sun ]
27 28 »
_JP“'( "_JDeslgn JI,
NOTE: DO NOT MIX TRACKING AND FIXED ARRAY DATA ON THE SAME SHEET. Sun Current -
(HRS/DAY (A) 5
51 9.0 <
Tilt o
Angle |¥ ~30 rin
-~
-

7

e
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WORKSHEET #3 CALCULATE SYSTEM BATTERY SIZE DESIGN NOTES:
20] 0] [EE) [E1E) (o] 34] 35
Corrected Maximum Derate i Capacity of i
Required Batteries
Amp-Hour Storage Depth of for Battery Selected in
Load Days Discharge Temperature Battery
Capacity Paralle!
2] (AH/DAY) (DECIMAL) (DECIMAL) (AH) (AH)
5.4 x| 3 H 07 |FH 09 |=| /90 |FH R0 |5/
] 7] ] ] z
NOTE: BLOCK 35. ROUND UP Nominal Nominal Batteries | Batteries
FOR CONSERVATIVE DESIGN. System Battery in in Total
Voltage Voltage Series Parallel —Batteries-
al V) v m Cells
BATTERY INFORMATION
=1/ = X =
ware |SAa - NiEE K4 1. /eell 20 / 20
Model | oy 4] [42] [43] 4] a5]
Type | Nicad Batteries | CaPacity of System Maximum Usable
! In Selected Battery Dl?epthh of Battery
Battery Capacity Schargel capacity
Nominal Voltage (V
oltage (V) IR aParallel o (AH) (AH) — (DECIMAL) (AH)
Rated Capacity (AH) | Hun / x| 240 = R0 x| 0.9 =| /¢

NOTE: USE MANUFACTURER'S DATA TO FILL
IN BATTERY INFORMATION BLOCK

C T13M MOTIVHS )
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WORKSHEET #4 | CALCULATE SYSTEM ARRAY SIZE DESIGN NOTES:
Module clerate
ﬂDesign ﬂlModuleuﬂ—lDerated rﬁj Rated LD_EJModules 070 0.95 u@ed
Current Derate Design Module in b oh
(A) Factor Current Current Parallel because the P9
=] (DECIMAL) (A) (A) elevation /s a Geod
QO +| 095 :I ?5/ —:'] 3.0 =| 3 Q/nv,‘ronme”‘( ‘&l"
1] [52] Voltage [5JHighest [53] 56 ] 7] PV arrays.
Nominal Batteries Required |Temperature| Modules Modules Total
Battery in for Module in in Modules
| Voltage | _ Serles Load Voltage Serles | Parallel
37 38 (V) (V) 50
[ 1.20 [x] 42 [x] & [25.5  |+] /5 =] = x| 3 - ¢
5—8] 2] Rated 2] Rated
Module Array
NOTE: USE MANUFACTURER'S SPECIFICATIONS Current Current
TO FILL IN PV MODULE INFORMATION BLOCK. Modules (A) (A)
in X = 9
Parallel
61{Module |52} Array
PV MODULE INFORMATION Short Short
Make/Model | Soleec S-S50 Nominal Volts /R gt:rrf:r'\tt g&:‘::::t
Length S/ Width | /3 |Thickness Y (A) (A)
Weight /8.5 Jbs. Bypass Dlode [ v [ 50] x| 2.3 =] 9.9
63 64 65
Voltage At STC |Open Circuit At }:_Ig;eps;ralitﬁpr:cted —l —I Rated —] Array
V) Module Rated
bl R0.3 /S Voltage Voltage
Current At STC |[Short Circuit Modules (V) (V)
A
" 3.0 3.3 in
Series
Open
NOTES: BLOCK 50 - ROUND UP FOR CONSERVATIVE DESIGN. Circuit Array
BLOCK 55 - ROUND UP OR SELECT ANOTHER MODULE WITH Module |OPen Circuit
SUFFICIENT VOLTAGE TO CHARGE THE BATTERIES WHEN Voltage Voltage
OPERATING AT THE HIGHEST EXPECTED TEMPERATURE. (V) (V)
[55] x[220-3  |=[~04
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WATER PUMPING
WORKSHEET #2 WP

PUMPED WATER AND PUMPING RATE

\

26P 27P 28P 29P 30P 31P 32P | 33p 34P
Rated Nominal Pump Module Total
Moc::les Module System E'Sfllfsl“’m Conversion Pseuank 29'?“ Dynamic P\ll:lrtp:rd
Current clency Factor aclor
Paraliel () v°::,a)9° (DECIMAL) ° (HRS/DAY) | (DECIMAL) H&,f)d (L/DAY)
50 | 49| 20P] 18P ap | a6 | 13p |
3 x| 3.0 [x| 4 x| O-4 |x| 367 [x|5.7 x| 0-95 |#|20.-3 |5 8453
35p 36P 37P 58P |
NOTE: MAKE SURE THE PUMPING RATE IN BLOCK 38P IS Pumped | Pumping Peak Pumping
LESS THAN THE SOURCE CAPACITY IN BLOCK 1P. Water Time Sun Rate
(L/DAY) Factor (HRS/DAY) (L/HR)
34pP 3P | ap |
g45% +| 3.0 = S =| 495

DESIGN NOTES:

Srjs‘[‘em should

provide all

C TT13IM MOTIVHS >

water required

by pumping

1o~ 1§ hours /clas

S%orage Yanks
‘?iﬁ‘eo\ with
[evel switch

’fO shut OQQ

pump i§ tanks

ave Lull.
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CONTROLLER SPECIFICATION

\ DESIGN NOTES:

[.A_‘IArray A2 | 23] ,ﬁl

Short Minimum Rated Controllers
Circuit Controller Controller in
Current Current Current) Parallel
62] (A) (A) (A)

1.25 |x| 29 |=| & |+| /= |=| 7
A5

{CONTROLLER)

Rated Voltage
Rated Current

Features

Adjustable Set Points}

Meters
Battery Voltage

Array Current
Load Current

Temperature Compensation
Reverse Current Protection

High Voltage Disconnect
High Voltage Re-connect
Low Voltage Disconnect
Low Voltage Re-connect

Make/Model Spuidi.ﬂlanupiﬂé‘l;dﬂ,bl

2

i

indicator

( T113IM MOTIVHS >
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PROTECTION COMPONENTS SPECIFICATION

Protected Circul Switc:rtl);?::mf:u::vl\;l(;evistor CFLart':(:'t Vi?::ge Description
01 Avrag output v L0 amp |50 V| DC switch
02] Controller o load v 1amp | &5V | be switeh
E_I Bq‘H‘e,rc( L v Zamp /A5 | Fused swifch

o
IS

o
n

O
N

o
~

O
©

1

-

2] E] B[ Ef B B] 18] l5] B 2

-t

(=)
e
H

Controlle provides reverse Curtent Protection.
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DC WIRE SIZING SPECIFICATION

B

Wire Runs

Array Circuit

B

Maximum
Current
(A)

Module to Module

E4

One Way
Length
(FT)

ESI

Allowed

Voltage
Drop

(%)

E6

Allowance
for
Temperature
Derate

T

Array to Controller
or Battery

DC Circuits

Battery to Battery

Battery or Controller
to DC Loads

Branch Circuits

A

B

Cc

D

E
Battery Charger
to Batteries N/A
Battery to Inverter
Or Converter N/A

System Grounding Wire Type AWG Number Type of Earth Ground
E9
£ Equipment Ground Bare Copper g Ground Rod
E10
1 System Ground Bare Copper Q Ground Rod

DESIGN NOTES:

C T13M MOTIVHS )
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Fused
Disconnect
Switch

Surge
Protector

PV

Charge

+ Controller

Batt

iy

U

0

<

¢

$

Water Tanks

6 Modules !
300 Watts S
Ground ]
’ 0= NG-
(1 +

2 20
20 Cells
240 Ah
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EcoNnomMics ANALYSIS

LIFE-CYCLE COST ANALYSIS
POINT DESIGN: SHALLOW WELL PUMP

Dollar Present Percent Total
Item Amount (3$) Worth ($) LCC cost (%)
1. CAPITAL COSTS:
Array $1,950 $1,950 28.0
Battery 1,920 1,920 27.5
BOS + Hardware 550 550 6.9
Installation 250 250 3.6
A - SUBTOTAL (Equipment & Installation) 4,670 4,670 67.0
2. OPERATION & MAINTENANCE
B - Annual Inspection 75 1,116 16.0
3. REPLACEMENT: (YEAR)
Battery 12 1,920 1,346 19.3
Controller 10 96 71 1.0
C - SUBTOTAL (Replacement) 2,016 1,417 20.3
4. SALVAGE: (YEAR)
D - 20% of Original 20 (884) (228) (3.3)
TOTAL LIFE-CYCLE COST (A +B + C-D) $6,975 100.0

ECONOMIC NOTES:

1) NiCd batteries cost $8/ampere-hour orginally but will have to be replaced only once.

2) The water tanks are not included in the LCC because they would be necessary regardless of the pump
power system installed.

COST ELEMENTS AS A PERCENT OF LCC (%)

] Array
] Battery
BOS
16% BB Installation
[ oam

O Replacement

7% 26%

Water Pumping 275
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(REMOTE MONITORING)

REMOTE M ONITORING STATIONS

Remote instrumentation and data communications equipment require reliable
power to prevent interruption or loss of data. Photovoltaic power supplies are ideal for
this application because the power requirements are usually low and many units are
installed far from conventional power sources. Because of the reliability and simplicity
of the PV power supply, these systems are even replacing ac powered units in areas
served by utility companies. Systems should be placed in areas where potentia shading
and the vulnerability to vandalism are low. Antenna location is also a consideration if
data transmission via radio frequency link is required. PV arrays are usualy small and
often mounted on a pole. The module frames should be grounded and a lightning rod
may be required. Many data acquisition systems are susceptible to voltage surges
which will cause loss of data—movistors should be considered.

APPLICATIONS

* Climate Monitoring e Seismic Recording
 Highway Conditions » Scientific Research
e Structural  Conditions * Auto-Dia Alarms

* Insect Trapping

Almost all stand-alone PV powered monitoring systems operate at 12 volts dc.
The load will vary with the number of sensors, sample rate, and data recording
and transmittal requirements. If data transmission is not required, the load is
usually quite small, sometimes only milliamperes per day and a battery will
sometimes provide several weeks of backup.

LOAD

Most monitor applications require only one PV module. Many systems use
nonglass modules that are resistant to vandalism. All wiring should be tied to
the array frame.

ARRAY

Remote Monitoring Stations 277



BATTERIES

CONTROL

MOUNTING

Some data recorders include rechargeable nickel cadmium or lead acid gelled
electrolyte batteries. Check the instrumentation specifications for alowable
charging currents and operating voltage. The data acquisition equipment and
batteries can be located in the same weather-resistant enclosure if sealed batteries
are used. Burying the equipment box is sometimes done for protection and
conceal ment.

Battery charge control may not be necessary if the load demand and array design

current are less than one ampere. Some data recorders have a built-in charge
regulator that may be large enough to control an external battery.

The PV array is often pole mounted with the DAS and sensor package attached
near the top of the pole before installation. If metal poles are used, they provided
a good ground for the system. If the array is ground mounted, it should be
protected from animals. The array should be installed in a protected location and
securely anchored to prevent theft. Consider vegetation growth, possible
shading, and snow coverage.

278
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PoINT DesicN No. 14

PIPELINE STATUS MONITOR

There are thousands of miles of pipelines carrying oil and gas to consumers across
the United States. Measuring flowrate, pressure, and other parameters at stations
along the pipeline provide an important indicator of status and awarning of impending
problems. This system is an example of hundreds of PV powered system control and
data acquisition (SCADA) units now installed. This system monitors and transmits
status information to a local field office. Each station transmits information on a set
schedule or each may be queried for current status.

KEY DESIGN INFORMATION

APPLICATION: Pipeline Monitor

SITE: Near Hugoton, Kansas
LOCATION/ELEVATION: 37.1° N 101.5°W 1000 m
ENVIRONMENT: Rurd

TEMPERATURE RANGE (°C): -20to 40
MAXIMUM WIND SPEED (m/s): 25
AVAILABILITY REQUIRED: Noncritical
LOAD PROFILES Constant

INSTALLATION

The single PV module was mounted on pipes near the monitoring egquipment. The
pipes were anchored on concrete bases. The module was approximately 10 feet above
the ground but there were no trees that would shade the module. The module was tilted
at about 55° to maximize energy production in winter months. The battery was located
in alocked box at ground level. A nickel-cadmium battery was used because the load
was small and long-life under harsh conditions were important design criteria. The
power wires were enclosed in conduit between the module and battery box. The
transmitting antenna was located above the module where 360° field of view was
available. No controller was used.
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WORKSHEET #1

CALCULATE THE LOADS (FOR EACH MONTH OR SEASON AS REQUIRED)

~

T EE W . BB © L L EE T F
Load aq | toad Load DC LAcd Daily Weekly c Power 17, 1 Amp-Hour
Description | T | Current | Voitage Load o Duty Cycle Duty onversion Load
P v (A) v Power Power (HRS/DAY) Cycle Efficiency (AH/DAY)
w w (DAYSIWK) (DECIMAL)
Dai:a/qﬁﬁ? I Ix]o.oq X 12 = 0.48 249 x| Z o |fl 12 ElO.9¢
Transmilter . -
rD—c—’X/OX/aZ—/a? O.7x7+-,+/.o+/;z=0.‘7o
X X = = —
ﬁi? X =71 g =
X <7 [ N =
X =7+ - —
i |
X =7 — - =
X\ s [F + =
X

13 14 iR
Total Total Nominal
DC Load AC Load System
Power Power Voitage
m re L mm W) v)

1e] [ ]ue]
i Total Wire Battery
Amp-Hour . .
Efficiency Efficiency
Load
AH/DAY) Factor Factor
{ (DECIMAL) | (DECIMAL)
+ [099]+]0. 25

DESIGN NOTES:

)
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/1 | WORKSHEET #2 | DESIGN CURRENT AND ARRAY TILT )
- :
2 21| System Location | Ay 50éon, Aansas Latitude F7/°N Longitude J0/ 4% | |PESIGN NOTES:
o
; Insolation Location lo¥bhsma C;de Latitude 35° A Longitude G7¢° W Latitude + ‘150
o] . . A : . . . .
= Tilt at Latitude -15° Tilt at Latitude : Tilt at Latitude +15° Used o maximize
%_ M22A| 23a ] |24a] 3228 | 238 | 248 | iq22C | 23C | 24C | L()‘n-éer en 877
@ o . . i . 4 voduction
(7)) N Corrected Peak Design |[:] Corrected Peak Design :} Corrected Peak Design
& T Load Sun Current | Load Sun Current [ Load Sun Current
g‘ | (AH/DAY) | (HRS/DAY) (A) ] (AH/DAY) | (HRS/DAY) (A) 1 (AH/DAY) | (HRS/DAY) (A)
7] _il 120 | 42 I
J - -+ — i EX S
F - = ) - = - =
" < = = — = =
M na = na ; -~ =
J ~ — - — -~ =
A .;. = ,:. —=- ,:. — ]
s g — = =+ = December ¢35
5 = = < = <+ = | + =glar
D — [— — VHOHHA
y - - = X0 | 3.9Y Fl oS/
: arg : ] peak ach latitude and enter beio!
Latitude -15° Latitude Latitude +15°
25A 26A [ 258 268 [ 25C I 26C I
Peak Design Peak Design Peak Design
Sun Current Sun Current Sun Current
(HRS/DAY) (A) (HRS/DAY) (A) (HRS/DAY) (A)
J.9Y a.857/

HOLINOW
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WORKSHEET #3

CALCULATE SYSTEM BATTERY SIZE

el 0] [o] 32 [0 ]33]
orrected Derate Required
Amp-Hour Storage . for Battery
Load Days {Temperature Capacity
25] (AH/DAY) | (DECIMAL) (AH)
2.0 X| I T 0.95 |5 /.0 Rl 2.5
L Tl = o]
NOTE:  BLOCK 35. ROUND UP Nominal | Batteries | Batteries
FOR CONSERVATIVE DESIGN System in in Total
Vol&a;ge , Series Parallel Batteries
" BATTERY INFORMATION |  [*1 >
- ) /X = 2% | /O x|/ = /o
Make | fowerspnsc
Model E/eczlmnz'(_gac,f/ﬁ} [41] EC] P aximum P
Type ; . apacity of Usable
N Cid oatteries [ CaPacly - Dopth of | attery
. Battery Ischarge| capacity
Nominal Voltage (V) /..Q Parallel | (AH) (DECIMAL) (AH)
35] 34 a1
Rated Capacity (AH) | /O / X /o = /0 X| ©0.95 =l 2.5~

NOTE:

USE MANUFACTURER'S DATA TO FILL
IN BATTERY INFORMATION BLOCK

DESIGN NOTES:

N Cd %ﬂel‘j
ek purchased

Svom local
electroniis

5HFP11£V—/O
N.Cd cells in
ore Pac;@aﬁe,

)

HOLINOW
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WORKSHEET #4

CALCULATE SYSTEM ARRAY SIZE

46 |

Design

suonels bBuuouopy ajowasy

51| 52 ] 53| Voltage [54Highest - 56 57 |
Nominal Batteries Required Temperature e Modules Total
Battery in for Module in Modules
|__Voltage | Series Load Voitage Parallel
I 37 38 (V) (V)
[ 1.20 x| /., 3 x| 70 [ /X <] /¥ / = /
56 |
"‘
NOTE: USE MANUFACTURER’'S DATA TO FILL IN
PV MODULE INFORMATION BLOCK. Modules
in
Parallel
Module
L e ook el il —_—— Short Circuit
Make/Model | Dyrque/i DV /3 |Nominal Volts /ot Current
4 ¥} A
Length /4.)*| Width [/4./“|Thickness /.5 (A)
Weight .8 /4. Bypass Diode | Y I@ [50] x] 0.78
i 63 64
Voltage | At STC |Open Circuit|At Highest Expected o3 | 4] Rated
V) Temperature Module
e /3.3 Voltage
Current At STC |Short Circuit} Modules (V) (V)
) 0.75 | 0.78 in X =l L2
Series 66| Open
NOTES: BLOCK 50 - ROUND UP FOR CONSERVATIVE DESIGN. Circuit
BLOCK 55 - ROUND UP OR SELECT ANOTHER MODULE WITH Module
SUFFICIENT VOLTAGE TO CHARGE THE BATTERIES WHEN Volt
OPERATING AT THE HIGHEST EXPECTED TEMPERATURE, ° vage

€8¢

DESIGN NOTES:

Used module
with vmn—7/q,0
Cover Sor
Pm%ec_rtlbn

Qga 1N

Vam/a/z&m

)
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SWITCHES & PROTECTION COMPONENTS

Dpdule output

B/ad)n7 <. 1Dde

D2

Moc/u/f oaz{pa]t

N

X O

WS///Z’&/) OX/‘LIQ

)

HOLINOW

D3]

DAS input

K0

Il}ar‘lsi‘brb

D4]

BRERERERE
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G E

)
-
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DC WIRE SIZING SPECI

FICATION

1] 2]

Wire Runs Voltage

Module to Module

[E3 E4
Maximum
Current Length Voltage
(A) (FT) Drop

(%)

S

=L
One Way owed llowance

for

Temperature
Derate

Array to Controller/
rray ro /2

Battery to Battery

/)5 /S !

T AN

Battery to

/4

/.0 5 7

THHEN

A
B
C
D
E

Battery Charger
to Batteries

Battery to Inverter
Or Converter

System Grounding Wire Type AWG Number Type of Earth Ground
B
= Equipment Ground Byre Copper /0 Fod
10
FI System Bare Copper /0 Hod

DESIGN NOTES:

Al wire 11

Condu (T

D)
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Blocking
Diode

T
1 Module |
22 Watts —
Ground

LJ\ o

Sensors

&

Transmitter

)

HOLINOW

0
';:““‘; * Data
(+) Acquisition
System
S L—— —
o |
o
(=)
-—)
‘% h
1 2 seoe 10
10 NiCd Cells
in a Battery Pack
10 AH
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EcoNnomMics ANALYSIS

LIFE-CYCLE COST ANALYSIS
POINT DESIGN: PIPELINE STATUS MONITOR

Dollar Present Percent Total
Item Amount ($) Worth (3$) LCC cost (%)
1. CAPITAL COSTS:
Array $120 $120 8.5
Battery 240 240 17.0
BOS 90 90 6.5
Installation 250 250 17.7
A - SUBTOTAL (Equipment & Installation) 700 700 49.7
2. OPERATION & MAINTENANCE
B - Annual Inspection 50 745 52.9
3. REPLACEMENT: (YEAR)
C- NONE
4. SALVAGE: (YEAR)
D - 20% of Original 20 (140) (36) (2.6)
TOTAL LIFE-CYCLE COST(A+B +C-D) $1,409 100.0

ECONOMIC NOTES:

1) Capital cost does not include monitoring equipment or transmitter.

2) A nickel cadmium battery pack is used for this low power application for convenience and to eliminate
the need for regulation. The cost is $24 per amphour.

3) Smaller modules cost more on a per watt basis.

COST ELEMENTS AS A PERCENT OF LCC (%)

8%

17%

52%
6%
B installation

] oam
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DIRECT-DRIVE APPLICATIONS

Small dedicated loads that have a good correlation between power demand and
solar intensity may be connected directly to a PV module. No controller or battery is
used. The characteristic of the load dictates the operating point (voltage and current)
of the PV module. Many complete packages including PV source and load are now
available. Using one of these packages, even if it does not meet the requirements
precisely, will probably be less expensive that designing a system to meet a specific
load.

APPLICATIONS

* Ventilation Fans » Solar Tracking Devices
» Portable Radios » Solar Collector Pumps
e Toys

The efficiency of most loads will vary with operating voltage. For maximum
efficiency, the load should be operated near the peak power point of the selected
module. The current provided to the load will then vary directly with solar
irradiance. The load must be able to withstand the full range of PV module voltage
and the highest-irradiance-current without being damaged.

LOAD/ARRAY

No batteries are used. Some direct-drive systems have product storage. This
refers to heat storage or water storage that can be passively discharged after
system shutdown.

BATTERIES

Direct-Drive Applications 289
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DIRECT FAN )

No controller is required for these simple systems but some designers use a
commercialy available linear current booster to provide some matching between
the module and load. For simple motor |oads such as fans, a large capacitor may
be used to add some stability to the operating point of the load. Thermostats are
sometimes used to control the fan operation on hot air systems. A manual
disconnect switch should be used if the operator needs to turn the load on and off
frequently.

CONTROL

The system may be portable and no mounting required. On some sites, the PV
module is integrated into the equipment package and mounted as close to the
load as possible. Some amorphous silicon modules are being used for these
applications because of the low power required. Some of these modules are
lightweight and flexible and some can be folded or rolled up for storage.

MOUNTING

PoINT DEsicN No. 15

SOLAR COLLECTOR FAN

A ventilation fan was needed for a small washroom in a state park near
Carbondale, Colorado. A direct-drive PV powered fan was installed because daytime
ventilation would be sufficient. The park service engineers specified a required airflow
of 225 cubic feet per minute (cfm) at full sun. A 12-volt dc fan was found that would
deliver between 200 and 250 cfm with 1.5 amperes input and the fan manufacturer did
not think a current of 2 amperes would damage the motor as long as it occurred only on
rare occasions. Also, the fan motor would not be damaged by an open-circuit voltage
of 25 valts.

