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EXECUTIVE SUMMARY

" A. Introduction

This volume describes Hittman Associates' evaluation of
11 types of secondary batteries for energy storage in photo-
voltaic electric power systems.* The evaluation was based on
six specific application scenarios which were selected to -  *%
represent the diverse requirements of various photovoltaic ' '
systems. Electrical load characteristics and solar insula-
tion data were first obtained for each application scenario.
A computer-based simulation program, SOLSIM, was then de-
veloped to determine optimal sizes for battery, solar array,
and power conditioning systems. Projected service lives and"
battery costs were used to estimate life-cycle costs for each
candidate battery type. The evaluation considered battery-
life-cycle cost, safety and health effects associated with
battery operation, and reliability/maintainability.

"This volume.contains recommendations for a research and
development program focused on battery energy storage for
photovoltaic applications. It also contains a discussion of-
electrical interfacing problems for utility line-connected
photovoltaic power systems.

B. Application Scenarios

The six application scenarios considered in the battery
evaluatlon were:

(1) A single- famlly house in Denver, Colorado (photo~
- voltaic system assumed to be connected to the
utility 11ne)

(2) A ‘remote village in equatorlal Africa (stand alone /
power system) . o

(3) A dairy farm in Howard County, Maryland (onsite
generator assumed to provide backup power)

(4) A 50,000 square foot office building in Washlngton,
DC (on31te generator backup)

*Thc 11 battery types were: lead-acid, nickel-zinc, nickel-
iron, nickel~hydrogen, lithium-iron sulfide, calcium-iron
sulfide, sodium~sulfur, zinc-chlorine, zinc-bromine, Redox,
and zinc-ferricyanide. The scope of work was restricted to
these 11 types.
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(5) A community in central Arizona with a population of
10,000 (battery to be used for dedicated energy
storage for a utility grid-connected photovoltaic
power plant)

(6) A military field telephone office with a constant
300W load (trailer- mounted auxiliary generator
. backup).

,“The solar array size and battery voltage, capacity, and
discharge rates for each appllcatlon scenario are presented
below:

.Maximum

. Array Battery Discharge
Application Size Voltage Capacity ___Rate
Residential | 4 kWp 250V 15 kwh .. ¢/5
Remote Village 3.3 kWp 120V 125 kWh C/60
Dairy Farm 20 kWp 250V ‘50 kWh C/3
Office Building 500 kWp 300V 700 kWh. o .c/T
Small Community  14.7 MWwp 1000V 37.5 kwh v c/s

Military 2.5 kwp 60V : 6 kWh C/18

C. Cost Analysis of Battery Systems

A detailed analysis was performed to estimate the range
of likely selling prices for the lead-acid, nickel-hydrogen,
lithium-iron sulfide, calcium-iron sulfide, zinc-bromine, and
Redox Batteries. Selling price projections were based on the
EPRI Standard Costing Methodology for Utility Load-Leveling
Batteries. Current materials prices were applied to the most
recent battery designs, along with estimates of labor, equip-
ment, and manufacturing plant requirements (supplied by
battery developers). The selling price estimates allowed for
a 30 percent (before tax) return on investment in the manufac-
turing facility. The ranges of likely selling prices for the
other battery systems were obtained from manufacturers. The
following selling prices were projected:

XV



Lead-Acid $57 to 125/kWh

Nickel-Hydrogen $§180 to 250/kWh
Lithium-Iron Sulfide $42 to 72/kWh
Calcium-Iron Sulfide $32 to 40/kwh
Zinc-Bromine $30 to 70/kWh
Redox $300/kwW + $14/kWh to

$615/kW + $40/kWh

A life-cycle cost analysis was performed for all the
batteries. The life-cycle cost of a battery is defined as
the present value of the costs incurred by the user over the
course of the project life (20 years for this study). It
included the first cost, the present value of battery replace-
ment costs over the project life, and the present value of
operation and maintenance costs over the project life. Table
1 shows present battery life-cycle costs.

D. Evaluation Methodology

The evaluation considered three factors: cost, safety/
health, and reliability/maintainability. Development risk
was not included in decision making. Special requirements
imposed by each application were also taken in account. For
example, only batteries with a self-discharge rate of less
than 10 percent per month were considered suitable for stand-
alone applications. In estimating battery cost, estimated
battery lite-cycle cost, auxiliary system cost, and batlery
energy efficiency were considered. Relative costs were then
normalized on a scale of 1 to 10. A set of weighting factors
was applied to each application scenario to reflect the
relative importance of each attribute for that scenario.
Reliability/maintainability and health/safety ot each battery
were rated on a subjective basis, using a 1 to 10 interval
scale. For each application, a figure of merit was then
computed for each battery by multiplying the rating values
for cost, reliability, and safety by their corresponding
weighting factors and summing the products. Table 2 lists
the batteries which were selected as the most promising
candidates for the application scenarios. .
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TABLE 1. .BATTERY LIFE-CYCLE COSTS, PRESENT VALUE (1980%)

(20-year project life, 10 percent discount rate)

$274/kW + 38/kWh

Estimated , Uncertainty in
Selling Cycle Present Present Value
Price Life Value Cost Cost
Battery $/kWh (Projected) ($/kWh) ($/kWh)
Pb-Acid (Current) $125 1,800%* $269 0
Pb-Acid (Advanced) 712 4,000 91 +37
Ni-Fe : 82 2,000% 168 166
Ni-Zn . 55 1,000 202 153
Ni-HZ, 215 30,000 215 133
LiAl=FeS v 57 2,000 120 61
LiSi-FeS ' 57 3,000 90 L
Na-S (Glass) - 40 2,500 71 kK
Na-S (B .Alumina) 48 - 2,500 85 - 123
CaSi-FeS ' 36 2,500 - 65 *k
Zn-Bry - , 50 _ 5,000 - _ 60 *k
Rédox - - $450/kW + 527/kWh 10,000 - 8§450/kW + 27/kVWh *k
ZnCl - $§128/kW +-S514/kWh - - 5,000 . - §152/kW + 17/kWh *%
Zn-F&CNg * -52307kV *+ §32/kWh- 5,000 ik

~*Achleved

** Computed -uncertainty exceeds estimated value.




_TABLE 2. MOST PROMISING. BATTERIES .
FOR THE APPLICATION SCENARIOS
UNDER STUDY

) Remote Dairy ' . E ‘
Residential Village ~Farm Utility Office’ Military

Lead-Acid ‘X . . X X X X X
Redox L X |
Zinc-Bromine X . X X
Zinc—Chlorine. | : | ‘ : X

Calcium-Metal ‘ g |
Sutlide S X

Nickel-Hydrogen g T . . . X

Zinc-Ferricyanide ' X

There is a considerable degree of uncertainty in the
ratings for all three attributes used in the ranking anal-
ysis:. The reliability and health/safety attributes were
rated subjectively, using available information on batteries.
Most of this information is qualitative. A range of - uncer-
tainty of 25 percent is inherent in the process of assigning
quantitative ratings on the basis of qualitative information.
A quantitative uncertainty analysis was performed on the
estimates for life-cycle.costs. Uncertainty values for
battery first costs, auxiliary cost, and cycle life were
applied to the values for life-cycleé costs, and the uncer-
tainties were used in the evaluation and ranking of the
batteries. S

The batteries listed in Table 2 were selected as most
promising on the basis of their figures of merit (FOMs). It
must be noted, however, that the differences between their
FOMs are smaller than the ranges of uncertainty in most of
the FOMs. An important finding of this study is that the
distinction between several battery types with regard to
suitability for photovoltaic energy storage is somewhat
obscured by the uncertainty in estimated battery cost and
life expéctancy.
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E. Recommended Research and Development‘Pfogram

. A market assessment of photovoltaic power systems should
develop realistic projections of the near-term and inter-
mediate markets for batteries to meet the energy storage
needs of the photovoltaic power market. 'The market assess-
ment should project the number of batteries and their capaci-
ties and discharge rates. A decision should be made on
whether or not development work should be directed toward
utility batteries for co-located energy storage in utility
grid-connected photovoltaic systems. Recent studies have
suggested that such configurations are not always economical,
and that utility system-wide general storage i$ preferable to
photovoltaic dedicated storage. If this finding is con- -
firmed, then further battery development for photovoltaics
should be directed toward stand-alone systems and load-level-
ing applications.

Specific R&D needs for the most promising battery sys-
tems are as follows:

1. Lead-Acid

Develop a better method for protecting lead-acid cells
from sulfation when the battery is at a low state of charge
for long periods of time. Other development needs are already
being addressed in the DOE/EPRI programs to develop load-
leveling batteries for utilities. : . :

2. Calcium-Iron Sulfide

_ Determine minimum practical cell size. . Determine the
effect of low charge/discharge rate operation. Other: de-
velopment needs are already being addressed in the load-
leveling and electric vehicle battery programs.

3. Zinc-Bromine, Zinc-Chlorine, and Redox Flow

Determine minimum practical size (power and energy
storage). Design low head pumps capable of very efficient
operation at variable flow rate. Examine feasibility of
automatic pump shutdown/startup. I

Other development efforts (e.g., reducing membrane
resistivity in Redox batteries, designing inexpensive react-
ant tanks, cycle life testing, reactant cost reduction: study)
are already underway. ‘

N
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4, Nickel-Hydrqggn

This battery is not currently under development by DOE
or EPRI. Research on Ni-H, cells has been supported by the
U.S. Ar Force and by COMSAT. Becaus of their high reliabi-
lity and long cycle life, Ni-H, batteries are béginning to
replace nickel-cadmium batterigs for energy storage in com-
munication satellites. Cost is the key issue in assessing
whether»Ni-Hz batteries can be competitive for terrestrial
photovoltaic“applications. Both electrodes, the sintered
nickel cathode and the hydogen anode, are high-cost items in
the state-of-the-art Ni-H, batteries. In deciding whether or
not to initiate a full-scale development program for this
battery, the following issues must be resolved:

(a) Can the quantity of platinum used to catalyze the
hydrogen anode be substantially reduced or even
replaced by a significantly cheaper material? What
is the lowest-cost anode that still gives accept-
able performance? (As determined by battery re-
quirements listed above.)

(b) Can the sintered nickel cathode by replaced by a
pocket-plate or pressed electrode?

(¢) What would the self-discharge rate be if the maximum
hydrogen pressure were reduced?

(d) What are the performance characteristics at reduced
hydrogen pressures? :

(e) What effect would the pressure vessel have on cost?
I1f there is a high probability that a redesigned'Ni-Hz

battery that fulfills these requirements can be built for
$100 to $150/kWh, a development program is recommended.

5. Zinc-Ferricyanide

(a) Evaluate alternative low-cost separator materials
and determine specific resistance, iron and zinc
permeation rates, and mechanical and chemical
stabilities.

(b) Perform microscopic studies on the quality of zinc
electrodeposition obtained using electrolyte addi-
tives and flow rate/flow distribution modification
in half-cell cycling.
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(c) Obtain additional information on thellong-term
stability of a sodium ferricyanide elec;poly;ep

(d) 1Investigate the use of a lower-cost electrode
substrate than the porous nickel plaque now. used.
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I. INTRODUCTION

Hittman Associates performed an assessment of batteries
that are suitable for use in various applications of photovol-
taic systems. The objective of this study was to compile an
up-to-date comprehensive data base for research, design, and
development of photovoltaic systems, primarily in the areas
of applications and battery technology, and secondarily in
the area of power conditioning and photovoltaic array tech-
nology. The study involved the" comp11at10n and systematic
organization of the available data on existing and potential
terrestrial photovoltaic applications, with particular em-
pha31s on six specific appllcatlons

The documentation of thlS study consists of two volumes
This volume, Volume 1, contains the design and analysis of
the photovoltalc systems with battery storage for each of the
six end-use appllcatlons .For each end-use area, a scenario
was developed in which the most promising storage battery
systems: have been identified. The R&D needed for the most
promlslng ‘battery systems have .also been determlned

The six appllcatlons studled were: .

e  Remote - a remote v;llage

® | Residential - a single-family house )

) Commerc1a1/1nst1tutlonal -.a commercial office
building

® Industrial/utility - a'aedicated utility for a

small community
° Agricultural - a dairy farm ‘
® Military - a field telephone office.

Sections 1I, III, IV, V, VI,.and VI1, shows the load
profiles and discuss the preliminary design of the photovol-
taic systems for the six end-use applications.

Section VIII contains the results of the cost analysis.
The present value of the life-cycle cost of the batteries was
calculated. The life-cycle cost included the first cost,...
replacement cost, and the progected life cycle of the
batterles

‘Section IX contains the evaluation and ranking of the

battery systems for the six end-use appllcatlons The most
promising battery systems are 1dent1f1ed in this section.
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- Sect1on X descr1bes the final des1gn of the photovoltaic
systems WIth the most promlslng battery systems.

Seqtlon XI discusses the 1nterfac1ng considerations of
the power conditioner, array, battery, and the utility.

Section XII1.contains the recommended R&D for the promxs-
ing battery systems.

Section XIII contains the bibliography, and Section XIV
contains a glossary of abbrevxations used in this volume.
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I1. PHOTOVOLTAIC SYSTEM FOR AN AGRICULTURAL

.APPLICATION - A DAIRY FARM

""A. Load Profiles and Characteristics-

1. | Backgfbund ‘ - : L i

. As.of 1974, there were 196,057 farms in the United
States for. which the sale of dairy products amounted to 50
percent or more of their revenue (1). During that same
period, there were approximately 11.1 million milking head in
“the United States (2). Virtually all of these farms use
electromechanical devices to milk their cows and electro-
chemical means to refrigerate the milk. The electrical
energy requirements are substantial and represent a potential
future application for photovoltaic electricity, provided the
economics become more favorable.

Due to the lack of information in the literature on the
electric energy use patterns of dairy farms, this scenario
was based on an audit of a dairy farm located in Howard
County, Maryland. At the time of the audit, the farm had 130
head, 110 of which were producing milk. The national average
in the United States is around 55 head per dairy farm. "
However, 130 head is not atypical for a dairy farm.

The basic electrical needs of a dairy farm include:
(a) Electric power to run milking machines
(b) Electric power for refrigeration of milk

(¢c) Electric power for heating wash water (energy can
be alternatively supplied by LPG or NG)

(d) Electric power for lighting.

On the dairy farm under study, the milking parlor is a
New Zealand herringbone type. Under this system, there are
12 stalls set up in two .rows of six. Six cows can be milked
at one time. Six cows are brought in, their udders are
washed and dried, and then they are milked. While the first
six cows are being milked, the second set of cows are brought
in and are washed. ‘

When the first set of cows have been milked, the milking
attachments are moved to the udders of the second set of
cows. The first set of cows are moved out of the parlor and
replaced by a new set of cows, which are then washed and
milked. This process is repeated until the whole herd has
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been milked.  The milking operation is performed morniﬁg and

evening, "seven days a week, 52 weeks a year: Typical hours

- of operation for 110.cows are.7:00 to 9:00 a.m:. and 5:30 to
7:30 p.m. ‘ , N : : :

"The eleciricai elements of the milking system are:.

(a) A vacuum pump to reduce pressure which draws.milk'
out of the teat into the milker bottles.

(b) Pulsator motors to remove the vacuum on the teat
: and allow blood .to circulate.. . S 7

(¢) A clean-up water pump to deliver hot water from
' . “storage to the cows. ' } . '

(d) A milk pump to move milk out of the milkers to:"
: .storage. :

The next phase of the ‘operation is refrigerated storage.
At the farm under consideration, milk is stored in a 1,500-
gallon stainless steel tank. A refrigeration.system is pro-
vided to cool the milk and keep it cool while in storage.
Milk is taken to market every other day. The electrical
elements of the refrigeration system are: B

(a) ..A compressor motor on the refrigerator
(b). A condenser fan motor on the refrigerator
(¢) An agitator motor on the milk storage tank

(d) 'An automatic tank washer.

The hot water requirements of dairy farms are consider-.
able, as proper sanitary controls. are essential. Hot water .
is required for washing the cows, the milking system, ‘and-the
milk storage system. Hot water is usually provided by liquid
petroleum gas or natural .gas, if available. Under the chosen
“scenario,. however, water is provided by a well and heated by
an electric resistance system. As an energy conservation
measure, a heat recuperator has been added to the hot water
system. This recuperator uses waste heat from the refrig-
"eration equipment to preheat the water entering the hot water
heaters. The electrical elements of the water system are:’

1

(a) A water pump
(b) Electric resistance water heaters

(¢) A -heat recuperator system.
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‘Other energy requirements of the dairy farm are space’
heatlng and lighting. The only heating requirements of cow
barns is to keep the milking parlor warm enough for its human
operators. In this scenario, the space heating requirements
are met by liquid petroleum gas. The lighting for the milking
parlor, milk storage room, and other work areas is 1ncandescent.

2. - Charactefiétics of the Load Elements

. The following subsections dlscuss the power requirements,
power factor, and transient characterlstlcs of the major load
elements.

a. Milking System Table II-1 lists the electrical
characterlstlcs of the major load elements of the mllklng
system ' .

Starting inrushes on motors will run five to six
times the rated kVA shown in Table II-1. The most significant
of these will be, of course, the inrush kVA for the five- horse-
‘power vacuum pump motor; which W111 run at 30 to 36 kVA. -

TABLE I1-1. LOAD ELEMENTS OF THE DAIRY FARM
- MILKING SYSTEM

Device Qty.  Volts Hz ph FLA* hp - kW KVAR kVA ‘pf

Vacuum pump 1 230 60 .1 26 5 4.5 4.0 6.0 0.75
Clean-up 1 230 60 1 4.9 3/4 0.8 0.8 1.1 0.79
water pump ‘ . : .

Pulsator 2 230 60 1 2.8 1/3 0.6 0.5 0.6 0.60
motors : '

'Milk pump 1 230 60 1 3.4 1/2 0.57 0.6 0.8 0.65 _
*FL@'éffhll Load Ampéres o ' : — ¥

., .b. Refrigeration System. Table I11-2 lists the electri-
cal character1st1cs ot the major load elements of the: refrlgera-
tion system,
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TABLE I1-2. LOAD ELEMENTS OF THE DAIRY FARM
REFRIGERATION SYSTEM

Device Qty: Volts Hz ph TFLA* hp kW KVAR KVA  pf
Compressor 1 230 60 1 29.5 5 5.43 4.1 6.79 0.80
motor : ' . '
Condenser 1 230 60 1 3.6  1/2 0.53 0.70 0.83 0.70
fan motor _ T
Agitator 1 230 60 1 2.5 1/3 0.38 '0.4h 0.58 0.65
motor . .
Automatic 1 230 0 1 6.6 =-- ' == as e R
tank washer* . N
Automatic 1 230 60 1 4.9 3/4 0.8 0.81 1.13 0.70
washer motor —

*FLA of Automatic Tank Washer includes Automatic'Tank.Wéébér
Motor. o

Starting inrush kVA on these motors will run five
to six times the rated load kVA shown in Table 1I-2. The -
largest inrush will come from the compressor motor, which has
a locked rotor current of 157 amps or 36.1 kVA at 230 volts.

c. Hot Water System. Table II-3 lists the electrical
characteristics of the major load elements of the hot water
system. .