290 Direct-Drive Applications



KEeEY DESIGN INFORMATION

APPLICATION: Solar Fan

SITE: Carbondale, Colorado
LOCATION/ELEVATION: 39°2' N 107° 1" W 2500 m
ENVIRONMENT: Mountains

TEMPERATURE RANGE (°C): -2510 33
MAXIMUM WIND SPEED (m/s): 40
AVAILABILITY REQUIRED: Noncritical

INSTALLATION

The photovoltaic module was mounted on a frame attached to the roof of the
washroom and in line with the roof angle. The tilt angle of the roof was 30°—near
optimum for summertime energy generation. Also, the module was less likely to be
noticed when lying in the plane of the roof. A manual cutoff switch was installed in the
positive lead. The switch box was mounted high on the wall inside the building where
access was limited and it would not be turned off inadvertently. The wiring was run
from the module down the roof, through the wall to the switch, then along the ceiling
to the fan. Conduit was used for all wire runs.
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DIRECT DRIVE DESIGN NOTES:
WORKSHEET #1pp | MATCH THE ARRAY CURRENT AND LOAD CURRENT
1D | DEVICE LOAD
INFORMATION
Device Ven*fita%'ﬂg Far Nominal Maximum
Mode!l |FC 40-1QHE Voltage (V) (R KA
Make |[Hartel Current (A) /. H.0
2D | 3D | [D Jap | 5D | [D J6D | 7D | 8D |
Wire
Nominal Maximum Module Rated
Device Ef;lac‘::;rcy Design Derate g::r'eg:t Module Mo?:los
Current Current Factor Current
(A) (DECIMAL) (A) (DECIMAL) (A) (A) Paraliel
(& 99 = /72 5] 08 =l rs Bl /¥ =l /
9D | 10D 11D | 12D 13D |
Nominal Nominal Modules Modules Total
Device Module In in Modules 14D | 15D 16D
Voltage Voltage Serles Parallel Rated Modules Maximum
10 | (V) 0] (V) 8D | Module In Current
) [ /2 = / X / = / Current Parallel (A)
70 ] (A) 8D |
[ 1.25 [x] ~1¥¢ x| 7 = o) R

PV MODULE INFORMATION

Make/Model | UPM - 880 Nominal Volts | /R
o Length 47 | width | /4 |Thickness )
g_ Weight 3 1bs Bypass Diode | Y |@
g Voltage | At STC |open circuit |M "'T'Sr':fps;rftﬁ‘::cmd
> Y [Se 22 /5.0
= current | At STC |[Short Circuit i
%" A .4 /S
[72]

)

NVvd 1034ia

C
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DIRECT DRIVE WIRING AND PROTECTION HARDWARE SPECIFICATION

\

WIRE SIZING AND SPECIFICATION (DC SIDE)

Array to Load

(%)

o

Derate

17D 18D | 19D 20D | 21D| 22D 23D | 24D
System Maximum | One Way | Allowed Allowance AWG Wire
Wire Runs Voltage Current Length Voltage for Number Type
(V) (A) (FT) Drop Temperature

USE

Jun \.\Shf
Resistant

25D ARRAY TO LOAD DISCONNECT

Type DC Switch

Current Rating O (A)
Voltage Rating | QS (V)

26D

OVERCURRENT PROTECTION

Type

Current Rating

Enclosure Type

Alone

(A)

DESIGN NOTES:

)

- Nv4 103Hia
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Manual Switch

)

'NV4 103410
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1

Capacitor T

1 Module
22 Watts

12 VDC
Fan
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DIRECT FAN

EcoNnomMics ANALYSIS

LIFE-CYCLE COST ANALYSIS
POINT DESIGN: DIRECT FAN

Dollar Present Percent Total
Item Amount ($) Worth ($) LCC cost (%)
1. CAPITAL COSTS:
Array $243 $243 25.1
BOS 175 175 18.1
Installation 125 125 12.9
A - SUBTOTAL (Equipment & Installation) 543 543 56.1
2. OPERATION 8. MAINTENANCE
B - Annual Inspection 25 372 38.4
3. REPLACEMENT: (YEAR)
Fan 10 100 75 7.7
4.  SALVAGE: (YEAR)
D - 20% of Original 20 (84) (22) (2.2)
TOTAL LIFE-CYCLE COST (A +B +C-D) $968 100.0

ECONOMIC NOTES:

1) The fan is included in this LCC analysis because a package system that included PV module, starting

circuit, and fan was obtained for a cost of $243.00

COST ELEMENTS AS A PERCENT OF LCC (%)

8%

36%

13%

[ Array & Fan
0l Bos
Installation
M oam

O Replacement

Direct-Drive Application
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PROTECTION

CATHODIC PROTECTION

Federa regulations in the United States require any underground metal storage
tanks holding toxic materials or petrochemicals to have cathodic protection. In
addition, there are thousands of miles of pipelines and thousands of well casings that
are corrosion protected using cathodic protection. PV systems have been used success-
fully for this application, particularly in instances where the current requirements are
small and there is no ready access to utility power grids. The use of PV for this
application will increase as the effectiveness of metal coatings decrease current de-
mand, and as the advantages of PV are better understood by the corrosion protection
engineering community. Determining the amount of current required to protect a metal
structure is not straightforward and is a challenge for experienced corrosion engineers.
The smplified method presented here demonstrates one method of determining the
required protection current for a small cathodic protection system. It is not intended as

specific guidance for corrosion protection systems. After the amount of current has
been determined, PV sizing is similar to that of other applications.

APPLICATIONS
e Corrosion Control

Metals corrode because of ion loss to an electrolyte. When metals are buried, the
water and acids in the soil serve as an electrolyte and provide a medium for
electron flow. Cathodic protection is achieved by causing a current to flow to the
metal to be protected. This can be done by burying a sacrificial anode or by using
an external power source to impress a current on the metal to be protected. Only
the impressed current method is considered here. The load is the amount of
current required to overcome the potential between the metal (anode) and the
surrounding electrolyte.

LOAD
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PROTECTION

For systems that are to protect a structure like a tank, the PV array will likely be
installed near the tank. For pipelines or distributed structures, the PV array may
be installed near the buried anodes (multiple anodes are needed for distributed
systems.) In either case, the array should be installed where the probability of
theft or vandalism is diminished. Pole mounting may decrease vandalism but
increases the length of wire runs. The array should be mounted as close to the load
as practical. If the application isin a coastal area, the modules should be capable
of operating for 20+ years in a salt spray environment. Wiring should be heavy-
duty USE or UF type cable with al connections in water-tight junction boxes with
strain relief connectors. All module to module wiring should be laced and
attached to the support structure with wire ties. The array should be grounded
and the structure to be protected can often serve as the ground point.

ARRAY

Batteries are used for amost all PV powered cathodic protection systems. This
may change in the future if it is determined that diurnal impression of current will
provide a sufficient level of protection for some structures. If batteries are used,
deep cycle lead acid or nickel cadmium types are recommended. Lead-calcium
batteries that are intended for float applications are not acceptable. Batteries
should be located in a weather-resistant enclosure. Nonmetallic enclosures are
recommended, particularly in a marine environment. A fused disconnect switch
in the battery-load circuit makes maintenance easier and the fuse is sized to
protect the wiring.

BATTERIES

For systems installed in remote areas, the reliability of a charge controller is
critical. Load currents are less than 3 amperes for most CP applications that use
PV power. Install the controller in a weather resistant box near the batteries. Some
small CP systems are wired direct with no controller. In these cases, the battery
must be large enough to accept charging current over an extended period of good
weather.

CONTROL
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PV arrays may be ground mounted or pole mounted. If mounted on the ground,
they should be fenced to prevent access by animals or unauthorized persons.
Elevating the array above the structure may decrease the possibility of vandalism.
Array structures should be anodized aluminum, galvanized, or stainless steel
designed for maximum anticipated wind velocities. Stainless steel fasteners with
lockwashers, nylock, or pel nuts are advised. Locate al subsystems adjacent to the
load to keep wire runs to a minimum.

MOUNTING

PoINT DESIGN No. 16

This point design illustrates a ssimple system that might be installed without the
aid of an experienced corrosion engineer. A small business operator wants to provide
some corrosion protection for a metal tank he uses periodically to store non-hazardous
chemicals. The tank may not be used for severa months at a time but when it is needed,
the owner wants to be assured that it will not leak. He plans to design and install the
cathodic protection system himself but he gets the tank supplier to coat the tank and
then estimate the current required to protect it when buried in that area.

KEY DESIGN INFORMATION

APPLICATION: Protection for a metal tank
SITE: Doyline, Louisiana
LOCATION/ELEVATION: 30°50' N 94° W 55m
ENVIRONMENT: Framland; damp loam soil

TEMPERATURE RANGE (°C): -510 37
MAXIMUM WIND SPEED (m/s): 40
AVAILABILITY REQUIRED: Non-critical

INSTALLATION

The array, control box, and battery container were installed on a 10" steel pole
supported by a concrete foundation. The wiring from the array to the control box was
installed in conduit. A pole mounting hardware kit was supplied by the manufacturer
of the photovoltaic module. A non-glass module was chosen because it is resistant to
vandalism. The control box and battery container were made of heavy gauge steel with
padlocks. The conductors from the battery/control box were installed in conduit and
run down the pole. Once underground, the cable is buried without conduit since its
insulation is suitable for underground placement. Sealed batteries were specified in this
design to reduce the amount of service required.
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CATHODIC PROTECTION
WORKSHEET #1 CP

NOTES:

LOAD CURRENT DETERMINATION

1c Metalliﬁl Total .J—CJ Bare .ic—] Meta'lls_cl
Coatin Metal Metal Protection Estimated Measured
Efficiengy Surface Surface Current Protection Protection
(DECIMAL) Area Area Density Current Current
(FT?) (FT?) (A/FT 2) (A) (A)
[ 1.0 [-] x =] x| = 0-25
c
1) USE 5C TO ESTIMATE LOAD CURRENT IF ACTUAL ¢l ec] Lo fsc]
FIELD MEASUREMENTS ARE NOT AVAILABLE. Required Rated Number
2) CC IS THE ABBREVIATION FOR Protection Anode of
) B o W oo o _Surwnt | o | Anades
. A
ONE ANODE IS USED. 5¢ ‘2’)6‘:25 | il) T
. -+ =
1oc] Lo_lc] ”CISingleID 13¢| | o Jac] 15C] 16C|
Soil Conversion Anode Multiple Anode(s) Required Required
Resistivit Factor Resistance Anoge Resistance| Protection System
(OHM/CC)y to Earth Factor to Earth Current Voltage
(OHMS) (OHMS) 7°|
12,500 [:1 1000 |x] 3.5 x| 1 [=/43.8 |x[ 0.25 |5 10.9
17¢] 18c| Lo_lisc| 20| | o Ric] | o [22c]
Required Daily Amp Hour Eff:z::lc Battery Corrected
Protection Duty Load Factor y Efficiency | Amp-Hour
Current Cycle (AH/DAY) (DECIMAL) Factor Load
7_c| (HRS/DAY) (DECIMAL)| (AH/DAY)
0.25 x| 24 =l & +| + 9 K 6.7

DESIGN NOTES:

Used single
%\'\’)re

5. grap
anode &'

dia meter

)
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gj WORKSHEET #2 | DESIGN CURRENT AND ARRAY TILT
e
- ;
S p’ 21| System Location Doyline , LA Latitude 32°s'N Longitude qy° (W
= EH
2 Insolation Location |New Orleans, LA Latitude 29°859'N Longitude q0° 15 ' W
o
3 Tilt at Latitude -15° Tilt at Latitude Tilt at Latitude +15°
4 IMER 234 2a4] I [ P 23] 2ad]
Y ;
> 3 Corrected Peak Design Corrected Peak Design Corrected Peak Deslign
T Load Sun Current Load Sun Current Load Sun Current
u| (AH/DAY) | (HRS/DAY) (A) (AH/DAY) | (HRS/DAY) (A) (AH/DAY) | (HRS/DAY) (A)
[20]
6.7 +H 3 H 21 -1 +] 3.56 |=| -9 b7 + 379 |=| /¥
F - = - = -+ =
M -+ = - = - =
A + = -+ = = =
M < = + = -+ =|
A + = = = + =
S -+ = - = - =
o = =| = = - =
N + = + = + =
ol &.7 +H 34 |5 2./ b-7 +H 360 |5 19 6-7 < 3.8 = 1.7
| Select the largest design current and corresponding peak sun from each latitude and enter below ]
Latitude -15° Latitude Latitude +15°
25A [26A] 258 26B] 25C 26C|
Peak Design Peak Design eak Design
Sun Current Sun Current Sun Current
(HRS/DAY) (A) (HRS/DAY) (A) (HRS/DAY)
3.14 21 3.56 /-9 3.7
[ e i i Now select the smallest design current and corresponding peak sun- =~
_]fP“'(-rif ~ De
NOTE: DO NOT MIX TRACKING AND FIXED ARRAY DATA ON THE SAME SHEET. .~ Sum - £ current
(HRS/DAY (A)
8 3.79 /-8
- Tht

Anglo

DESIGN NOTES:

O
>
-
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WORKSHEET #3

CALCULATE SYSTEM BATTERY SIZE

D ED) I ) EX) R Y €7 BIED) ] 5]
Corrected Maximum Derate Required |Capacity of
Amp-Hour | Storage Depth of for Beaqt':errey Selected Batt'zrles
Load Days Discharge |Temperature Capacity Battery Parallel
20] (AH/DAY) (DECIMAL) (DECIMAL) (AH) (AH)
e-7 X 7 H o7 |*F / =l 57« |+ 55 = /
36 37 ﬁl [39] 40|
NOTE: BLOCK 35. ROUND UP Nominal Nominal Batterles | Batteries
FOR CONSERVATIVE DESIGN. System Battery in in Total
Voltage Voltage Series Parallel Batteries
v) v —
BATTERY INFORMATION g_l 3
/R - /=2 = / X / = /
Make | Johnson Controls
Model G,c /&5‘50 8 ﬂI a2 _42] ﬂ | a5
Maximum
Type . Capacity of System Usable
Sealed Lead Aeid Batlt:rles Selected Battery Dtl)epthh of Battery
Battery Capacity scharge| capacity
Nominal Voltage (V
ge (V) /R EIParallel — (AH) (AH) _ (DECIMAL) (AH)
Rated Capacity (AH) | &5 / X 55 |= 55 x| ©.7 =| 388

NOTE: USE MANUFACTURER'S DATA TO FILL
IN BATTERY INFORMATION BLOCK

\

DESIGN NOTES:
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WORKSHEET #4 | CALCULATE SYSTEM ARRAY SIZE DESIGN NOTES:
4_5]Design }ﬂ]ModuleuﬁlDerated ﬂ-l Rated I D 150 Modules
Current Derate Design Module in
(A) Factor Current Current
0] (DECIMAL) (A) (A) Parallel
/¥ = 0.9 |s[=00 ] 725 |=] /
1 | 52] Voltage [54]Highest [55] 56 | 57]
Nominal Batteries Required |Temperature{ Modules Modules Total
Battery in for Module in in Modules
Voltage | __ Series Load Voltage Serles __Parallel
37 38 (V) V) 50
[ 1.20 x| /2 X / [ A 121 s 1=l 7 X / = 7
59 60
o | ] Rated [ Rated
Module Array
NOTE: USE MANUFACTURER’'S SPECIFICATIONS Current Current
TO FILL IN PV MODULE INFORMATION BLOCK. (A) (A)
Modules —
In /- 75 il
Parallel
Module Array
PV MODULE INFORMATION Short Short
Circuit Clrcult
Make/Model | MSX 304 Nominal Volts /R Current Current
Length 24 | Width | 9 |Thickness 0.4 (A) (A)
X . = .
Weight S /bs. Bypass Diode | Y l@ _SO—I | /2 | 72
At Highest Expected 63 64 85 A huybrid system
Voltage At STC |Open Circuit Tgmepserat’l‘f:‘:ce o3 | 4 pated |2 Array \ 3*‘ Y .
V) Module Rated I3 NOT reasonabie
171 AR 2~ Voltage Voltage ‘QOV‘{'\/\\S small
i v ' .
Current At STC [Short Circuit Modules ) V) jdemana appli -
W /75 In .7z /2.0 |cation.
S /7 :
Series
Open A
NOTES: BLOCK 50 - ROUND UP FOR CONSERVATIVE DESIGN. Circult rray
BLOCK 55 - ROUND UP OR SELECT ANOTHER MODULE WITH Module Open. Circuit
SUFFICIENT VOLTAGE TO CHARGE THE BATTERIES WHEN Voltage Voltage
OPERATING AT THE HIGHEST EXPECTED TEMPERATURE. (V) (V)
A 1=1 A

("NOIL0310Hd DIGOHLYD )
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CONTROLLER SPECIFICATION

\ DESIGN NOTES:

ﬂl Array E.I _23_] ﬂ]

Short Minimum Rated Controllers
Circuit Controller Controller in
Current Current C=rrent Parallel

62] (A) (A) (A)

1.25 x| 79 =]z« <] # |9 /

Make/Model Bobier Nj-2

Rated Voltage /2.0
Rated Current z
Features

Temperature Compensation

Reverse Current Protection
Adjustabl et Points (X

High Voltage Disconnect

High Voltage Re-connect

Low Voltage Disconnect

Low Voltage Re-connect
Meters

Battery Voltage

Array Current

Load Current
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PROTECTION COMPONENTS SPECIFICATION

. Protection Device Rated Rated
Protected Circuit Description
Switch|Diodel Fusel Movistor| Current | Voltage P
Battery Ou‘t?u“t v v ) 10 | Fused Disconned]

5] =

Q
w
=

o

®

o
©
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DC WIRE SIZING SPECIFICATION

R
3o
1] =2 =3 LI GO i £ DESIGN NOTES: |G O
System Maximum | One Way | Allowed | Allowance AWG Wire =0
Wire Runs Voltage Current Length Voltage for Number Type Q0
v) (A) (FT) Drop |Temperature =

(%) Derate

Array Circult
Module to Module

Array to Controller -
or Battery /12 -'9 S Q2% | 20% | THHN
DC Circults | ' '
Battery to Battery
Battery to # THHN - nylon jacket
DC Loads /=2 0-3 50 | % | 0% M | tor clamp Taations

Branch Circuits

m o o >»

Battery Charger
to Batterles

Battery to Inverter
Or Converter

~ System Grounding Wire Type AWG Number | Type of Earth Ground
E9

£ Equipment Ground Rare Copper #* 7o buried pipe
E10

E1d System Ground Rare Copper # To buried pipe
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EcoNnomics ANALYSIS
LIFE-CYCLE COST ANALYSIS

POINT DESIGN: CATHODIC PROTECTION

Dollar Present Percent Total
Item Amount ($) Worth ($) LCC cost (%)
1. CAPITAL COSTS:
Array $195 $195 7.6
Battery 110 110 4.3
BOS + Hardware 345 345 135
Installation 500 500 19.6
A - SUBTOTAL (Equipment & Installation) 1,150 1,150 45.0
2. OPERATION & MAINTENANCE
B - Annual Inspection 75 1,116 43.7
3. REPLACEMENT: (YEAR)
Battery 5 110 95 3.7
Battery 10 110 82 3.2
Battery 15 110 71 2.8
Controller 10 96 71 2.8
C - SUBTOTAL (Replacement) 426 319 12.5
4, SALVAGE: (YEAR)
D - 20% of Original 20 (130) (34) (1.2)
TOTAL LIFE-CYCLE COST (A +B + C - D) $2,551 100.0

ECONOMIC NOTES:
1) Anodes not included in the LCC figures.
2) Initial power system costs are only 12% of total life cycle costs.

12% 8%

COST ELEMENTS AS A PERCENT OF LCC (%)

1 BOS

0 oam

[ | Installation

[J Replacement

308
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A PPENDIX A
INSOLATION DATA

Obtain insolation data from local sources if possible. Airports, meteorological
stations, universities, government ministries, or other sources in the country should be
contacted to determine if they have accurate data for specific locations. The following data
for selected cities plus the 12 world maps are included for use when local insolation data
are not available.

The data for the cities in the United States were processed by the Photovoltaic Design
Assistance Center at Sandia National Laboratories in Albuquerque, New Mexico. The data
for the worldwide cities were processed by the Southwest Technology Development
Institute using a modified clear sky model to predict daily solar insolation values for
different array orientations and tilt angles.

The world maps indicate seasonal data. These maps are published in Water
Pumping: The Solar Alternative (See Recommended Reading, page 86). The seasons
mentioned in the titles for each chart (spring, summer, autumn and winter) are for the
northern hemisphere. The tilt angle is referenced to horizontal.

Data in a compatible format for 239 sites in the United States and its territories is
available in Solar Radiation Data Manual for Flat-Plate and Concentrating Collectors (See
Recommended Reading, page 86).

Appendix A: Insolation Data A-1
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INSOLATION

INDEX

(In alphabetical order by state)

Birmingham, Alabama
Fairbanks, Alaska
Phoenix, Arizona
Daggett, California
Fresno, California
Sacramento, California
San Diego, California
Denver, Colorado
Washington, D. C.
Miami, Florida

© 00 N O Ul MW N

=
— O

Orlando, Florida
Atlanta, Georgia
Honolulu, Hawaii

New Orleans, Louisiana
Caribou, Maine
Boston, Massachusetts
Detroit, Michigan
Columbia, Missouri
Great Falls, Montana
Omaha, Nebraska
Elko, Nevada

N N = PP PR
_ O © 0 ~N O Ul M oy N

Appendix A: Insolation Data

22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42

Las Vegas, Nevada
Albuguerque, New Mexico
Syracuse, New York
Raleigh-Durham, N. Carolina
Bismarck, North Dakota
Oklahoma City, Oklahoma
Medford, Oregon
Pittsburgh, Pennsylvania
San Juan, Puerto Rico
Nashville, Tennessee
Austin, Texas

Brownsville, Texas

El Paso, Texas

Fort Worth, Texas

Bryce Canyon, Utah
Seattle, Washington
Madison, Wisconsin
Buenos Aires, Argentina
Quito, Ecuador

Mexico D. F., Mexico
Caracas, Venezuela

A-3



43 Biskra, Algeria

44 Luanda, Angola

45 Darwin, Australia

46 Melbourne, Australia
47 Shanghai, China

48 Paris-St. Maur, France

A-4

INSOLATION INDEX
(In alphabetical order by country)

49 New Delhi, India

50
51
52
53
54

Tokyo, Japan
Nairobi, Kenya
Ulan-Bator, Mongolia
Stockholm, Sweden
Bangkok, Thailand

Appendix A: Insolation Data
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AVERAGE DAILY INSOLATION AVAILABILITY

BIRMINGHAM, ALABAMA

(KWH/M2)

LOCATION: 33° 34'N, 86° 45' W, 192 Meters

JAN FEB MAR | APR MAY JUN | JUL AUG SEP |OCT NOV DEC |YR
LATITUDE TILT -15 (°)
Fixed Array 291 362 457 | 548 6.07 b575]| 560 542 518 |469 346 274 4.63
1-Axis North South
Tracking Array 364 457 6.17 | 733 792 731| 700 680 6.66 | 6.00 441 348 5.95
LATITUDE TILT (°)
Fixed Array 329 396 475 | 544 578 536| 527 529 531 |511 392 3.17}| 4.72
1-Axis North South
Tracking Array 394 482 630 731 772 703)]| 6.76 6.70 6.75 | 632 4.76 3.81| 6.03
LATITUDE TILT +15 (°)
Fixed Array 351 409 469 | 513 521 473)| 470 491 517 | 526 4.18 3.43| 4.59
1-Axis North South
Tracking Array 410 492 625 | 708 733 660)] 637 6.42 6.63 | 643 495 402 5.93
TWO AXIS TRACKING 415 492 630| 736 799 744 710 6.82 6.75 | 6.43 499 408 6.20
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AVERAGE DAILY INSOLATION AVAILABILITY

FAIRBANKS, ALASKA

(KWH/M2)

LOCATION: 64° 49" N, 147° 52’ W, 138 Meters

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC |YR
LATITUDE TILT -15 (°)
Fixed Array 0.31 2.30 494 575 576 5.38 525 410 3.62 250 0.84 0.00 |3.40
1-Axis North South
Tracking Array 0.32 258 642 849 895 8.40 789 574 481 294 090 0.00 [4.80
LATITUDE TILT (°)
Fixed Array 0.35 254 519 5.68 5.43 497 488 393 3.68 2.69 0.95 0.00 |3.36
1-Axis North South
Tracking Array 0.36 2.79 6.62 8.46 8.77 8.19 7.69 564 486 3.11 0.99 0.00 |4.80
LATITUDE TILT +15 (°)
Fixed Array 0.37 2.62 5.13 529 483 434 430 357 354 273 099 0.00 |3.14
1-Axis North South
Tracking Array 0.38 2.86 6.56 8.18 8.40 7.84 7.34 540 4.75 3.14 1.03 0.00 |4.66
TWO AXIS TRACKING 0.38 2.87 6.62 8.52 9.13 8.73 8.12 5.79 4187 3.15 1.04 0.00 [4.94
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PHOENIX, ARIZONA

AVERAGE DAILY INSOLATION AVAILABILITY

(KWH/M2)

LOCATION: 33° 26" N, 112° 01' W, 339 Meters

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC | YR
LATITUDE TILT -15 (°)
Fixed Array 452 570 6.85 7.87 850 8.21 760 752 7.28 6.18 523 4.15| 6.64
1-Axis North South
Tracking Array 592 7.63 9.53 11.22 1254 11.91 10.01 10.25 9.94 8.27 6.74 5.38 [9.11
LATITUDE TILT (°)
Fixed Array 531 6.42 7.28 7.84 800 7.54 711 7.32 7.55 6.82 6.07 494 |6.85
1-Axis North South
Tracking Array 6.53 8.17 9.85 11.21 12.23 11.47 966 10.12 10.14 8.75 7.40 5.99 |9.29
LATITUDE TILT +15 (°)
Fixed Array 579 6.76 7.30 7.37 7.07 6.47 6.25 6.73 7.39 707 656 543 |6.68
1-Axis North South
Tracking Array 6.90 8.42 9.84 10.88 11.62 10.78 9.06 9.70 10.01 892 7.78 6.38 |9.19
TWO AXIS TRACKING 6.99 8.41 9.87 11.28 12.69 12.20 10.13 10.29 10.13 890 7.84 6.50]( 9.60
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DAGGETT, CALIFORNIA
AVERAGE DAILY INSOLATION AVAILABILITY

(KWH/M?2)

LOCATION: 34° 52" N, 116° 47'W, 588 Meters

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC | YR
LATITUDE TILT -15 (°)
Fixed Array 435 545 6.60 7.75 8.26 8.34 8.17 7.86 7.33 6.16 4.76 3.96 |6.59
1-Axis North South
Tracking Array 547 7.18 9.05 11.20 12.13 12.48 11.93 11.04 10.21 8.18 6.13 4.89|9.17
LATITUDE TILT (°)
Fixed Array 5.07 6.13 7.01 772 7.79 7.65 759 7.66 7.60 6.80 552 4.67 |6.77
1-Axis North South
Tracking Array 6.05 7.70 9.36 11.20 11.83 12.04 11.56 10.92 1041 8.66 6.72 5.47 [9.33
LATITUDE TILT +15 (°)
Fixed Array 551 6.45 7.03 7.26 6.90 6.54 6.60 7.03 7.44 7.05 595 511 |6.57
1-Axis North South
Tracking Array 6.40 7.93 9.35 10.88 11.25 11.35 10.92 10.49 10.27 884 7.06 5.83]9.22
TWO AXIS TRACKING 6.47 7.92 9.38 11.26 12.27 12.80 12.15 11.09 10.39 881 7.11 5.93|9.64
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FRESNO, CALIFORNIA
AVERAGE DAILY INSOLATION AVAILABILITY

(KWH/M?)