TABLE II-3. LOAD ELEMENTS OF THE DAIRY FARM
" "HOT WATER SYSTEM ' 4

Device Qty. Volts Hz ph FLA Size Kw . pf

Water heater 2 240 60 1 - 10.4 82 gal. 2.5 1.0
Water puzp 1 230 60° 1 5.1 0.75hp 0.79 0.80
Heat ex- 1 230 60 1 0.26 --- 0.03  0.50
changer .

d. Lighting Requirements. Table 1I-4 shows the
lighting requirements of the dairy farm.
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TABLE 11-4. LIGHTING REQUIREMENTS OF THE

DAIRY FARM . -
o Device | Qty. Veles; .. Watts pf
;nghtlng T 100 '115 3 75 1.0
(1ncandescent) o ' '
| Lighting o 1 115 ¢ 100 1.0
(fluorescent) , o
- 3. Energy Use Patterns and Load~Profi1es

Figure 11-1 shows the load proflle of the power at the
chosen dairy farm on a summer day, using l5-minute average

i -demand intervals. A study of the past energy usage shows

that the maximum energy demand use is in the winter months.

¢ Thus, the load profile shown does not represent the maximum

load. Assuming a direct correlation between energy usage for
a month and peak power demand for that month, the maximum

';demand will be 15.2 kw durlng the winter months

Since the load is largely created by motors, the power
factor on the line will be quite poor, around 0. 75 to 0,80
during the peak demand perlods :

Flgure 11-2 ‘shows the electrlc energy usage in kWh by
month.

: " “B. Sizing of the Array-and the Battery

For this scenario, an onsite diesel-fuel electric
generator was included in the parametric system design to
provide auxiliary power. The generator was assumcd to

. .operate .in the following manner:

- It ‘is switched on when the .electrical demand exceeds the
combined output of the array and output capability
(stored energy) of the battery. If the generator capac-
ity exceeds the demand, then the generator itself sup-
plies the demand. If the generator alone is inadequate,
the battery and generator together supply the demand.
1f the demand is less than one-half the generator capac-
ity, the generator runs at half its maximum capacity and
charges the battery while at the-same timeé delivering
electr1c1ty to the load. A 15 KVA generator was in-
cluded in the dairy farm. PV system
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A computerized simulation program called SOLSIM was
developed for analyzing photovoltaic power systems with
battery storage and onsite diesel generator backup. Figure
11-3 shows how this simulation program operates.

SOLSIM uses the following input data:

(1) Typical hourly electrical power demand values for
24-hour periods during each season (in kW) for the
specified application

(2) Hourly total Eolar radiation on a horizontal sur-
face (in kW/m“) for the specified location and
desired study period.

(3) Batfery round-trip energy efficiency
(4) Power conditioncer efticiency .
(5) Array size (in kW peak) and collector tilt

(6) Battery effective capacity (defined as rated
capacity X maximum depth of discharge) in kWh

(7) Generator rated capacity in kW.

The SOLSIM program performs calculations shown in Figure
11-3 for each hour of the year (or representative months).
It sequentially computes the values of energy stored in the
battery and generator electrical output at the end of each
hour., For each run of the program, Lhe following statistics
were reported:

(1) Total generator electrical output (for each season
and for the year) : ‘

(2) Total electrical eunergy supplicd by the photovoltaic
arrag to the load (for each season and for the
year :

(3) Maxihum rate of charge and discharge of the battery

(4) Battery charge/discharge profile, displayed as a
graphic plot of battery stored energy vs. time for
any selected time interval.

SOLSIM was run for various combinations of array size
and battery capacity, and photovoltaic energy supplied to the
load was recorded for each combination. Figure II-4 is a
- graph of photovoltaic energy supplied to load vs. battery
capacity, using a 20 kWp array. The computer run was made
using a battery energy efficiency of 80 percent and power
conditioner efficiency of 90 percent. ‘
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Figure I1-3. Flow Chart of SOLSIM
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The most economical battery size can be aﬁpfoXimated by
applying marginal analysis to these plots. For each :incre-
ment of battery capacity added, the value of diesel fuel
displaced is compared to the annual cost .of the additional
battery capacity.* For a battery with an annual cost of $10
per kWh of effective capacity, the most economical battery
size for the da1ry farm scenario is approximately 50;kWh.

The maximum battery discharge rate for the dalry farm
scenario is 16 kW. Figure 1I-5 illustrates the battery duty
cycle profile for a typical 120-hour period for the da1ry

' farm photovoltalc system

C. . Sizing of the Power Cohditibﬁer

Figure II-6 is a simplified block. diagram of the photo-
voltalc system for the dalry farm application.

g The power conditioner chosen is a simple, self-commu-
tated type. Figure 1I-7 shows the components of a single-
phase bridge, self-commutated inverter. The AC interface
consists of a filter to attenuate higher order harmonics and
an autotransformer, center-tapped to provide the 220/110 volt
output voltage needed for the residential system. Reduced
voltage starters should be provided for the 5 hp vacuum pump
and the 5 hp compressor motor to reduce inrushes.

The following are specifications of the self-commutated
power conditioner:

Input : | Specification

Operating range 150-260 volts DC

Output
Voltage ' : : - 220/110.V, 19 60 cycles
Power S ' ‘,, ? ‘v 15 kw - |
Short-term rating | : - 22, 5 kW for 10 seconds
Efficiency ' | ) 90 percent from half to

full load -

*Speczflc fuel consumptlon of the diesel generator is taken
as 0.09 gal/KWh (0.34 liter/kWh) or the dairy farm, which
requires a 15 kVA generator. A diesel fuel price of $2.00/
gal ($.53/1iter) is assumed.
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Total harmonic distortion

Power factor

Physical Characteristics -

Life |
Reliability
(Mean time between
failures) MTBF - -

Environment. .

Temperature

Humidity

Protection

Qperation'Mode'

5 percent maximum

0.9 lead to 0.7 lag

20 yééfs.

20,000 héurs(

Specification

-10 to 50°C (14 to 122°F)

.0495 percent

Automatic shutdown for

input voltages greater
than 260 and less than
150 volts, DC

" Input fuses

Automatic étarﬁing and

self-protection

Output current limiter

Input voltage
Output voltage

Output frequency

Stand-alone and generator

A,D. Summary of Battery Requirements

The following is a summary of battery requirements for

the dairy farm application:



System voltage: 250 voits (to provide 220V AC)

Effective capacity: 50 kwh

Maximum discharge rate: 16 kW

Maximum charge rate: 15 kv

-Self-discharge rate: Not critical.

Duty e¢ycle: _ . Daily deep discharge cycle

(See Figure 11-5)
Maintenance: Maintenance by service contract
Environmental, health, & »
safety: | Battery will probably be .

located in special shelter,
separate from liouseé ovr barn.

E. References

1. Bureau. of the Census. Statistical Astract of the United

2. 1Ibid, p. 726.
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II1. PHOTOVOLTAIC SYSTEM FOR A COMMERCIAL APPLICATION -
A COMMERCIAL OFFICE

A. Load Profiles and Characteristics

PR

1. Background

The chosen scenario is a commercial office building with
a peak demand in the range of 150 to 250 kW.

The office is a one~story building with block-type
construction and a steel deck roof. The building provides
"office space for approximately 175 people, and is located in
Ehe Washington, DC, area. The building area is 50,000 square
eet. '

The building is heated by an oil-fired hot water system
and is cooled by electrically powered air-conditioning units.
Both hot and cold air are circulated through a venting system
by electric fans on the air-conditioning units. Indoor
lighting is provided by the typical rapid-start fluorescent
fixtures, while the outdoor lighting (nighttime parking lot
illumination) is provided by mercury vapor lamps. The energy
demands of typical equipment installed to service such a
bgilging in the Washington, DC, area are shown in Table
I1I-1.

TABLE III-1. INSTALLED CAPACITY OF BUILDING
ELECTRIC EQUIPMENT

Equipment Installed Demand (kW)A
Five 25-Ton Air-Handling Units , 232
Indoor and Outdoor Lighting 103
Miscellaneous ~25
2. Characteristics of Load Elements

a. Air-Handling Units. A typical air-handling unit
will have the following elements which use electric energy:
compressor motors, condenser fan motors, and evaporator fan.
motors. Table I11I1-2 shows the electrical characteristics of
a typical 25-ton unit which could be used for such an
application.
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TABLE III-2. TYPICAL ELECTRICAL CHARACTERISTICS
OF 25-TON AIR-HANDLING UNIT (1)

Elements Qty Volts Hz ph  RLA Each LRA Rach

Comj:essor HotOt- ‘3 460 60 3 17.5 90

FLA Each hp
Condenser Fan Motor 3 460 60 3 2.6 1
Evaporator Fan Motor 1 460 60 3 11 1.5

RLA = Running Load Amps
LRA = Locked ‘Rotor Amps _
FLA = Full Load Amps y

A three-phase compressor motor operating at 460
volts and drawing 17.5 amperes undér steady-state conditions
will require 13.9 kVA. A typical power factor for such
steady-state operation is about 0.85 (1). For the represen-.
tative 25-ton AC unit with three compressor motors, the total
demand by the compressor will be 41.8 kVA at a power factor
of 0.85 or 35.5 kW + 22 kVAR. Since air-conditioning units
cycle on and off on a regular basis under normal operatinf
conditions, the starting characteristics of the electrica
components are important parameters for the design of the
photovoltaic/battery power system. The locked rotor charac-
teristics are a perfect analog of a motor's electrical char-
acteristics during starting. A three-phase compressor motor
operating at 460 volts with a locked rotor current of 90 amps
will draw 71.7 kVA. A typical power factor for this starcting
impulse is about 0.65 (1). Under this assumed power factor
for starting, the three-phase compressor motor under con-
sideration will draw 46.6 kW + 54.5 KVAR.

The typical 25-ton AC unit also has three condenser
fan motors. Each three-phase condenser fan motor will draw
2.6 amps at 460 volts, for a demand of 2.1 kVA. Power factor
under steady-state conditions for this three-phase l-hp unit
will be about 0.55 with an assumed efficiency of 65 percent.
Each motor will require 1.1 kW and 1.7 kVAR. Total demand
with all three condenser fans operating will be 3.4 kW + 5.1
kVAR. Starting inrushes will run around 10.5 to 12.6 kVA.
They are less significant than the much higher inrushes from
the compressor motors. :

The air-handling unit under consideration has one
more electrical element requiring description: the 7.5-hp
evaporator fan motor. This motor is a three-phase, 460-volt
motor drawing 11 amperes under full load. The total demand
is 8.8 kVA. With an efficiency of 75 percent, the power
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factor under full-load conditions will be 0.85. The motor
will draw 7.5 kW + 4.6 kVAR under steady-state conditionms.
.Starting inrushes will be around 44 to 53 kVA.

The total load for each 25-ton unit with all loads
operating under steady-state conditions will be 46.5 kW +
31.7 kVAR, which is 56.8 kVA at a power factor of 0.82. .
Table I111-3 summarizes the kW and kVAR demands for the var-
ious parts of the 25-ton unit (2).

TABLE 111-3. ELECTRIC LOAD FOR THE TYPICAL
___25-TON AIR- HANDLING UNIT

Each ' Total

Load Element Qty kW kVAR  kVA kW kVAR kVA

Compressor Motor 3 1.9 7.3 13.9 35.6 22 41.8
Condenser Fan Motor 3 1.1 1.7 2.1 3.4 5.1 6.3
1

Evaporator Fan Motor 7.5 4.6 . 8.8 7.5 4.6 8.8

TOTAL UNIT . 46.47 kW + 31.7 kVAR

Note: See text for discussion of load elements.

-b. Indoor Lighting. Lighting for the office space is
provided by a set o% 200-W fixtures dispersed about the
‘building. The fixtures are mounted flush to a dropped ceiling
eight feet above the floor area. A standard 200-VW fixture
consists of two sets of two 40-W fluorescent bulbs with a
12-watt ballast. Each set draws approximately 100 W. Alter-
nate lamps are lead/lag, so the power factor presented to the
line is, for all practical purposes, 1.0.. The building
contains 500 such 200-W fixtures, for a total connected-
lighting load of 100 kW, or about 2 watts per square foot of
bulldlng space.

- Outdoor Lightin Outdoor lighting for nighttime
illumination of the parﬁing area and building entrance is
provided by ten 250-W mercury vapor lamps supplied by high-
power-factor ballasts. These ballasts draw 37.5 VA per lamp.
Total outdoor lighting demand will be 2.9 kVA at a power
factor of 0.9.

d. Miscellaneous. Miscellaneous loads include various
appliances such as refrigeration for lunchroom, microwave
ovens, personal 11ght1ng fixtures, typewriters, and a small
computer. This load is estimated to be 25 kW, using rule of
thumb of 0.5 W per square foot of office space.
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e. Power Factor. The power factor will, of course,
vary according to which loads are drawing current at any
particular time. Since the calculated power factor of the
major load (the air-handling units) is 0.82 and the power
factor of the secondary load (the indoor lighting) is close
to 1.0, the power factor for the total load will fall between.
these two figures.

3. Energy Use Patterns and Load Profiles

Since the building is located in the Washington, DC,
area and is heated by o0il, it is a summer-peaking load.-

Table I11-4 shows typical peak kW demand for various times.bf
year. ' ' a

TABLE I111-4. SEASONAL VARIATION 1IN PEAK DEMANDl‘,‘

Season Peak Demand for Time of Year'(kwgtiw
Summer 235 ‘
Fall 180
Winter 165
Spring 175

Load profiles have been developed using an assumed
building use pattern. As is typical for commercial office .
buildings, the building is occupied five days a week between
the hours of 8:00 a.m. and 5:00 p.m. The building is essen-
tially unoccupied on the weekends. Fjigures III-1 Ehrough-

111-4 show typical load profiles for the 50,000-ft® office
building. , : -

The pattern of office occupancy determines the shape of
the load profile to a large degree. The basic form of the
load profile is determined by the two demand levels: unoccu-
pied and occupied. As the building begins to be occupied
around 7:30 a.m., the load quickly rises to the occupied
demand level. As individuals leave the office at 5 p.m., the
load quickly drops off. Since the miscellaneous and lighting
loads will be the same regardless of the season, it is primar-
ily the cooling demand that affects the magnitude of the
demand during the occupied period in the summer season. A
comparison of Figure II1I-2, Typical Daily Load Cycle During
Summer Peak on a Business Day, with Figure 111-3, Typical
Daily Load Cycle During Springtime on a Business Day, reveals
that the difference in the daytime demand is due to the '
difference in the cooling requirements of the building on the
two days. As indicated in Figure III-4, the load profile for
a weekend is essentially flat. ‘ :

111-4




2501

200 -

150

" DEMAND IN kW

~ioo

50

. - J
6 a.m. 12 NOON 6 p.m. 12 MIDNIGHT
TIME OF DAY

Figure III-1. Typical Daily Load Cycle During Winter
on a Business Day '

111-5



DEMAND IN kW

250 -

200 =

150 N

100 |- : \

- S Y J
"6 a.m. 12 'NOON 6 p.m. 12 MIDNIGHT

“TIME OF DAY

Figure II1-2. Typical-Ddily.Load Cycle During
' Summer Peak on a Business Day

111-6.,.



DEMAND IN kW-

206~

'iggL-

1004

50 L

i N . i N «. JI
6 a.m. 12.NOON 6 p.m. 12 MIDNIGHT

TIME OF DAY

Figﬁre.III-3l Typical Daiiy Load Cycle During-
Springtime-on a Business Day

111-7



DEMAND N k¥

200 ‘
150
100}
S0 —— — —
- 1 1 n J
6 a.m. 12 NOON 6 p.m. MIDNIGHT
TIME OF DAY

Figure T17-4. Typical Daily Load Cycle During
Non-Cooling Season on a Non-Business Day

111-8




Flgure II1-5 shows monthly variations in energy use for
the chosen scenario. :

B. Sizing of the Array and the Battery

For this scenario, an onsite diesel-fueled electric
generator was included in the parametric system designs to
prov1de auxiliary power. The generator was assumed to oper-
ate in the following manner:

It is switched on when the electrical demand exceeds the
combined output of the array and output capability
(stored energy) in the battery. 1If the generator capa-
city exceeds the demand, the generator itself supplies
the demand. 1f thé generator alone is inadequate,

the battery and generator together supply the demand.

If the demand is less than one-half the generator
capacity, then the generator runs at half its maximum
capacity and charges the battery while at the same time
delivering electricity to the load. A 200-kVA generator
was considered for the commercial office building system.

The computerized simulation program used for this. applica-
tion was the same as that used for the dairy farm. Figure
1I1-6 is a plot of photovoltaic energy vs. battery capacity
for the commercial office building scenario, using a 500 kWp
array. This array is the maximum size that will fit on the
flat roof and parking area without one collector row shadlﬁg
the next row. (Combined roof and parking area is 10,000 m
The computer run was made using a battery energy eff1c1ency
of 80 percent and power conditioner efficiency of 90 percent.

The most economical battery size can be approximated by
applying marginal ‘analysis to these plots. For each increment
of battery capacity added, the value of diesel fuel displaced
is compared to the annual cost of the additional battery
capacity.* For a battery with an annual cost of $10 per kWh
of effective capacity, the most economical battery size is
approximately 700 kWh for the commercial office building
scenario.

The maximum battery dlscharge rate for the commercial
office building scenario is 100 kW. Figure II1I-7 illustrates
the battery duty cycle profile for a typical 120-hour period
(Monday through Fr1day) for the commercial office building.

*Specific fuel consumption of the diesel generator is taken
as 0.075 gal/kwh (0.-28 liter/kwh) for the office bu11d1ng
which requires a 200 KVA generator. A diesel fuel price of
$§2.00/gal (S.53/1iter) is assumed.
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Figure 111-8 is a simplified block diagram of the photo-
voltaic system for the commercial office building applica-
tion. The power conditioner chosen is a current-fed DC/AC
type (Figure 111-9). A current-fed inverter is a two quad-
rant device with unidirectional current and bidirectional
voltage capabilities. DC reversing switches are provided to
allow both charge and discharge of the battery. A simple
thyristor bridge arrangement is used as shown. A high-speed
DC interrupter is needed to clear inverter commutation faults.
Thyristors have a speed advantage and are marginally lower in
cost if the simple thyristor bridge configuration is used.