LOCATION: 36° 46’ N, 119° 43’ W, 100 Meters

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC (YR
LATITUDE TILT -15 (°)
Fixed Array 2.89 427 6.04 7.31 7.93 8.29 8.38 8.01 7.54 6.04 411 245 |6.11
1-Axis North South
Tracking Array 3.44 541 8.26 10.29 11.73 12.28 12.60 11.45 10.57 790 520 2.851]8.51
LATITUDE TILT (°)
Fixed Array 3.28 471 6.37 7.29 747 7.62 778 7.80 7.82 6.66 471 2.78 |6.20
1-Axis North South
Tracking Array 3.75 575 851 10.30 11.44 11.85 12.22 11.32 10.79 8.38 5.67 3.13]| 8.60
LATITUDE TILT +15 (°)
Fixed Array 348 489 6.34 6.88 6.63 6.54 6.77 7.15 7.66 6.89 504 297|594
1-Axis North South
Tracking Array 3.92 588 8.47 10.00 10.89 11.16 11.57 10.88 10.65 854 593 3.29]| 8.44
TWO AXIS TRACKING 3.96 587 851 10.35 11.87 12.58 12.84 11.49 10.77 851 596 3.33] 8.85
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SACRAMENTO, CALIFORNIA

AVERAGE DAILY INSOLATION AVAILABILITY

LOCATION: 38° 31’ N, 121° 30" W, 8 Meters

(KWH/M2)

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC (YR
LATITUDE TILT -15 (°)
Fixed Array 2.84 3.83 5.63 7.01 7.63 8.13 8.39 8.08 7.31 555 3.89 247 |5091
1-Axis North South
Tracking Array 3.33 485 7.57 998 11.29 12.27 12.43 11.57 10.18 7.27 490 2.87|8.22
LATITUDE TILT (°)
Fixed Array 3.22 423 5093 6.97 7.20 7.47 780 7.86 7.58 6.10 447 2.83 |5.98
1-Axis North South
Tracking Array 3.65 516 7.79 997 11.02 11.85 12.05 11.44 10.38 7.69 535 3.17 |8.31
LATITUDE TILT +15 ()
Fixed Array 343 440 591 6.55 6.39 641 6.78 7.21 7.41 6.30 4.79 3.03 |5.72
1-Axis North South
Tracking Array 3.83 528 7.76 9.67 10.50 11.20 11.40 10.99 10.24 7.82 561 3.35(8.15
TWO AXIS TRACKING 3.87 5.29 7.80 10.03 11.42 12.58 1265 11.61 10.36 781 564 3.40]| 855
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SAN DIEGO, CALIFORNIA
AVERAGE DAILY INSOLATION AVAILABILITY

(KWH/M2)
LOCATION: 32° 44’ N, 117° 10’ W, 9 Meters

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC |YR

LATITUDE TILT -15 (°)

Fixed Array 406 5.07 5.87 6.45 6.33 6.18 6.85 6.94 5.93 533 441 3.85 |5.61
1-Axis North South

Tracking Array 528 6.58 7.93 8.57 8.10 7.77 8.83 891 7.46 6.80 560 490 |7.23
LATITUDE TILT (°)

Fixed Array 473 566 6.21 6.42 6.02 5.76 6.43 6.80 6.10 584 506 454 |5.80
1-Axis North South

Tracking Array 579 7.03 8.18 855 7.89 7.48 854 881 7.59 720 6.11 545 |7.39
LATITUDE TILT +15 (°)

Fixed Array 512 593 6.21 6.06 542 5.07 570 6.29 594 6.03 543 498 |5.68
1-Axis North South

Tracking Array 6.09 7.23 8.16 8.28 7.47 6.99 8.02 8.44 7.46 733 6.39 579 |7.31
TWO AXIS TRACKING 6.16 7.22 8.20 8.61 8.16 7.92 894 894 7.59 7.32 6.43 590 |7.62
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DENVER, COLORADO
AVERAGE DAILY INSOLATION AVAILABILITY

(KWH/M?2)

LOCATION: 39° 45’ N, 104° 52" W, 1625 Meters

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC |YR
LATITUDE TILT -15 (°)
Fixed Array 432 494 6.42 6.69 7.07 7.22 7.32 6.84 6.78 592 437 4.05 |6.00
1-Axis North South
Tracking Array 549 655 8.92 9.37 10.10 10.27 10.30 9.39 943 794 564 5.06 |8.21
LATITUDE TILT (°)
Fixed Array 5.07 554 6.80 6.65 6.69 6.67 6.84 6.66 7.02 6.53 505 481 |6.20
1-Axis North South
Tracking Array 6.08 7.00 9.20 9.36 9.86 9.91 9.99 929 961 8.40 6.17 5.67 |8.39
LATITUDE TILT +15 (°)
Fixed Array 551 581 6.80 6.24 597 5.78 6.01 6.13 6.85 6.75 5.43 5.28 [6.05
1-Axis North South
Tracking Array 6.43 7.19 9.18 9.07 939 934 945 892 948 855 6.46 6.06 |8.30
TWO AXIS TRACKING 6.50 7.19 9.21 941 10.22 10.50 10.47 9.43 9.60 853 6.50 6.16 | 8.65
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WASHINGTON, D.C.
AVERAGE DAILY INSOLATION AVAILABILITY

(KWH/M2)
LOCATION: 38° 57’ N, 77° 27' W, 88 Meters

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC | YR

LATITUDE TILT -15 (°)

Fixed Array 283 345 4.48 5.11 546 5.87 539 565 4.78 403 3.07 2.29 | 4.37

1-Axis North South
Tracking Array 343 431 5.83 6.77 7.27 7.64 6.83 7.34 5.99 500 3.84 2.68 |5.58

LATITUDE TILT (°)

Fixed Array 3.24 3.78 4.68 5.07 5.18 5.48 5.06 549 4.87 437 347 2.64 |4.45

1-Axis North South
Tracking Array 3.77 457 5.98 6.75 7.08 7.37 6.61 7.23 6.07 5.26 4.16 2.97 |5.66

LATITUDE TILT +15 (°)

Fixed Array 3.47 392 4.63 477 465 4.83 451 5.07 4.72 447 3.68 2.83 [4.30

1-Axis North South
Tracking Array 395 467 5.93 6.53 6.72 6.92 6.23 6.92 5.95 533 432 3.14 |5.56

TWO AXIS TRACKING 3.99 467 5.99 6.80 7.35 7.79 6.93 7.37 6.07 533 434 3.18 [5.82
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MIAMI, FLORIDA
AVERAGE DAILY INSOLATION AVAILABILITY

(KWH/M?2)

LOCATION: 25° 48' N, 80° 16" W, 2 Meters

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC | YR
LATITUDE TILT -15 (°)
Fixed Array 3.77 4.71 5.38 6.15 5.61 5.18 543 5.39 492 440 427 3.79 |4.92
1-Axis North South
Tracking Array 479 6.04 7.19 8.00 7.14 6.24 6.74 6.47 6.03 566 552 494 |6.23
LATITUDE TILT (°)
Fixed Array 431 5.21 5.67 6.12 5.34 4.86 5.12 5.27 5.03 475 487 4.41 |5.08
1-Axis North South
Tracking Array 5.19 6.42 7.40 7.98 6.95 6.00 6.52 6.38 6.10 591 597 5.40 |6.35
LATITUDE TILT +15 (°)
Fixed Array 462 545 567 5.79 483 4.33 459 490 4.90 485 520 4.81 |[4.99
1-Axis North South
Tracking Array 543 659 7.38 7.72 659 562 6.14 6.09 5.99 597 6.22 5.70 |6.28
TWO AXIS TRACKING 549 659 7.42 8.04 7.20 6.35 6.83 6.49 6.11 598 6.27 5.80 |6.55
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ORLANDO, FLORIDA
AVERAGE DAILY INSOLATION AVAILABILITY

(KWH/M2)

LOCATION: 28° 33' N, 81° 20’ W, 36 Meters

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC | YR
LATITUDE TILT -15 (°)
Fixed Array 3.83 457 542 6.25 6.31 5.60 559 535 491 467 426 3.50 |5.02
1-Axis North South
Tracking Array 489 583 7.41 856 8.29 6.90 6.82 6.58 6.02 587 551 442 |6.43
LATITUDE TILT (°)
Fixed Array 439 505 5.70 6.19 598 525 527 521 499 504 487 405 |517
1-Axis North South
Tracking Array 532 6.18 7.61 853 8.07 6.64 6.59 6.48 6.07 6.15 597 484 |6.54
LATITUDE TILT +15 (°)
Fixed Array 472 525 5.68 583 5.38 4.67 473 484 4.83 516 521 439 |5.06
1-Axis North South
Tracking Array 556 6.33 7.57 826 7.64 6.23 6.19 6.20 5.94 6.23 6.22 5.10 |6.46
TWO AXIS TRACKING 563 6.34 7.62 859 8.37 7.02 6.90 6.60 6.08 6.24 6.27 5.19 |6.74
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ATLANTA, GEORGIA
AVERAGE DAILY INSOLATION AVAILABILITY

(KWH/M2)
LOCATION: 33° 39’ N, 84° 36' W, 315 Meters

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC |[YR

LATITUDE TILT -15 (°)

Fixed Array 287 3.61 4.77 5.56 6.26 5.84 590 5.83 4.69 484 3.69 295 (4.74

1-Axis North South
Tracking Array 3.68 457 6.45 755 8.32 7.46 754 745 5.87 6.17 4.76 3.80 |[6.14

LATITUDE TILT (°)

Fixed Array 3.27 396 4.98 5.52 5.95 5.44 554 5.69 4.79 5.29 421 3.43 (4.84

1-Axis North South
Tracking Array 3.98 483 6.61 752 811 7.18 729 7.34 5.95 651 515 4.16 |6.23

LATITUDE TILT +15 (°)
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Fixed Array 349 410 4.94 5.20 5.34 4.79 493 5.27 4.66 544 450 3.72 (4.70

1-Axis North South
Tracking Array 415 494 6.56 729 7.69 6.74 6.87 7.04 584 6.62 537 438 [6.13

TWO AXIS TRACKING 419 495 6.61 7.58 8.40 7.60 764 7.47 5.96 6.62 541 4.46 (6.42
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HONOLULU, HAWAII
AVERAGE DAILY INSOLATION AVAILABILITY

(KWH/M2)

LOCATION: 21° 20’ N, 157° 55’ W, 5 Meters

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC |YR
LATITUDE TILT -15 (°)
Fixed Array 3.97 463 5.30 574 6.20 6.10 6.29 6.31 594 502 420 384 |5.30
1-Axis North South
Tracking Array 497 584 6.80 740 791 7.63 8.18 8.25 7.74 645 536 481 |6.78
LATITUDE TILT (°)
Fixed Array 451 5.09 554 571 591 5.70 591 6.16 6.10 543 476 444 |544
1-Axis North South
Tracking Array 538 6.18 696 | 737 7.70 733 | 790 8.13 7.85 |6.75 578 5.27 |6.89
LATITUDE TILT +15 (°)
Fixed Array 483 529 551 541 534 5.05 526 5.70 5.96 557 508 480 |5.32
1-Axis North South
Tracking Array 563 6.32 6.92 713 7.28 6.86 744 7.79 7.72 6.84 6.01 555 |6.79
TWO AXIS TRACKING 568 6.33 6.98 743 799 7.77 8.30 8.28 7.85 6.85 6.06 564 |7.10
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NEW ORLEANS, LOUISIANA
AVERAGE DAILY INSOLATION AVAILABILITY

(KWH/M2)
LOCATION: 29° 59' N, 90° 15’ W, 3 Meters

JAN FEB MAR | APR MAY JUN| JUL AUG SEP |OCT NOV DEC|YR

LATITUDE TILT -15 (°)

Fixed Array 3.14 397 495 5.60 6.16 5.84 555 559 524 5.04 3.66 3.14 [4.83

1-Axis North South
Tracking Array 390 492 6.66 7.39 8.08 7.44 6.94 7.04 6.62 6.48 4.68 3.88 |6.17

LATITUDE TILT ()

Fixed Array 3.56 4.35 5.19 5.58 5.86 5.45 5.23 547 5.39 550 4.16 3.60 [4.95

1-Axis North South
Tracking Array 422 522 6.83 7.37 7.86 7.16 6.71 6.95 6.73 6.82 5.05 4.24 |6.27

LATITUDE TILT +15 (°)

Fixed Array 3.79 450 5.16 5.28 5.27 4.80 467 5.08 5.26 5.66 4.44 3.88 [4.82

1-Axis North South
Tracking Array 440 5.33 6.79 7.14 745 6.71 6.31 6.67 6.62 6.93 526 4.46 |6.18

TWO AXIS TRACKING 445 534 6.84 7.42 8.15 7.58 7.03 7.07 6.73 6.93 531 452 |6.45
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CARIBOU, MAINE
AVERAGE DAILY INSOLATION AVAILABILITY

(KWH/M2)
LOCATION: 46° 52’ N, 68° 01' W, 190 Meters

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC |YR

BjeQ uoile|osu| (v xipuaddy

LATITUDE TILT -15 (°)

Fixed Array 233 3.78 5.06 5.26 5.24 5.60 5.53 5.05 4.10 3.16 192 1.80 [4.07

1-Axis North South
Tracking Array 273 471 6.61 703 7.29 7.73 7.62 6.86 511 3.98 2.18 2.08 |[5.33

LATITUDE TILT (°)

Fixed Array 265 417 531 5.22 495 519 5.17 4.88 4.19 340 2.13 207 (411

1-Axis North South
Tracking Array 3.00 5.03 6.80 701 7.10 7.46 7.38 6.75 5.18 416 2.37 2.31 |5.38

LATITUDE TILT +15 (°)

Fixed Array 283 432 5.27 491 442 454 456 4.47 4.05 345 223 222 |3.94

1-Axis North South
Tracking Array 3.15 514 6.76 6.79 6.75 7.04 6.99 6.47 5.07 419 245 244 |5.27

TWO AXIS TRACKING 3.17 5.14 6.82 7.07 7.38 7.92 7.75 6.89 5.18 420 247 247 (554
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BOSTON, MASSACHUSETTS

AVERAGE DAILY INSOLATION AVAILABILITY

(KWH/M2)

LOCATION: 41° 40’ N, 71° 10" W, 10 Meters

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC |YR
LATITUDE TILT -15 (°)
Fixed Array 224 3.12 4.07 449 517 5.87 548 495 490 358 241 201 |14.03
1-Axis North South
Tracking Array 260 392 525 580 7.27 8.29 7.06 6.39 6.54 447 290 234 (524
LATITUDE TILT (°)
Fixed Array 254 344 425 443 488 5.43 514 479 5.01 3.85 271 231 |4.07
1-Axis North South
Tracking Array 285 417 5.38 577 7.08 8.02 6.83 6.28 6.63 468 3.14 260 |5.29
LATITUDE TILT +15 (°)
Fixed Array 271 357 4.19 416 4.36 4.75 457 441 4.86 392 286 249 (390
1-Axis North South
Tracking Array 299 427 5.33 557 6.74 7.58 6.44 6.01 6.50 472 3.26 2.75 ]5.18
TWO AXIS TRACKING 3.02 427 5.38 582 7.36 8.49 7.16 6.41 6.62 473 3.28 2.79 |5.45
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AVERAGE DAILY INSOLATION AVAILABILITY

DETROIT, MICHIGAN

(KWH/M2)

LOCATION: 42° 25’ N, 83° 01' W, 191 Meters

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC |YR
LATITUDE TILT -15 (°)
Fixed Array 2.04 3.07 3.76 487 560 5.92 6.01 5.30 4.87 3.78 2.19 158 |4.08
1-Axis North South
Tracking Array 2.38 3.94 4.97 6.44 7.35 7.78 7.87 6.76 6.19 470 253 1.78 |5.23
LATITUDE TILT (°)
Fixed Array 2.30 3.35 3.90 481 5.31 5.50 563 5.16 4.96 407 241 1.76 |4.10
1-Axis North South
Tracking Array 259 4.15 5.07 6.42 7.16 7.51 761 6.67 6.26 492 271 194 |5.26
LATITUDE TILT +15 (°)
Fixed Array 244 346 3.84 453 479 4.84 499 4.77 4.80 413 251 1.86 |3.91
1-Axis North South
Tracking Array 271 422 5.02 6.21 6.79 7.07 7.19 6.39 6.13 496 279 2.02 |5.13
TWO AXIS TRACKING 274 423 5.08 6.47 7.42 7.94 798 6.78 6.26 497 280 2.05 |5.40
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COLUMBIA, MISSOURI
AVERAGE DAILY INSOLATION AVAILABILITY

(KWH/M2)

LOCATION: 38° 49’ N, 92° 13’ W, 270 Meters

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC |YR
LATITUDE TILT -15 (°)
Fixed Array 2.18 2.85 3.96 505 6.16 6.02 6.44 591 483 382 253 180 [4.31
1-Axis North South
Tracking Array 2.34 324 482 6.90 851 8.94 9.14 8.23 6.26 460 281 188 |[5.65
LATITUDE TILT (°)
Fixed Array 236 3.05 4.12 502 582 554 6.00 5.73 493 407 274 194 (4.28
1-Axis North South
Tracking Array 250 341 494 6.88 8.29 8.64 8.86 8.12 6.33 479 299 201 |[5.66
LATITUDE TILT +15 (°)
Fixed Array 244 3.11 4.08 473 520 481 527 525 479 411 282 2.00 |[4.06
1-Axis North South
Tracking Array 258 346 490 6.67 7.87 8.18 839 7.79 6.21 483 3.06 207 |551
TWO AXIS TRACKING 259 347 496 6.93 8.61 9.19 9.31 8.27 6.34 484 3.07 2.08 [5.82
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GREAT FALLS, MONTANA
AVERAGE DAILY INSOLATION AVAILABILITY

(KWH/M2)
LOCATION: 47° 29’ N, 111° 22' W, 1116 Meters

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC |YR

LATITUDE TILT -15 (°)

Fixed Array 251 3.69 5.17 5.60 6.00 6.61 762 6.86 5.61 454 292 227 [4.96

1-Axis North South
Tracking Array 296 456 6.93 754 7.96 9.03 11.25 9.79 7.62 593 347 2.66 |6.66

LATITUDE TILT (°)

Fixed Array 288 4.08 5.46 555 5.69 6.14 7.12 6.67 5.77 495 331 2.63 [5.03

1-Axis North South
Tracking Array 3.26 4.86 7.15 751 7.76 8.72 1093 9.68 7.74 6.24 380 296 |6.73

LATITUDE TILT +15 (°)

ge-v

Fixed Array 3.07 423 5.44 521 5.11 5.36 6.24 6.12 5.61 5.08 3.52 2.84 (4.82

1-Axis North South
Tracking Array 343 498 7.12 7.26 7.36 8.20 10.37 9.30 7.61 6.32 397 3.14 | 6.60

TWO AXIS TRACKING 3.46 4.98 7.16 7.57 8.04 9.21 1144 983 7.74 6.32 3.99 3.19| 6.92
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OMAHA, NEBRASKA
AVERAGE DAILY INSOLATION AVAILABILITY

(KWH/M2)
LOCATION: 41° 25' N, 26° 5" W, 320 Meters

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC |YR

LATITUDE TILT -15 (°)

Fixed Array 341 433 4.74 535 6.40 6.73 6.52 6.35 5.25 448 3.35 2.77 |4.98

1-Axis North South
Tracking Array 422 568 6.26 7.08 9.30 9.55 9.00 891 7.3 583 412 3.29 [6.70

LATITUDE TILT ()

Fixed Array 3.95 482 499 532 6.04 6.24 6.10 6.18 5.36 491 381 3.23 [5.08

1-Axis North South
Tracking Array 465 6.06 6.45 7.07 9.08 9.23 8.73 881 7.23 6.16 4.49 3.67 [6.81

LATITUDE TILT +15 (°)
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Fixed Array 426 5.04 497 5.02 538 544 538 5.68 5.20 5.06 4.06 349 (491

1-Axis North South
Tracking Array 490 6.21 6.42 6.85 8.65 8.72 8.25 8.47 7.09 6.26 4.69 3.90 |[6.70

TWO AXIS TRACKING 495 6.21 6.47 7.12 942 9.76 9.14 895 7.22 6.25 4.72 3.96 | 7.02
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ELKO, NEVADA

AVERAGE DAILY INSOLATION AVAILABILITY

LOCATION: 40° 50’ N, 115° 47" W, 1547 Meters

(KWH/M2)

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC |YR

LATITUDE TILT -15 (°)

Fixed Array 3.73 526 5.76 6.62 7.33 7.89 8.16 8.10 7.47 580 397 3.34 [6.13
1-Axis North South

Tracking Array 459 6.96 7.86 9.40 10.97 11.88 12.06 11.54 10.58 7.82 5.00 4.08|8.57
LATITUDE TILT (°)

Fixed Array 433 590 6.09 |655 6.93 7.27 759 7.89 7.74 6.48 454 3.93 |6.27
1-Axis North South

Tracking Array 507 7.44 8.10 9.36 10.73 11.49 11.70 11.42 10.78 8.27 545 456 |8.70
LATITUDE TILT +15 (°)

Fixed Array 467 6.19 6.09 6.14 6.18 6.27 6.62 7.24 7.56 6.70 4.85 4.28 |6.06
1-Axis North South

Tracking Array 5.35 7.65 8.08 9.07 10.24 10.87 11.09 10.98 10.63 842 570 485 |8.58
TWO AXIS TRACKING 541 7.65 8.13 943 11.12 12.19 12.28 11.59 10.76 8.41 5.73 4.92 |8.97
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LAS VEGAS, NEVADA
AVERAGE DAILY INSOLATION AVAILABILITY

(KWH/M?2)

LOCATION: 36° 05' N, 115° 10" W, 664 Meters

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC |YR
LATITUDE TILT -15 (°)
Fixed Array 479 6.09 7.26 8.25 8.38 8.47 792 791 7.64 6.27 5.05 4.14 |6.85
1-Axis North South
Tracking Array 6.19 8.21 10.29 11.94 1247 1251 11.33 11.11 10.78 8.46 6.58 5.15]|9.59
LATITUDE TILT (°)
Fixed Array 564 6.89 7.72 822 790 7.77 735 7.71 7.93 6.92 587 4091 |7.07
1-Axis North South
Tracking Array 6.86 8.81 10.63 11.95 12.18 12.06 10.96 10.99 11.00 894 7.21 5.78| 9.78
LATITUDE TILT +15 (°)
Fixed Array 6.16 7.28 7.74 7.73 6.99 6.65 6.40 7.08 7.77 7.17 6.34 5.39 |6.89
1-Axis North South
Tracking Array 7.27 9.09 10.62 11.60 11.59 11.36 10.35 10.55 10.84 9.10 7.58 6.17| 9.68
TWO AXIS TRACKING 7.35 9.08 10.64 12.00 12.63 12.81 11.52 11.15 10.98 9.08 7.63 6.27 |10.10
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ALBUQUERQUE, NEW MEXICO
AVERAGE DAILY INSOLATION AVAILABILITY

(KWH/M2)
LOCATION: 35°03'N, 106° 37' W, 1619 Meters
JAN FEB MAR | APR MAY JUN |JUL AUG SEP |OCT NOV DEC | WR

-1 4
Fixed Array 449 561 653 | 785 8.18 8.06] 7.78 761 7.09 | 646 531 444 6.62
1-Axis North South
Tracking Array 587 7.44 884 |10.85 11.62 11.88 (1045 10.33 9.84 | 860 7.05 5.71] 9.04
LATITUDE TILT (°)
Fixed Array 527 6.31 6.91 784 775 7.40]| 7.27 742 735 |713 6.19 528 6.84
1-Axis North South
Tracking Array 6.47 797 9.13]|10.85 11.33 11.45{10.10 10.21 10.03 | 9.11 7.73 6.37 | 9.23
LATITUDE TILT +15 (°)
Fixed Array 574 6.65 6.91 739 6.90 6.37]6.38 683 7.19 | 739 6.70 581 6.69
1-Axis North South
Tracking Array 6.84 8.22 9.11 11052 10.76 10.79 | 9.48 978 990 | 929 8.11 6.79| 9.13
TWO AXIS TRACKING 6.92 822 9.15[/10.90 11.74 12.18 |10.60 10.37 10.02 | 926 8.18 6.91 | 9.54
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SYRACUSE, NEW YORK
AVERAGE DAILY INSOLATION AVAILABILITY

(KWH/M?)