The autotransformer produces a three-phase voltage. Capacitors
~and inductors are installed at the secondary side of the
transformer to filter the harmonics. Power factor correction
capacitors are also installed to improve the power factor. A
protective diode, which may be internal to the array, is used
to prevent the backflow of power to the array.

The following are specifications of the power conditioner:

- Input Specification
Maximum voltage 400V DC
Minimum voltage 200V DC
‘Normal operating range ‘ 200-350V DC

Output

Voltage ' 4807277V, 3 2, 4 Wire
Power | 225 kv
Short-term réting 338 kW for 30 seconds
Efficiency 92% at full load

90% at 50% load
87% at 25% load

Total harmonic distortion " Less than 5%
Power factor - 0.9 lead to 0.7 lag
Operation Mode Stand-alone and geﬁerator

I111-13



GENERATOR .

PV ‘ POVER
ARRAY | CONDIT IONING
BATTERY | oo

| Figure 111-8. Simplified Block Diagram of the
"Photovoltaic System for the Commercial
Office Building Application

'III-ll&




SOLAR

PHOTOVOLTAIC

- -ARRAY

HIGH SPEED FUSES* " . INTERPHASE s

ISOLATING

DIODE

, L REACTOR .
. 'REACTOR e ‘
: : g : , - - PHASE-SHIFTING
: AUTOTRANSFORMER

 EMERGENCY"

comutarine | d

CIRCUIT % if jz
HIGH SPEED

F9§E _ T ;& gz

-

" BATTERY

'DC REVERSING SWITCHES: | .

4 HARMONIC
.. INVERTERS FILTERS

L%k‘ | Hth - $rfp—prri—q

o |
. t ]

: [
13th HARMONIC i
FILTERS L e
|
|
BROADBAND P~ —
FILTERS :

POWER FACTOR
CORRECTION 4
(5 BANKS)

N P A

E
T

 BREAKER | 3¢ 60 Hz 48OV
GENERATOR SUPPLY

Figure I1I-9. Power Conditioning Unit Used for
a Commercial ‘Application (3)



Physical Characteristics

Life

Reliability
(MTBF)

Environmental

Ambient temperature

Relative humidity

Barometric pressure

Protection

Meters

Additional

Specificaton

20 years
20,000 hours

-10 to 45°C
(14 to 113°F)

96% (non condensing)

790 to 520 mm Hg

(31.1 to 20.5 in. Hg)

Input fuses
Output current limiter

Over/undervoltage pro-
tection

Abnormal frequency pro-
tection

DC &‘AC Ammeters

DC & AC Voltmeters

Output frequency meter

Load shed signal on
overload

Battery charger control
signal

Automatic startup and
generator grid paralleling

C. Summary of Battery Requirements

The following is a summary of the battery requirements

for the commercial office:

I1I1-16




Battery system voltage:

Battery effective energy
capacity:*

Maximum discharge rate:
Maximum charge rate:

Duty cycle:

Self-discharge rate:

Environmental, health, &
safety:

~300 volts (to provide 480/227V AC)

~700 kWh
~100 kW
70 kW

Daily deep-discharge cycle

(see Figure I11I-7) with frequent
smaller cycles, sometimes

hourly

Not critical

Battery would be enclosed in
weatherproof shelter, with
access by maintenance personnel
only. Temperature inside
battery shelter should be within
10-32°C (50-90°F). Must meet local .
code requirements (if any are
applicable).

Maintenance: Auxiliary systems would be de-
signed to automate routine
maintenance operations, such
as adding water. Maintenance
provided by service contract.

D. References
1. General Electric Co. "Electrical Distribution Handbook."
1944, :
2. Based on Nameplate of a Trane 25-ton Air Conditioner.
3. Pittman, P.F. Conceptual Design and Systems Analysis

of Photovoltaic Power Systems. Prepared for U.S. Energy

Research and Development Administration, by Westinghouse
Electric Courporation, May 1977.

*Rated capacity = Effective Capacity

Max. Depth of Discharge
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IV. PHOTOVOLTAIC SYSTEM FOR A KESIDENTIAL APPLICATION -

‘A SINGLE-FAMILY RESIDENCE

A. Load Profiles and Characteristics

1. . Background

The chosen scenario is a three- bedroom, split-level ‘
. single-family home in Denver, Colorado. The building area is
1, 800 square feet ' '

The bu11d1ng is heated by a gas-fired forced air system.
No central air cooling is prov1ded The appliances that use
electrlc energy are: ' A

(a)
(b)
(c)
(d)
(e)
(£)

(g)

(h)
(i)
(3)
(k)
(1)
(m)
(n)
(o)
(p)
(q)

Electrlc range/oven
Clothes washer
Refrigerator/freezer
Dishwasher

Electric clothes dryer
Hair dryer
Incandescent 1ight§
Color television
Furnace fan
Elecfric iron
Humidifier
Electric cloéks
Window fans
Radio

Sewing machine
Vacuum cleaner

Coffeemaker
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(r) Blender

(s) Toaster.

2. Characteristics of Load Elements

This section describes the power demand and energy usage
characteristics of the electric appliances in the chosen
scenario Table IV-1 shows the electrical characteristics of
the small appliances. Table IV-2 shows the electrical char-
acteristics of the large appliances.

TABLE 1IV-1. SMALL APPLIANCE ELECTRICAL CHARACTERISTICS (i;Z)

Annual

Device Voltage Quantity Rated Wattage kWh Usage
Color television 115V 1 200 440
Furnace fan 230V 1 500 650
Iron 115V 1 1100 60
Coffeemaker 115V 1 1200 140
Blender 115V "1 300 1
Toaster 115V 1 1146 _ 39
Humidifier 115V 1 177 163
Clocks 115V 2 2.5 44
Window fans 115V 3 500 510
Radio 115V 1 71 86
Vacuum cleaner 115V 1 630 ’ 46
Sewing machine 115V 1 75 , 11 -
Hair dryer 115V 1 381 14
Lighting. 115V - 1600 2200

TOTAL SMALL APPLIANCE ENERGY USAGE 4404 kwq

TABLE 1V-2. LARGE APPLIANCE ELECTRICAL CHARACTERISTICS (1,2)

Device Voltage Quantity | Rated Wattage Annual kWh
Range/oven 230V 1 12,200 700
Refrigerator/ \ '

freezer 115V 1 500 1,500
Clothes washer 115v . 1 512 103
Dishwasher 115V 1 1,201 363
Clothes dryer 115V - 1 4,856 ' 993

TOTAL ANNUAL LARGE APPLIANCE ENERGY USAGE . 3,659 kWh
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As indicated in Table IV-1, the total annual electric
energy usée of the small appliances is 4,404 kWh. The total
annual energy usage of the large appliances, as calculated in
Table IV-2, is 3,659 kWh. The total annual electric energy
usage for the residence will be 8,063 kwh. ‘

With regard to the power factor of the load, the appli-
ances can be classified into two categories:

(a) Resistance appliances with essentially unity power
factor such as: incandescent lighting, electric
range/oven, and toaster

(b) Fractional horsepower motors in appliances such as
fans, refrigerators, clothes washers, and blenders,
which have poor power factors around 0.6 (3).

The actual power factor of the load as seen by the
iphotovoltaic/battery/power conditioning system will vary, of
course, depending on the type of appliances used at any
particular moment. The power factor could therefore vary
from as low as 0.6 to as high as 1.0. The average power
factor for the chosen scenario will be around 0.87, where the
~average power factor is the ratio of the average real power
to the average kVA.

Transients were also considered in this characterization
of the electrical loads. The largest of the motors and,
hence, the one reflecting the worst-case design situation,
‘would be a one-third hp washing machine. Typical inrush on a
one-third hp washing machine motor will be 5.3 kVA at a power
factor of approximately 0.84 (3). :

3. Energy Use Patterns and Load Profiles

Figure IV-1 is a typical load profile for a single-
family residence with essentlally the sawe appliances as
those assumed in this scenario (4). This profile indicates
. that that the heaviest electric load for this typical day
! occurs in the evening when the high-wattage loads (i.e.,
lighting and cooking) are more likely to be in use. The
shape of the load profile is very sensitive to the appliance
use patterns of residents.

Table IV-3 shows the monthly kWh usage by appliances for
the chosen Denver residence. In order to generate these
monthly usage figures, it was assumed that all the appliances
(except the lighting, furnace fan, window fans, and humidi-
fier) would use electric energy equally for each month during
- the year. The furnace fan, window fans, and humidifier were
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.

TABLE IV-3. MONTHLY kWh USAGE BY APPLIANCE FOR DENVER' RESIDENCE -
| appliance _JaN FEB MAR APRIL MAY JUNE JULY AUG SEPT ocT- -NOV DEC
Color TV 3%2/3  362/3 362/3 362/3 %23 32/3 3623 3623 362/3. 362/3  362/3 36 2/3
Furnace Fan 110.5 85.75 ‘718 '52.65  26.65 0. - 0 0 27.95  .46.15 95.55°  124.8
Iron 5 5 5. 5 5 5 5 5 5 5 5 5
Coffeemaker n 2/3 11 2/3 112/3 . 112/3 . 1z 12 2/3 11.2/3 11 2/3. 11 2/3- 11 2/3 11 2/3 11 2/3
Blender 1/12 1/12 1/12 1/12 1/12 1/12 1/12 /12 . 112 1/12 1/12 1/12
" Toaster 3.25 3.25 3.25 3.25 3.25 3.25 - 3.25 3.25, 3.25 3.25 3.25 3,28
Humidifier 27.7 22 19.6 13.2 6.7 o 0 0 -7 11.6. 24 - ..
Clock 32/3 32/3 32/3 3.2/3 32/3 323 .32, 32/3 32/3 32/3 32/3 . 32/3
Windtw Fan 0 o o . o . 45.9 114.75 158.15 150.45 * 40.8 0 0 ()}
- Radic 1.17 7.17 7.17 .17 7.7 7.17 7.17 717 | 7.17 7.17 7.17 7.17
1: Vacuua Clesner 3.83 3.83 1.83 3.s§ 3.83 3.83 3.83 3.83 3.83 3.83 3.83 3.83
v " Sewing Machine 11/12 11/12 11/12 1/12 11/12 11/12 11/12 “11/12 11/12 1/12 11/12 . 11/12
‘Hair Dryer. 11/6 11/6 11/6 11/6 11/6 11/6 11/6 11/6 11/6 ‘1 1/6 1 1/6 11/6
"Lighting 264 220 220 176 132 88 88 132 176 - 220 220 264
. Range/Oven 58.3 58.3 58.3 58.3- " 58.3 58,3 ° 58.3 58.3 58.3 58.3 58.3 58.3
Refrigerator/ : . S : . '
" Freezer 125 125 125 125° 125 125 125 125 125 - 125 i25 125
Clothes Washer  8.58 8.58 8.58 8.58 8.58 8.58. 8.58 '8.58 8.58 8.58 8.58 8.58 -
Dishvasher 30.25 30.25 30.25 30.25 30.25 30.25 30.25° 30.25 30.25 © 30.25 30.25 30.25
Clothés Dryer _ 82,75 82.75 82.75, 82,75 82.75 82.75 82.75 82.75 82.75 82,75 82.75 82.75.
Total Energy EER )
Usage for rhe .
Residence 780.5 695.9 620.2 589. 55 581.1 626,45 660.75 630 656 798.3 .

708
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assumed to have a seasonal energy use pattern which varies
with the seasonal heating or cooling requirements. The
seasonal variation in lighting was assumed to follow a pat-
tern developed in a recent study (5).

The seasonal variation of the furnace fan and humidifier
was assumed to vary precisely with the monthly heating require-
ment of a 1,000 ft“, three-bedroom, split-level type single-
family home located in Denver and described in a study per-
formed by Hittman Associates, Inc. (6). The window fans were
assumed to follow the cooling requirements of this same
house.

Figure IV-2 is a graph of the monthly energy use for the

chosen scenario. Table IV-3 is the total monthly electric
energy usage for the residence.

B. Sizing of the Array and the Battery

The residential photovoltaic power system is assumed to
be connected to the utility grid. Whenever the load exceeds
the power available from the array and battery, the deficit
is puchased from the utility at $0.10 per kWh. The short-
term peak power demand will also be supplied by the utility.
Neither time-of-day rates nor sell-back provisions were
considered. :

The SOLSTOR computer code (developed by Sandia Laboratory)
was used to determine the optimal battery and array sizes for
each of the candidate storage batteries being investigated.
SOLSTOR sizes these components so as to minimize the levelized
annual cost over the lifetime of the system (assumed to he 20
years). The following economic data were supplied as inputs
to the SOLSTOR program:

Income tax rate 30 percent
Interest rate _ 10 percent
Discount rate 10 percent
Down payment : 20 percent
Federal tax credit 0 percent
Annual operation and maintenance 1.5 percent

of initial
capital cost
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PV array installed cost: $1,000 fixed +
$1,063/kWp

Battery present value cost, including
battery auxiliary system: Input for
. each battery

The optimum array size for most of the battery types was
found to be approximately 4 kWp. Optimal battery capacity
was found to be approximately 15 kWh. There was relatively
little variation between these results for different battery
types.

. Maximum discharge rate for the battery would be approxi-
mately 3 kW; maximum rate of charging would also be about 3
KW. ' Since the battery would normally be fully discharged by
early morning, and would be recharged only by the photovol-
talc array output, the battery must be capable of remaining
in a discharged state for several days. This would occur
during a period of overcast skies lasting several days.

C. Sizing of the Power Conditioner

Figure IV-3 is a simplifiéd block diagram of the photo?
voltaic system for the residential application.

The power conditioner chosen is a simple, self-com-
mutated type. Figure 1IV-4 is the schematic of a single-phase
bridge, self-commutated inverter. The AC interface consists
of a filter to attenuate higher order harménics and an auto-
transformer, center-tappd, to provide the 220/110 volt output
voltage needed for the residential system. Circuit controls
should be provided to prevent flow of power to the utility
line. Also, motor-starting transients will be supplied by
the utility line.

The following are specifications of the self-commutated
power conditioner:

Input Specification
Operating range : 150-260 volts IC

Qutput
Voltage ‘ o S 226/110V, 19, 60 cycles
Power ~ 10 kW
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Efficiency 90% from half to full load
Total harmonic distortion 5% maximum

Power factor | | . 0.9 lead to 0.7 lag

Physical”Characteristics

Life ‘ ‘ 20 years
Reliability ° ' ‘ 20,000 hours
(MTBF)

Environmént
Temperatﬁre ; -10 to 50°C

(14 to 122°F)
Humidity | 0-95%
Specification
Protection -Automatic shutdown for

input voltages greater
than 250 and less than
150 volts DC

Input fuses

Automatic starting and
self-protection

Output current limiter

Metering . Input voltage
Output voltage

Output frequency

Operation Mode - Stand-alone and utility

D. Summary of Battery Requirements

The following is a summéry of battery requirements for
‘the single-family residence:
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System voltage: ~250 V (to provide 110/220V AC)

Effective capacity: ~15 kWh

Maximum discharge rate: - . 3 kW

Maximum charge rate: 3 kW . )

Duty cycle: Daily deep dlscharge cyclé;'
' * ;:g;d changes in dlscharge

Self-discharge rate: . Not critical

Environmental, health, &
safety: ~ Very important. Battery would

probably be located in basement.
Battery gaseous emissions
would have to be very carefully
controlled (either recombined
with electrolyte or vented to
outside). Must satisfy local
code requirements for residential
buildings.

Maintenance: - By service contract. Simple
routine maintenance could be"
performed by occupant.

E. Referepces

1. Electfic Energy Association, EEA201-73.
2. Edison Electric Institute EEI-PB. No-: 75-61 Rev.

3. General Electric Co. Electric Pistribution Handbook.
1944, - ‘ :
4. Bechtel Corporation. Batﬁery Storage Performance Re-

quirements for Terrestrial Solar Photovolta1c Power Sys-
tems, ANL/OEPM-//-3. August 1977 .

5. Hammond, B. Solar Photovoltaic Power for Residential
Use. ASME Publication 79-SOL-11.

6. Alereza, Taghi. Hittman Assoc1ates, Inc. Denver;Resi;
dential Ener y Consumptlon HUD Contract No. H-2280R.°
September 19 : :
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V. PHOTOVOLTAIC SYSTEM FOR A REMOTE APPLICATION - .
A REMOTE VILLAGE -

A. Load Profiles and Chafacteristics

1. Background

The load characteristics of this scenario are based on
the assumed energy needs of a 500-person village located in
Western Africa at 10°N latitude. For the purposes of this
study, the energy needs of this village to be supplied by the
photovoltaic/battery system are:

(a) Botable water supply
.:(g) Créin grinding |
(c) Lighting for schéolhouse
(d) .Television set for schoolhouse
(e) Vehtilation for schoolhouse.

. In order to size the electrical equipment that would be
required to provide these services, it was necessary to make
certain assumptions. For the purpose of this study, the
water supply requirement of this village was assumed to be 50
liters per day per person (13 gallons per day per person).
This is equivalent to a total village requirement of 2,500
liters per day (6,604 gallons per day).

The milled flour requirement.of the village was assumed
to be .12 kilogram per person per day (approximately 1/4
pound per. person per day). This amounts to 60 kilograms
(132.25 1b) of flour milled per day for the whole village.
The remaining electrical requirements are a television set,
lighting, and fans foE the échéb}house. The area of the
schoolhouse is 92.9 m“ (1,000 ft©).