LOCATION: 43° 07’ N, 76° 07" W, 124 Meters

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC |YR
LATITUDE TILT -15 (°)
Fixed Array 1.75 2.27 3.35 469 5.06 541 5,58 528 4.33 3.07 175 1.32 | 3.66
1-Axis North South
Tracking Array 2.00 2.80 4.29 6.29 6.53 7.03 7.09 6.62 541 3.74 198 149 |461
LATITUDE TILT (°)
Fixed Array 1.94 2.44 3.46 462 479 5.03 524 513 443 3.27 192 147 | 3.65
1-Axis North South
Tracking Array 2.16 2.93 4.37 6.25 6.35 6.78 6.86 6.51 5.48 3.80 211 1.61 |4.62
LATITUDE TILT +15 (°)
Fixed Array 204 250 340 432 431 4.44 467 4.74 4729 3.30 198 153 |3.46
1-Axis North South
Tracking Array 224 297 4.32 6.03 6.02 6.38 6.46 6.22 5.37 391 217 1.67 (4.49
TWO AXIS TRACKING 2.26 298 4.38 6.31 6.60 7.18 7.19 6.64 5.49 393 219 1.69 |4.74
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RALEIGH-DURHAM, NORTH CAROLINA
AVERAGE DAILY INSOLATION AVAILABILITY

(KWH/M2)
LOCATION: 35° 52’ N, 78° 47 W, 134 Meters

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC |YR

LATITUDE TILT -15 (°)

Fixed Array 281 3.85 4.69 5.61 558 5.78 5.75 5.53 4.80 429 3.69 2.79 [4.60

1-Axis North South
Tracking Array 348 495 6.27 771 7.16 7.30 7.18 7.02 5.98 537 466 3.36 |5.87

LATITUDE TILT (°)

Fixed Array 3.20 425 494 5.56 5.30 5.39 541 540 4.90 464 420 3.22 (4.70

1-Axis North South
Tracking Array 3.79 526 6.45 7.68 6.97 7.03 6.94 6.93 6.06 564 5.06 3.71 |5.96

LATITUDE TILT +15 (°)

Fixed Array 341 443 4.92 5.23 4.78 4.77 483 5.01 4.76 475 449 3.48 [4.57

1-Axis North South
Tracking Array 3.96 538 642 744 6.60 6.59 653 6.64 594 571 528 392 |5.87

62-v

TWO AXIS TRACKING 400 539 6.47 774 722 7.43 7.27 7.04 6.07 5.72 531 3.97 |6.14
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AVERAGE DAILY INSOLATION AVAILABILITY

BISMARCK, NORTH DAKOTA

(KWH/M2)

LOCATION: 46° 46’ N, 100° 45" W, 502 Meters

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC |YR
LATITUDE TILT -15 (°)
Fixed Array 280 4.13 4.89 5.37 6.14 6.50 7.06 6.69 544 423 282 259 [4.89
1-Axis North South
Tracking Array 3.32 5.26 6.54 7.25 8.70 9.08 983 9.53 7.36 534 339 3.09 [6.57
LATITUDE TILT (°)
Fixed Array 321 460 5.14 5.33 5.82 6.03 6.62 651 561 459 320 3.03 |4.98
1-Axis North South
Tracking Array 3.66 562 6.73 7.24 850 8.77 954 943 7.49 5.62 3.69 3.45 |6.65
LATITUDE TILT +15 (°)
Fixed Array 344 480 5.12 5.02 521 5.26 584 598 547 469 3.39 3.29 |[4.79
1-Axis North South
Tracking Array 3.85 577 6.70 7.01 8.09 8.26 9.01 9.06 7.38 569 3.85 3.67 [6.53
TWO AXIS TRACKING 3.89 577 6.74 7.29 8.80 9.27 9.97 957 7.49 569 3.08 3.73 [6.85
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OKLAHOMA CITY, OKLAHOMA
AVERAGE DAILY INSOLATION AVAILABILITY

LOCATION: 35° 24’ N, 97° 36" W, 397 Meters

(KWH/M2)

JAN FEB MAR | APR MAY JUN JUL AUG SEP |OCT NOV DEC |YR

LATITUDE TILT -15 (°)

Fixed Array 369 413 505 6.07 592 653|664 6.65 574 (505 405 3.12 |5.23
1-Axis North South

Tracking Array 491 538 684 | 837 794 877|879 893 761 (659 536 385 |6.95
LATITUDE TILT (°)

Fixed Array 431 457 532 )| 604 561 6.06 | 622 650 589 (553 468 363 |5.37
1-Axis North South

Tracking Array 538 571 703|836 773 845|851 882 7.73 695 583 426 |7.07
LATITUDE TILT +15 (°)

Fixed Array 468 476 530)| 571 502 531|550 6.01 574 |570 504 394 |5.23
1-Axis North South

Tracking Array 565 584 700| 811 734 795|802 847 760 |[7.06 6.10 451 |6.98
TWO AXIS TRACKING 572 585 705 841 802 895|892 896 7.72 |7.06 6.15 458 |7.29
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LOCATION: 42° 22" N, 122° 52' W, 396 Meters

MEDFORD, OREGON
AVERAGE DAILY INSOLATION AVAILABILITY

(KWH/M2)

JAN FEB MAR | APR MAY JUN | JUL AUG SEP |OCT NOV DEC |YR
LATITUDE TILT -15 (°)
Fixed Array 1.78 3.16 455 559 6.62 7.22 8.03 7.40 6.26 426 233 1.27 |4.88
1-Axis North South
Tracking Array 1.98 3.77 5.77 7.38 8.95 10.20 11.65 10.31 8.40 5.33 269 1.38 |6.50
LATITUDE TILT (°)
Fixed Array 1.96 344 477 553 6.29 6.69 750 7.22 6.45 461 258 1.39 |4.88
1-Axis North South
Tracking Array 2.14 400 5.95 7.34 8.73 9.85 11.31 10.20 8.55 560 2.89 1.49 (6.52
LATITUDE TILT +15 (°)
Fixed Array 205 354 473 5.19 563 581 6.57 6.65 6.29 470 268 1.45 |4.61
1-Axis North South
Tracking Array 222 408 5.91 7.10 8.28 9.28 10.71 9.80 8.42 567 299 155 (6.34
TWO AXIS TRACKING 2.23 4.10 5.97 741 9.04 10.42 11.83 10.35 8.54 5.67 3.00 156 [6.69




PITTSBURGH, PENNSYLVANIA
AVERAGE DAILY INSOLATION AVAILABILITY

(KWH/M?)

LOCATION: 40° 30’ N, 80° 13’ W, 373 Meters

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC J|YR
LATITUDE TILT -15 (°)
Fixed Array 2.02 238 3.30 469 5.18 5.44 5,59 518 450 356 222 143 | 3.80
1-Axis North South
Tracking Array 236 2.84 4.12 6.05 6.72 6.90 7.04 6.43 5.59 437 258 1601|473
LATITUDE TILT (°)
Fixed Array 226 255 3.38 461 491 5.07 5.25 5.05 4.58 381 243 158 |3.80
1-Axis North South
Tracking Array 256 297 4.19 6.00 654 6.64 6.81 6.34 5.65 457 275 173 |4.74
LATITUDE TILT +15 (°)
Fixed Array 238 259 3.31 433 4.41 449 469 4.68 4.43 3.87 252 1.65 |3.62
1-Axis North South
Tracking Array 2.67 3.00 4.13 579 6.20 6.25 6.42 6.06 5.53 461 282 1.79 |4.61
TWO AXIS TRACKING 269 3.02 4.20 6.07 6.79 7.03 7.14 6.45 5.65 463 283 1.80 |4.87
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SAN JUAN, PUERTO RICO
AVERAGE DAILY INSOLATION AVAILABILITY

(KWH/M2)

LOCATION: 18° 26’ N, 66° 00" W, 19 Meters

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC |YR
LATITUDE TILT -15 (°)
Fixed Array 434 489 5.75 6.14 555 5.89 592 588 5.40 491 449 4.13 (5.28
1-Axis North South
Tracking Array 555 6.29 7.52 787 6.83 751 750 747 6.91 6.30 574 5.28 |[6.73
LATITUDE TILT (°)
Fixed Array 497 539 6.04 6.10 5.29 550 558 574 552 5.31 5.08 4.79 |5.44
1-Axis North South
Tracking Array 6.02 6.66 7.73 783 6.64 7.22 7.24 7.35 6.99 6.58 6.18 5.77 | 6.85
LATITUDE TILT +15 (°)
Fixed Array 5.35 5.63 6.02 5,76 4.80 4.85 498 5.33 538 544 542 520 |5.35
1-Axis North South
Tracking Array 6.31 6.83 7.69 757 6.27 6.76 6.80 7.04 6.87 6.66 6.43 6.09 |6.78
TWO AXIS TRACKING 6.38 6.84 7.75 790 6.89 7.66 761 749 7.00 6.67 6.47 6.19 |7.07
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AVERAGE DAILY INSOLATION AVAILABILITY

NASHVILLE, TENNESSEE

(KWH/M2)

LOCATION: 36° 07’ N, 86° 41’ W, 180 Meters

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC [YR
LATITUDE TILT -15 (°)
Fixed Array 237 3.19 432 530 5.53 6.31 6.02 5.81 5.07 421 296 2.22 |4.45
1-Axis North South
Tracking Array 283 394 558 6.68 6.86 8.04 769 7.09 6.63 531 3.60 2.62 |5.58
LATITUDE TILT (°)
Fixed Array 269 348 4.50 5.26 5.29 5.89 566 5.68 5.18 457 3.34 256 |4.51
1-Axis North South
Tracking Array 3.09 416 5.72 6.66 6.68 7.74 744 6.99 6.72 559 391 289 (564
LATITUDE TILT +15 (°)
Fixed Array 286 3.58 4.44 496 479 5.21 505 5.26 5.03 469 354 275 |4.35
1-Axis North South
Tracking Array 3.24 4.23 5.67 6.43 6.31 7.26 7.01 6.67 6.59 5.67 4.07 3.06 [5.52
TWO AXIS TRACKING 3.27 424 572 6.71 6.90 8.18 779 7.11 6.72 567 4.10 3.10 |5.80
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AUSTIN, TEXAS
AVERAGE DAILY INSOLATION AVAILABILITY

(KWH/M2)
LOCATION: 30° 18’ N, 97° 42' W, 189 Meters

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC [YR

LATITUDE TILT -15 (°)

Fixed Array 3.56 4.14 5.20 5.09 580 6.39 6.63 6.20 5.48 491 4.00 3.58 |5.09

1-Axis North South
Tracking Array 466 5.38 7.06 6.63 7.46 8.35 8.77 8.09 7.11 6.44 525 4.71 |6.67

LATITUDE TILT (°)

Fixed Array 413 458 545 5.04 551 594 6.22 6.03 5.63 5.35 457 4.20 |(5.23

1-Axis North South
Tracking Array 508 571 7.24 6.61 7.26 8.04 848 798 7.22 6.77 5.68 5.17 |[6.78

LATITUDE TILT +15 (°)

Fixed Array 447 478 542 476 496 5.21 551 5.57 5.49 551 489 459 (5.10

1-Axis North South
Tracking Array 534 585 7.20 6.40 6.87 7.54 799 764 7.10 6.87 5.92 5.47 |6.69

TWO AXIS TRACKING 542 586 7.25 6.66 7.52 8.51 8.89 8.12 7.22 6.87 596 5.57 [7.00

eleq uonejosu| 1y xipuaddy
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BROWNSVILLE, TEXAS
AVERAGE DAILY INSOLATION AVAILABILITY

(KWH/M2)
LOCATION: 25° 54' N, 97° 26’ W, 6 Meters

JAN FEB MAR | APR MAY JUN |JUL AUG SEP PCT NOV DEC |[YR

LATITUDE TILT -15 (°)

Fixed Array 3.30 4.07 5.02 6.15 5.98 6.38 6.80 6.74 5.66 479 3.71 3.16 |5.15

1-Axis North South
Tracking Array 406 5.16 6.59 7.84 7.38 8.58 9.24 9.07 7.18 6.19 481 3.90 |6.67

LATITUDE TILT (°)

Fixed Array 3.74 448 5.24 6.13 571 591 6.35 6.57 5.82 5.19 420 3.62 |[5.25

1-Axis North South
Tracking Array 441 5.47 6.76 7.83 7.18 8.25 8.93 8.95 7.29 6.49 5.17 4.26 |[6.75

LATITUDE TILT +15 (°)

LEY

Fixed Array 400 465 521 5.80 5.18 5.16 5.58 6.06 5.68 5.32 448 3.90 |5.09

1-Axis North South
Tracking Array 461 559 6.71 757 6.78 7.75 8.41 857 7.17 6.57 5.38 4.48 (6.64

TWO AXIS TRACKING 466 560 6.77 788 7.44 8.76 939 9.11 7.29 6.57 541 455 |6.96
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EL PASO, TEXAS

AVERAGE DAILY INSOLATION AVAILABILITY

(KWH/M?2)

LOCATION: 31° 45" N, 106° 20’ W, 1200 Meters

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC |YR
LATITUDE TILT -15 (°)
Fixed Array 469 6.07 6.92 7.80 8.25 8.22 770 7.35 6.79 6.50 5.24 455 |6.67
1-Axis North South
Tracking Array 6.26 8.10 9.48 1099 11.77 1151 10.58 10.02 9.31 8.88 7.00 6.03 |9.16
LATITUDE TILT (°)
Fixed Array 551 6.85 7.35 778 7.78 7.56 7.18 7.15 7.01 7.18 6.10 5.43 |6.91
1-Axis North South
Tracking Array 6.88 8.69 9.80 10.99 11.46 11.06 10.23 9.89 9.48 9.39 7.66 6.71|9.35
LATITUDE TILT +15 (°)
Fixed Array 6.01 7.24 7.36 7.32 6.89 6.51 6.28 6.56 6.85 745 6.61 599 [6.75
1-Axis North South
Tracking Array 7.26 897 9.79 10.66 10.87 10.34 9.61 948 9.34 957 8.04 7.15]9.26
TWO AXIS TRACKING 7.36 8.96 9.82 11.04 11.90 11.77 10.75 10.06 9.47 955 8.10 7.28 |9.67
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FORT WORTH, TEXAS
AVERAGE DAILY INSOLATION AVAILABILITY

(KWH/M2)

LOCATION: 32° 50’ N, 90° 20’ W, 225 Meters

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC | YR
LATITUDE TILT -15 (°)
Fixed Array 3.26 4.14 531 5.13 5.87 6.69 6.86 6.64 5.92 487 397 3.29 |5.17
1-Axis North South
Tracking Array 411 5.25 6.97 6.80 7.74 9.06 958 8.99 7.98 6.32 5.15 4.15 |6.85
LATITUDE TILT (°)
Fixed Array 3.76 4.60 5.61 5.13 557 6.20 6.42 6.47 6.10 5.34 457 3.87 |5.31
1-Axis North South
Tracking Array 450 561 7.20 6.80 754 873|928 8.88 8.11 6.68 5.60 4.60 |6.97
LATITUDE TILT +15 (°)
Fixed Array 405 481 561 486 5.01 541 5.67 5.97 5.95 552 490 4.22 |5.17
1-Axis North South
Tracking Array 473 577 7.18 6.61 7.14 8.20 8.77 852 7.98 6.80 5.86 4.89 [6.88
TWO AXIS TRACKING 479 577 7.21 6.84 7.82 9.25 9.75 9.02 8.11 6.80 5.90 4.97 [7.19
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BRYCE CANYON, UTAH
AVERAGE DAILY INSOLATION AVAILABILITY

(KWH/M2)

LOCATION: 37° 42' N, 112° 09' W, 2313 Meters

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC |YR
LATITUDE TILT -15 (°)
Fixed Array 452 551 6.58 766 7.70 7.92 752 727 7.31 6.21 491 4.29 |6.45
1-Axis North South
Tracking Array 577 7.46 9.20 1091 11.66 12.01 10.93 10.38 10.40 8.28 6.45 5.34(9.07
LATITUDE TILT (°)
Fixed Array 5.30 6.19 6.98 7.63 7.27 7.27 6.98 7.05 7.57 6.84 5.70 5.11 |6.66
1-Axis North South
Tracking Array 6.39 7.96 9.50 10.91 11.39 11.60 10.59 10.25 10.59 8.76 7.06 6.00[9.25
LATITUDE TILT +15 (°)
Fixed Array 5,77 651 6.98 7.18 6.46 6.25 6.09 6.46 7.39 7.08 6.14 5.61 |6.49
1-Axis North South
Tracking Array 6.76 8.19 9.48 10.60 10.88 10.98 10.02 9.85 10.44 892 740 6.42 (9.16
TWO AXIS TRACKING 6.84 8.19 952 10.97 11.81 12.32 11.13 10.42 10.57 8.89 7.45 6.53 (9.56
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AVERAGE DAILY INSOLATION AVAILABILITY

SEATTLE, WASHINGTON

(KWH/M2)

LOCATION: 47° 27' N, 122° 18" W, 122 Meters

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC |YR
LATITUDE TILT -15 (°)
Fixed Array 1.28 2.08 3.73 464 540 553 6.46 592 4.60 288 152 1.04 |3.77
1-Axis North South
Tracking Array 141 2.36 4.73 6.09 7.16 7.25 892 797 591 346 170 1.16 | 4.86
LATITUDE TILT (°)
Fixed Array 1.39 2.22 3.87 456 5.12 5.14 6.06 5.75 4.69 3.07 165 1.16 |3.73
1-Axis North South
Tracking Array 151 248 4.84 6.04 6.97 6.99 8.66 7.87 5.99 361 181 1.26 |4.85
LATITUDE TILT +15 (°)
Fixed Array 144 225 3.80 426 458 453 5.36 529 453 3.10 1.70 1.22 |351
1-Axis North South
Tracking Array 155 251 4.79 5.82 6.61 6.57 8.19 754 5.86 363 185 1.32 |4.70
TWO AXIS TRACKING 156 252 485 6.11 7.24 7.40 9.05 8.00 5.99 365 186 1.33 |4.98
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AVERAGE DAILY INSOLATION AVAILABILITY

MADISON, WISCONSIN

(KWH/M2)

LOCATION: 43° 08’ N, 89° 20" W, 262 Meters

JAN FEB MAR APR MAY JUN | JUL AUG SEP OCT NOV DEC | YR
LATITUDE TILT -15 (°)
Fixed Array 273 3.73 4.98 489 547 5.83 6.10 6.03 5.18 3.80 255 196 |4.44
1-Axis North South
Tracking Array 3.23 461 6.43 6.43 748 7.73 796 796 6.70 470 3.13 217 |5.72
LATITUDE TILT (°)
Fixed Array 3.14 4.10 5.25 485 5.17 5.43 5.72 5.86 5.33 410 288 225 |451
1-Axis North South
Tracking Array 357 491 6.64 6.40 7.29 7.46 770 7.85 6.81 494 339 242 |5.79
LATITUDE TILT +15 (°)
Fixed Array 3.36 424 522 456 4.63 4.78 5.07 5.40 5.18 418 3.05 240 |4.34
1-Axis North South
Tracking Array 3.76 5.02 6.61 6.19 6.92 7.02 7.26 752 6.69 5.00 353 257 |5.68
TWO AXIS TRACKING 3.79 5.02 6.65 6.46 757 7.89 8.08 798 6.81 5.00 355 260 |5.95
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BUENOS AIRES, ARGENTINA
AVERAGE DAILY INSOLATION AVAILABILITY

(KWH/M2)

LOCATION: 34° 58'S, 58° 48'0, 25 Meters

JAN FEB MAR | APR MAY JUN JJUL AUG SEP |OCT NOV DEC | YR
LATITUDE TILT -15 (°)
Fixed Array 713 649 545 | 446 357 293 3.24 411 5.07 | 590 6.47 7.12] 5.16
1-Axis North South
Tracking Array 980 872 7.02| 550 4.07 3.13| 3.57 498 6.38 | 786 890 9.85]| 6.65
LATITUDE TILT (°)
Fixed Array 658 6.19 547 | 475 4.02 3.39| 3.70 448 5.19 | 5.71 6.02 6.511 5.17
1-Axis North South
Tracking Array 924 852 7.20| 597 464 3.67] 4.14 551 6.68 | 780 8.46 9.18| 6.75
LATITUDE TILT +15 (°)
Fixed Array 5.77 5.62 5.21 480 425 3.65]3.95 460 5.06 | 527 533 5.65]| 4.93
1-Axis North South
Tracking Array 8.05 774 689 | 6.03 490 3.96| 442 566 652 | 721 7.44 7.88] 6.39
TWO AXIS TRACKING 985 874 722 | 6.07 4.91 4.01 | 445 5.67 6.70 | 7.91 8.92 9.94| 7.03
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QUITO, ECUADOR

AVERAGE DAILY INSOLATION AVAILABILITY

(KWH/M2)

LOCATION: 0° 28’ S, 78° 53' O, 2851 Meters

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC |YR
LATITUDE TILT -15 (°)
Fixed Array 5.38 521 4.09 410 3.82 391 423 5.30 4.47 488 512 5.14 (4.64
1-Axis North South
Tracking Array 6.84 6.76 5.49 5.37 485 484 5.27 6.71 5.89 6.40 6.59 6.55 [5.96
LATITUDE TILT (°)
Fixed Array 5.06 5.06 4.14 433 4.18 4.38 471 574 4.60 481 487 481 [4.72
1-Axis North South
Tracking Array 6.45 6.59 5.61 5.77 5.46 5.59 6.01 7.34 6.13 6.33 6.26 6.11 |6.13
LATITUDE TILT +15 (°)
Fixed Array 451 4.68 4.02 438 4.39 471 5.03 595 453 452 439 4.24 |461
1-Axis North South
Tracking Array 561 5.98 5.36 5.83 5.76 6.03 6.42 754 5098 585 550 5.23 [5.92
TWO AXIS TRACKING 6.89 6.77 5.62 5.86 5.78 6.09 6.46 756 6.14 6.43 6.61 6.62 |6.40
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MEXICO D. F., MEXICO
AVERAGE DAILY INSOLATION AVAILABILITY

(KWH/M2)
LOCATION: 19° 33’ N, 99° 18' O, 2268 Meters

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC [YR

LATITUDE TILT -15 (°)

Fixed Array 432 6.24 7.71 6.22 5.93 4.94 492 543 5.00 445 450 4.51 |5.36

1-Axis North South
Tracking Array 506 7.39 951 8.07 7.84 6.66 6.64 7.19 6.51 567 529 554 (6.78

LATITUDE TILT (°)

Fixed Array 490 6.86 7.99 6.07 5.57 4.58 460 5.22 5.04 482 5.06 5.23 |5.50

1-Axis North South
Tracking Array 585 8.17 9.96 8.02 7.45 6.20 6.24 7.02 6.69 6.15 6.04 6.49 |(7.04

LATITUDE TILT +15 (°)

S-v

Fixed Array 5.23 7.11 7.86 5.64 497 4.06 410 4.78 4.84 487 5.36 5.68 |5.38

1-Axis North South
Tracking Array 6.23 8.40 9.74 741 656 5.32 542 6.37 641 6.22 6.38 6.99 |6.79

TWO AXIS TRACKING 6.27 8.41 9.99 8.13 7.86 6.72 6.67 7.20 6.70 6.26 6.40 7.07 (7.31
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AVERAGE DAILY INSOLATION AVAILABILITY

CARACAS, VENEZUELA

(KWH/M?2)

LOCATION: 10° 50’ N, 66° 88" O, 862 Meters

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC |YR
LATITUDE TILT -15 (°)
Fixed Array 5.00 595 6.12 599 502 5.23 558 584 5.70 492 454 469 |5.38
1-Axis North South
Tracking Array 598 729 7.75 7.73 6.62 6.82 7.24 756 7.32 6.21 553 555 |6.80
LATITUDE TILT (°)
Fixed Array 564 6.47 6.31 587 4.76 4.87 5.22 568 5.76 522 504 535 |551
1-Axis North South
Tracking Array 6.82 8.00 8.08 7.68 6.30 6.37 6.82 7.39 7.50 6.69 6.24 6.42 (7.03
LATITUDE TILT +15 (°)
Fixed Array 6.06 6.71 6.21 548 430 4.30 463 5.17 555 5.30 5.33 5.80 |5.40
1-Axis North South
Tracking Array 7.27 822 791 7.11 556 5.47 593 6.71 7.19 6.78 6.60 6.92 |6.81
TWO AXIS TRACKING 7.32 8.23 8.11 7.78 6.64 6.90 729 758 751 6.81 6.62 7.00 (7.32
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BISKRA, ALGERIA
AVERAGE DAILY INSOLATION AVAILABILITY

(KWH/M2)

LOCATION: 34.85° N, 5.73° W, 124 Meters

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC |YR
LATITUDE TILT -15 (°)
Fixed Array 421 498 564 6.01 6.36 6.63 6.79 6.60 5.69 486 4.05 3.79 |5.47
1-Axis North South
Tracking Array 487 6.29 7.05 797 8.74 9.21 9.36 883 7.25 6.07 469 420 |7.04
LATITUDE TILT (°)
Fixed Array 486 5.47 5.82 584 593 6.07 6.27 6.30 5.74 522 460 443 |555
1-Axis North South
Tracking Array 564 6.97 7.40 793 8.33 8.60 8.82 8.63 7.46 6.61 537 494 |(7.22
LATITUDE TILT +15 (°)
Fixed Array 5.23 5.66 5.70 5.39 526 5.28 549 572 5.49 5.30 4.89 482 [(5.35
1-Axis North South
Tracking Array 6.02 7.18 7.26 735 7.35 7.40 769 785 7.16 6.70 568 5.33 |6.91
TWO AXIS TRACKING 6.07 7.19 7.43 8.03 8.76 9.29 940 8.85 7.47 6.73 570 5.40 |7.35
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LUANDA, ANGOLA

AVERAGE DAILY INSOLATION AVAILABILITY
(KWH/M2)

LOCATION: 8.82° N, 13.22° W, 42 Meters

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC |YR

LATITUDE TILT -15 (°)

Fixed Array 592 6.07 5.43 489 4.60 4.18 3.36 3.70 4.57 5.06 5.60 6.16 |4.96

1-Axis North South
Tracking Array 762 7.83 7.02 6.19 561 5.01 417 4.75 5.96 6.66 7.27 7.87 [6.33

LATITUDE TILT (°)

Fixed Array 556 5.87 5.49 5.19 5.11 4.75 3.71 395 4.68 497 531 5.72 |5.03

1-Axis North South
Tracking Array 7.20 7.66 7.19 6.68 6.34 5.80 478 521 6.21 6.60 6.93 7.36 [6.50

LATITUDE TILT +15 (°)

BlEeQ uoilejosu] vy xipuaddy

Fixed Array 494 540 5.30 5.27 542 5.14 3.93 4.04 4.60 466 4.77 5.02 |4.87

1-Axis North South
Tracking Array 6.28 6.96 6.89 6.76 6.70 6.27 5.11 5.36 6.08 6.11 6.11 6.33 |6.25

TWO AXIS TRACKING 767 784 7.20 6.79 6.73 6.34 5.14 537 6.23 6.69 730 7.95 |6.77
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DARWIN, AUSTRALIA
AVERAGE DAILY INSOLATION AVAILABILITY

(KWH/M2)

LOCATION: 12.43° N, 30.87° W, 27 Meters

JAN FEB MAR APR MAY JUN | JUL AUG SEP OCT NOV DEC [YR

LATITUDE TILT -15 (°)
Fixed Array 5.17 5.33 557 5.05 514 496 525 6.14 6.41 6.52 6.22 5.68 [5.62

1-Axis North South
Tracking Array 6.83 7.02 7.18 6.34 6.15 5.79 6.19 7.46 8.09 8.38 806 7.41 |7.08

LATITUDE TILT (°)

Fixed Array 487 5.15 5.61 535 575 571 598 6.69 6.60 6.37 5.86 5.28 |5.77

1-Axis North South
Tracking Array 6.45 6.85 7.34 6.82 6.93 6.69 7.07 8.17 8.42 830 7.67 6.91 |(7.30

LATITUDE TILT +15 (°)

ev-v

Fixed Array 436 4.75 5.40 542 6.12 6.23 6.46 6.95 6.48 592 523 4.65 |5.66

1 -Axis North South
Tracking Array 561 6.22 7.02 6.89 7.31 7.22 754 840 8.22 7.67 6.74 593 |7.06

TWO AXIS TRACKING 6.88 7.03 7.36 6.93 7.34 7.30 7.59 8.41 8.44 8.42 8.09 7.49 |7.61
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MELBOURNE, AUSTRALIA
AVERAGE DAILY INSOLATION AVAILABILITY

(KWH/M?2)

LOCATION: 37.82° N, 44.97° W, 35 Meters

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC |YR
LATITUDE TILT -15 (9)
Fixed Array 7.15 6.37 3.96 414 351 3.13 3.31 3.72 461 536 537 593 (4.71
1-Axis North South
Tracking Array 995 8.63 5.38 5.06 3.93 3.32 3.61 437 5.89 7.27 7.62 8.45 [6.21
LATITUDE TILT (°)
Fixed Array 6.60 6.07 3.94 441 396 3.65 3.80 405 4.72 5.18 5.01 5.45 |4.74
1-Axis North South
Tracking Array 9.39 8.44 553 549 449 3.90 419 4.85 6.17 7.22 7.25 7.88 |6.23
LATITUDE TILT +15 (°)
Fixed Array 5.78 551 3.74 445 420 3.96 408 4.17 459 477 445 477 [4.54
1-Axis North South
Tracking Array 8.19 7.68 5.30 555 474 4.22 448 499 6.04 6.68 6.39 6.78 |5.92
TWO AXIS TRACKING 9.99 865 554 558 4.76 4.27 451 499 6.19 7.32 7.63 8.51 [(6.50




SHANGHAI, CHINA
AVERAGE DAILY INSOLATION AVAILABILITY

(KWH/M2)
LOCATION: 31.28° N, 21.47° W, 3 Meters

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC [YR

BlRQ UONlRjOSY| Y xipuaddy

LATITUDE TILT -15 (°)

Fixed Array 3.38 3.07 4.27 485 5.34 4.69 582 5.99 5.20 438 347 3.11 (4.46

1-Axis North South
Tracking Array 3.74 355 554 6.58 7.38 6.63 8.01 8.04 6.72 5.37 3.90 3.35 |5.73

LATITUDE TILT (°)

Fixed Array 3.82 3.28 4.35 470 499 433 538 5.72 5.22 466 3.88 3.57 |4.49

1-Axis North South
Tracking Array 431 392 5.80 6.53 7.02 6.17 753 7.84 6.90 583 445 392 [5.85

LATITUDE TILT +15 ()

Fixed Array 406 3.33 4.23 434 445 3.83 474 520 4.98 471 4.08 3.84 |4.32

1-Axis North South
Tracking Array 459 402 5.67 6.04 6.17 5.29 6.54 7.11 6.61 589 470 422 |557

TWO AXIS TRACKING 462 4.03 5.82 6.62 7.40 6.69 8.06 8.05 6.91 593 4.72 4.27 |6.09

LSV
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PARIS-ST. MAUR, FRANCE

AVERAGE DAILY INSOLATION AVAILABILITY
(KWH/M2)

LOCATION: 48.82° N, 2.50° W, 50 Meters

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC |YR

LATITUDE TILT -15 (°)
Fixed Array 1.77 247 3.75 432 5.01 5.37 5.14 459 3.95 274 171 156 | 3.53

1-Axis North South
Tracking Array 1.77 254 4.56 6.02 7.39 8.04 766 6.60 5.04 301 171 156 | 4.66

LATITUDE TILT (°)

Bleqg uoiiejosu| :y xipusddy

Fixed Array 206 2.75 3.90 425 478 5.05 487 445 4.02 295 195 1.83 (3.57

1-Axis North South
Tracking Array 206 282 4.79 599 7.05 7.50 7.21 6.46 5.19 3.27 195 1.83 [4.68

LATITUDE TILT +15 (°)

Fixed Array 224 291 3.88 404 441 461 447 418 3.93 3.02 211 202 |3.49
1-Axis North South
Tracking Array 224 294 469 554 6.22 6.45 6.28 5.87 4.98 3.31 211 2.02 |4.39

TWO AXIS TRACKING 224 294 481 6.06 7.41 8.10 7.69 6.62 5.20 333 2.11 2.02 |4.88
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NEW DELHI, INDIA
AVERAGE DAILY INSOLATION AVAILABILITY

(KWH/M2)
LOCATION: 28.58° N, 77.20° W, 210 Meters

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC | YR

LATITUDE TILT -15 (°)

Fixed Array 5.04 6.37 7.05 712 7.38 6.76 450 5.53 5.66 6.09 5.62 4.87 [6.00

1-Axis North South
Tracking Array 6.38 8.09 8.60 9.23 983 09.15 6.31 7.44 7.23 734 749 6.06 |7.76

LATITUDE TILT (°)

Fixed Array 583 7.04 731 6.94 6.87 6.19 420 530 5.70 6.57 6.43 5.73 [6.18

1-Axis North South
Tracking Array 7.38 8.97 9.02 9.17 9.36 8.53 594 727 7.44 799 856 7.11 |8.06

LATITUDE TILT +15 (°)

€9V

Fixed Array 6.28 7.31 7.18 6.42 6.08 5.38 3.75 4.83 5.46 6.69 6.88 6.26 [6.04

1-Axis North South
Tracking Array 7.87 9.23 8.83 850 8.25 7.32 517 6.60 7.13 809 905 7.68 |7.81

IVVO AXIS TRACKING 792 9.24 9.05 9.30 9.86 9.23 6.34 7.46 7.45 8.13 9.08 7.77 |8.40
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TOKYO, JAPAN
AVERAGE DAILY INSOLATION AVAILABILITY

(KWH/M2)

LOCATION: 35.68° N, 39.77° W, 4 Meters

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC |YR
LATITUDE TILT -15 (°)
Fixed Array 295 322 342 3.63 381 3.32 3.68 3.80 2.99 256 263 268 |3.22
1-Axis North South
Tracking Array 3.14 3.64 452 5.21 561 5.03 5.47 5.49 4.28 298 279 2.76 [4.24
LATITUDE TILT (°)
Fixed Array 3.34 3.47 3.47 3.50 358 3.09 3.43 3.62 296 2.67 292 3.08 [3.26
1-Axis North South
Tracking Array 3.63 4.03 4.74 5.18 5.34 4.69 5.15 5.37 4.40 3.24 319 3.24 (435
LATITUDE TILT +15 (°)
Fixed Array 355 353 3.35 323 321 276 3.07 3.30 2.80 265 3.06 3.31 (3.15
1-Axis North South
Tracking Array 3.87 414 464 480 4.71 4.03 448 4.88 4.23 3.27 3.37 3.50 |4.16
TWO AXIS TRACKING 3.90 4.15 4.76 5.25 5.62 5.08 549 550 441 3.29 3.39 354 |453
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NAIROBI, KENYA
AVERAGE DAILY INSOLATION AVAILABILITY

(KWH/M2)
LOCATION: 1.30° N, 36.75° W, 1799 Meters

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC |YR

LATITUDE TILT -15 (°)

Fixed Array 6.93 7.14 641 532 440 4.13 3.46 4.02 5.26 580 593 652 |544
1-Axis North South

Tracking Array 857 8.95 8.17 6.78 551 5.09 437 5.19 6.80 744 7.49 8.06 |6.87
LATITUDE TILT (°)

Fixed Array 6.46 6.89 6.49 5.65 4.86 4.66 3.81 430 5.42 5,69 5.60 6.03 [5.49
1-Axis North South

Tracking Array 8.08 8.73 8.35 729 6.21 5.88 498 5.68 7.08 737 7.12 752 |7.02
LATITUDE TILT +15 ()

Fixed Array 567 6.29 6.26 575 513 5.02 402 442 5.33 532 501 524 |5.29
1-Axis North South

Tracking Array 7.02 792 7.98 7.36 6,55 6.34 532 583 6.91 6.81 6.26 6.44 |6.73
TWO AXIS TRACKING 8.62 8.96 8.37 740 6.57 641 535 584 7.09 748 752 8.15 |7.31
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ULAN-BATOR, MONGOLIA
AVERAGE DAILY INSOLATION AVAILABILITY

(KWH/M2)
LOCATION: 47.85° N, 6.75° W, - Meters

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC |YR

LATITUDE TILT -15 (°)

Fixed Array 406 497 581 561 6.65 6.06 5.74 557 4.98 450 344 3.21 |5.05

1-Axis North South
Tracking Array 412 568 7.83 7.63 9.41 8.90 8.39 7.74 6.59 5.32 348 3.21 |6.53

LATITUDE TILT (°)

Fixed Array 481 5.64 6.12 5.55 6.33 5.69 543 542 5.10 492 401 3.85 |524

1-Axis North South
Tracking Array 483 6.29 8.22 7.60 8.97 8.30 791 757 6.78 5,79 4.03 3.85 |6.68

LATITUDE TILT +15 (°)

eleq uoiejosu| v xipuaddy

Fixed Array 531 6.04 6.13 5.27 5.82 5.8 497 5.08 4.99 5.10 4.38 4.28 (4.77

1-Axis North South
Tracking Array 5.31 6.47 8.05 7.04 792 7.14 6.88 6.88 6.51 586 4.38 4.28 |6.39

TWO AXIS TRACKING 531 648 8.24 7.69 943 8.97 843 7.75 6.80 5.89 438 4.28 [6.97




ejeq uoiejosu| :y xipuaddy

LGV

STOCKHOLM, SWEDEN
AVERAGE DAILY INSOLATION AVAILABILITY

(KWH/M2)
LOCATION: 59.35° N, 17.95° W, 43 Meters

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC |YR

LATITUDE TILT -15 (°)

Fixed Array 1.43 2.46 3.85 412 5.17 5.45 527 457 3.46 209 109 1.05]3.33
1-Axis North South

Tracking Array 1.43 2.47 4.63 582 8.16 8.94 851 6.79 442 220 109 1.05 ]4.63
LATITUDE TILT (°)

Fixed Array 1.67 2.76 4.02 405 491 5.12 498 442 352 225 125 1.24 |13.35
1-Axis North South

Tracking Array 1.67 2.76 4.85 577 7.76 8.33 8.00 6.62 453 238 125 1.24 14.60
LATITUDE TILT +15 (°)

Fixed Array 1.81 291 3.99 3.82 452 467 456 4.13 342 230 134 1.35 |3.24
1-Axis North South

Tracking Array 1.81 291 4.74 534 683 7.14 6.95 6.00 4.34 241 134 1.35 [4.26
TWO AXIS TRACKING 1.81 291 4.86 586 8.18 9.03 856 6.80 454 243 134 1.35 |481
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BANGKOK, THAILAND
AVERAGE DAILY INSOLATION AVAILABILITY

(KWH/M2)

LOCATION: 13.73° N, 0.50° W, 20 Meters

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC |YR
LATITUDE TILT -15 (°)
Fixed Array 495 562 5.23 5.62 5.63 5.30 453 4.67 4.32 436 521 499 | 5.04
1-Axis North South
Tracking Array 584 6.85 6.69 7.33 7.37 6.97 6.09 6.24 573 554 6.19 5.79 |6.39
LATITUDE TILT (°)
Fixed Array 560 6.10 5.37 551 5.32 4.93 427 452 4.35 461 584 5.74 |5.18
1-Axis North South
Tracking Array 6.67 7.51 6.99 7.28 7.03 6.52 5.74 6.10 5.87 5098 7.00 6.71 |6.62
LATITUDE TILT +15 (°)
Fixed Array 6.01 6.32 5.27 5.14 477 4.36 3.84 418 4.19 466 6.23 6.25 |5.10
1-Axis North South
Tracking Array 712 7.73 6.85 6.75 6.20 5.60 5.00 555 564 6.06 7.41 7.24 |6.43
TWO AXIS TRACKING 7.17 774 7.01 7.37 7.39 7.05 6.12 6.25 5.88 6.09 744 7.33 |6.90
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WINTER - Tilt angle equals the latitude angle +15°

Daily total solar radiation incident on a tilted surface in kWh/m?/day



19-V

20 [+]
60 40 20
5SS,
80 ‘

0 180
=
=

N
60} ™\ Q\‘
/ 60
35 (
\|5
4 on
s0e=] l
40}—
N 40
45 )
b, \
~
20
b N J N
: ’ b0
s =
° -
0 —t T
a5 \' h N a
\\hn : 4 o °
L : . b 59
‘ s
5 5 smeest ( o ’
20 ) ¢ 2> ra
| ] 54
L) 2 VT T g -
= 70
” / 65,
50 4 bed e "
40| 4 10 —*
— - 5 Q=
I Js_//v‘ 35 4 5 ey ~ 40
0= s
- — P
3001 \
o 25
20 0
20 40 80 100 120 140 160 180 120 100 80
60 40 20

Daily total solar radiation incident on a tilted surface in kWh/m2/day

SPRING - Tilt angle equals the latitude angle +15°




9V

40 80 80 100 120 1o 160 180 160 10 20 100 80 40 20
ol < ]
s 2y o “cja,
SJ'JN /2" D?:\' S A
/ 25~ M S as :\> ‘1 .
”2\ / | a0 J q
wj( ‘g P— P, f— L4 proee 3 5,
) Tz :
‘;&: /\ / 40 a5 )
s D=1 “~c- £ ,-d 207
60 A /;:&— hs n{ o (
50 / 55w =
o A7 .
X 3 P@ ~ A N .k "
5 4 Jl
oo (AN o
] \ N =
., 7 1
20 < L‘a ) r\ —py 35 s ——120
40 — - . u-m Dr fad ?;5 N
40 o v 7 33 [~ 20
vy 20 \é - ig
0 26" ) ) 80 00 120 40 0 180 10 ) 120 100 80 60 ™) :j:°

SUMMER - Tilt angle equals the latitude angle +15°

Daily total solar radiation incident on a tilted surface in kWh/m2/day
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SPRING - Tilt angle equals the latitude angle

Daily total solar radiation incident on a tilted surface in kWh/m2/day
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SUMMER - Tilt angle equals the latitude angle

Daily total solar radiation incident on a tilted surface in kWh/m2/day
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AUTUMN - Tilt angle equals the latitude angle -15°

Daily total solar radiation incident on a tilted surface in kWh/m2/day
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WINTER - Tilt angle equals the latitude angle -15°
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SPRING - Tilt angle equals the latitude angle -15°

Daily total solar radiation incident on a tilted surface in kWh/m2/day
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SUMMER - Tilt angle equals the latitude angle -15°

Daily total solar radiation incident on a tilted surface in kWh/mz2/day



APPENDIX B

SAMPLE SIZING WORKSHEETS & INSTRUCTIONS

Sizing Worksheets for Systems with Batteries

I nstructions

Component Specification Worksheets

I nstructions

Water Pumping System Worksheets

I nstructions

Hybrid System Worksheets

Instructions

Direct-Drive System Worksheets

Instructions

» Cathodic Protection System Worksheets

I nstructions

Life-Cycle Cost Analysis Worksheet

Instructions

Appendix B: Sample Sizing Worksheets & Instructions

B-3

B-8

B-16

B-21

B-29

B-31

B-35

B-37

B-42

B-44

B-47

B-48

B-52

B-53

B-1
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Appendix B: Sample Sizing Worksheets & Instructions
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WORKSHEET #1

CALCULATE THE LOADS (FOR EACH MONTH OR SEASON AS REQUIRED)

~

1] 2] (3] [4] 54] 6] 7 o lefe] 10 |
Load al| Load Load oC fc Daily Weeldy P°"’°'; Nominal | Amp-Hour
Descripti T | Current | Voltage Load oad Duty Cycle Duty Conversion System Load
piion ®) ) Power Power (HRS/DAY) Cycle Efficlency Voltage (AWDAY)
v w) w) (OAvswk) | (DECMAL) [ "0
I-BF X = N/A 7 X X <7 + - =
X = A = - —
[6e NA - [x Xl ~%.13 : =
X = - - —
[oc N/A [ X “7 I3 : =
X = : =
3 N/A |X X =
[ac] X - N/A X X 7% = -
X X X . - - =
X N/A X X +7 : + =
[ac] :
ml [ N/A X X 7 % + =
1] otal Loed Px me| 12] Total Amp-Hour Load
S B i (AH/DAY) :
18 X E) |p 20}
Total Total Nominal A T?I:::u Wire Battery :
DCload | AC Load System '“I’_’oa p " | Etficlency | Efficiency
Power Power Voltage AHDAY Factor Factor
— =™ [ w ) | oeciMALy | (oECIMAL

DESIGN NOTES:
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WORKSHEET #2 DESIGN CURRENT AND ARRAY TILT
21| System Location Latitude Longitude DESIGN NOTES:|
Insolation Location Latitude Longitude
Tilt at Latitude -15° Tilt at Latitude Tilt at Latitude +15°
M‘:.'2I\l 23A| ‘24A| 228 ZSBI 248| 22C 230| 24C|
3 Corrected Peak Design Corrected Peak Design Corrected Peak Design
T Load Sun Current Load Sun Current Load Sun Current
H| (AH/DAY) | (HRS/DAY) (A) (AH/DAY) { (HRS/DAY) (A) (AH/DAY) | (HRS/DAY) (A)
(20 | 20 2
J -+ = -+ = - =
F - = + = -+ =
M - = - = = =
A = = - — - =
M + = + = = =
J -+ = - = - =
J + = <+ ==| -~ =
A <+ = - = = =]
S + = + = - =
N + = : + = + =
0 <+ = :;‘3 + =| -+ =
| = Select the largest design current and corresponding peak sun from each latitude and enter below ]
Latitude -15° Latitude Latitude +15°
25A | 26A | 258 268 | 25C ! 26C !
Peak Design Peak Design eak esign
Sun Current Sun Current Sun Current
(HRS/DAY) (A) (HRS/DAY) (A) (HRS/DAY) (A)

smallest design current r

NOTE: DO NOT MIX TRACKING AND FIXED ARRAY DATA ON THE SAME SHEET,
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WORKSHEET #3

CALCULATE SYSTEM BATTERY SIZE

D EC R 1 E5 L 2 2 I 22 2 Z ]
Corrected Maximum Derate Capacity of
Required Batteries
Amp-Hour Storage Depth of for Battery Selected In
Load Days ‘Discharge |Temperature Capacity Battery Parallel
2] (AH/DAY) - '(DECIMAL) (DECIMAL) (AH) (AH)
X + + = + =
5 7 ] ] m@|
NOTE: BLOCK 35. ROUND UP Nominal Nominal Batteries | Batteries
FOR CONSERVATIVE DESIGN. System Battery in in Total
Voltage Voltage Series Parallel Batterles
v) v) —
BATTERY INFORMATION el 2
-:— = X =3
Make
Model 11-] 42 a3 44 Maxi 45
Type Capacity of System aximum Usable
Batlt:rles Selected Battery Dl?epthh of Battery
charge c it
Nominal Voltage (v Battery Capacity > apacity
ge (V) - Parallel — (aH) (AH) - (DECIMAL) (AH)
Rated Capaclty (AH) X - X =

NOTE: USE MANUFACTURER'S DATA TO FILL
IN BATTERY INFORMATION BLOCK

~

DESIGN NOTES:

)
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\

WORKSHEET #4 | CALCULATE SYSTEM ARRAY SIZE
ilDeslgn —dMod,ule_:]Lf'—?-!Der.a.ted o] Hhtefd'LD—ﬂ"oau,es
Current rate - Desigi Module n
(A) Current . | parailel
£ W | P
51 ] 52] =] vonage [s4fnighest [ss] [se] 5]
Nominal Batteries Required |Temperature| Modules ‘| Modules Total
Battery in for Module in in Mozu1es
| _Voltage | Serles Load Voltage Serles | __Parallel
_ 37 38 (V) V) |50
L 1.20 X X | +] =] X =
5
58 | ] pated
Array
NOTE: USE MANUFACTURER’S SPECIFICATIONS curfeﬂtv'-~
TO FILL IN PV MODULE INFORMATION BLOCK. Modules (A)
in =
Paral o=
arailel 61]Module |62 Array
Make/Model Nominal Volts g‘::‘:::t g:l:‘::rl:t
Length Width Thickness (A) (A)
Welght Bypass Diode | Y | N s0] X =|
63 64 65
Voltage | At STC [Open Circuit|A' 'ighest Expected 3 | ) pated |5 Array
v P Module Rated
Voltage Voltage
Current | At STC |Short Circult| Modules V) (V)
A in .3 I
€6] Open
NOTES: BLOCK 50 - ROUND UP FOR CONSERVATIVE DESIGN. Circult
BLOCK 55 - ROUND UP OR SELECT ANOTHER MODULE WITH Module
SUFFICIENT VOLTAGE TO CHARGE THE BATTERIES WHEN Voltage
OPERATING AT THE HIGHEST EXPECTED TEMPERATURE.