2.  Characteristics of the Load Elements.

a. Potable Water System. The total village potable
water requirement was defined. as 25,000 liters per day (6604
gallons per day). Assuming a total dynamic head of 30 meters
(98 ft), a water pump efficiency of 70 percent, and an eight-
hour daily pumping schedule, a water pump supplying 25,000
liters per day would have a mechanical drive requirement of
365 watts (0.5 horsepower). A DC permanent-magnet motor
rated at 0,5 hp was therefore chosen as the drive for the
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potable water pumping system. Since the output of the chosen
motor is slightly higher than the calculated power, pumping
time to supply the required 25,000 liters per day will be
reduced to 7.8 hours. For an assumed motor efficiency of 90
percent, the power demanded by the motor during the pumping
operation will be 414 watts. Total energy consumed per day
in the pumping operation will be 3,233 watt-hours.

b. Grain Grinding. The total village flour require-
ments were defined as 6% kilograms per day (132.25 pounds per
day). For the purposes of this study, the grain is assumed

to be ground to flour by a commercially available pulverator-
type hammermill. A l.5-horsepower model has a rated capacity
of 13.6 kilograms per hour. The daily flour needs of the
village could be supplied, therefore, in 4.4 hours of mill
operation. Assuming a DC permanent magnet motor rated at 1.5
horsepower as the drive for the mill, the electrical demand
for the motor, for an assumed efficiency of 90 percent, will
be 1,243 watts. The daily energy usage for the grain-grinding
operation will be 5,469 watt-hours.

c. Schoolhouse. The chosen scenario includes a 1,000
square foot school house for which lighting, fans, and a
television will be provided. The illumination level provided
will be 1.5 watts per square foot, or 1,500 watts of fluores-
cent lighting. Solid-state inverter ballasts for DC power
supply operatlon of fluorescent lamps are commercially avail-
able. The air movement will be provided by five 1/8-horse-
power DC fans. For an assumed motor efficiency of 80 percent,
DC power demand with all fans running will be 583 watts. The
television is rated at 200 watts. Assuming that the school
operates six hours a day, with TV instruction provided two
hours a day, the daily energy usage of the schoolhouse will
be 12,898 watt-hours.

3. Energy Use Patterns and Load Profiles

In this scenario, the water and flour needs of the
village are supplied daily.. 1If it is assumed that the school
operates only four days a week, it is possible to calculate
the daily and weekly energy use of the village. Table V-1
shows daily energy use on a school day. Table V-2 shows
daily energy use on a non-school day. Table V-3 presents the
weekly energy use, based on the school schedule descrlbed
above. :




TABLE V-1. DAILY ENERGY USAGE ON A SCHOOL DAY

Load - . Energy Usage (Wh)
Water system 3,233
Grain grinding 5,469
School 12,898
Total ‘ 21,600

TABLE V-2. DAILY ENERGY USAGE ON A NON-SCHOOL DAY

Load ~ Energy Usage (Wh)
Water system - 3,233
Grain grinding 5,469
Total 8,702

TABLE V-3. WEEKLY ENERGY USAGE

Load | ___Energy Usage (kWh)
4 school days , 86.4
3 non-school days 21.1
Total , C 107.5

The load profile was generated using certain assumptions
about the hours of pump operation, hours of hammermill opera-
tion, and the hours of school operation. Figure V-1 shows
the load profile for a school day for the following assumed
operating schedule: -

(a) The pump starts operating at 8 a.m.

(b) School operates in two sessions: 9 a.m. to 12 noon
and 2 p.m. to 5 p.m.

(¢) Television operation is 10 a.m. to 11 a.m. and 3
p.m. to 4 p.m.

(d) The mill is operated in two shifts, starting at 9
a.m. and 2 p.m., respectively.
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F1gure V-2 shows the load profile for a non- school day for
the following assumed operatlng schedule:

(a) The pump starts operating at 8 a.m.

(b) The mill is operated in two shifts, starting at 9
a.m. and 2 p. m., respectlvely

- The monthly energy usage pattern was generated using
certain assumptions about the annual school schedule. Figure
V-3 and Table V-4 show the monthly energy use, assuming
school is in session in the months of February, March, April,
May, September, October, November, and December

?_ TABLE V-4, MONTHLY ENERGY USAGE IN THE REMOTE VILLAGE

Moqth' ' Enegginsage (kWh)

‘January - 269.8
February | 428.4

March | 488.8

| april 480.1
| May ‘ 514;8.
June . 261.1

: July 269.8
August ' x 269.8
September 467.4

October | | 428.4

November 480.1

December 488.8

B. Sizing of the Array and the Battery

Two alternative system configurations.were considered
for this scenario: one was a stand-alone design consisting
of a photovoltaic array, a storage battery, and a DC/DC power
conditioner; the other included an auxiliary DC electric
generator (diesel-powered) as well as a PV array, battery,
and DC/DC power conditioner.

-~ V-5
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1. Stand-alone System-

It was assumed that the water pumping and .grain grinding
portions of the load do not require electrical energy storage
since their outputs do not have to be consumed immediately.
Therefore, one part of the array was sized for the school
portion of the load, which requires storage, and another part
was sized for the grain grinding/water pumping portion of the
load. These two parts were then summed to determine the total
array size required. For the grain grinding/water pumping
load, array size was computed by the formula: )

e kWD , e
A = (L« 1.0 =&)/( + 1)
a2

Where: . A
1

array size in ka

average'dailyf501ar radiation (kWh/mzéday)
averaged over the year ,

L= averagé déily load (kWh/day)

n, = power'conditidhef efficiency.

For the values of I = 5.80 kWh/m%-day, L = 8.7 kwh/day,

and n 0.9, then A = 1.7 kWp.

P
The school operates eight months per year (school is not

in session during January, June, July, and August), .four days

per week, between the hours of 9 a.m. to 12 noon and 2 p.m.

to Szpémithhe daily energy requirement when the school is open

is 12, . S

It can be seen from Figure V-4 that during school days,
a portion of the array output is delivered through the power
‘conditioner directly to the load, and the remainder of the
_array output is stored in the battery and delivered to the
‘load; either the same day or the next day.. The expression

“for energy delivered to the school building from array output
that day is:

E=A": Im,x [r]p X + np Np (1-X)]

Where: A = array size, kWp
im = daily,solar radiation for the month m,
" kWh/m4-day
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n power conditioner efficiency

P
Ny

X = portion of array output delivered directly
to the load, expressed as a decimal

battery "round trip"” energy efficiency

E = Energy output of the array, kwh/day.

For non-school days, the array output can be stored if
there is battery capacity available. The expression for
energy added to the battery during a non-school day is:

A - Im Xn, X ng

. The minimum array size is determined by setting the
value of energy delivered to the load (either directly, or
through storage), accumulated over the year, equal to the

annual cumulative school energy requirement (1806 kWh).

1806 =‘§; [A-im-nqu] [1-SDR). - NSD_ + [A-In- (np7x+npnB(1-X))] + 8D

m = month indicator

Where: NSD, = non-school days in month m
SDm = school days in month m
SDR = Self-discharge rate per month, expressed

as a decimal

The value 1806 kWh/yr is the product of 12.9 kWh/day
and 140 school days per year. ~

Once the array size is specified, the battery capacity required
for that array size can be determined. To find required

" battery capacity, the cumulative deficit or surplus for each
month is first computed. Deficit/surplus is the cumulative
array output available to the load minus cumulative load for
the month. Since the school operates for two terms, separated
by the month of January, the battery can be partially recharged
during. January. Thus, the required battery capacity is
determined by summing the monthly deficits for the eight

school months and subtracting the energy charged to the
battery in January. Figure V-5 shows the relationship

V-10
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between array size in kWp and battery effective capacity
required. For an array size of 2.1 kWp, the array output
over a 3-day weekend (when school is not in session) is ade-
quate to recharge the battery sufficiently to supply the load
during the school week. Thus, for this array size, a battery
capacity of only 21 kWh is required.

The minimum battery capacity should be adequate to
supply the load in the event of two consecutive weeks of
overcast weather. This is 103 kWwh (2 weeks x 4 schooldays/
week x 12.9 kWh/day). Therefore, an array size of 1.6 kWp
and a battery with effective capacity of 125 kWh was selected
for the school building portion of the load. Maximum dis-
charge rate.of the battery is 2.2 kW.

The complete system would contain a 3.3 kWp array, a 125
kWh (effective capacity) battery, and a power conditioner
with at least 3,3 kW capacity.

Figure V-6 shows the annual state-~of-charge profile for
the battery. The battery experiences a single annual com-
plete discharge cycle, as well as smaller weekly cycles, and
even smaller daily cycles during school weeks. Since it is
undesirable to discharge some batteries below a specified
maximum depth of discharge, the rated capacity is found by
dividing effective capacity by this maximum depth of dis-
charge. o

3. Diesel Generator Backup System

This -—stem contains a small (approx. 3 kVA) diesel
generator.. Specific fuel consumption of such generators is
typically 0.38 liters per kWh (0.10 gallons per kWh). If
there were no PV array for the school portion of the load,
the generator alone could supply the school's electrical
energy requirements (1,806 kWh/yr). Approximately 180 gal-
lons (681 liters) of diesel fuel would be used anaually. .
Adding a 1 kWp array and a 15 kWh battery would reduce the
generator annual energy requirement by 840 kWh, to 960 kWh.
This is determined by the formula:

Zm A - I, - n, - SDy = 840 kéh, where 4 = 1 kip.

The battery would be charged by the array output before 9:00
a.m. and between noon and 2:00 p.m. on school days. The
battery would also be completely recharged during the three
weekend days. The generator would run after school hours
each day to bring the battery to nearly full charge. Thus,
the battery would experience a complete discharge cycle every
school day (140 per year).

V-12
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This design would use fewer than 100 gallons (378 liters)
of diesel fuel annually, and the generator would operate
approximately 400 hours per year.

C. Sizing of the Power Conditiomer

1. Stand-Alone System

Figure V-7 is a simplified block diagram of the photo-
voltaic system for the remote village application.

The power conditioner chosen is a DC/DC type. Figure
V-8 is a simplified block diagram of the unit. The converter
operates like an automatically controlled "DC Variac." The
control circuitry selects the ratio of the input voltage to
the output voltage. The control circuitry includes controls
for peak power tracking. When the power from the array
exceeds the load demand and the battery is charged to its
full capacity, the controls automatically increase the array
voltage and reduce array power output, thus preventing over-
voltage of the battery. The filters function to reduce -the
ripple on the array and the battery.

Detailed specifications of the DC/DC power conditioner
follow: '

Input Specification
Operating range 100-150V DC

Output
Voltage 120v DC
Power | . ' 4 kv
Short term rating . 8 kw for‘lo occonds
Efficiency 90% from half to full

load
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Physical Characteristics ‘ - Specification

Life o 20 ygafs “

Reliability | 20,000 hours

(MTBF) T
Environment

‘Temperature : “ 10 to 65.6°C

o * (50 ‘to 150°F)

Humidity * o 0-95% *

Protection : . Input fuses

Output current limiter -

| Automatic starting and
N self protection

Automatic shutdown for
input voltages greater
than 300 and less than
200 volts DC

. ngr'temperature

Over/undervoltage
. R - Specification
. Metering . - - Input voltage

Output voltage

‘Output frequency

Operation Mode . Stand-alone only

2. Diesel Generator Backup System

Figure V-9 is a simplified block diagram of the photovol-
taic system for the remote village application with generator
backup. ' ‘ ‘ '

. The power conditioner chosen is.a DC/DC type. Figure
V-10 is a block diagram of the unit. The converter operates
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like an automatically controlled "DC Variac." The control
circuitry selects the ratio of the input voltage to the
output.voltage.. The control circuitry includes controls for
peak power tracklng - When the power from the array exceeds
the load demand and the battery is charged to its full
capacity, the .controls automat1cally increase the array
voltage and reduce the array power output, thus preventing
overvoltage of the battery.. The filters functlon to reduce
the ripple on the" array and the battery.

Detailed Spec1flcat10ns of the DC/DC power condltloner
are shown beIOW‘

Input ' S . ‘ Specification
Operating réngé ‘ | 100-150V DC
A'Output |
Voltage : | o | 120 volts DC
Power ' : 4 kw |
Short-term rating ' | 8 kW for 10 sééohdé'
Efficiency o ' 90% from half to full load
Physical Characﬁeriéticsvn Specific#fion '
Life | ' ‘ 20 years | c
Reliability | : | 20,000 hours
(MTBF) - ‘ : . s
~ Environment .
Temperature o 10 to 65.6°C
: ~ | (50 to 150°F) Lt
Humidity | i - 0-95%
Protection Input fuses

Output current limiter

Automatic starting and
self protection

(-
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‘Automatic - shutdown for -
input voltages greater
than 300 and less than
200 volts DC :

Over temperature

Over/undervoltageﬁ;

wMetering; . . o ~Input voltage -
| Output voltage

Output frequency

Operation Mode Stand-alone and generator

D. 'Summary of Battery Requirements

1. Stand-Alone

The followihg is a summary of battery requirements for
the remote village (stand-alone):

System voltage: 120 volts DC

Battery,effettive capacity: 125 kWh

Maximum discharge rate: 2.2 kW
Maximum charge rate: 1.6 kW
Self-discharge rate: As low as possible. Must be

less than 5 percent per month

Duty cycle: - One annual complete discharge,
partial weekly discharges
during weeks when school is in
session, recharge during

weekends
Reliability: Very important
Maintehance: ‘ Must be capable of operation

for several months with only
minimal maintenance by unskilled
personnel
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Environmental: .- Must be capable of operating. ,
- ~© 1in very high ambient temperature
(120°F, 50°C) and relative
humldlty (95%)

Special requirements: Must be able to tolerate standing
at low state of charge for -several
months. Also must be able to oper-
ate for years without forced full
charge or full discharge (i.e.,
‘other means for cell equalization
must be prov1ded because perlod
of full charge is seasonal).

2. D1ese1 Generator Backup System

The follow1ng is a summary of battery requlrements for
the remote village (diesel generator backup):

System voltage: 120 volts DC

Battery effective capacity: 15 kvwh

Maximum discharge rate: 2.2 kW

Maximum charge rate: ‘ ,2.0 kW

Self discharge rate: *+ . Not critical

Duty cycle: Approximately 140 deep cycies

' per year
Reliability, Maintenance,
and Environmental: Same as remote,»stand alone

. application.

E. keferences

1. Manufacturer's published literature. Delta Electronic
Control Corporation, Irvine, California.
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VI. .PHOTOVOLTAIC SYSTEM FOR AN INDUSTRIAL/UTILITY
APPLICATION - A DEDICATED UTILITY FOR A SMALL COMMUNITY

A. Load Profiles and Characteristics

. 1. .Béckgggund

, The chosen industrial/utility end-use application is a
-small community which will be partially supplied by a dedi-
cated photovoltaic/battery utility. Interties to other
utilities supply baseload and backup energy.

The chosen scenario is a hypothetical small town in
southern Arizona (33°N latitude) with a population of 8,000
people. 1Its connected load consists of a mix of commercial,
industrial, residential, and street-lighting loads.

2. Characteristics of the Load Elements

‘ Since the connected load consists of a mix of commer-
cial, industrial, residential, and street lighting loads, the
total system power factor (uncorrected) will never exceed 0.8
lagging during heavy load periods. During light load periods,
when the percentage of motor load connected to the system is
also low, the power factor will be much higher. The size of
any individual motor, compared to the total system load and
supply capacity, will be such as to make motor inrushes an
insignificant factor in sizing the power conditioners.

3. Energy Use Patterns and Load Profiles

The chosen load is assumed to contain, because of the.
climate in which it is located; a high degree of air-con-
ditioning load. The system will therefore peak in the summer
months.  The system peak demand is 21 MW. Figure VI-1 shows
the load profile of the total system on the peak summer day.
The cooling season in this part of the country is quite long
and system peaks close to this level will occur in the months
of June, July, August, and September.

VI-1
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For the purposes of this scenario, the .annudl load
factor of this system was defined as 55 percent. This re-
sults in annual electric energy use of 101,178 MWh. 'Figure
VI-2 gives a breakdown of the kWh usage on a monthly basis.

B. Sizing of the Array and the Battery

- In this scenario, a power plant serv1ng the intermediate
and peak load demand of a small community in Arizona is con-
nected to a larger ut111ty grid. Baseload generators through-
out the grid supply the baseload electrical power require-
ments-of the comminity. A photovoltaic power system with
battery energy storage is to be parametrically designed to
displace as much of the fuel requlrement of this power plant
as economically pract1ca1 It is assumed that this photovol~
taic-battery system is backed up by the conventional gener-
ators throughout the utility grid.

The photovoltalc array and battery system are 51zed to
supply the electrical energy demand above 13 MW during a
clear day during August (see Figure VI- 3). The first 13 MW
is considered base load, and is supplied by conventional
generators. A 2-axis continuous sun- tracking array is :
specified for this application. A computér simulation model
(a simplified version of SOLSIM) was used to determine the
minimum array size and required battery effective capacity.
For an 80 percent efficient ‘battery and 90 percent efficient
power conditioner, the array size is 14.7 MWp, and the re-
quired battery effective capacity is 37.5 MWh. Figure VI-4
shows the battery charge/discharge profile. The maximum
power capability of the battery must be 7 MW.

C. Sizing of the Power,Conditioner

Figure VI-5 is a simplified. block diagram of the photo-
voltaic system for the utility appllcatlon

A simple current- fed llne-commutated power conditioner
was chosen for the system. Figure VI-6 is a schematic of the
power conditionér.  The system consists of two inverter
substation modules with dedicated arrays feeding each 1nver-
ter substation unit.

The basic interface between the arrays and the inverter
is composed of a reactor, batteries, and a regulator. The
.reactor supports the rlpple voltage at the inverter DC ter=<
Tlna%s and maintadins the peak ripple current at a reasonable

evel.
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The interphase transformer is connected between the DC
terminals of the two 6-pulse bridges, forming a 12-pulse
system. This element supports the difference in ripple
voltage between the two inverters.

Motor-operated disconnects should be used between the
inverter and inverter transformer. This will facilitate
isolation of faulted units. -

The transformer secondary voltage chosen is 13.8 kV.
Harmonic filters and power factor correction capacitors are
provided at the transformer secondary to minimize harmonic
distortion and to improve the power factor of the system.
Lightning arresters should also be provided at the transformer
secondary.