DESIGN NOTES:
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WORKSHEET #5

HYBRID DESIGN DETERMINATION

\

) les 70 71 72
Corrected _]Nomlnal _]Watt-Hour —] B Annual
Amp-Hour System Load Conversion | Kilowatt-Hr
Load Voltage (WH/DAY) Factor Load
m (AH/DAY) ‘9" (v) (KWH/YEAR)
X = x| .365 =|
73 74 75 76 77
Derated _INomInal J Design JWatt Hour "J Artray
Design System Array L ) d L °d
Current Volitage Power (WH?I‘)’AY) R:taio
e] M ] v W) 70 (DECIMAL)
X — - —
78 = 2 =
_J Hybrid indicator.
12000 = Yes|| No
Hybrid Design
10000 — Flag
e 8000 —
3 CONSIDER
3| ¥ HYBRID IF YES, USE HYBRID WORKSHEETS TO
% 4000 COMPLETE SIZING OF A HYBRID SYSTEM.
£ IF NO, PROCEED TO FUNCTIONAL
%’ 2000 - SPECIFICATION SHEETS.
o
e 0 T T T T T 1 T T

Array to Load Ratlo

DESIGN NOTES:
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INSTRUCTIONS FOR SYSTEM SIZING WORKSHEETS

These worksheets and instructions are for use in sizing stand-alone PV systems. Most
of these systems will contain battery storage subsystems.

Each block of the worksheet has a A “D” in the upper right comer of a
number in the upper left comer. These block indicatesthat a default value can be
instructions correspond to those block | 41 -} D{ found in these instructions.
numbers.

A number in the lower |eft comer isa | o v Shaded blocks contain numbers that
cross reference and indicates that a value — " will be used again later in the sizing
calculated previously should be used. pr OCESs.

PV powered applications such as water pumping, cathodic protection, hybrid, or
direct drive differ only in the load calculation method; the remaining sizing procedure
Is the same. Load sizing worksheets and instructions are included for these specid
applications.

WORKSHEET #1 - Calculate the Loads

If the load demand varies widely from month-to-month (or season-to-season), you
must fill out Worksheet #1 for each month. Usually the system size will be dictated
by the worst-case month — the month with the largest load and the lowest solar
insolation. Consider this month first.

1 LOAD DESCRIPTION: List each load (i.e., fluorescent lamp, pump, radio). Enter
the dc loads at the top and the ac loads, if any, at the bottom part of the worksheet.

2 QTY: Enter the number of identical loads in the system.

3 LOAD CURRENT (A): Enter an estimate of the current required by each load when
operating. Use the manufacturer’s rated current, or measure the current.

4 LOAD VOLTAGE (V): Enter the voltage of the load, i.e., 120 volt ac, 24 volt dc, etc.
The operating voltage is usualy listed on the appliance.

5A DC LOAD POWER (W): Calculate and enter the power required by the dc load.
Power equals the product of voltage and current.

B-8 Appendix B: Sample Sizing Worksheets & Instructions
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10

11

12

13

14

15

AC LOAD POWER (W): Calculate and enter the power required by the ac load.
Ignore the power factor for this calculation.

Daily Duty Cycle (HRS/DAY): Enter the average amount of time per day the load
will be used. (Enter fractions of hours in decimal form, i.e., 1 hour, 15 minutes would
be entered as 1.25.)

Weekly Duty Cycle (DAY S/WK): Enter the average number of days each week the
load will be used.

Power Conversion Efficiency (DECIMAL): This factor accounts for power 10ss in
systems using power conditioning components (converters or inverters). If the
appliance requires ac power or dc power at a voltage other than your system voltage,
you should enter the conversion efficiency of the device. If you do not have the
actual efficiency of the converter being used, use the default values given below for
initial sizing.

POWER CONVERSION EFFICIENCY DEFAULT

DC TO AC 0.85
DC TO DC 0.90

Nominal System Voltage (V): Enter the desired system voltage. The system voltage
is normally the voltage required by the largest loads. Common values are 12 or 24
volts dc and 120 volts ac.

Amp-Hour Load (AH/DAY): Calculate the average energy requirement per day in

ampere-hours by performing the calculations as indicated by the mathematical
symbols across the page.

Total DC and AC Load Power (W): Enter the individual ac and/or dc loads.
11A  Total dcload in Watts.
11B Totd ac load in Watts.

Total Ampere-Hour Load (AH/DAY): Caculate the daily average system load in
ampere-hours.

Total DC Load Power (W): Enter value from Block 11A.
Total AC Load Power (W): Enter value from Block 11 B.

Nominal System Voltage (V): Enter value from Block 9.

Appendix B: Sample Sizing Worksheets & Instructions B-9



System Sizing )

16 Peak Current Draw (A): Calculate the maximum current required if al the loads
are operating ssimultaneously. This value is used for sizing fuses, wiring, etc.

17 Total Ampere-Hour Load (AH/DAY): Enter value from Block 12.

18 Wire Efficiency Factor (DECIMAL) (1 - WIRE LOSS): Enter the decimal fraction
accounting for loss due to wiring and switchgear. This factor can vary from 0.95 to
0.99. Wire size should be chosen to keep wire loss in any single circuit to less than
3 percent (>0.97).

WIRE EFFICIENCY FACTOR DEFAULT = 0.98

19 Battery Efficiency Factor (DECIMAL): Enter the battery efficiency which is equal
to ampere-hours out divided by ampere-hours in. Use manufacturer’s data for
specific battery. Assume constant voltage operation.

BATTERY EFFICIENCY FACTOR DEFAULT =0.9

20 Corrected Amp-Hour Load (AH/DAY): Calculate the energy required to meet the
average daily load plus losses.

WORKSHEET #2 - Design Current and Array Tilt

An array set at the same angle as the latitude of the site will recelve the maximum
annualsolar radiation. If the load demand is high in the winter (northern hemisphere),
set the array tilt at latitude plus 15°. For a predominant summer load, set the array tilt
angle at latitude minus 15°. Calculate the design current for all three tilt angles if the
load demand varies widely throughout the year.

21 System Location/Insolation Location: Enter the latitude and longitude of the system
site and the location of the insolation data used. See Appendix A.

22A,B, & C Corrected Load (AH/DAY): See Block 20 Worksheet #1. Enter the corrected
load for each month for each tilt angle.

23A,B, & C Peak Sun (HRS/DAY): Enter the average number of hours each day when
insolation was 1,000 watts per square meter. Enter the value for each month
for each tilt angle. Weather data for selected sites is given in Appendix A.

NOTE: Peak sun hours are equal to the average kilowatt-hours/m?-day.
1 kwh/m? = Langley/85.93 = 316.96 Btu/ft? = 3.6 w/m?,

B-10 Appendix B: Sample Sizing Worksheets & Instructions



24A, B, & C Design Current (A): Caculate the current required to meet the system load.

NOTE: The recommended tilt angle for the array is selected by first determining the
largest design current for each of the three tilt angles; then selecting the
smallest of those three values.

25A + 26A  Peak Sun (HRS/DAY) and Design Current (A): Select and enter the largest
25B + 26B monthly design current and corresponding peak sun hours from columns
25C + 26C  24A, 24B, and 24C.

27 & 28 Peak Sun (HRS/DAY) and Design Current (A): Select and enter the smallest
of the three design currents and the corresponding peak sun hours from 25A,
B, or C and 26A, B, or C.

WORKSHEET #3 - Calculate System Battery Size

29 Corrected Amp-Hour Load (AH/DAY): Enter value from Block 20 Worksheet #1.

30 Storage Days: Choose and enter the consecutive number of days the battery
subsystem is required to meet the load with no energy production by the array.
System availability is defined as critical (99 percent available) or non critical (95
percent available) and directly affects thenumber of storage days. Use the chart below
to find the recommended number of storage days if no better estimate can be made.

31 Maximum Depth of Discharge (DECIMAL): Enter the maximum discharge allowed
for the battery. This depends on size and type of battery. Consult the battery
manufacturer or use default values below.

STORAGE DAYS DEFAULTS

8 4----

Days of Usable Storage

0 1 2 3 4 5 6 7 8

Peak Sun Hours

Appendix B: Sample Sizing Worksheets & Instructions B-11



MAXIMUM DEPTH OF DISCHARGE
BATTERY TYPE DEFAULT
Lead Acid Starting 0.25
Lead Acid Traction 0.75
Nickel Cadmium 0.90

32

33

Derate for Temperature (DECIMAL): Enter a factor that derates the battery capacity
for cold operating temperatures. Ask the battery manufacturer for this information.
If no better information is available derate a lead acid battery’s capacity one percent
for each degree Celsius below 20°C that the battery will operate at.

TEMPERATURE CORRECTION FACTOR DEFAULT = 0.9

Required Battery Capacity (AH): Calculate the battery capacity required to meet the
daily load for the required number of days.

NOTE: Select a battery for your system and record the specifications in the battery

34

35

36

37

38

39

40

41

42

43

B-12

information block.
Capacity of Selected Battery (AH): Enter the manufacturer’s rating of battery storage
capacity in ampere-hours. Batteries are normally rated at optimum test conditions,
20°C, and discharge rates of C/20 or lower.

Batteries in Parallel: Calculate the number of parallel connected batteries required
to provide the storage capacity.

Nominal System Voltage (V): Enter the value from Block 9, Worksheet #1.

Nominal Battery Voltage (V): Enter the rated voltage of the selected battery, i.e., 2,
6, or 12 volts.

Batteries in Series. Calculate the number of series connected batteries required to
provide the system voltage.

Batteries in Parallel: Enter the value from Block 35.

Total Batteries. Calculate the total number of batteries in the system.
Batteries in Parallel: Enter the value from Block 35.

Capacity of Selected Battery (AH): Enter the value from Block 34.

System Battery Capacity (AH): Calculate the battery system storage capacity.

Appendix B: Sample Sizing Worksheets & Instructions
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45

Maximum Depth of Discharge (DECIMAL): Enter the value from Block 31.

Usable Battery Capacity (AH): Thisis the amount of ampere-hours that can safely be
used from the installed batteries.

WORKSHEET #4 - Calculate System Array Size

46

a7

48

Design Current (A): Enter the value from Block 28, Worksheet #2.

Module Derate Factor (DECIMAL): Enter a factor to adjust module current from
standard operating conditions (SOC) of 1,000 w/m? and 45°C temperature to field
conditions, i.e., dust accumulations, mismatch loss between modules, degradation
over time, etc.) Ask the module distributor or use the default values below.

MODULE DERATE FACTOR DEFAULT

MODULE TYPE FACTOR
CRYSTALLINE 0.9
AMORPHOUS 0.7

Derated Design Current (A): Calculate the minimum array current necessary to
supply the average daily load at the chosen site.

NOTE: Select a PV module and record the specifications in the module information block.

49

50

ol

52

53

94

Be sure to determine the module voltage when it is operating at the highest
temperatures expected for your site.

Rated Module Current (A): Enter the rated module operating current at 1,000 w/m?
and 45°C operating temperature as given by the manufacturer.

Modules in Parallel: Calculate the number of parallel connected modules required
to provide the array current.

Nominal Battery Voltage (V): Enter the value from Block 37 Worksheet #3.
Batteriesin Series. Enter the value from Block 38 Worksheet #3.

Voltage Required to Charge Batteries (V): Caculate the minimum voltage required
to charge the batteries.

Voltage at Highest Module Temperature (V): Enter this value from the
manufacturer’s specifications.

Appendix B: Sample Sizing Worksheets & Instructions B-13
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55

56

57

58

59

60

61

62

63

65

66

67

Modules in Series. Calculate the number of series connected modules required to
produce the system voltage. You must not round down. Round up or select another
module with a higher operating voltage.

Modulesin Parallel: Enter the value from Block 50.

Total Modules: Calculate the total number of modules in the array.

Modulesin Paralld: Enter value from Block 50.

Rated M odule Current (A): Enter the module current when operating at 1,000 w/m?
and 45°C temperature.

Rated Array Current (A): Calculate the rated array current when operating at 1,000
w/m? and 45°C temperature.

Module Short Circuit Current (A): Enter module short circuit current when operat-
ing a 1,000 w/m? and 45°C temperature.

Array Short Circuit Current (A): Calculate the array short circuit current when
operating at 1,000 w/m? and 45°C temperature.

Modulesin Series: Use the value from Block 55.

Rated M odule Voltage (V): Enter modulevoltage when operating at 1,000 w/m? and
45°C temperature.

Array Rate Voltage (V): Calculate array voltage when operating at 1,000 w/m? and
45°C temperature.

Open Circuit Module Voltage (V): Enter module open circuit voltage when operat-
ing a 1,000 w/m? and 45°C temperature.

Array Open Circuit Voltage (V): Caculate array open circuit voltage when operating
at 1,000 w/m? and 45°C temperature.

NOTE: In some applications you may wish to know the highest voltages that might be

B-14

produced by the array. This will occur when the array is operating at its lowest
temperature. Use manufacturer’s data to determine module voltage for the
coldest temperatures expected.

Appendix B: Sample Sizing Worksheets & Instructions
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WORKSHEET #5 - Hybrid Design Determination

68

69

70

71

72

73

74

75

76

77

78

Completing this worksheet will give an indication of whether a hybrid power
system should be considered for this application.

Total Amp-Hour Load (AH): Enter the value from Block 20 Worksheet #1.
Nominal System Voltage (V): Enter the value from Block 9 Worksheet #1.
Watt-Hour Load (WH/DAY): Calculate the average daily load power of the system.

Conversion Factor: Multiplying by this factor converts watt-hours per day to kilowatt
hours per year.

Annual Kilowatt-Hour Load (KWH/YEAR): Calculate the average annual |oad
power. This value is helpful if a hybrid system is required.

Derated Design Current (A): Enter the value from Block 48 Worksheet #4.
Nominal System Voltage (V): Enter the value from Block 9 Worksheet #1.

Design Array Power (W): Calculate the average daily power required by the load.
Watt-Hour Load (WH/DAY): Enter the value from Block 70.

Array to Load Ratio (DECIMAL): Calculate the factor used to determine if a hybrid
design should be considered.

Hybrid Indicator: Plot a point on the graph using values from Blocks 76 and 77.

NOTE: If the hybrid indicator suggests a hybrid system, complete the hybrid worksheets,

HY#1 and HY#2. Compare life cycle cost analyses of both designs and make a
decision as to which would be the optimum system.

Appendix B: Sample Sizing Worksheets & Instructions B-15
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4] Array A2 | A3] [A4]
Short Minimum Rated Controllers
Circuit Controller Controller in
| Current Current Current) Parallel
(A) (A) (A)
1 I25 = + =
i"’J
{(CONTROLLER)
Make/Model

Rated Voltage
Rated Current

Eeatures
Temperature Compensation
Reverse Current Protection
Adjustable Set Points)

High Voltage Disconnect
High Voltage Re-connect
Low Voltage Disconnect
Low Voltage Re-connect
Meters

Battery Voltage

Array Current
Load Current

A

DESIGN NOTES:
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POWER CONDITIONING UNITS SPECIFICATION

\

I@

Required Inverter
Efficiency at Load

,_,( Inverter
System Requirements B11 Inverter Specifications
B1| wave Form - Make
B2| DC System Voltage — Model
B3| AC System Voltage V) \lNavet 50';:" 00 )
. (W) nput Voltage
B4| Surge Capacity W) Output Voltage (AC) (V)
BS| Total AC Watts EE— Surge Capacity (W)
B6 [ Maximum Single AC Load (W)
FEAT ES:
57] Maximum Simultaneous AC Battery Charging ()
Load (W) Voltmeter ()
=5 Inverter Run Time at Maximum Remote Control ()
Simultaneous Load (MIN) Generator Start ()
| ‘E Inverter Continuous Duty Transfer Switch ()
Rating (W) Maximum Power Tracking ( )

(V)

(V)

Converter
System Requirements c5 | Converter
C1|Input DC Voltage to (v) | | Make
] | C2| Output DC Voltage to (V) :\:\::te'Voltage
C3 | Output Power — W) || output Voltage
{ {C4 | Operating Temperature to (C°)| | output Current

Operating Temperature
FEATURES:

Adjustable Output Voltage

(A)
(C°)

(V)

DESIGN NOTES:
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PROTECTION COMPONENTS SPECIFICATION

Protected Circuit

Protection Device

Switch|Diodd Fuse Movistor

Rated
Current

Rated
Voltage

Description

o

2| B] &2

(=
S

O
o

@®

2 B] | ] B

O

(=]
-
(2]

(=
Y
H

( uones1vads usuodwo) )
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DC WIRE SIZING SPECIFICATION

Wire Runs

E1 _Eg_]

System
Voltage
v

=]

£

Maximum One Way
Current Length
(A) (FT)

& |

Allowed
Voltage
Drop

(%)

65 |
Allowance
for

Temperature
Derate

E1JNE]

AWG Wire

Number Type

Array Circuit

Module to Module

Array to Controller
or Battery

DC Circuits

Battery to Battery

Battery or Controller
to DC Loads

Branch Circuits

mooOO @ »

Battery Charger
to Batteries

Battery to Inverter
Or Converter

System fféféundlng

Wire Type

AWG Number

Type of Earth Ground

B
-—l Equipment Ground

|E10

System Ground

DESIGN NOTES:

Cuoueomoads juauodwo)n )
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AC WIRE SIZING SPECIFICATION

Wire Sizing And Specification (DC Side)

~

.fll

ﬁ'

Fs] e

s

E.J

AR

System Maximum One Way Allowed Allowance AWG Wire
Wire Runs Voltage Current Length Voltage for Number Type
V) (A) (FT) Drop Temperature
(%) Derate
AC Circuits

inverter to AC
Loads

Branch Circuits

O Mmoo 0>

Generator

|Generator to
Battery Charger

|Generator to
AC Load Center

‘System Grounding

Wire Type

AWG Number

Type of Earth Ground

Fo | Equipment Ground

Fro] system Ground

DESIGN NO/TES:

[ uoneosy1oads Jusuodwon )
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I NSTRUCTIONS FOR SPECIFICATION W ORKSHEETS

The next five sheets show some of the parameters used to specify hardware for stand-
alone PV systems. It is recommended that data from several manufacturers be obtained
and studied while completing these sheets. These manufacturers data are required to
make intelligent design tradeoffs. Also, appropriate articles in the NEC should be studied.
These electrical code requirements have been developed to ensure safe, durable system
installations.

Controller Specification

Select a controller that operates at the nomina dc system voltage.
Al  Array Short Circuit Current (A): Enter the value from Block 62 Worksheet #4.

A2 Minimum Controller Current (A): Calculate the minimum controller current. The
multiplier of 1.25 oversizes the controller by 25 percent to allow for current
production at highest solar irradiance conditions.

A3 Rated Controller Current (A): If asingle controller cannot be found that will handle
the current calculated in A2, parallel controllers may be used. Enter the
manufacturer’s rated value of the selected controller.

A4  Controllersin Parallel: Calculate the number of controllersin parallel.
A5 Controller: Use the form to describe the controller characteristics and features

desired or available from the manufacturer. If any of the controller settings are
adjustable, indicate the desired setting.

Power Conditioning Units Specification

List the desired characteristics of an inverter in the space provided and read
manufacturers literature for candidate inverters.

B1  Waveform: Specify the wave form desired. See inverter section starting on page 39.
B2 DC System Voltage (V): Enter the dc system voltage from Block 9, Worksheet #1.

This value might have to be changed depending on the availability, performance,
and cost of inverters.

Appendix B: Sample Sizing Worksheets & Instructions B-21
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B3 AC System Voltage (V): Enter the ac voltage desired.

B4  Surge Capacity (W): Enter the highest power that might be required for a short
period. Starting motors may require up to six times the rated operating current.

BS  Total AC Watts (W): Enter the total ac load from Block 11B Worksheet #1.

B6  Maximum Single AC Load (W): Enter the maximum single ac load from those
listed on Worksheet #1.

B7  Maximum Simultaneous AC Load (W): Enter the maximum expected ssimulta-
neous ac load. Thisis determined by summing the loads that could possibly operate
at the same time. See Worksheet #1.

B8 Inverter Run Time at Maximum Simultaneous Load (MIN): Estimate and enter the
length of time in minutes that the inverter will have to support the maximum
simultaneous ac loads.

B9 Inverter Continuous Duty Rating (W): Estimate the average power required from
the inverter. Study the loads listed on Worksheet #1.

B10 Required Inverter Efficiency at Load (%): Enter the desired inverter efficiency at
the average load. (Note: Manufacturers usualy quote inverter efficiencies under
ideal test conditions.)

B11 Inverter Specifications. Enter data from the manufacturer’'s data sheet for the
selected unit.

Converter
The parameters listed should be considered when specifying a dc to dc converter.
List the desired system specifications in the spaces provided and review
manufacturer’s literature to identify converters that meet the requirements.

Cl Input DC Voltage (V): Enter the input dc voltage from Block 9, Worksheet #1.

C2 Output DC Voltage (V): Enter the required output dc voltage of the converter.

C3  Output Power (W): Enter the power requirements of the specific loads that the
converter must supply.

C4  Operating Temperature (C°): Enter the operating temperature range that the
converter will be subjected to.

C5 Converter: Select an available converter and list its specifications.

B-22 Appendix B: Sample Sizing Worksheets & Instructions
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Protection Components Specification

Switches, circuit breakers, fuses, and diodes are used for safe operation and mainte-
nance of a stand-alone PV system and are necessary to protect people and equipment.
Review applicable electrical codes for guidance. Any switch must be capable of interrupt-
ing the current, ac or dc, flowing in the circuit. AC rated switches and fuses will fail in dc
circuits and should not be used. A fuse must be rated for dc current if used in a dc circuit.
Fuses and switches are often included in a single package. A blocking diode may be used
to prevent current flowing from the battery toward the array. Some controllers provide this
protection internally. All protection components should be installed in weather resistant
enclosures.

D1-D14 Protected Circuit: List the circuit where the protection device is to be
installed. For example, the PV array output, the inverter to ac load, etc. Then
check the device to be installed and its current and voltage ratings.

Wire Sizing (DC or AC) Specification Sheet

Review applicable codes and regulations before selecting the wire to be used in a
stand-alone PV system. Determine whether single or multiple conductor wire should be
used. Select a wire with a sheath (covering) that will withstand existing conditions. Be sure
to specify sunlight resistant wire for locations where the wire will be exposed. Consider
using metal conduit to protect the wires. Allow for temperature derate on ampacity if the
wire will be exposed to temperatures exceeding 30°C. Grounding should be done
according to local regulations. The following instructions apply to both ac or dc wire sizing.

Elor F1 System Voltage (V): Enter the system voltage for each circuit.
E2or F2 Maximum Current (A): Enter the maximum current for each circuit.

E3or F3 One Way Length (M): Measure or estimate the length of wire runs in the
system. This is the distance between components in the system--such as array
to controller or controller to battery.

E4or F4 Allowed Voltage Drop (%): Specify the maximum voltage drop for each of
the circuits. If local regulations do not specify a maximum, use a default value
of 3 percent voltage drop in any branch circuit and a maximum of 5 percent
voltage drop from voltage source to load.

Appendix B: Sample Sizing Worksheets & Instructions B-23
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E5or F5

E6 or F6

E7or F7

E8or F8

E9or F9

Allowance for Temperature Derate: If current carrying conductors are
exposed to temperatures greater than 30°C (84°F) their ampacity will be
reduced. Consult Table 310-16 in the NEC or ask wire manufacturers for
amount of derate.

Wire Size: Determine the size of wire for each of the wire runs. Using the
following tables for quick reference, the maximum one-way wire distance for
copper conductors of certain size can be determined for 12-, 24-, 48-, and 120-
volt circuits.

Wire Type: Note the wire type including insulation material or coatings.

Equipment Ground: Wires are typically No. 8 bare copper or larger. Refer
to applicable codes.

System Ground: Ground wires should be equal to or larger than the largest
current carrying conductor. Locate the ground as close to the battery as
possible. Refer to local regulations for grounding requirements.

Note: All grounding for your system should be made at a single point.