The following are detailed specifications of the power
conditioner: 4 : :

) Input Sbecification
Operating range | 1-1.5 kV DC
) Ouﬁput
letage S : - ‘ ©13.8 kv, 3 g, AC
4Po§er "h, . ; - 10 Mw o
Efficiency : 90% from half té full load
Total harmonic distortion . <5% |
Power factor | , 0.9 lead to 0.9 lag
Physical Charaéteristics‘ Speéification
Life | ; ‘ 20 years
Reiiability 20,000 hours
(MTBF) _
Environmentv:

Temperature ' -10 to 50°C
_ (14 to 122°F)

Humidity - ~ 0-95%
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Protection

Metering

Alarms

VIi-10

Specification

Automatic shutdown for

input voltages higher than

1.5 kV and less than 1 kV

Input fuses

Over/undervoltage

Overltempera;ure

Output current limiter

Overload

Outhbf phase with the
generator system

Input voltage‘

input current

Input power

Input watt-hours

Output voltage:

Output cu:rentv

Output power

Output wat;éhéurs |

Output VARS

Output fréqgépcy

Input overvoltage
Input undervoltage
Input ovgrgurrent

Output overvoltage




Specification

'rf - " f Output undefvoltage
Overload

Over temperature
Blown fuse

Out of phase with the
' generator system

D. Summary:df‘Batte:y'Requireménts

Tﬁé'folldwing is a summary of Battery requirements for
the utility: : - '

System voltage: , i,OOOhvolts
Effectiveicapacity: R - 37.5 Mwh
Maximum discharge rate:. 7.0 MW
Maximum charge rate: 7.0 MW
Duty cyclﬁ: e Dailyﬁdeep discharge cycle
Self-dischargéfratef' o Not critical
Health & safety: C Battery will not be ‘located in
‘ - R : _populated area.
Maintenance:. e Skilled personnel will be
' T available to perform mainte-
nance. i
Reliabiiity:ﬂ o Very important

E. Referenées

1. Pittman, P.F., Westinghouse Electric Corporation. Con-
ceptual Design and Systems Analysis of Photovoltaic
Power Systems. Voliume 111 (1) - Technology. Prepared

" for U.S. Energy Research and Development A%ministration,
‘under Contract No. E(11-1) 2744, May 1977. '
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VII. PHOTOVOLTAIC SYSTEM FOR A MILITARY APPLICATION --
A MILITARY FIELD TELEPHONE OFFICE

A. Load Profiles and Characteristics

1. Background

The chosen scenario is an AN/MTC -1 Telephone Central
Office (1). The AN/MTC-1 is a truck-mounted communications
system used in military field operations as a telephone
operator switchboard, and control center for telephone com-
munication within and between battallons, brigades, division,
and Corps. The unit is capable of handling 200 local lines
and 20 trunk lines, and under normal operating conditions is
manned by three switchboard operators and one repair person

(2)

The unit consists of the telephone switchboard, switch-
ing relay equipment, and ancillary equipment. This equipment
is divided into two subunits: an AN/MTA-3 and an AN/MTA-4.
Each subunit is housed in an 8 by 12 ft communications shelter
mounted on its own 2-1/2 ton truck. The system is designed-
to run on 48 volt DC power. , :

The subuhit(AN/MTA-B has the following electrical loads:

(a) Lighting

(b) Fans (for equipment cooling)

(¢) Resistance heater

(d) 1Intercom.

The subunit AN/MTA-4 has the following electrical loads:

(a) Lighting

(b) Fans (for equipmeint cooling)

(c) Resistanée heater

(d) Intercom

(e) Battery exhaust fan

(f) Power distribution panel.
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2. Characteristics of Load Elements o

The power demand and energy consumption characteristics
of the load elements in the chosen military communication .
station are shown in Table VII-1.

TABLE VII-1. MAXIMUM POWER DEMAND OF THE AN/MTC-1
TELEPHONE CONTROL OFFICE'S ELECTRICAL LOADS (2)

AN/MTA-3 AN/MTA-4

Device . Maximum Demand (W) Maximum Demand ‘(W)
Lighting 190 , 260 - -
Fans ' 300 300 -
Heater ‘ 3,000 - 3,000 -
Intercom 32 64
Battery fan ' -—- 10
Power distribution ' e
panel --- 600 -
TOTAL MAXIMUM : ‘
- DEMAND ' : 3,522 4,234

3.  Energy Use Patterns

When the AN/MTC-1 is outfitted with a photovoltaic/ |,
battery power system, many of the usual load elements listed
in Table VI1I-1 are disconnected. This is because the amount
of solar cells necessary to provide sufficient power for the
ancillary equipment would be too large to effectively deploy
on the trucks that comprise the system. The two 3,000-watt
electric heaters are disconnected for photovoltaic operation.
This, of course, limits the use of the unit to the more
temperate climate and warm seasons of the year. The intercom
is disconnected since the units are usually set up end-on-end
to provide direct communication between operators. The fans
are also disconnected, so operation during warm spells re-
quires that shelter doors be left open. :

The lighting, battery fan, and power distribution panel
are the only loads that are supplied when the unit is powered
by a photovoltaic array. The unit is usually powered by a
diesel generator which is sized to supply the power demand of
all the load elements listed in Table VII-I. For this reason,
no detailed. load profile data on the unit are available from
the Signal Battalions at Fort Hood or Fort Bragg. However,
personnel at MERADCOM (Mobility Equipment Research and Develop-
ment Command) at Fort Belvoir in Virginia have estimated that
power demand.of the loads connected for photovoltaic use will
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average 300 watts 24 hours a day 7 days a week (3). Figure
VII-1 shows the load profile of the AN/MTC-1. Figure VII-2
shows the monthly energy use of the AN/MTC-1, based on the
assumptlon that the station is used. on three months of
maneuvers during the summer. A

B. ,Sizing'pf-the Array and the Battery

The military field telephone office is a mobile system
with a constant electrical load of 300 W direct current. The
photovoltaic power system for this scenario is assumed to be

- backed up by a diesel- electrical generator. Since the opera-

tion site is not specified, it is assumed that the PV system
would have to be sized to supply the power requirements of .
the field telephone office for a range of solar radlatlon
conditions.

The average daily solir radiation in §he contiguous 48
states ranges from 4 kWh/m“-day to 6 kWh/m“-day (averaged
over a year). The agray will be sized for a daily solar
radiation of 4 kWh/m“. Required array size is estimated by
the formula:

0.3 ¥W | . |g hours + 16 brs

I-n_ - n
I-n, T| | B

> .
i

Wher¢5§
A = array size in kW peak

ng = round trip battery energy efficiency

p = power conditioner efficiency
I = average solay radiation -
(4. kWh per m” per day)
T = average tilt factor, averaged over the

year, defined as the ratio of average
daily solar radiation intercepted by
tilted array (tilt angle is set at the
sun's zenith at noon) to average daily
solar radiation on a horizontal surface.

This formula is based on the assumption that load is supplied

directly by array output for an average eight hours per day,
and by the battery 16 hours per day. .
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Using n, = 0.80 and n_ = 0.90, the required array size
is found to ge 2.5 kWp. P

The battery must have an adequate capacity to supply the
load for a continuous period of 18 hours. In winter, the
array output is only available for about six hours. Battery
effective capacity must be:

(18 x 0.3)

np = 0.90

= 6 kWh

The maximum battery discharge rate is 330 watts. If the
system weré operated in areas with very high solar radiation -
(e.g., desert axeas in the Southwest, where midday insolation
is over 800 W/m“), the array output power would be as high
as 2 kW. The battery would then be charged at a rate of
1.67 kW (2 kW minus 300 W/0.90). Since this high charging
rate (28 percent of battery capacity) is likely to damage
the battery when it is near full charge, a battery charging
controller is particularly important for this application.

C. Sizing of the Power Conditioner
Figure VII-3 is a simplified block diagram of the

photovoltaic system for the military field telephone office
application.

, The photovoltaic array will supply all power up to its
maximum capacity and the remainder will be supplied by the
battery and DC generator. :

- The power conditioner chosen is a DC/DC type. Figure
VI11-4 is a block diagram of the unit. The converter operates
like an automatically controlled "DC Variac." The control
circuitry selects the ratio of the input voltage to the
output voltage. The control circuitry includes controls
for peak power tracking. When the power available from
the array exceeds the load demand and the battery is
charged to its full capacity, the controls automatically
increase the array voltage and reduce array power output,
thus preventing overvoltage of the battery. The filters
function to reduce the ripple on the array and the battery.

Specifications of the DC/DC power conditioner follow:
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Input

Operating range

Output
Voltage

Power
Short-term rating

Efficiency

Physical Characteristics

Life

Reliability
(MTBF)

Environment

Temperature

Humidity

Protection

V1I-9

Specification

50-70V DC

48 volts DC

300 watts

450 watts for 10 seconds

90% from half to full load

20 years
20,000 hours

-10 to 50°C
(14 to 122°F)

0-95%

Input fuses
Output current limiter

Automatic starting and
self protection

Automatic shutdown for
input voltages greater
than 70 and less than
50 volts DC

Over temperature

Over/undervoltage



'SpecifiCation‘
Metering ' ,' Input voltage
| o i:Output.voiﬁage;
"Output'freQHency.
'ibutﬁut watt-hours

Output power

Operation Mode Stand-alone and generator

D. Summary of Battéry Requirements -

The follow1ng is a summary of battery reQUirements for
the military field telephone office: .

System voltage: ,' ~60 volts, to provide 48V DC

Effective éépacity: 6 kWh

Maximum discharge rate: 0.33 kW

Maximum charge rate: 1.67 kw

Duty cycle: Daily &eep'discharge cycle,

rapid fluctuations in rate and
shifts between charge and dis-
charge mode (shallow cycles)

Self-discharge rate: Not critical

Health & safety: ' Battery will be enclosed in a
. truck trailer.

Maintenance: Should have minimal maintenance
requirements for extended
periods (several weeks).

Reliability: Very high reliability is
needed.
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VIII. COST ANALYSIS OF BATTERY SYSTEMS

A. Introduction

This chapter presents the methodology and results of the
analysis of life-cycle costs for the battery systems studied.
Sections B through G of this chapter describe the analysis of
projected selling prices for six battery types: lead-acid,
Redox flow, nickel-hydrogen, lithium-metal sulfide, zinc-
bromine, and calcium-metal sulfide. Section H shows how
- life-cycle costs were estimated.

The primary purpose of this analysis was to make a high
and low projection of the selling prices of these batteries,
The assumptions on which these projections were based are
cited, and the factors of greatest uncertainty are identified.

For each battery, the materials and purchased components
are first listed, along with the quantities required per kWh
of battery capacity. This information was obtained from the
battery developer or manufacturer, and from appropriate
literature. Wherever possible, the current market prices
were obtained for materials that are commercially available.
Chemical prices were obtained from the Chemical Marketing Re-

orter, while metals prices were obtained from Metals Week,
and lron Age periodicals. Industrial suppliers were contac-
ted for prices of materials not listed in these publications.
From these quantities and prices, a total materials and
purchased components cost was computed,

Other inputs to battery production are labor, production
equipment, and factory space. Indirect costs such as federal,
state, and local taxes and return on investment must also be
-considered in estimating the battery selling price. The
. recently revised Standard Costing Methodology developed for
the Electric Power Research Institute provides a reasonable
method for incorporating these factors to derive an estimated
battery selling price (l1). It is based on a manufacturing
plant with an annual battery production of 2500 MWh. This
costing methodology requires as inputs:

(1) Materials and purchased components cost
(2) Number of direct employees required by the plant
(3) Cost of battery manufacturing equipment

(4) Factoryifloorspace»required.
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and standard rates:

The EPRI methodology is based on the following assumptlons

(1)
(2)
(3)
(4)

(3)

- (6)
(7)

(8)

(9)

The standard labor rate is $10 per hour (or $20 800
per man year)

Overhead rates are 150 percent. on direct labor,. and
10 percent on purchased materials and components

Equipment cost is marked up by 25 percent to account
for installation

Installed equipment capital cost is depreC1ated at -
10 percent per year

The fictory is leased at $5 per square foot ($50 o
per m“) per year. This includes normal utilityv .
costs ' .

Federal, state, and local taxes per year are 15
percent of investment

After tax return on 1nvestment is 15 percent of
1nvestment v

Investment is computed as installed equipment cost
plus 30 percent of the annual value of production
at factory cost (i.e., materials, labor, overhead,
equlgment deprec1at10n, and. annual factory rental,
cost

All costs are expressed in mid-1980 dollars;

The following formula for selling price was derived from the
assumptions listed above:

Battery Selling Price per kWh =

(Materials and Components Cost per kWh) x 1.19 ..
(Labor hours per kWh) x 27.2 L
(Installed equipment cost per annual kWh) n 0.4
(Factory floorspace in m2 per annual

kWh) x 54.

B. Lead-Acid Battery

Two types of lead-aC1d batterles were 1dent1f1ed in the
analysis of photovoltaic power system applications. The
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remote-village scenario (stand-alone system) requires a
battery capable of remaining in a standby mode at partial
charge for several weeks at a time. This type of battery
would experience only a shallow daily discharge cycle. Its
duty cycle is similar to "float-service" batteries except
that it experiences an annual deep discharge cycle due to
lower. solar radiation in winter. The other scenarios for

which the lead-acid battery was deemed suitable -- utility,
dairy, farm, and military -- are characterized by deep daily
‘discharges. - ‘

Both float-service and deep-discharge batteries are
currently manufactured for use in photovoltaic applications.
Current selling prices are taken as the "high price" pro-
jections for lead-acid batteries. C&D Eltra sells its QP
series, deep-discharge, photovoltaic battery for $189/kWh (in
the largest cell size, 1.8 kWh cells). This battery is
guaranteed to last 1,800 cycles. It may be discharged to an

0 percent depth of discharge. The C& Eltra LCPSA series
lead-acid batteries, designed for float service (or shallow
daily discharge) sell for $116/kWh in' the largest cell sizes
(5.78 kWh/cell). The manufacturer recommends that the float-
service batteries not be left to stand for more than a day at
below a 50 percent depth of discharge. (This battery would
therefore be unsuitable for a remote, stand-alone application.)

The technology underlying lead-acid batteries is well
established, and innovative developments are not expected to
significantly reduce their costs in the future. However,
mass-production of lead-acid batteries for photovoltaic
applications can greatly reduce the production cost. Auto-
mobile starting-lighting-ignition (SLI) batteries, which are
mass-produced, now sell for $50 to $§70/kWh. The SLI battery
is similar to the float-service photovoltaic battery.

The Westinghouse R&D Center performed a study of the
manufacturing costs of lead-acid batteries for utility load
leveling (2). This study postulated a vertically integrated
assembly-line battery plant manufacturing 25 to 40 MWh bat-
teries annually. HAI has revised the production costs esti-
mates to reflect June 1980 prices for raw materials, equipment,
and labor. The EPRI Standard Costing Methodology was used to
estimate selling price. The cost analysis is shown in Table
VIIiI-1.

C. Redox Flow Battery

The system price of the chromium-iron Redox flow battery
is expressed as the cost for power-related components ($/kW)
and the -cost for energy storage-related components ($/kWh).
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TABLE VIII-1. LEAD-ACID BATTERY MANUFACTURE -
SELLING PRICE CALCULATION

(in 1980 dollars)

Materials

Lead

Positive & Negative Grids

Positive & Negative oxide 32 kg/kWh at $0.88/kg = $28.28/kwh

Straps & cell connectors B _ .
Positive plate wrap $ 3.70
Separators and protectors $ 3.70
Case, cover, sideplates, basé $ 3.00
Electrolyte - §0.22

Total Materials Cost per kWh $38.90

Installed equipment: $3,750,000

Floorspace required: 13,000 square meters

Labor: 150 operating personnel
Annual production: 1,000,000 kWh in 5 kWh cells
Selling price: $57 /kvWh

(based on EPRI Stan-
dard Costing Method-

ology) '

*Lead prices have fluctuated considerably in the last two
years. The average price in 1978 was $0.75/kg. In 1979 the
price increased from $0.88 to $1,25/kg. The price in Fehruary
1980 was $1.10/kg, but in early June it had fallen to
$0.75/kg. The price, used in this analysis, $0.88/kg, is an
estimate of the long-term average market price, expressed
in 1980 dollars. The selling price of mass-produced lead-
acid batteries for utility load leveling may be expressed
as a function of the cost of lead by the formula:

Selling price = $23.3 + 38.2 x P,
where P, = cost of lead in $S/kg.
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The power-related cost component is primarily dependent on cur-
rent density, expressed in amps/m~. The higher the current
density, the less electrode and membrane area required.
Membrane costs also vary. The pumps filters, and storage

tank capacities, and thus their costs, are inversely propor-
tional to the concentration of reactants. Storage-related
costs are influenced primarily by the cost of chromium tri-
chloride. ' ‘

The assumptions listed in Table VIII-2 were used to make
high and low price projections for Redox flow batteries.
Table VIII-3 presents these two price projections for the
Redox battery: ' »

A production cost/selling price study for the Redox flow
battery. is currently being performed by United Technologies,
Inc. The preliminary finding of this study is that produc-
“tion costs for Redox flow batteries will range from $150/kW,

' $25/kWh (low) to $400/kW, $50/kWh (high). These estimates
appear to agree with the projections in Table VIII-3, $615/kv,
$40 kwh (high) to $300/kW, $14/kWh (low).

D. Nickel-Hydrogen Battery

A detailed process engineering study has not yet been
conducted on the manufacture of nickel-hydrogen batteries for
terrestrial applications. Therefore, the materials and
components have been specified primarily on the basis of
descriptions of the COMSAT satellite batteries that are
currently fabricated by Eagle Picher Industries. Table
VI1I1-4 shows the materials and components of the nickel-hydro- -
gen battery. The material and component requirements of this
battery differ from those of the satellite battery in several
ways: ‘ '

(1) A chemically impregnated nickel electrode is speci-
fied which is similar to that being developed by
ERC for thé nickel-zinc EV battery. State-of-the-
art nickel-hydrogen batteries use a sintered nickel
electrode which costs approximately $200/kWh to
produce. Nickel-cadmium batteries now use a pocket
nickel electrode which is about half this cost.

(2) The catalyst loading on,the hydrogen electrodg is
assumed to be 0.5 mg/cm®, rather than 5 mg/cm®.

(3) A steel pressure tank 1,380 kilopascal (200 psi)

: working pressure is assumed for containment, rather
than the much more expensive Inconel pressure
vessel. '
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TABLE VIII-2. PRICE PROJECTION ASSUMPTIONS FOR THE REDOX BATTERY

High Price Projections (4) : :

(l) Current density = 463 amps/m (achieved)
' Since cill voltage is 9 V, power density is

‘420 W/m“. Thus, 2.4 m of cell are requlred
per kW output :
(2) CrCl H)0 price at $§2. 64/kg (Since 11 kg are a

,needgd per kWh this results in a storage- related
cost for the chromium reactant, of $28/kWh) B

(3) Reactant Concentration = 1 Molar.

Low Price Projeetion (3)

(1) Current density = 592 A/m2
Power Denilty = 484 W/m
Thus, 2 m“ of cell required per kW output

(2) Chromium chloride reactant is assumed to be pro- |
duced at a cost of $7 per kWh of storage capacity

(3) Reactant Concentration ='1 Molar.
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TABLE VIII-3. MATERIALS AND COMPONENTS
OF THE REDOX BATTERY

4. ) - . .