B-24
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Maximum One-Way Wire Distance (Fect)

|

3% Vo]tag(_: Drop; 1_21\{9E C'i_{gpitiﬁrlnga lcggopge_r Wire at 20° C

AWG Wire Size 14 12 10 8 6 4 3 2 1 0 00 000 | 0000
Resistance (Q/1000 ft.) 2.52500| 1.58800| 0.99890| 062820/ 0.39510/ 0.24850 0.19700] 0.15630] 0.12390] 0.09827] 0.07793] 0.06180] 0.04901
Amperes| Watts Distance | Distance | Distance | Distance | Distance | Distance | Distance | Distance | Distance | Distance | Distance | Distance | Distance
1 6 286 453 721
1 12 143 227 360 573
2 24 71 113 180 287 456 724
3 36 48 76 120 191 304 483 609 768
4 48 36 57 90 143 228 362 457 576 726
6 72 24 38 60 96 152 241 305 384 484 611 770
8 96 18 28 45 72 114 181 228 288 363 458 577 728
10 120 14 23 36 57 91 145 183 230 291 366 462 583 735
12 144 12 19 30 48 76 121 152 192|242 30 385 485 612
14 168 10 16 26 41 65 103 131 165 208 262 330 416 525
16 192 9 14 23 36 57 91 114 144 182 229 289 364 459
18 216 8 13 20 32 51 80 102 128 161 204 257 324 408
20 240 7 11 18 29 46 72 91 115 145 183 231 291 367
25 300 6 9 14 23 36 58 73 92 116 147 185 233 294
30 360 5 8 12 19 30 48 61 77 97 122 154 194 245
35 420 4 6 10 16 26 41 52 66 83 105 132 166 210
40 480 4 6 9 14 23 36 46 58 73 92 115 146 184
45 540 3 5 8 13 20 32 41 51 65 81 103 129 163
50 600 3 5 7 11 18 29 37 46 58 73 92 117 147
60 720 2 4 6 10 15 24 30 38 48 61 77 97 122
70 840 3 5 8 13 21 26 33 42 52 66 83 105
80 960 3 5 7 11 18 23 29 36 46 58 73 92
90 1080 3 4 6 10 16 20 26 32 41 51 65 82
100 1200 2 4 6 9 14 18 23 29 37 46 58 73
110 1320 3 5 8 13 17 21 26 33 42 53 67
120 1440 3 5 8 12 15 19 24 31 38 49 61
130 1560 3 4 7 11 14 18 22 28 36 45 57
140 1680 3 4 7 10 13 16 21 26 33 42 52
150 1800 2 4 6 10 12 15 19 24 31 39 49
160 1920 4 6 9 11 14 18 23 29 36 46
170 2040 3 S 9 1n 14 17 22 27 34 43
180 2160 3 5 8 10 13 16 20 26 32 41
190 2280 3 5 8 10 12 15 19 24 31 39
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: Maximum One-Way Wire Distance (Feet) | S
3?/5_V_()ltagc Drop; 24-Volt Circuit; /Knncﬁlod Copper Wire at 20° C
AWG Wire Size 14 2 10 8 6 4 3 2 1 o | oo 000 0000
Resistance (/1000 ft.| 2.52500| 1.58800] 0.99890| 062820] 0.39510] 024850 0.19700] 0.15630] 0.12390| 0.09827] 0.07793| 0.06180| 0.04901
Amperes| Watts | Distance | Distance | Distance | Distance | Distance | Distance | Distance | Distance | Distance | Distance | Distance | Distance | Distance
0.5 12 570 907
1 24 285 453 721
2 48 143 227 360 573 911
3 72 95 151 240 382 607 966 N o R -
4 96 71 113 180 287 456 724 914
) 6 144 48 76 120 191 304 483 609 768 969
8 192 36 57 90 143 228 362 457 576 726 916
10 240 29 45 72 115 182 290 365 461 581 733 924 -
12 288 24 38 60 9% 152 241 305 384 484 611 770 971
14 336 20 32 51 82 130 207 261 329 415 523 660 832
16 384 18 28 45 72 114 181 228 288 363 458 577 728 918
18 432 16 25 40 64 101 161 203 256 323 407 513 647 816
20 480 14 23 36 57 91 145 183 230 291 366 462 583 735
25 600 11 18 29 46 73 116 146 184 232 293 370 466 588
30 720 10 15 24 38 61 97 122 154 194 244 308 388 490
35 840 8 13 21 33 52 83 104 132 166 209 264 333 420
40 960 7 1 18 29 46 72 91 115 145 183 231 291 367
45 1080 6 10 16 25 40 64 81 102 129 163 205 259 326
50 1200 6 9 14 23 36 58 73 92 116 147 185 233 294
60 1440 5 8 12 19 30 48 61 77 97 122 154 194 245
70 1680 4 6 10 16 26 41 52 66 83 105 132 166 210
80 1920 4 6 9 14 23 36 46 58 73 92 115 146 184
90 2160 3 5 8 13 20 32 41 51 65 81 103 129 163
100 2400 3 5 7 1 18 29 37 46 58 73 92 117 147
110 2640 3 4 7 10 17 26 33 42 53 67 84 106 134
120 2880 4 6 10 15 24 30 38 48 61 77 97 122
130 3120 3 6 9 14 22 28 35 45 56 7 90 113
140 3360 5 8 13 21 26 33 42 52 66 83 105
150 3600 5 8 12 19 24 31 39 49 62 78 98
160 3840 7 11 18 23 29 36 46 58 73 92
170 4080 7 11 17 21 27 34 3] s 69 86
180 4320 6 10 16 20 26 32 41 51 65 82
190 4560 6 10 15 19 24 31 39 49 61 77

( uonesyivadg Jusuodwon )
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7”773%“ \‘/i()]t‘agc Drop; 48-Volt Circuit; Anncailcd”Cquor \ﬁ’l;o gt;.l(r)"r C

_Maximum One-Way Wire Distance (Feet)

AWG Wire Size 14 12 10 8 6 4 3 2 1 0 00 000 0000
Resistance (/1000 ft.) 2.52500{ 1.58800; 0.99890| 0.62820| 0.39510| 0.24850( 0.19700; 0.15630| 0.12390| 0.09827| 0.07793| 0.06180{ 0.04901
Amperes| Watts Distance | Distance | Distance | Distance | Distance | Distance | Distance | Distance | Distance | Distance | Distance | Distance | Distance
0.5 24
1 48 5714 906.8
2 9% 285.7 4534 720.8
3 144 190.5 302.3 480.5 7641
4 192 1429 226.7 360.4 5731 911.2
6 288 95.2 151.1 2403 382.0 607.4 9657.9
8 384 714 1134 180.2 286.5 455.6 72435 93.7
10 480 571 90.7 144.2 2292 364.5 5794.8 731.0 9213
12 576 476 75.6 120.1 191.0 303.7] 4829.0 609.1 767.8 968.5
14 672 40.8 64.8 103.0 163.7 260.3 4139.1 522.1 658.1 830.2
16 768 357 56.7 90.1 1433 227.8 3621.7 456.9 575.8 7264 915.8
18 864 317 50.4 80.1 127.3 202.5 3219.3 406.1 511.8 645.7 814.1
20 960 28.6 453 72.1 114.6 182.2 28974 365.5 460.7 581.1 732.7 9239
25 1200 229 363 57.7 91.7 145.8 23179 292.4 368.5 464.9 586.1 739.1 932.0
30 1440 19.0 30.2 48.1 76.4 1215 1931.6 243.7 307.1 3874 488.5 615.9 776.7 979.4
35 1680 16.3 259 412 65.5 104.1 1655.6 208.8 263.2 332.1 418.7 5279 665.7 839.5
40 1920 14.3 27 36.0 57.3 91.1 1448.7 182.7 230.3 290.6 366.3 462.0 582.5 734.5
45 2160 12.7 20.2 320 50.9 81.0 1287.7 162.4 204.7 258.3 325.6 4106 517.8 652.9
50 2400 114 18.1 28.8 45.8 729 1159.0 146.2 184.3 2324 293.1 369.6 466.0 587.6
60 2880 9.5 15.1 24.0 38.2 60.7 965.8 121.8 153.6 193.7 2442 308.0 388.3 489.7
70 3360 82 13.0 20.6 327 52.1 827.8 104.4 131.6 166.0 209.3 264.0 3329 419.7
80 3840 7.1 11.3 18.0 28.7 456 7243 91.4 115.2 145.3 183.2 2310 291.3 367.3
90 4320 6.3 10.1 16.0 255 40.5 6439 81.2 102.4 1291 162.8 205.3 258.9 326.5
100 4800 5.7 9.1 144 229 36.4 579.5 731 92.1 116.2 146.5 184.8 233.0 293.8
110 5280 8.2 13.1 20.8 331 526.8 66.5 83.8 105.7 133.2 168.0 211.8 267.1
120 5760 7.6 120 19.1 304 482.9 60.9 76.8 96.9 122.1 154.0 194.2 244.8
130 6240 7.0 111 17.6 28.0 4458 56.2 709 89.4 112.7 142.1 179.2 226.0
140 6720 103 16.4 26.0 4139 522 65.8 83.0 104.7 132.0 166.4 2099
150 7200 9.6 153 243 386.3 48.7 614 77.5 97.7 123.2 155.3 1959
160 7680 9.0 14.3 22.8 3622 45.7 57.6 72.6 91.6 1155 145.6 183.6
170 8160 135 214 3409 43.0 542 68.4 86.2 108.7 137.1 172.8
180 8640 12.7 202 3219 40.6 512 64.6 814 102.7 1294 163.2

( uones1oads Jusuodwo) ]
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l Maximum One-Way Wire Distance (Feet)
3% Voltage Drop; 120-Volt Circuit; Annealed Copper Wire at 20° C
AWG Wire Size 14 12 10 8 6 4 3 2 1 0 00 000 0000
Resistance (/1000 ft.} 2.52500{ 1.58800] 0.99890| 0.62820| 0.39510{ 0.24850 0.19700| 0.15630| 0.12390| 0.09827| 0.07793| 0.06180{ 0.04901
Amperes| Watts Distance | Distance | Distance | Distance | Distance | Distance | Distance | Distance | Distance | Distance | Distance | Distance | Distance
05 60
1 120
2 240 714.3
3 360 476.2 755.7
4 480 357.1 566.8 901.0
6 720 238.1 377.8 600.7 955.1
8 960 178.6 2834 450.5 716.3
10 1200 1429 226.7 3604 573.1 911.2
12 1440 119.0 188.9 300.3 4776 759.3
14 1680 1020 161.9 257.4 409.3 650.8
16 1920 89.3 141.7 2252 358.2 569.5 905.4
18 2160 79.4 1259 200.2 3184 506.2 804.8
20 2400 714 1134 180.2 286.5 455.6 7243 913.7
25 3000 571 90.7 144.2 2292 364.5 579.5 731.0 921.3
30 3600 476 756 120.1 191.0 303.7 4829 609.1 767.8 968.5
35 4200 40.8 64.8 103.0 163.7 260.3 4139 5221 658.1 830.2
40 4800 35.7 56.7 90.1 1433 227.8 362.2 4569 575.8 7264 915.8
45 5400 31.7 504 80.1 127.3 2025 3219 406.1 511.8 645.7 8141
50 6000 28.6 453 72.1 114.6 1822 289.7 365.5 460.7 581.1 732.7 9239
60 7200 238 378 60.1 95.5 1519 2414 304.6 3839 4843 610.6 769.9 9709
70 8400 204 324 51.5 819 130.2 207.0 261.1 329.0 415.1 5233 6599 832.2
80 9600 179 28.3 45.0 716 1139 181.1 2284 2879 363.2 457.9 5774 728.2 918.2
9% 10800 159 252 40.0 63.7 101.2 161.0 203.0 255.9 322.8 407.0 5133 6472 816.2
100 12000 143 2.7 360 57.3 91.1 1449 182.7 230.3 290.6 366.3 462.0 582.5 734.5
110 13200 13.0 20.6 328 521 82.8 131.7 166.1 209.4 264.1 3330 420.0 529.6 667.8
120 14400 119 189 30.0 478 759 120.7 152.3 191.9 242.1 305.3 385.0 485.4 612.1
130 15600 11.0 174 27.7 41 70.1 1114 140.6 177.2 2235 281.8 355.3 448.1 565.0
140 16800 102 16.2 25.7 409 65.1 103.5 1305 164.5 207.5 261.7 3300 416.1 524.7
150 18000 95 15.1 240 382 60.7 96.6 121.8 153.6 193.7 2442 308.0 388.3 489.7
160 19200 89 142 25 358 56.9 90.5 1142 144.0 1816 229.0 288.7 364.1 459.1
170 20400 84 133 21.2 337 53.6 852 107.5 135.5 170.9 215.5 271.7 342.7 4321
180 21600 79 12.6 20.0 31.8 50.6 80.5 101.5 128.0 161.4 203.5 256.6 3236 408.1

( uoneog;;oads iuauodwoo )
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WATER PUMPING
WORKSHEET #1 WP

CALCULATE THE WATER PUMPING LOAD

\

Optimum Current (A)

Pumping Subsystem Efficiency

P I 2P 3p] |o]ar | 5P I
Source RWatier Pumping Peak Pumping
NOTE: THE UNITS FOR WATER Capacity equired Time Sun Rate
VOLUME AND HEAD ARE LITERS (L'HR) per Day Factor (HRS/DAY) (L/HR)
AND METERS RESPECTIVELY. (L/DAY)
6P | 7P | 8P | 9P | 10P | 17| IEREE 13P
Static Drawdown Static Discharge Static Allowance Static DT:;:r:ic
Level Level Lift Head Head For Head ilead
(M) (M) (M) (M) (M) Friction (M) (M)
(DECIMAL) [10p |
+ + + = X + =
14P 1sp| 16P 17P] 18P 19P| 20P| Il 21P
Water Total Hydrauli ump ‘ A Nominal A H
Required Dynamic Conversion én:;yc System Enrerragyy S;r:t;]:\ mch:a:ur
per Day Head Factor Efficlency
(WH/DAY) (WH/DAY) Voltage (AH/DAY)
7] (LIDAY) H—a-';l (M) (DECIMAL) o
X - 367 = -+ = - =
WATER PUMP AND MOTOR INFORMATION 2P iplwne D |2 (o ]2sp
Amp-Hour Loss Battery Corrected
Make/Model Load F Efficiency | Amp-Hour
actor
(AH/DAY) (DECIMAL) Factor Load
Pump Type 21P (DECIMAL) (AH/DAY)
Motor Type + - =
Input Voltage (AC/DC)
NOTE: IF THE WATER PUMPING SYSTEM HAS

NO BATTERY ENTER 1.0 IN BLOCK 24.

DESIGN NOTES:

)

d 1a1em

Buldl.un
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WATER PUMPING
WORKSHEET #2 WP

PUMPED WATER AND PUMPING RATE

26P 27P 28P |29P 30P |3 32P | 3ap 34p |
; Pump Module
Rated Nominal Total
Modules Module System System | conversion Peak Derate Dynamic Pumped
'n Current Voltage Efficiency Factor Sun Factor Head Water
Parallel (A) V) (DECIMAL) (HRS/DAY) (DECIMAL) (M) (L/DAY)
50 | 49 | 20P 18P| 4P | 47 | 13P [
X X X x| 367 |x X + =
35p 36P 7P 38P |
NOTE: MAKE SURE THE PUMPING RATE IN BLOCK 38P IS Pumped Pumping Peak Pumping
LESS THAN THE SOURCE CAPACITY IN BLOCK 1P. Water Time sSun Rate
(L/DAY) Factor (HRS/DAY) (L/HR)
34P [3p] 4P |

DESIGN NOTES:

)

d 191eMm

Buidwn

(



( Water Pumping

)

INSTRUCTIONS FOR W ATER PUMPING W ORKSHEETS

WORKSHEET #1WP - Calculate Water Pumping L oad

NOTES:. (1) Steps 1P - 5P should be completed before starting to size a water pumping

system. (2) Use Worksheet #1WP, then Worksheets #2-5, and, to complete the
design, use Worksheet #2WP. (3) Liters are used as the measure of volume. (One
U.S. gallon = 3.785 liters) Meters are use as the measure of head. (One foot =
0.3048 meters)

Source Capacity (L/HR): Enter the long-term water yield that the source is capable
of supplying in liters/hour. This value may be estimated or measured with a pail of

Water Required Per Day (L/DAY): Enter the average daily water needed to meet
user demand. If this value varies on a monthly basis, choose the month with the
highest water demand and the lowest peak sun hours as the design month. Enter

1P

known volume and a watch.
2P

that months water demand in the worksheet.
3P

Pumping Time:  Enter the number of hours the pump will operate in a 24 hour
period. This number will equal the peak sun hours unless batteries are used.

PUMPING TIME FACTOR DEFAULTS

DIRECT CONNECTED PUMPS

WITH MATCHING DEVICES

WITH BATTERY STORAGE

1.0

1.2

HOURS OF OPERATION /

PEAK SUN HOURS

4P

5P

Peak Sun (HRS/DAY): Enter the peak sun hours per day for the design month and
the system configuration used (fixed tilt or tracking). Solar data for some locations
are provided in Appendix A.

Pumping Rate (L/HR): Calculate the pumping rate. If the rate is not high enough
to meet the daily demand, there are threeoptions available: 1) reduce the daily water
usage, 2) increase the pumping time factor by using a battery, or 3) enhance the
water source to increase the yield.

Appendix B: Sample Sizing Worksheets & Instructions B-31
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6P

7P

8P

9P

10P

11P

12P

13P

14P

15P

16P

17P

B-32

Water Level (M): Enter the vertical distance measured from the ground level to the
water level in the source when no water is being pumped.

Drawdown Level (M): Enter the vertical distance measured from the static water
level to the water level when the source is being pumped. This value is often
determined by test pumping when the source is developed. If no drawdown level
is available, use an estimate of 10 percent of static level.

Discharge Level (M): Enter the total vertical distance that the water will be lifted
above ground level to the point of discharge, i.e., the water tank, faucet, etc.

Discharge Head (M): Enter the pressure, expressed in meters, at which the water
will exit the distribution system. For water delivery to nonpressurized tanks or
troughs, this value is zero.

Static Head (M): Calculate the total vertical distance that the water is to be lifted
while pumping-without considering friction.

Allowance for Friction (DECIMAL): Enter the pressure caused by friction in the
pipe delivery system expressed as a percent of the static head. It can be calculated
if the characteristics of the pipes and the pumping rate are known. Friction should
be kept below 10 percent of the static sum.

FRICTION DEFAULT = 5 PERCENT OF STATIC HEAD; ENTER 0.05 ‘

Static Head (M): Enter the value from Block 10P.

Total Dynamic Head (M): Calculate the total of all lifts and pressures corrected for
friction, expressed in meters.

Water Required Per Day (L/DAY): Enter the value from Block 2P.
Total Dynamic Head (M): Enter the value from Block 13P.

Conversion Factor: Dividing by 367 converts the product of daily water require-
ment in liters per day and total dynamic head in meters, to the hydraulic energy
required in Watt-hours per day.

Hydraulic Energy (WH/DAY): Calculate the energy required to lift the water.

Appendix B: Sample Sizing Worksheets & Instructions
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18P Pumping System Efficiency (DECIMAL): This is the average daily efficiency that
the pumping system will achieve. Pumping efficiency varies with total dynamic
head, solar insolation, and type of pump. Request values of typical average
efficiency from the pump manufacturer. If manufacturers information is not
available, use the default values presented.

PUMPING SUBSYSTEM DEFAULTS
HEAD SYSTEM
(METERS) PUMPING SYSTEM TYPE EFFICIENCY
5 SURFACE ROTARY 25%
20 SURFACE ROTARY 15%
20 JET or SUBMERSIBLE 25%
100 SUBMERSIBLE or 35%
DISPLACEMENT
>100 DISPLACEMENT 45%

19P Array Energy (WH/DAY): Calculate the energy that the array must provide to the
pumping system to meet average daily water requirements.

20P Nominal System Voltage (V): Enter the average voltage at which the system will
operate during the pumping day. 1) For battery systems, this will be the same as the
nominal battery voltage. 2) For ac pumping systems or dc systems with maximum

power tracking, this will be the average peak power voltage for the array, adjusted
for operating temperature. 3) For dc direct coupled systems, voltage will vary

throughout the day.

21P Amp-Hour Load (Ah/day): Calculate the daily array output expressed in ampere-
hours.

22P  Amp-Hour Load (AH/DAY): Enter the value from Block 21P.

23P Wire Loss Factor (DECIMAL): The decima fraction accounting for energy loss in
the system wiring. Increasing the size of wire used will decrease the losses. Wire loss
should never exceed 5 percent.

WIRE EFFICIENCY FACTOR DEFAULT = .98

Appendix B: Sample Sizing Worksheets & Instructions B-33
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24P Battery Efficiency Factor (DECIMAL): This factor accounts for losses in the battery
storage subsystem. If no batteries are used enter 1.0.

BATTERY EFFICIENCY FACTOR DEFAULT = 0.9

25P Corrected Amp-Hour Load (AH/DAY): Calculate the daily energy required to meet
the load. Enter this value in Worksheet #2 Block 22A, 22B, and 22C.

NOTE: To complete the water pumping system, use Worksheets #2-5. Then complete
Worksheet #2WP.

WORKSHEET #2WP - Pumped Water and Pumping Rate

26P Modulesin Parallel: Enter the value from Block 50 Worksheet #4.
27P Rated Module Current (A): Enter the value from Block 49 Worksheet #4.
28P Nominal System Voltage (V): Enter the value from Block 20P Worksheet #1WP.

29P Pumping Subsystem Efficiency (DECIMAL): Enter the value from Block 18P
Worksheet #1 WP.

30P  Conversion Factor: Dividing by 367 converts the product of daily water require-
ment in liters per day and total dynamic head in meters to the hydraulic energy in
Waitt-hours per day.

31P Peak Sun (HRS/DAY): Enter the value from Block 4P Worksheet #1\WP.

32P Module Derate Factor (Decimal): Enter the value from Block 47 Worksheet #4.

33P  Total Dynamic Head (M): Enter value from Block 13P Worksheet #1WP.

34P  Pumped Water (L/DAY): Calculate the amount of water to be pumped per day.

35P Pumped Water (L/DAY): Enter the value from Block 34P.

36P Pumping Time: Enter the value from Block 3P Worksheet #1\WP.

37P Peak Sun (HRS/DAY): Enter the value from Block 4P Worksheet #1\WP.

38P Pumping Rate (L/HR): Calculate the rate of pumped water and compare with the
source capacity in Block 1P Worksheet #1WP.

B-34 Appendix B: Sample Sizing Worksheets & Instructions
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CALCULATE THE BATTERY CAPACITY, GENERATOR SIZE, AND

HYBRID
WORKSHEET #1 HY| PERCENT CONTRIBUTION OF THE ARRAY AND GENERATOR
1Y | 2y | Io 3y ] |o]ay| lo]sy | 6Y | 7v |
Corrected Storage Maximum Derate Hybrid Peak Battery
Amp-Hour Days for Depth of for Battery Current Discharge
Load Hybrid Discharge |Temperature[ Capacity Draw Time
=1 (AH/DAY) System (DECIMAL) (DECIMAL) (AH) i (A) (HOURS)
X + + = + =
8y | oY | Lo_|1oY] 11Y 12Y | 13Y | Lo |1ay] Lo Jisy ]
Hybrid Battery Maximum Nominal Nominal Efficl Generator G 1
Battery Charge Battery System Charging p I; ?tncy Derate eg?ra or
Capacity Time Charge Rate| Voltage Power OChaarg::y Factor (v:)e
=1 (AH) (HOURS) (A) o8 v) (W) (DECIMAL) (DECIMAL)
- = X = + - =
[16Y | Lo Jzy] D 18Y | 19Y] 20Y | 21Y |
Hybrid Load Load Load Annual Annual
Array to | Provided by Provided | p 5yided by| Kilowatt- | Generator
Load Array (%’:EC‘I‘M":L% Generator | Hour Load Output
DECIMAL, DECIMAL KWH
Ratio ( ) Y] ( ) m(KWH/YR) ( )
1.0 — = X =
22Y | 23Y] 24Y 25Y [26Y ] (o f27v]
Annual Nominal Annual oil Ch Servi
Generator Co't:'lverslon Charging Generator Intersra‘?e p::vY(;:
actor
czz‘thH‘;t p‘(’vv)e' Ru(?-sti;m (HRS) (NUMBER)
Bxa| i2v]
xt 1000 |+ = + =

DESIGN NOTES:

)

waysAs pugAH
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HYBRID
WORKSHEET #2 HY

CALCULATE THE NUMBER OF MODULES AND
BATTERIES IN SERIES AND PARALLEL

\

DESIGN NOTES:

28Y | Lo_l29Y] 30Y] 31Y | 32y | 33y |
Hybrid Hybrid Nominal Rated
Array to Wa::—:l:ur Array System Module Moc'i:les
;:tal‘: (WH/DAY) P‘("‘,'v")er V°'(f,a)9° C”(';)em Parallel
[16v] 70 ] (9] 59 ]
X = + _:' =
[34Y ] [35Y ] 36Y | 37Y | 38y ]
Nominal Nominal
System Module Mocll:les Moc'i:les Total
Voltage Voltage Series Parallel Modules
B v) v av]
- = X =
39y | a0Y] a1v] 43Y] [ | 45Y | 4sY |
Hybrid Capacity Hybrid Nominal Nominal Hybrid Hybrid Total
Battery of Selected | Batteries System Battery Batteries y
Batteries in Hybrid
Capacity Battery in Voltage Voltage in
(AH) (AH) Parallel V) V) Serles Parallel | Batterles
] e 1 ]
= = - = X =
47Y] a8Y]| a9y IH brid Y 51Y ]
Hybrid Capacity s ystr Maximum Usable
of Selected ystem Depth of Battery
Batteries Iin Battery '
Battery ognal Discharge| Capacity
Parallel (AH) Capacity (DECIMAL) (AH)
41v] 0Y] (AH) - [3v] '
X = X =

)

walsAs puqAH

(



INSTRUCTIONS FOR HYBRID SYSTEM W ORKSHEETS

Before using these worksheets, you should have completed Worksheets M-5 and
determined that a hybrid system is an option for your application.