Low Cost

.Hiéh Cost
Element i -"Projection - - Projection

Power-Related Cpst. )
Electrodes (batélyied carbon) $ 28/m2 s 28/d2
Cell Frames . $ 10.80/m® $ 10.80/a°
Cell Stack Total " $°38.70/m" § 38.70/n’
Cell Area per kW 2.4 m? 2.0 mz
Pumps, heat exchangers, 2 '

filters, piping 215/m $108/m

S : cell area cell area

Total Power-Related Cost §615 $300/kW
Storage-Related Cost
Tanﬁs (69 liter volume .

required per kwh) - $12/kWh* $ 7.50/kWh**
Chtbmium chloride reactants. : )

and iron chloride $28/kvh $ 7/kWh
Total Storage Related:CoSt: §40/kWh

§14/kWh

Based on a 3 ~785 Iiter (1 000 gallon) stainless steel tank
for chemical storage, przced at $650.00.

#%*Based on a plastic-lined carbon steel or concrete tank.
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TABLE VII1I-4.

NICKEL-HYDROGEN BATTERY

MATERIALS AND COMPONENTS OF THE

Anode* Quantity Price Cost ﬁer kW
Platinum (@ 0.5 mg/cm2 : ' N .
loading) ' 16.5 g $14.25/g $235
Nickel screen . 3.3 mz' $20.00/m2‘ 66
Teflon backing and gas é ' 2
diffusion screen 3.3 m $10.00/m 33
Separator (Polypropylene) 3.34m2 $16.00/m2 53
‘ $387/kW
Cathode Quantity/kWh Price Cost per kWh
NiSO, - 6H,0 10 kg $ 2.30/kg $23
Graphite and Plastic .
binder 23 kg $ 2.20/kg 5
Nickel-plated steel
current collector 0.45 kg $ 6.60/kg _3
Pressure Tank {200 psia $35/kvWh
working pressure) '
Hydrogen gas 27 g per <1
kwh
Potassium hydroxide 2 kg/kWh <1
$70/kWh

TOTAL: $387/kW,

$70/kWh

*Anode area determines the power level Qf the Ni-Hf battéfy.

Assuming a current g

ensity of 25 mA/cm” and a cel

voltage

of 1.2 voltse, 2.3 m“ of anode area and separator area are
required per kW of battery output.
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These modifications were suggested by engineers at
Eagle-Picher Industries who are involved with nickel-hydrogen
battery fabrication. '

Clearly, the most expensive cost element is the platinum,
which is used to catalyze the hydrogen electrode. One cost
reduction route that has been considered is substituting
palladium for platinum. The producer price for palladium is
$175/Troy oz; for platinum, the producer price (June 1980) i§
$450/Troy oz. Assuming the sgme catalyst loading, 0.5 mg/cm®,
and current density, 25 mA/cm“, the use of palladium in place

of platinum would reduce the materials cost per kW from $387
to $243.

. To estimate selling price for the Ni-H, battery, annual
production rate, equipment cost, labor, and“factory floor-
space requirements must be assumed (a manufacturing plan has
not been developed at this time). For the purpose of this
analysis, the equipment, labor, and floorspace requirements
were assumed to be the same as those estimated for the lithium-
metal sulfide battery. Assumed values are:

(1) Equipment - $4.40 per annual kWh produced
(2) Labor - 0.246 man-hours per kWh produced

} (3) Floorspace - 184,400 m2 for an annual production of
' . 2,500,000 kwh.

» To determine material cost per kWh, a battery discharge
time of three hours was assumed. This short discharge time
results in a higher estimate for cost. per kWh. The high
estimate for materials cost 'is thus $200 per kWwh ($387/3 +
$70). This estimate assumes that the nickel electrode can be
made for $31/kWh. The low estimate is $150 per kWh (243/3 +
70). Applying the EPRI Standard Costing Methodology, the
high projected selling price is $250 per kWh and the low
projected selling price is $180 per kWh, for a three-hour
hickel-hydrogen battery.

?

E. Lithium Silicon-Iron Sulfide Battery

The Atomics International Division of Rockwell has
performed cost analyses on the mass production of lithium-
metal sulfide cells for load-leveling batteries (5). Cost
estimates for this battery have also been made by Argonne
National Laboratory and Eagle-Picher Industries (6). From
these studies, two designs have been selected, a baseline
design for the high cost projection, and an advanced design
for the low-cost projection. Both designs list the material
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and component requirements for a 2.5 kWh cell. These material
and component requirements .are shown in Tables VIII-5 and
V111-6. The prices in the two tables were obtained in June
1980, from industrial suppliers whenever possible.

For those items for which a_price estimate could not be
obtained, the Atomic International or Eagle-Picher Industries
estimates were used. .. ‘ _ 5 o

The baseline design is proposed for the initial mass
production of load-leveling cells (400,000 cells/year). The
advanced design is proposed for a second generation manufac-
turing plant producing one million cells per year. The major
differences between the two designs are:

(1) The baseline design employs solid-nickel, ribbéd
: structures and porous nickel for the containment of
the positive active material. The advanced cell
uses nickel-coated steel structures and nickel-
coated steel screens, which are considerably less .
expensive '
(2) The baseliné cell design uses Si, N, (silicon nitride)
) powder for the separator, a mateéiél that is not
commonly used in industry. The advanced cell calls
for calcium oxide, an inexpensive material, for the
separator ' '

(3) Both designs require Li,S (lithium sulfide), a
substance which is not gurrently used in industry.
The price assumed for Li,S in the baseline design
is $15.45/kg, based on the Eagle-Picher Industriés
production plan for 1982. A price of $8.80/kg was
assumed in the advanced cell dcsign, based on '
eventual large-scale production. The feedstock for -
the Li,S and LiCl (used in the electrolyte) is
Li,CO0,“(lithium carbonate), which currently sells
fo% $2.56/kg.

The following estimates by Atomic International are
based on tlie assumption of a factory producing one million
lithium-getal sulfide cells per year (annual production of.

2.5 x 107 kwh).

(1) Equipment (installed) - $4.30 per arnnual kWh pro-
duction i

(2) Labor - 0.26 man-hours per kWh produced

(3) Floorspace - 18,400 square meters for annual produc-
- tion of 2.5 x 10~ kWh -
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TABLE VII1I-5. MATERIALS AND COMPONENTS FOR
LiSi- FeS 2.5 kwh CELL ‘

(Ba;eline Design)

" Material Weight

_(kg) Pride[ggv‘ Cost
Positive |
Nickel ribbed structure T 3.00 $6.63  §19.90
Pofoﬁs nickel containment » 'nj; | .68 4 22.00 - 115.00
Nickel-plated copper currenﬁ .
collector and tabs L .50
Li,S N S 225 1545 36.00
Fe | C T2 25 1.51
;.NEgative _
Cgrbon'steel-shelved étrﬂcture..j 4;80 .55 2.64
Carbon Steei-eleétrbde rime . .24 ‘ ,,.55‘. .13
80 mesh sﬁainless steel . 0.7 m2 $20/m2 -14.00
N1cke1-plated copper cufrent . , " | :
collector and tabs : A . E .30
Electrolzté iéf
et - 232 $4.95 11.47
kC1 | 2.95 .84 2.47
Separator (Si,N, Powder) 2.18 11.00 . 24.00
‘Terminals (Ni-Plated Copper) . .35 o330 0 L
Feedthrough (Bonded Céramic) ' ' 2.00‘
Case (Carbon Steei) | .48 .55 .27
Total Material Cost for 2.5 .. , '
kWh cell $132.00
‘Cost per kWh | | ) . 53.00/kWh
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TABLE ViII 6. MATERIALS AND COMPONENTS
'2.5 kWh L1$1 FeS Cell

(Advanced De51gn)

Weigg; (kg) gkkg Cost

Positive |
Ni-coated steel structure 3.00 $1.10 $ 3.31
Ni-coated steel screens (containment) 0.68 13.20 9.00
Copper tabs and Ni-plated current

collector .50
Lizs : . 2.25 8.80 19.80
Fe 2.75 .55 1.51
Negative
Carbon steel structure . 4.80 .55 2.64
Carbon steel electrode rims .24 .55 .13
Stainless steel screen ~ | 0.7 mz $20/m2 14.00

Ni=plated copper current collector

and tabs .30
FeSi, 1.50 - 1.01 1.51
Electrolyte
LiCl : 2.32 4.95 11.47
KCl 2.95 0.84 2.47
Separator (Ca0 or Mg0) 2.18 .33 .72
Terminals - - .35 3.30 1.14
Feedthrough ] | 2.00
Casé -~ 0.48 .55 .27
Total Materials Cost

for 2.5 kWh cell $71.00
Materials Cost per kWh $28/kWh
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On the basis of the EPRI Standard Costing Methdology, the

high projected selling price for LiSi-FeS cells is $72/kWh.
The low projected selling price is $42/kWh. The primary area
of uncertainty in the selling price of LiSi-FeS cells is the
price of lithium sulfide. The life-cycle cost of this battery
is quite sensitive to the assumed battery cycle life, which

is also a major element of uncertainty. Section H illus-
trates the relationship between life-cycle cost (present

value of a 20-year project life) and assumed cycle life.

F. Zinc-Bromine Battery

A 20 kWh zinc-bromine battery is being developed by
Exxon Research and Engineering for electric vehicle propul-
sion. The Gould Corporation is working on the development of
a 20 MW/100 MWh zinc-bromine utility load-leveling battery,
based on an 8 kWh cell design. Both developers have made
preliminary production cost estimates.

Like the Redox flow battery, the cost of a zinc-bromine .
battery may be expressed as the cost for power-related com-
ponents. (in $/kW) and the cost for storage-related components
(§/kWh). However, the electrode, which represents a major
cost component, is both power-related and storage-related;
therefore, the two cost terms are not really independent.

Gould has estimated a range of selling prices for two
utility battery designs, a mod 0, which is based on a 40 kWh
cell, and a mod 1, which is based on an 8 kWh cell. For each
design, two values were estimated for the cell capacity
density (i.e., the quantity of electric charge which can be
stored per unit area of electrode surface). The high cgst
projection is based on a capacity deﬁsity of 2,000 Ah/m“. At
a cell voltage of 1.6 V/cell, 0.31 m“ of positive electrode
surface is required per kWh of energy storage. The lowzcost
projec&ion'is based on a capacity density of 3,000 Ah/m
(.21 m“ of electrode surface per kWh). The Gould estimates of
projected selling price (based on the EPRI methodology) of a
20 MW/100 MWh utility load-leveling battery are:

2,000 Ah/m? 3,000 Ah/m?
Mod 0 $109/kvh | $77/kih
Mod 1 70/kvh 50/kWh

Two designs for zinc-bromine EV batteries are being
investigated by Exxon Research Engineering. One design uses
a selective membrane for the separator; the other uses a much
less expensive microporous separator. Both Exxon designs use
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carbon-plastic electrodes, and an organic complexing agent
for bromine storage. Table VIII-7 presents the component
costs for the two Exxon battery de51gns

Equipment, labor, and factory floorSpace requirements
have not been reported by Exxon for their EV battery. As-
suming that fabrication of zinc-bromine batteries would
include the same basic facilities and labor costs as those
for zinc-chlorine, the following estimates are used:

(1) Equipment - $6.50 per annual kWh of production
(2) Labor - 0.16 man- honrs per kwh

(3)' Floorspace - 20, 000 square meters for 2, 500 000 kwh
of annual productlon

The cost of materials and components for a five-hour
dlscharge rate battery using the ExxXon selective membrane
design is $33 per kWh. The cost of materials and components
for the microporous membrane design (five-hour ‘battery) is
$18 per kWwh. Based on the EPRI Standard Costing Methodology, .
the high projected selling price for the Exxon Zn-Br battery
is $50/kWh, and the low projected selling price is $§O/kWh.

G. Calcium Silicon-Metal Sulfide Battery

The calcium silicon-iron sulfide cell is being developed
by the Chemical Engineering Division of Argonne National
Laboratory. Research on this battery has not yet progressed
to the point where a detailed production cost analysis has
been mcrited. According tou researchers at the ANL, the
construction of the CaSi-FeS battery will be similar to that
of the LiAl-FeS$ battery (also under development at ANL), with
the following exceptlons

(1) The electrolyte of the CaSi-FeS battery will con-
sisl of an eutectri¢ salt whose composition is. 13
weight percent LiCl, 12 weight percent NaCl, 40
weight percent CaCl,, and 35 weight percent BaCl,.
iatal electrolyte wgight will be 3.2 kg pounds pgr

h.

(2) Calcium sulfide (césj w111 be substituted,fot‘

lithium sulflde (Li,S The quantity required
will be 1.6 kg per ﬁ
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TABLE VIII-7. ZINC-BROMINE BATTERY COMPONENTS COSTS
. O . . e

Selective Membrane Design

Power‘Related b . o
Electrodes: - e .§ 15/kW.

Circulation System (pumps, controls, 9/kw
piping, valves)

Membranes (2 1 m2 required per kw - 105/kw
© assumed price $50/m“%*) ~ :

Total Power-Related Cost | | $129/kW

Storag !Reiated '

/

Tanks, Electrolyte Reactants, Complex1ng - $ 7£kWH :
‘ Agent . o

Microporous Separator

'P0we; Related

Electrodes - . | i : S 11/kW

Clrculatlon System L ' A 10/kw

‘ Membranes (1 95 n? pgr kv, o = | 21/kW
assumeéd price $10/m -

Total PoWerTRelated Cost e $ 424kw

Storage-Related Cost ,.: - - $ 9/kwWh

1’Eurrently jon selective membranes, costzng $108/m '
are used in- prototype battezzes
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An alloy composed of 75 weight-percént aluminum -25
. weight percent silicon will be substituted for aluminum in
the negative electrode.

The total material requirements and costs for calcium-
metal sulfide cells are displayed in Table VIII-8. These
figures are based on June 1980 prices for these materials,"
~and the assumption that calcium sulfide can be synthesized
from lime and hydrogen sulfide at a cost of about $.22 per
kg. :

TABLE VIII-8. CALCIUM-METAL SULFIDE BATTERY MATERIALS

Materials : ?Eggﬁéﬁg ?§}§§) (g;ﬁ&h)
Molybdenun 0.95 " 9.68 9.25
Cas 1.60 0.22 0.35
LiCl/NaCl/CaClz/BaClz 3.18 0.66 2.10
MgO 0.89 0.55 0.50
Al/si | 1.15 2.20 2.52
Cell Can (Carbon Steel) 1.60 0.73 1.15
Feedthrough. --- 2.40 2.40

Total Materials Cost $§18.27

The manufacturing equipment, labor, and factory space
requirements for producing calcium-metal sulfide cells are
assumed to be similar to those specified for the lithium
aluminum-iron sylfide battery. ~

The manufacturing equipment cost was estimated at $3 to
$5 per annual kWh. Direct labor was projected at 0.34 to”
0.56 man-hours pey kWh produced, and factory floorspace was
estimated at 10 m“ per annual MWh of battery production. On
the basis of the EPRI Standard Costing Methodology, the
selling price for calcium-metal sulfide cells is projected to
range from $32 to $40 per kWh. The most expensive element in
this battery is molybdenum used in the current collectors.

If a less expensive substitute can be found, the low price
projection would be reduced considerably.
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H.. Summary of Detailed Cost Analysis

Table VIII-9 summarizes the high and low price projec-
Table VIII-10 lists

tions for the six batteries analyzed.

the major uncertainty factors which affect these price pro-

jections. ~
TABLE VIII-9. SUMMARY OF HIGH AND de
BATTERY PRICE PROJECTIONS
High Low

Lead-Acid $125/kwh $ 57/kvh
Rédox $615/kw $300/kw -

$ 40/kwh $ 1l4/kvwh
‘Nickel-Hydrogen $250,/kWh $180/kWh
Lithium-Metal Sulfide $ 72/kvWh $ 42/kWh
- Zinc-Bromine $70/kWh $ 30/kwh
-Calcium-Metal Sulfide $ 40/kWh $ 32/kWh

I. Life-Cycle Cost Analysis

1. Definition of Life-Cycle Cost

The life-cycle cost of a battery is defined as the
present value of all costs incurred by the user over the
course of the project life (20 years, for the purposes of
this study). It is equal to the sum of first cost (purchase
price), the present value of battery replacement costs over
the project life, and the present value of operation and
maintenance costs over the project life. For the purpose of
this study, battery operation and maintenance costs were not
considered. (See subsection i of the following discussion.)

2. Assumptions

In performing the life-cycle cost analysis, a number of
specific assumptions were made:
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TABLE VIII-10. SUMMARY OF COST-INFLUENCING
VARIABLES OF GREATEST UNCERTAINTY

Battery ’ - Variéble

Lead-Acid ® Bfice of lead

° Cycle life

Redox Flow ® Currént density

° Membrane cost

. Cost of chromiﬁm chloride
Nickel-Hydrogen ° Feasibility of substituting

cheaper material for platinum

° Feasibility of signlficantly i
reducing catalyst loading on
hydrogen electrode

e  Feasibility of fabricating a
’ cheaper n1cke1 electrode
Lithium Silicon-Iron ° Price of lithium sulflde 7
Sulfide .
° Substitution of a less expen-

sive current: collector

e Cycle life

Zinc-Bromine ® Membrane separator mater1al
and prlce I
e  Electrode mater1a1 ‘and fabrl-
: cation
Calcium-Metal Sulfide e ' Molybdenum current COlléctor57

° Cycle life not yet established.