Hybrid Worksheet #1 HY - Calculate Battery Capacity, Generator Size, and Percent
Contribution of PV Array and Generator

1Y  Corrected Amp-Hour Load (AH/DAY): Enter value from Block 20 Worksheet #1.

2Y  Storage Days for Hybrid System: Enter the number of days of storage for the
hybrid system. This value is usually smaller than for a stand-alone system because
the generator is available for backup.

DAYS OF STORAGE DEFAULT = 3 DAYS

3Y Maximum Depth of Discharge (DECIMAL): Enter the value from Block 31
Worksheet #3 if the same battery will be used. If another battery is selected, use the
manufacturer’s specifications to select a safe depth of discharge.

4Y  Derate for Temperature (DECIMAL): Enter the value from Block 32 Worksheet #3
if the same battery will be used.

ALLOWANCE FOR TEMPERATURE DERATE OF BATTERY = 0.9

5Y  Hybrid Battery Capacity (AH): Calculate the required hybrid battery capacity.
6Y  Peak Current Demand (A): Enter the value from Block 16 Worksheet #1.

7Y  Battery Discharge Time (HOURS): Calculate the battery discharge factor-thisis
the number of hours the battery can supply the peak current to the load. This factor
should be greater than 5 to prevent damage to the batteries. If less than 5, increase
the number of storage days and recalculate 1Y through 7Y.

8Y  Hybrid Battery Capacity (AH): Enter the value from Block 5Y.

9Y  Battery Charge Time (HOURS): Enter the minimum time that will be used to
charge the battery. Determine the maximum charging current that should be used
for the chosen battery from the manufacturer’s specifications.

CHARGE TIME DEFAULT =5
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10Y Maximum Battery Charge Rate (A): Calculate the maximum battery charge rate.

11Y

12Y

13Y

14Y

15Y

16Y

17y

18Y

19Y

20Y

B-38

Nominal System Voltage (V): Enter the value from Block 9 Worksheet #1.
Nominal Charging Power (W): Calculate the charging power required.

Efficiency of Battery Charger (DECIMAL): Determine and enter the battery
charger efficiency. See manufacturers specifications

BATTERY CHARGER EFFICIENCY DEFAULT = 0.8

Generator Derate (DECIMAL): Generator power output should be derated for high
altitude operation because the thinner air reduces combustion efficiency. Ask your
generator supplier what derate factor should be used. If no other information is
available, use a default of 3 percent per 1000 feet of elevation above sea level for
gasoline, diesel, and propane fueled generators. Use 5 percent for natural gas
generators. For example, a 5000 Waitt diesel generator operating at 9000 feet
elevation should be considered as a 3650 Watt generator.

[5000 *(1 - 9* 0.03)] = 3650
Generator Size (W): Calculate the generator size to the nearest whole number.

Hybrid Array to Load Ratio (HAL): Determine the split between generator and PV
power using the graph provided on the next page. Start with the HAL factor
calculated in Block 77, Worksheet #5 and determine the amount of |oad provided by
the PV array. In most cases this will indicate a high percentage of PV power and
therefore a high initial cost for the system. System designers adjust the HAL to
change the PV array size depending on the application and the budget available.
The percentage of the load provided by PV power, and thus the initial cost, increase
as you move up the curve. The shape of this curve will change dlightly with weather
patterns. For areas with long periods of inclement weather, the slope of the curve
will decrease, indicating a smaller PV array for agiven HAL value.

Load Provided by Array (DECIMAL): Enter the number selected from the left axis
of the graph that corresponds to the HAL ratio chosen.

Load Provided by PV Array (DECIMAL): Enter the value from Block 17Y.

Load Provided by Generator (DECIMAL): Calculate the percentage of load
provided by the generator.

Annual Kilowatt-Hour Load (KWH/YR): Enter value from Block 72 Worksheet #5.
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23Y

24Y

25Y

26Y

( Hybrid System

)

PV/Generator Load Split

==

0.0 0.1 0.2 0.3 0.4
HAL Ratio

PERCENT OF LOAD PROVIDED BY PV

Annual Generator Output (KWH): Calculate the annual generator output.
Annual Generator Output (KWH): Enter the value from Block 21Y.
Conversion Factor: This factor converts kilowatt-hours to watt-hours.
Nominal Charging Power (W): Enter the value from Block 12Y.

Annual Generator Run Time (hr): Calculate the time the generator will runin a
typical year.

Oil Change Interval (HRYS): Select and enter number of operating hours between
oil changes for your generator. Some typical intervals are given in the following
table along with suggested intervals for more thorough cleaning and maintenance
and engine rebuild.
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GENERATOR MAINTENANCE INTERVAL DEFAULT
Engine Cleaning Engine

Oil Change and Tune-up Rebuild
Gas 50 hours 300 hours 5,000 hours
(3600 RPM)
Gas 100 hours 300 hours 5,000 hours
(1800 RPM)
Diesel 400 hours 1,200 hours 7,200 hours

27Y  Services Per Year (NUMBER): Calculate the recommended number of service cals

per year.

Hybrid Worksheet #2 HY - Calculate Number of Modules and Batteries

28Y

29Y

30Y

31Y

32Y

33Y

34Y

35Y

36Y

37Y

B-40

Hybrid Array to Load Ratio: Enter the value from Block 16Y Worksheet #1HY .
Watt-Hour Load (WH/DAY): Enter the value from Block 70 Worksheet #5.
Hybrid Array Power (W): Calculate the hybrid array power.

Nominal System Voltage (V): Enter the value from Block 9 Worksheet #1.

Rated Module Current (A): Enter the value from Block 59 Worksheet #4.
Modules in Parallel: Caculate the number of modules connected in paralle
requi rgd to provide the array current. Rounding down will mean more generator
operating time.

Nominal System Voltage (V): Enter the value from Block 31Y Worksheet #1HY .

Nominal Module Voltage (V): Enter the nominal module voltage from Block 64
Worksheet #4.

Modulesin Series. Calculate the number of series connected modules required to
produce the system voltage.

Modulesin Paralld: Enter the value from Block 33Y.
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39Y

40Y

41Y

42Y

43Y

a44Y

45Y

46Y

47y

48Y

49Y

o0Y

YA

Total Modules: Calculate the total number of modules required.
Hybrid Battery Capacity (AH): Enter the value from Block 5Y Worksheet #1HY.

Capacity of Selected Battery (AH): Enter the rated capacity for the selected battery
from manufacturers’ specifications.

Hybrid Batteriesin Parallel: Calculate the number of paralel connected batteries
required to provide the storage capacity.

Nominal System Voltage (V): Enter the value from Block 31Y Worksheet #1HY .

Nominal Battery Voltage (V): Enter the nominal battery voltage from Block 37
Worksheset #3.

Batteriesin Series: Calculate the number of series connected batteries required to
provide the system voltage.

Batteries in Parallel: Enter the value from Block 41Y.

Total Hybrid Batteries: Calculate the total number of batteries in the system.
Hybrid Batteries in Parallel: Enter the value from Block 41Y.

Capacity of Selected Battery (AH): Enter the vaue from Block 40Y.

Hybrid System Battery Capacity (AH): Calculate the battery subsystem storage
capacity.

Maximum Depth of Discharge (DECIMAL): Enter the value from Block 3Y
Worksheet #1HY .

Usable Battery Capacity (AH): Calculate the usable battery capacity of the hybrid
system.

Note: Use the Component Specification Worksheets to complete the design.
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DIRECT DRIVE
DESIGN NOTES:
WORKSHEET #100 | MATCH THE ARRAY CURRENT AND LOAD CURRENT
(10 |  DEVICE LOAD
INFORMATION
Device Nominal Maximum
Model Voltage (V)
Make Current (A)
20 | 30 | [D 4D ] 5D | [ D 6D | 7D ] 80 |
Wire
Nominal Maximum Module Rated
Device Ef;iﬁ:f:rcy Design Derate g:?rigr?t Module Mo?:les
Current Current Factor Current
(A) (DECIMAL) (A) (DECIMAL) (A) (A) Parallel
] =] +] =| + =|
90 ] 100 ] 110 | 12D 13D
Nominal Nominal Modules Modules Total
Device Module in In Modules 140 | 15D 16D
Voltage Voltage Serles Parallel Rated Modules Maximum
0 ] (V) 10 ] (V) 8D | Module in Current
=] =] X =] Current Parallel (A)
7D | (A) 8D |
{ 1.25 |x] X] |
PV MODULE INFORMATION
Make/Model Nominal Volts
Length Width Thickness
Welight Bypass Diode | Y | N
At Highest Expected
Vol(:gge At STC |Open Circuit Temperature
Current | At STC [Short Circult|
(A)
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DIRECT DRIVE WIRING AND PROTECTION HARDWARE SPECIFICATION

~

WIRE SIZING AND SPECIFICATION (DC SIDE)

(%) Derate

170 | 18D | 19D | 20D | 21D | 220 | 23D | 24D
System Maximum | One Way Allowed Allowance AWG Wire
Wire Runs Voltage Current Length Voltage for Number Type
(V) (A) (FT) Drop Temperature

Array to Load

0]

ARRAY TO LOAD DISCONNECT

Type

Current Rating

Voltage Rating

(A)

(V)

0]

OVERCURRENT PROTECTION

Type

Current Rating

Enclosure Type

(A)

DESIGN NOTES:

)
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INSTRUCTIONS FOR SMALL DIRECT-DRIVE W ORKSHEETS

These two worksheets may be used to design small direct-drive PV systems.

Direct-Drive Worksheet #1 DD - Match the Array and Load Current

1D  Device Load Information: Determine the specifications for the device to be
powered and enter the information indicated.

2D Nominal Device Current (A): Enter the nominal (rated) current required by the
load.

3D  Wire Efficiency Factor (DECIMAL): Enter the wire loss factor. This factor should
be >0.98 since the array and load are direct coupled.

WIRE EFFICIENCY FACTOR DEFAULT = .98

4D  Maximum Design Current (A): Calculate the maximum current required.

50  Module Derate Factor (DECIMAL): Enter a factor that adjusts module current
for dirt accumulation on modules, degradation, mismatch loss between module
and load, etc. If manufacturers recommended values are not available use the
defaults suggested below.

MODULE DERATED FACTOR DEFAULT

TYPE FACTOR
CRYSTALLINE 0.9
AMORPHOUS 0.7

6D Design Current (A): Calculate the design current.

/D Rated Module Current (A): Select a candidate module and enter the rated module
current. Fill in the information indicated in the module data block on the worksheet.
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9D

10D

11D

12D

13D

14D

15D

16D

( Small Direct-Drive

Modules in Parallel: Calculate the number of parallel connected modules needed
to provide the load current.

Nominal Device Voltage (V): Enter the nomina operating voltage of the device.

Nominal Module Voltage (V): Enter the expected operating voltage of the module
at the highest expected temperature.

Modulesin Series: Calculate the number of series connected modules necessary to
produce the required load voltage.

Modulesin Parallel: Enter the value from Block 8D.

Total Modules. Calculate the total number of modules required.
Rated Module Current (A): Enter the value from Block 7D.
Modulesin Parallel: Enter the value from Block 8D.

Maximum Current (A): Calculate the maximum current including the 25 percent
safety factor.

Direct Drive Wiring and Protection Hardware Specification

This worksheet provides a convenient form for specifying the wire and disconnects

to be used in the direct-drive system.

17D

18D

19D

20D

21D

22D

Wire Runs: List the wire runs.
System Voltage (V): Enter the nomina system voltage.

Maximum Current (A): Enter the maximum rated current for each wire run. Select
a wire that will withstand the highest expected temperature.

One Way Length (FT): Determine the one-way wire distance in feet from the array
to the load.

Allowed Voltage Drop: Specify the maximum allowable percentage voltage drop
for each wire run. The NEC stipulates a maximum of 5 percent voltage drop from
voltage source to load.

Allowance for Temperature Derate: See Table 310-16 of the NEC for suggested
derate factors.
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23D AWG Number: Determine the American Wire Gauge (AWG) size for the wire.

24D

25D

26D

B-46

Using the four tables provided on pages B-26 to B-29 for quick reference, the
maximum one-way wire distance for copper conductors of certain size can be
determined for 12-, 24-, 48-, and 120-volt circuits.

Wire Type: Select the wire type and describe the type of insulation and wire
covering. See Table 310-13 for information on conductor applications and wire
coverings.

Array to Load Disconnect: Select a dc rated switch that will safely interrupt the
highest expected current.

Overcurrent Protection (if necessary): Select a fuse that will protect the device and
the array-to-load conductors. Use a factor of 1.25 times the maximum short circuit
current of the array. Most direct drive systems do not require overcurrent protec-
tion.
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CATHODIC PROTECTION
WORKSHEET #1 CP

LOAD CURRENT DETERMINATION

~

1 Metal'_o'ﬁl Total 3¢ Bare -39-, Metalllil
Coatin Metal Metal Protection | Estimated Measured
Efﬁcien?:y Surface Surface Current Protection Protection
(DECIMAL) Area Area Density Current Current
(FT?) (FT2?) (A/FT 2) (A) (A)
[ 1.0 [ x] = x| =|
C C D |sc
NOTES: 1) USE 5C TO ESTIMATE LOAD CURRENT IF ACTUAL 7—' e—l I o]
FIELD MEASUREMENTS ARE NOT AVAILABLE. Required Rated Number
2) CCIS THE ABBREVIATION FOR Protection Anode of
CUBIC CENTIMETER. Current Current Anodes
3) ENTER 1.0 IN BLOCK 13C IF ONLY ‘ A
ONE ANODE IS USED. scorsc] (A)
# =|
poc] [0 fnic] [2cksingle Lo Jrac] [0 Jrac] sc] t6c
Anode . Anode(s) Required Required
R iSotlll it CO'r:wetrslon Resistance NLuItngle Resistance | Protection System
SSH:M;CY actor to Earth Fnot e to Earth Current Voltage
( ) (OHMS) actor (OHMS) [75]
+ 1000 [x] x| =| X =]
hrc| 1ec| Lo_frec| 20 | | o Ja1ic] | o J22c]
Required Daily Amp Hour Wire Battery Corrected
Efficiency
Protection Duty Load Fact Efticiency | Amp-Hour
Current Cycle (AH/DAY) DE::TI\:;L Factor Load
7c_l (HRS/DAY) ( ) (DECIMAL)| (AH/DAY)
X = + + =

DESIGN NOTES:

(walsl‘s uoosloid SIPOUIED ]
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INSTRUCTIONS FOR CATHODIC PROTECTION W ORKSHEETS

These instructions are for the cathodic protection worksheet. Once the corrected
ampere-hour load is determined, the sizing and specification of components is completed
using the same worksheets used for other systems. The sizing procedure given here is for
small cathodic protection systems such as buried water tanks. It is suggested that an
experienced cathodic protection engineer be consulted regarding load sizing,
particularly on larger systems.

Cathodic Protection Worksheet #1 CP

NOTE: Steps 1C through 5C can be used to estimate the load current if field measure-
ments are not available. If the current is known, enter the value in 6C.

1C  Metal Coating Efficiency (DECIMAL): An efficiency associated with the degree of
protection provided by various metal coatings (i.e., paint, coa tar, pipe wrap, €tc.).
Typically metal coating efficiencies are 90 to 95 percent effective.

METAL COATING EFFICIENCY DEFAULT = .9

2C  Total Metal Surface Area (W): Enter the total surface area of the metal structure
to be protected.

3C  Bare Metal Surface Area (FT?): Calculate the metal surface area remaining unpro-
tected by coating.

4C  Metal Protection Current Density (A/FT2): Enter the current density necessary to
reverse the metal loss (corrosion) for a particular metal.

CURRENT DENSITY DEFAULTS

UNCOATED STEEL PIPE IN DAMP SOIL 3 mA/ft?
COATED STEEL IN DAMP SOIL 0.02 mA/ft?
UNCOATED STEEL TANK IN SAND 1 mA/ft2
UNCOATED STEEL WHARF IN SEA WATER 5 mA/ft?
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5C  Estimated Protection Current (A): Calculate the value of load current and enter this
valuein 6C.

6C  Measured Protection Current (A): Enter the value determined using a temporary
test installation. Using such field measurements also allows the identification of the
least resistive soil for anode placement.

7C  Required Protection Current (A): Enter the value from Block 5C or Block 6C.
8C  Anode Current (A): Enter the maximum current specified for the type of anode

that will be used. Ask the anode supplier for this information. If no information
Is available use the default for a graphite anode.

MAXIMUM ANODE CURRENT DEFAULT =2 A

9C Number of Anodes. Calculate the number of anodes required to provide the
protection current.

10C Sail Resistivity (OHM-CC): Enter the resistivity of the soil. Thisis usually given
in units of ohms per cubic centimeter. If no measurement data are available use the

default values given.

SOIL RESISTIVITY DEFAULT
SOIL TYPE RESISTIVITY
Dry, Sandy 25,000
Loam 10,000
Wet, Swampy 5,000
Wet, Salt Water 1,000

11C Conversion Factor: A constant used to obtain a multiplier factor consistent with the
anode-to-earth resistance for a single anode.

12C Anode to Earth Resistance (OHMYS): Enter the value obtained from the anode
supplier. If no information is available, enter the value from the table below. This
table gives the estimated resistance for a single vertical anode buried in soil with
resistivity of 1,000 ohm/cc. For other soil resistivities, multiply the values in the
table by the ratio of “actual soil resistivity divided by 1,000.”

Appendix B: Sample Sizing Worksheets & Instructions B-49



(Cathodic Protection System)

Resistance to Earth of a Single Vertical Anode, (Ohms)
Length, ft.

Diameter, (in) 2 3 4 5 6 7 8
3 8.3 6.2 5.0 4.3 3.7 3.3 3.0
4 7.5 5.7 4.7 4.0 3.5 3.1 2.8
6 6.4 5.0 4.1 35 31 2.8 2.5
8 5.7 4.5 3.7 3.2 2.9 2.6 2.3

10 5.1 4.1 3.5 3.0 2.7 2.4 2.2
12 4.6 3.8 3.2 2.8 2.5 2.3 2.1
14 4.2 3.5 3.0 2.6 2.3 2.1 2.0
16 3.9 3.3 2.8 2.5 2.2 2.0 1.9

Source: Catalogue Data, Cathodic Protection Service, Houston, Texas, 1958

13C  Multiple Anode Factor (DECIMAL): Enter the value of a nonlinear adjustment
factor that accounts for interaction between the number of anodes and the distance
between them in a cathodic protection system. In general, the resistance of two
anodes in parallel will have more resistance than one half the resistance of a single
anode. See the following table.

ADJUSTING FACTORS FOR MULTIPLE ANODES
No. of Anodes Anode Spacing in Feet

5' 10' 15' 20' 25'

1 1.000 1.000 1.000 1.000 1.000
2 0.652 0.576 0.551 0.538 0.530
3 0.586 0.460 0.418 0.397 0.384
4 0.520 0.385 0.340 0.318 0.304
5 0.466 0.333 0.289 0.267 0.253
6 0.423 0.295 0.252 0.231 0.218
7 0.387 0.265 0.224 0.204 0.192
8 0.361 0.243 0.204 0.184 0.172
9 0.332 0.222 0.185 0.166 0.155
10 0.311 0.205 0.170 0.153 0.142
11 0.292 0.192 0.158 0.141 0.131
12 0.276 0.180 0.143 0.132 0.122
13 0.262 0.169 0.139 0.123 0.114
14 0.249 0.160 0.131 0.116 0.107
15 0.238 0.152 0.124 0.109 0.101
16 0.226 0.144 0.117 0.103 0.095
17 0.218 0.138 0.112 0.099 0.091
18 0.209 0.132 0.107 0.094 0.086
19 0.202 0.127 0.102 0.090 0.082
20 0.194 0.122 0.098 0.086 0.079
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14C  Anodes Resistance to Earth (ohms): Calculate the total resistance of the system.
15C Required Protection Current (A): Enter the value from Block 7C.

16C Required System Voltage (V): Caculate the voltage required to impress the
necessary protection current.

17C  Required Protection Current (A): Enter the value from Block 7C.

18C  Daily Duty Cycle (HRS/DAY): Enter 24 hours if the system is to be powered all the
time. Most cathodic protection systems are.

19C Amp-Hour Load (AH/DAY): Calculate the total ampere-hour load (ampere-hour/
day).

20C Wire Efficiency Factor (DECIMAL) (1 - WIRE LOSS): The decimal fraction
accounting for loss due to wiring. This factor can vary from 0.95 to 0.99. Wire size
should be chosen to keep wire loss in any single circuit to less than 3 percent (>0.97).

WIRE EFFICIENCY FACTOR DEFAULT = .98

21C Battery Efficiency Factor (DECIMAL): This factor accounts for the losses of the
battery storage subsystem. Use data from the manufacturer for specific batteries.

BATTERY EFFICIENCY FACTOR DEFAULT = .9

22C Corrected Amp-Hour Load (AH/DAY): Calculate the energy required to meet the
average daily load. This value can be used with Worksheets 2, 3, and 4 to complete
the system design.
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LIFE-CYCLE COST ANALYSIS WORKSHEET I

1LC| PROJECT DESCRIPTION:
2LC| ECONOMIC PARAMETERS:

1. Years in Life-Cycle: 3. General Inflation Rate:
2. Investment Rate: 4. Fuel Inflation Rate:
Net Discount Rate (2-3) = Differential Fuel Inflation (4-3) =
Single Uniform
Present Present Present Present
Worth Worth Dollar Worth Factor Worth
ltem Year Years Amount (Table 4 or 5)  Amount
3LC| Capital Equipment
and Installation X 1 =
Operation &
Maintenance
* Labor X =
» Materials X =
* Insurance X =
¢ Other X =
Energy Costs
° X =
° X -
@Repair and
Replacement
. - X -
° X -
° X -
° X -
° X =
. X =
E Salvage
[ ] . X . = -
. X =

8LC TOTAL LIFE-CYCLE COST (ITEMS 3+4+5+6-7)

NOTES:
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INSTRUCTIONS FOR LIFE-CYCLE CoSsT W ORKSHEETS

1LC

2LC

3LC

4LC

5LC

6LC

LC

8LC

Project Description: Enter project identity.

Economic Parameters. Select and enter period and rates. Net discount rate is equal
to the obtainable investment rate (2) minus general inflation (3). Differential fuel
inflation is equal to the expected rate of fuel inflation (4) minus generd inflation (3).

Capital Equipment and Installation: Enter the full cost of equipment and installa-
tion as an initial capital cost. Initial cost of equipment is not discounted.

Operation and Maintenance: These are annually recurring costs and should be
discounted using the appropriate factor from Table 4, “Uniform Present Worth
Factors” on page 63. Use the Net Discount Rate calculated above. The uniform
present worth years should correspond to the years in the life-cycle.

Energy Costs. Enter the annually recurring costs for a generator or utility hookup.
These are discounted using Table 5. Use arate equal to the net discount rate minus
differential fuel inflation rate. The uniform present worth years should correspond
to the years in the life-cycle.

Repair and Replacement: Enter the estimated repair costs that are planned for a
specific year, such as replacement of a battery bank. The estimated cost of each
repair/replacement should be discounted using Table 3, Single Present Worth
Factors on page 62. Use the net discount rate and the year in which the repair or
replacement is planned.

Salvage: Enter the salvage credit, usually figured at 20 percent of the origina
equipment cost. This value should be discounted using Table 3, selecting the last
year of the life cycle period and the net discount rate.

Total Life-Cycle Cost: Calculate the present worth column for items 3 to 6 and
subtract item 7, to obtain the total life-cycle cost for the project.
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