-8
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(a) Base year for cost analysis

(b) Conversion of cycle 1ife to calendar life

(c) Project life

(d) Battery selling price

(e) Discount rate

(f) Annualization rate

(g) Inflation rate

(h) Salvage values of batteries

1"(i) Opefatingland maintenance costs.
Each of these assumptions is discussed in detail below.

a. Base year for cost analysis. For purposes of cost
comparisons, all results of this cost analysis are given in
1980 dollars. In cases where cost estimates used data from
previous studies, costs had to be updated to 1980 dollars.
The Bureau of Labor Statistics Producer Price Index was used
for this purpose. The commodity group. figure used was Storage
Batteries (Code No. 1179-01). Cost in l980$ 1.43 x Cost in

1976$, 1.30 x Cost in 19778, 1 21 x Cost in 1978$, 1.11 x
Cost in 1979S§.

b. Conversion of cycle life to calendar life. To
calculate the Iife cycle of the batteries, calendar life of
each battery was used. For batteries for which data had been
obtained on cycle life only, a conversion from cycle life to
calendar life was required. The conversion factor assumed
was 365 cycles per year, (i.e., battery is discharged once
each day). 1t should be noted that this conversion factor
does not require that the battery be fully discharged each
day. This assumption is conservative in that batteries in
real photovoltaic appllcatlons will probably undergo fewer
annual deep discharges.

c. PrOJect life. To calculate a comparative life-cycle
cost of the Batteries, a project life of 20 years was used.

d. Battery selllng price. The battery system costs
calculated in this analysis are based on the selling price of
each battery. Battery: se111ng price projections for six of
the 14 batteries are derived in Sections B through G of this
chapter. They are summarized in Table VIII-9. For the re-
maining batteries, estimates of production cost were.
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obtained from battery developers. Selling prices were approxi-
mated by applying tax and profit rates of 7.5% to estimated
production cost. These profit and tax rates were approximately
equivalent to the rates which resulted from the EPRI method-
ology when the selling price rather than invested capital was
used. In addition, the 7.5 percent rate was judged to be a
reasonable rate of return on overall costs of production.

e. Discount rate. In order to calculate the total
present value life-cycle cost of each battery over the 20-
year project life, a nominal discount rate of 10 percent was
used. The choice of this rate was based on discussions which
took place at a Department of Energy Battery and Electrochemical
Contractors' Conference in Arlington, Virginia (December
10-12, 1979). This rate was assumed to reflect the cost of
alternative investment opportunities over a long period of
time.

f. Inflation rate. A general rate of price inflation
has not been considered in detail in this cost analysis. The
price escalation for each battery depends largely on the type
of materials used in its construction.

g. Salvage value. For most of the batteries, the
20-year project life is not an integral multiple of battery
life. Thus, an end-of-project salvage value was estimated
and its present value equivalent (at the beginning of the
project) was subtracted from the initial cost. The end-of-
project salvage value was computed as battery selling price
times the fraction of cycle life remaining.

h. Replacement cost. For 11 of the 14 batteries,
replacement cost was assumed to be equivalent to purchase
price. For the other three, Pb-acid (current), Pb-acid
(projected), and Ni-Fe, a materials recycling credit was de-
ducted from the purchase prices of replacements to estimate
replacement costs. The values of the material recycling
credit for lead and nickel were based on data supplied by
battery manufacturers and current market prices for these
metals. The potential for recovering and reusing materials
from the other 11 batteries is very uncertain at this time.

i. Qperatinﬁ and maintenance costs. Operating and
maintenance costs have been excluded from this cost analysis
for the following reasons:

(1) Data on these costs were available for only 6
of the 14 batteries analyzed.

(2) For those batteries for which these data were

available, annual operating and maintenance
costs ranged from less than $.20 to $.75 per
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kWh of rated capacity. These ecosts are approxi-
mately one percent of the annual total amount
" of the respective battery costs. It was
judged that the addition of this cost, while
not a significant component of annual total
cost, would still somewhat distort the annual
.total cost figures for comparison with those
batteries for which no estimates of operating
and maintenance costs are available. Operation
and maintenance costs will undoubtedly vary by
battery type.

3. AnalQSis

The following procedure was used to compute battery:
life-cycle costs for the fifteen batteries.

(a) Determined battery life in years.. For applications
where the battery undergoes only shallow daily
cycle (i.e., remote stand-alone), battery calendar
life was used. For applications. involving daily
dcep discharge cycling, battery life was found by
dividing cycle life by 365 (a "worst-case"
assumption).

(b) Determined the required number of replaceménts over
" a 20-year project life.

(c) Determined the fraction of battery life left at the
end of the 20th year.

(d) Determined the present value of battery life cycle
: cost (BLCC) (in $/kWh)* by the formula:

BLCC=E1+C2 g —%:' —[c1 . __1% °F:l
| Ny (1) (1+1)

Where: Cl

battery first cost, $/kWh#

C2 = battery replacement COSt,‘$/kWh* -
- (C1 minus materials recycling

credit)
K = number of replacements requ1red over
' 20 years
L = battery life in ycars

*For flow batterlies, all battery costs are expressed as an
energy-dependent component, S/kwh, and a power-dependent
component S/kw.
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discount rate, expressed as decimal

i

fraction of battery life left ‘at
end of 20th year

F

To illustrate this procedure, the life-cycle cost for
the state-of-the-art lead-acid battery is computed: Battery
first cost, Cl, is $125/kWh. Recycling credit is $12/kWh.
Therefore, replacement cost, C2, is $113. A discount rate, -
i, of 10 percent is used. This battery has a cycle life of..
1,800 cycles. Assuming the application will involve deep .
dlscharge battery life is 1,800/365 = 4.9 years. Therefore,
four replacements are needed, the first at 4.9 years, the :
second after 9.8 years, the th1rd after 14.7 years, and the
fourth after 19.6 years. At the end of the twentieth year,
the fraction of battery cycles left is 1 - 0. 4/4 9 = 0.9.

The present value of life-cycle cost is therefore:

§125 + 113 | L o+ 1 4 1 . 1| o
' LIT59 7.5 4.06 &.47 | |

-[%125 ©(0.148) 0.9] = $269/kWh

4, Results

The results of the battery cost ana1y51s are shown in
Table VIII-11. The uncertainty ranges in Table VIII-11l were
derived u51ng the method described in Chaper IX Section F .

The cycle lives shown are what the developers believe
will be achieved when the battery technology reaches maturity.
The exceptions are current lead-acid batterles, which have
already achieved 1,800 cycles and n1ckel -iron (2,000 cycles).
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TABLE VIII-11. BATTERY LIFE-CYCLE COSTS PRESENT VALUE (1980$)

- (20-year prOJect 11fe, 10 pe1cent discount rate)

£T-11IA

Estimated Uncertainty in |
Selling - Cycle Present ' Present Value . |
‘ Price - Life Value Cost’ .~ Cost
Battery : $/kwh (Projected) ($/kWh) ($/kwWh)
Pb-Acid (Current) $125 1,800%% $269 0
Pb-~Acid (Advanced) 72 - 4,000 91 - 237
Ni-Te 82 2,000%% 168 . %66
Ni-Zn 55 - 1,000 202 ' *13?'
" Ni-H,* 215 30,000 2i5 . %33
LiAl%FeS 57 2,000 120 - 361
LiSi-FeS* 57 3,000 90 - f
Na-S (Glass) . 40 . - 2,500 o 71 - 1
Na-S (B Alumina) 48 2,500 85 23
~ CaSi-FeS* - 36 : . 2,500 65 t .
Zn-Br 50 5,000 60 A B
Redax* "§450/1W + 227/’}«% 16,000 SASO/W + 227/kWh ‘ 1
ZnCl. ; §128/kW + §14/kwh 5,000 ‘ 152/kW + S17/kWh. t
Zn-F&CN,  §230/kW + $32/kh 5,000 §274/kW + $38/kih t

-*Selling price estimates for These batterzea are the average of the low and
bzgh battery price projections shown in Table VIII-10. .

- **Achieved. .

't Computed uncertainty exceeds estimate value.
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IX. BATTERY SYSTEM EVALUATION AND SCREENING

A. Methoddlogy

The following battery attr1butes were considered in the
selection of battery systems.

(1) Cost’

(a)
(b)

(c)

@
(e)

‘Battery production cost

Battery auxiliary cost
Operation and maintenance cost
Cycle life

Energy efficiency.

(2) Health and Safety

-(a)
- (b)

Health effects

Saféty

(3) Reliability/maintainability

(a)
"~ (b)
(c)

Reliability
Operating temperature range

Ability to withstand overcharge and over-
discharge

(4) Suitability for the application

(a)
(b)

Since the

Self-discharge rate

Spe01a1 requirements (ability to be maintained
in standby mode for long periods).

relative importance of the first three criteria

depends upon the application, a different set of weighting
factors was developed for each of the six application sce-
narios. These weighting factors were jointly developed with
the program managers from DOE and Sandia Laboratories. Table
IX-1 illustrates the weighting factors chosen. The last
criterion, suitability for'the application, carried the most
weight in selection decisions. :
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¢-X1

- TABLE IX-1. WEIGHTING FACTORS. -

épplicatiop'
Criterion ‘Résidential* Commercial Military" Agricultufal Utility ‘Remote
Cost o ¢.75 0.60 0.20 0.50 0.50  0.20
Reliability/ 0.20 0.25 0.70 " 0.40 0.40 0.70
Maintainability ' o ;
Environmental/ 0.05 0.15 0.10 0.10 0.10  .0.10
 Health/Safety _ ; o

*The values of these weighting factors: are based on the assumption
that the batteries meet environmental, health, and safety require-
ments for each application. Thus, Fatteries which present
substantial hazards were not considered for residential
application.




Total cost data were developed for the candidate bat-
teries. The total cost includes the battery cost, auxiliary
cost, and inefficiency cost penalty. The total cost was
converted into a dimensionless number by taking the ratio of
the cost of the least expensive battery to the cost of each
alternative battery. The ratio was then multiplied by 10 so
that relative cost values fall on the same scale as ratings
for the other two criteria. «

The rating of reliability and health and safety factors
is subjective. A number between 0 and 10 was assigned to
each sector, 10 being the highest rating. The batteries were
ranked for each of the six application scenarios. Each
rating value for a battery was multiplied by the weighting
factor associated with that criterion. The products for the
three criteria were then summed to give a single number that
scores the battery for that application. The two top- scoring
batteries for each application were then selected

The figure of merit of each battery can ‘be expressed as
follows: _

3
FOM = 2 W.A.
. i=1 iTi
Where:
FOM = Figure of merit
wi = Weighting factor
A; = Relative rating of each battery attribute.

The six tables in the appendix to- -this volume contain.
the attribute rating values for the batteries evaluated for
each of the six applications. Some of the batteries were
considered unsuitable for particular applications, and were
not included in the ranking analysis for those- appllcatlons.

For the" remnre village stand-alone application, onlv
four types of batteries were considered suitable: lead-acid,
Redox, zinc-ferricyanide, and zinc-bromine. The nickel-iron
and nickel-zinc batteries have too high a self-discharge rate
for a stand-alone photovoltaic application. The lithium,
calcium, and sodium-sulfur batteries are not suitable because
they require auxiliary heating during long standby periods.
Nickel-zinc and zinc-chlorine batteries are not suitable for
such applications because they must be completely discharged
periodically.

For the residential application, the lithium, calcium,

sodium-sulfur, and zinc-chlorine batteries are considered
unsuitable due to their potential safety hazard.
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For the military application, the four flow batteries,
(Redox, zinc-ferricyanide, zinc-bromine, and zinc~chlorine)
are not suitable because this application requires a battery
capacity smaller than is practical for flow batteries.

B. Evaluation of Cost

The cost of batteries includes estimated battery selling
price auxiliary cost, cycle life, and energy efficiency. All
of the four factors were combined into a present catalog of
life-cycle cost. Battery selling price estimates are dis-
cussed in detail in Chapter VIII.

The battery auxiliary cost includes the cost of the
hardware and systems necessary for control of the batteries,
and the safety and protection of the installation and person-.
nel. The battery auxiliaries consist of the following:

(1) Operational

(a) Ventilation
(b) - Temperature control
(c) Monitoring .
(d) Charge/discharge control
(e) Bus wiring
(f) Maintenance requirements
- (g) Enclosure
(2) Safety and protection
|
(a) Electrical protection
(b) Electrolyté containment
(c¢) Fire protectrion equipment
(d) Gas detection.
Tables IX-2 through IX-6 show the battery auxiliary

costs for the various applications. At present, no firm
guidelines exist on the auxiliary cost of batteries. The
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TABLE IX-2. BATTERY AUXILIARY COSTS
RESIDENTIAL APPLICATION

(15 kWh Capacity, 1980 §)

- .| Battery Type = - .- Cost Estimate _ Reference

Improved Pb-Acid. . § 240% - | | 1
| Ni-Fe | 240% | 2
| Ni-zn AR 240% 3
| Ni-H, . 180%% 4
‘Redox R 432%% 6
Zn-Fe(CN) ¢ - 540%% 7
Zn-Br2 : 540%%* 8

“¥Uncertainty i1s 220 percent (10).
~**Uncertainty is #30 percent (10). Cost estimates are provided

only for those batterzes conszdered appropriate for this
application.
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TABLE IX-3. BATTERY AUXILIARY COSTS
DAIRY FARM APPLICATION* -

(50 kwh Battery;‘1979 $)

Battery Type . Cost Estimate . Réfgreanjf
- Improved Pb-Acid e . § 800%% R
Ni-Fe .. 800%* 2
. Ni-Zn SR 800%** -3 %
Ni-H, .. 600t “ |
LiAl-FeS 900 1 j
LiSi-FeS | 900t 1
Ccasi-Fes - 900+ 5
Na-S (Glass) 1,440t 1
Ha-S (B-Alumina) : 1,3407‘ 1
Redox 1,440 6
Zn-Fe(CN)¢ 1,800t 7
Zn-Cl, | 1,800% 1
Zn-Br, - 1,800t 8

Battery is 3. 33 times the capaczty requzred for reszdentza]
application.

**Estimate uncertaznty is 220 percent (10).

tEstimate uncertaznty is %30 percent (10).
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TABLE IX-4. BATTERY AUXILIARY COSTS,
_REMOTE STAND-ALONE APPLICATION*. .

(125 kWh Battery, 1979 $)

iBattery Type . . .. .. .Cost Estimate . ‘ 'D,Réfefence
;Improved Pb-Acid g 2,000%% S
_Redox’ | - 3,600t 6
iZh-Fe(CN)G ‘ 4,500t 7
Zn-Br, © 4,500% 8

Battery is 8.33 times the capacity requzred for reszdentzal
- application.
. **Estimate uncertainty is #20 percent (10).

tEstimate uncertainty is #30 percent (10).
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TABLE IX-5. BATTERY AUXILIARY COSTS,
L MILITARY APPLICATION*

(6 kWh Battery, 1979 §)

Battery Type : Cost Estimate . Refergnce
Improved Pb-Acid . § 240%% | 1 'Jfg
Ni-Fe | . 240% | 2

Ni-Zn : . 240%% 3

Ni-H2 180% 4
LiAl=FeS . 270% 1 )
LiSi-FeS | 270t 1 - ’
CaSi-FeS 270% 5

Na-S (Glass) 430% 1

Na-S (B-Alumina) - 370% 1

*Auxiliary cost 1s assumed to be fixed below 15 kWh cabacity.
** Estimate uncertainty is #20 percent (10).
tEstimate uncertainty is +30 percent (10).
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TABLE IX-6. BATTERY AUXILIARY COSTS
: UTILITY APPLICATION

(37.5 MWh Battery, 1979 §)

VBattery Type - .Cost Estimate Reference
Improved Pb-Acid S 620,000%% 9
Ni-Fe \a 620 ,000%* 9
Ni-Zn ' 620,000t 9
Ni-H, 460,000% 4

| Lial-Fes 700,0001 2
LiSi-Fe$ : 700,000% 2
CaSi-FeS 700,000+ 5
Na-S (Glass)* 2,175,000t 9

Na-S (p-Alumina) 940,000t 9
Redox ' - 1,120,000t "~ 6
Zn-Fe(CN)¢ 1,390,000% 7
Zn-Cl, | 1,390,000t 9
Zn-Bré 1,390,000% 8

“*The auxiliary cost for Na-S (glass) utility battery is high
because of the projected small cell size and the resultant
high cost of monitoring a large number of cells.

**Estimate uncertainty is 220 percent (10).

tEstimate uncertainty is 230 percent (10).
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auxiliary costs were obtained from a study ent1t1ed "Westing-
house Energy Storage for Photovoltaic Conversion," prepared -
for the USNSF, September 30, 1977. There is a wide margin
for error in the determination of the auxiliary cost of
batteries.

The cycle life used in the determxnatlon of the present
value of the cost is the projected value-for-each battery, -
not the presently achleved cycle life. :

A cost penalty was computed for batteries with lower.
energy efficiencies. This cost penalty is to be added-to the
battery cost and battery auxiliary cost in order to incor-
porate the impact of photovoltaic power system costs attrib-:
utable to battery efficiency. .A separate set of cost penal-’
ties was computed for each application scenario. For the :
remote stand-alone, military, and utility scenarios, the
inefficiency cost penalty was computed as the cost of addi- :
tional photovoltaic arrays necessary to provide the same
system energy output as a system using a battery with 85
percent energy efficiency (the value of the most energy- .
efficient batteries considered). For the commercial, ‘dairy
. farm, and residential systems, the cost penalty was set equal
to the present value cost of added auxiliary energy (over the
20-year project life) needed to make up the loss due to a
battery efficiency of less than 85 percent.’ Table IX-8 is a’
summary of cost penalties for battery efficiencies less than
85 percent. Tables IX-9 through IX-14 show the life-cycle
cost of the energy storage subsystem for the varlous a
appl:oatlons ‘

C. Evaluation of Health and Safety Factors

1. Redox

This battery possesses the least health and safety
problems. It is an ambient temperature battery and does not
contain any hazardous substances. A value of 9 was assigned
to this battery.

2. Pb-Acid, Ni-Fe, Ni-Zn, Zn-Fe(CN),

These batteries operate at ambient temperatures. The
Pb-Acid, Ni-Fe, and Ni-Zn have been proven to be safe. The
only safety hazard associated with the Zn-Fe(CN), battery is
the possibility of spillage of potassium hydrox18e electrolyte.
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TABLE IX-7. BATTERY AUXILIARY COSTS,
COMMERCIAL APPLICATION . --

(700 kWh Battery, 1979 §)

:_Bagtéry.Type . Cost Estiﬁate __Reference
Improved Pb-Acid . § 11,500 -

. Ni-Fe, © 11,500 9
Ni-za - . . 11,500 9
Ni-H, o | 8,600 4
LiAl-FeS 12,900 2
Lisi-Fes - 12,900 2
CaSi-Fes 12,900 5
.Na-S.(Glass) B 40,609 9
ka-S‘(p-Alnmina) o 17,800 9
Redox 20,700 6
Zn-Fe(CN) ¢ 25,900 7
Zn-Cl, 25,900 9
Zn-nrz | ... 25,900 8

NOTE: Estimate uncertainty is $20 percent for Pb-acid, Ni-Fe,
and N-Zn; 130 percent for other batteries (10).
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TABLE IX-8. SUMMARY OF COST PENALTIES FOR BATTERY EFFICIENCIES OF LESS THAN'85‘PERCENT

(1979 §)
Projected
. Energy Remote . :
_Efficiency (§) Stand-alone Dairy Farm  Commercial Utility Residential Military
Improved B0 - /800 200 4,000 400,000 100 800 .
Pb-Acid : - '
| Ni-Fe 55 NA 900 20,000 - 1,800,000 450 . 3,600
" Ni-Zn s W 400 . 8,600 . 900,000 - 200 1,600
Ni-H, 63 NA 900 21,600 - 1,900,000 . . 450 4,000
LiAl-FeS 83 NA 0 0 0 M 0
| risi-Fes 83 ~ NA 0 0 0 NA 0
CaSi-FeS &5 NA 0 D 0 NA
Na-S'Glass - 85 NA 0o ) 0 NA 0
Na-S B-Alu. 75 | NA 400 8,600 900,000 NA 1,600
Redox 70 2,000 600 13,000 1,300,000 300 - NA
Zn-Fe(CN) 84 B 0 0 0 0 NA
‘Zn-Cl, 65 NA 900 20,000 . 1,800,000 - NA NA
Zn-Br, 73 1,600 400 8,600 900,000° 200 NA -

NA = Not Applicable.




TABLE IX-9.

ENERGY STORAGE SUBSYSTEM
_RESIDENTIAL APPLICATION

Life-Cycle Cost (Present Value)

Battery Auxiliary ‘Inefficiency -
_Battery Type Cost Cost Cost Penalty Total Cost*
Improved Pb-Acid § 1,365 240 100 1,705
Ni-Fe . 2,520 240 450 3,210
Ni-2§ 3,030 240 200 3,470
Ni-i{2 " 3,225 180 450 3,855
Redox 1,785 432 300 2,517
Zn-Fe (CN) 1,390 540 -- 1,930
Zn-Br, 750 540 200 1,490

*See Section F for discussion of uncertainty in total cost.
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TABLE 1X-10.

ENERGY STORAGE SUBSYSTEM,

.REMOTE VILLAGE (STAND-ALONE) APPLICATION

Life-Cycle Cost (Present Value)

Battery ~ Auxiliary

Inefficiency .

Battery Type f Cost _Cost - Cost genalty" T;£:£YEASJ*
Improved Pb-Acid $ .11,‘_375' 2,'000 800 14,11'75_' \
Redox " 4,890 3,600 2,000 16;490 ‘
Zn-Fe (CN) ¢ 5,650 4,500 o0 13;156 '
Z0-Br, - 7,250 4,500 1,600 13,350 |

*See Section F for discussion of uncertainty in total cost.
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TABLE IX-11.

DAIRY FARM APPLICATION

ENERGY STORAGE SUBSYSTEM,

L1fe Cycle Cost (Present Value)

"’ Battery Auxiliary Inefficiency
Bat;e;gﬁType .- ... . Cost __Cost - Cost.Pgnaltyi Totalrgqg§*
"'Cihfégyéd Pb-Acid  § 4,550 800 S 2000 T 5,550
Ni-Fe 8,400 800 900 10,100 ;
ﬁ{QZp' 10,100 800 400 11,300 °
ﬁi-né' ‘10,750 600 900 ’12,259 %
LiAl;FeS 6,000 " 900 0 6,900 é
LiSi-FeS 4,500 900 0 5,400 .
CaSi-FeS . 3,250 900 0 4,150
Na-S (Glass) 3,550 1,440 0 4,990
Na-S (B-Alumina) 4,250 1,340 400 5,990
Redox 8,550 1,440 600 10,590
Zn-Fe (CN) 3,130 1,800 0 4,930
zn-Cl, 3,130 1,800 900 5,830
Zn-Br, 2,900 1,800 400 5,100

¥See Section F for discussion of uncertainty in total cost.
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TABLE 1X-12. - ENERGY STORAGE SUBSYSTEM,
DEDICATED UTILITY APPLICATION

Life-Cycle Cost (Present Valﬁe in Thousands)

; _ Battery 'Auxiliary ) ineff;;ieqcy e
Battery Type Cost - Cost Cost Penalty Tptal'Cqs;#f
Improved Pb-Acid § 3,412 620 400 4,432
Ni-Fe - 6,300 * 620 1,800 8,720
Ni-Zn 7,575 . 620 900 9,095
Ni-H, 8,060 460 1,900 10,420
LiAl-FeS 4,500 700 0 5,200
LiSi-FeS 3,375 700 0 4,075
CaSi-FeS 2,437 700 0 3,137
Na-S (Glass) 2,662 2,175 | 0 4,837
Na-S (B-Alumina) 3,187 940 900 5,027
Redox 4,160 1,120 1,200 6,480
Zn-Fe (CN) 3,343 1,390 B! 4,73
Zn=c1, ,701 1,390 1,800 4,891
Zn-Br, 2,175 . 1,390, - 900 4,465

*See Section F for discussion of uncertaintg in total cost.
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TABLE 1X-13. ENERGY STORAGE SUBSYSTEM,
COMMERCIAL OFFICE BUILDING APPLICATION °

Liﬁe-CYcie-Cést”(Présent Value)

Battery Auxiliary - Inefficiency :
Battery Type Cost. . : Cost’ Cost. Penalty Total Cost*
iﬁp;ové§~Pb-Acid' s*\es,ioo - 11,%00 0 - 4,000 79,200
Ni-Fe 117,600 11,500 20,000 149,100
Ni-Zn “_;Zl,aoo 11,500 8,600 161,500
Ni-Hé 'jiso,soo 8,600 21,600 180,700
LiAl-FeS 84,000 12,900 0 96,900
LiSi-FeS 63,000 12,900 0 75,900
CaSi-FeS 45,500 12,900 0 58,400
Na-S (G;ass) 49,700 40,600 : 0 90,300
Na-S (B-Alumina) 59,500 17,800 8,600 85,900
Redox 63,900 20,700 . ia;ooo 97,600
Zn-Fe (CN), 54,000 25,900 0 79,900
' zn-Cl1, | 27,100 25;900 20,000 73,000
Zn-Br, ';'46,600 25,900 8,600 75,100

*See Section F for discussion of uncertainty in total cost.
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TABLE 1X-14. ENERGY STORAGE SUBSYSTEM,

... MILITARY FIELD TELEPHONE OFFICE APPLICATION )
'§ Life-Cyc1e Cost (Prgsent Yalue) )

. Battery Auxiliary ‘inefficiency
Battery Type .Cost Cost Cost Penalty Tptal Cost#*
Improved Pb-Acid  § 550 240 ‘ - 800 “'1:590 N
Ni-Fé:; "{,;:‘ 1,010 C T 240 ,].‘: "3,660“ | gif;sso
Ni-za "7l L,210 0 0 H%"24o' - “1;§oo _ ';‘3;050 :
Ni-H, . 1,290 -0 180 4,000 '_ '_"5,47‘0~ %%
LiAl-FeS - 720 7270 ‘ -?“o ,: ,990?:;'
LiSi-FeS 540 270 0 810
CaSi-FeS 390 T 270 0 - 660
Na-S (Glass) 430 430 0 T 860
Na-S (B-Alumina) 510 R 1,600 2,480

*See Section F for discussion of’qnqértainty in total cost.
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Should the battery short -circuit or overheat, it could create
a rupture which could lead to a-fire. The only safety hazard
associated with the Pb-Acid battery is the possibility of
spillage of H,SO, in case of battery rupture A value of 8
was assigned éhese batteries. o

-~

;3'2"- ©Ni- Hzl Zn- Brz

. These batterzes operate at ambient temperatures The -
‘Ni-H, battery contains pressurized hydrogen at about 200 psi.
- The Zn battery c¢ontains bromine gas which is toxic in the
free stat% The zinc-bromine battery uses approximately 2 kg
-of Br per kwh of battery capacity; however, most of the
;bromige is stored in the polybromide phase, where it is
.relatlvely innocuous. Moreover, the volat111ty at room tem-
‘perature is relatively low. A value of 7 was assigned to

. these batteries.

4.  LiAl-FeS, LiSi-FeS, CaSi-FeS, Na-S (Glass), Na-S
(B-Alumina), Zn-Cl2

All of the batteries, with .the exceptlon of the Zn-Cl
;battery, operate at high temperatures. The high operating
temperatures pose.a possibility of fire hazards in the .event
of battery housing rupture. The Zn-Cl, battery contains
chlorine; which is toxic. The worst p8551b1e accident asso-
ciated with the Zn-Cl., battery would be chlorine gas lesakage
from the chlorine hydgate storage vessel. The rate of chlorine
release would depend on the ambient temperature. Only 1 ppm
of chlorine in the atmosphere is needed to reach a toXxic
level. Another toxic substance contained in the electrolyte
is thallium chloride; however, only about 2 g are used per
kWh of battery capacity. _

These batteries would have the lowést relative rating

for health and safety acceptability. A value of 6 was assigned
to these batteries. , '

D. Evaluation of Reliability/Maintainability

1. Ni'HZ

The Ni-H, battery operates at ambient temperatures. The
fact that nlcﬁel -hydrogen batteries are now being used for

satellite missions of several years attests to this battery's
high reliability. A value of 10 was assigned to thls battery.
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2. Pb-Acid, Ni-Fe

These batteries operate at ambient temperatures. The
long record of reliable operation of Pb-Acid batteries in
automobiles, telephone systems, and emergency lighting pro-
vides proof that this battery is highly reliable. Over-
charging and overdischarging damage the battery systems. A
value of 9 was assigned to these batteries.

3. Redox

The Redox battery operates at ambient ‘temperatures. The
reliability is limited to a certain extent by the complexity.
of the plumbing and control systems. A value of 8 was assigned-
to this battery. ’

4, Zn-Fe(CN) ., Zn-Clz, Zn-Br2

These batteries operate at ambient temperatures. The
reliability is limited to a certain extent by the complexity
of the plumbing and control systems. Due to the problem with.
zinc electrodes in these batteries, a slightly lower value
has been assigned to these batteries than the Redox. A value..
of 7 was assigned to these batteries.

5. Ni-Zn

The Ni-Zn battery operates at ambient temperatures.
There are two failure mechanisms:

(a) Separator failure due to breakdown at high tempera-
ture, or penetration by zinc dendrites

(b) Loss of capacity at the zinc electrode due to
redistribution of the zin¢ during cycling.

E. Summary of Results

Table IX-15 listc thc battcries with the highest [igures
of merit for each of the six applications. These batteries
were selected as most promising on the basis of their figures
of merit (FOMs). It must be noted, however, that differences
between their FOMs are smaller than the ranges of uncertainty
in most of the FOMs. The right hand column of each table in
the appendix displays these uncertainty ranges. Section F of
this chapter explains the computation of uncertainty ranges:
for battery life-cycle cost estimates.
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TABLE IX-15. TOP-RANKING BATTERIES

, ‘Application . Batteries
Remote Village (Stand-alone Pb-Acid, Redox
: PV system) '
Residential : Zn-Brz, Pb-Acid
Dairy Farm Pb-Acid, Zn-Fe(CN)6, Zn-Br2
Office Building | . CaSi-FeS, Pb-Acid,
Zn-Br,, Zn-Cl

+2 2
Utility | Pb-Acid, CaSi-FeS
Military ‘ Pb-Acid, Ni*HZ
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‘ An important finding of this study is that the distinc-
tion between several battery types with regard to suitability
for photovoltaic energy storage is somewhat obscured by the
uncertainty in estimated battery cost and life expectancy.

‘ F. Uncertainty

There is a considerable degree of uncertainty in the
rating estimates for all three attributes used in the ranking
analysis. The rellablllty and health/safety attributes wére
rated subjectively using available information about the
batteries. Most of this information is qualltatlve A range
of uncertainty of.25 percent is. inherent in the process of
assigning quantitative ratings (i.e., 0 to 10) on the basis
of entirely qualitative information.

A quantitative uncertalnty ana1y51s was . performed on the
estimates for life-cycle costs. The life-cycle cost for a
battery system is computed by the formula:

LCC = A + F-R-

Where:
‘LcC = 'éStimate&.battery system~1ife cycle cost
A = estimated"auxiliary éystem cost
F = estimated first cost (oﬁfbattery selling
price)
R = ratio of the present value of battery pur-

chases over the 20-year project. life to the

first cost. R is actually a function of

estimated battery life .and interest rate.

The relationship between R and batiery life

is depicted in Figure'IX-l.

An uncertainty analysis for an estlmate that is a func-

tion of several independent variables [i.e., LCC = f (A,F,R)]
requires that an uncertainty be expressed fnr each 1ndependent
variable, and that these uncertainties all have the same
probability level. The uncertainty in an estimated value can
be expressed in absolute terms (e g. $50 t $20), as a percent-
age of the estimated value (e.g. $50 40%), or as a confidence
interval ($30 to §$70).
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Tables A-1 through A-6 in the appendix contain uncer-
tainty values for total FOMs. The uncertainty for battery
first cost was computed using the interval between the low
and high projected selling price as the confidence interval.
The midpoint between low and high projected selling price was
used as the estimate for first cost.

The uncertainty in R was derived by evaluating the
function R = f(L) at the low and high estimates for battery
cycle life, L, and using this interval as the confidence
interval. The function was also evaluated at the midpoint
between low and high cycle life to obtain the estimate for R.
The probablllty associated with all three estimates (i.e., A,
F and R) is assumed to be approximately 80 percent.

X 1
R -1+ Z  ———
N"‘"l (1+i)NoL.
i = interest rate
K = number of battery replacements over 20 years

The uncertainty in an estimated value, whlch is a function
of n variables, is given by the formula:

n

z (u ' Wi)2 o
Uy = % Ji=] BXi
Where: U, = uncertainty in estimated value of y

y (expressed as an absolute term)

y = function of Xy, X, X3 coe X

uncertainty in varlable X;. (expressed
as absolute terms).

I+
£
]

This formula is predicated on the uncertainties, W,
having a uniform probability.

’

Applying this formula to the equation for life cycle
cost, the uuLertainty in the estimate for life-cycle cost,

Uoe = * Ez + R2.£2 4 F2,r2]
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. Where: = %a = uncertainty in auxiliary system costs

e R and F defined as above

+f

uncertainty in F

tr uncertainty in R

Uncertainties, expressed as percentages of the estimated
values for auxiliary costs, first costs, and present value/
first cost ratio (R) are listed in Table IX-16. These uncer-
tainties were applied to the values for life-cycle costs in
Tables A-1 through A-6 in the appendix. The uncertainties were
used in the evaluation and ranking matrices in the appendix.
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TABLE I1X-16. UNCERTAINTIES

 (Expresséd as percentage of estimated value)

Present Total
. Value = = Life-
. Auxiliary " First Ratio, ‘Cycle
‘ Cost Cost R © Cost .
- Battery ' % __i_%_ ‘ ¥ 1 2%
Pb-Acid . 20 20 23 40
Ni-Fe ' 20 40 5 .39
 Ni-Zn : 30 | 3% . 38 76
Ni-H, 30 16 ' o X 15 -
LiAl-FeS . 30 5 2 s
LiSi-FeS f 30 ' 25 70 ok
CaSi-FeS = 30 ou s
NaS (Glass) 30 15 S5 ' 1 %
NaS (B Alumina) 30 . 10 20 27
Redox 30 : 35 | 0. o
‘,Zn—Ec(CN)6 30 30 70 ook
Zn-CL, 30 15 55 - - *
Zn-Rr, 30 * 40 70 *

*Uncertainties exceed'estimate Value.
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X. FINAL SIZING OF PHOTOVOLTAIC SYSTEMS

A. Dairy Farm

The most promising battery types identified for this
scenario were the lead-acid, zinc-bromine, and zinc-ferri-
cyanide. The PV system contains-a 20 kWp array, a battery
with 50 kWh effective capacity, and a 15 kW generator. The
lead-acid battery would be sized at 63 kWh (due to the 80
percent maximum depth of discharge restriction). The zinc-
bromine battery can be sized at 50 kWh. The required power
rating of the battery is 15 kW. Since the round-trip energy
efficiency of the zinc-bromine battery (about 70 percent) is
less than the energy efficiency of the lead-acid battery
(about 80 percent), the zinc-bromine battery would use more
auxiliary generator energy or would require a larger array.
The lead-acid system would supply about 18,000 kWwh from the
photovoltaic array and draw approximately 20,000 kWh from the
generator. The zinc-bromine system would supply about 16,000
kWwh from the PV array, and 22,000 kWh from the generator.

The 15 kW power conditioner design will meet the specifications
indicated in Section III.

B. Commercial Office Building

Four types of batteries were identified as being equally
promising for this application. The PV system contains a 500
kWp array, and a storage battery with an effective capacity
of 700 kWh and a power rating of 100 kW. The zinc-bromine
battery, which can be discharged 100 percent, would be sized
‘at. 700 kWwh. The PV system would supply approximately 550 MWh
of ‘the 636 MWh required annually. The balance would be
supplied by the auxiliary generator. The 225 kW power condi-
tioner design Wlll meet the specifications outlined in Sec- - -
tion IV.

C. Residence

Two batteries were identified as most promising for the
residential scenario: lead-acid and zinc-bromine.

The PV system for this scenario contains a 4 kWp array
and a 15 kWh effective capacity storage battery. This photo-
voltaic system would supply approximately 4,750 kWh per year.
The balance,. 3,300 kWh, would be purchased from the electric
utility through the utility interconnection. Due to the
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lower energy efficiency of the zinc-bromine battery, the PV
systems for this battery requires that more energy be pur-
chased from the utility than does the lead-acid battery. An
alternative would be to increase the PV array size by approxi-
mately 10 percent to compensate for the lower battery
efficiency. The 10 kW power conditiener design will meet the
spec1f1cat10ns outl1ned in Section V. S

'D. Remote Village

The two most promising battery types identified for ‘this
‘scenario were the lead-acid and Redox.

The effective capacity of the lead-acid battery must be
125 kWh. Since the maximum depth of discharge for lead-acid
batteries is 80 percent (to prevent sulfation of the elec-
{rgdﬁs), the battery, capacity must be 157 kWh. Array size is

Wp ' '

‘Since the Redox battery can be dlscharged to 90 percent
of capacity, a Redox system sized at 139 kWh would suffice
for this scenario. The required power rating of the Redox
system is 2.2 kW. Since the round-trip energy efficiency of
the Redox system is about 70 percent (compared to 80 percent
for lead-acid), the minimum array size must be increased from
1.6 to 1.8 kWp. The 4 kW power conditioner de51gn will be as
1nd1cated in Section VI.

E. Utiliry

The lead-acid and calcium-metal sulfide batteries were
identified as most promising for this application. The
system contains a 14.7 MWp PV array (assuming an 80 percent
~ efficient battery) and a battery with an effective storage
capacity of 37.5 MWh. The battery power rating is 7.0 MW.
For the calcium-metal sulfide battery, which has a round-trip
energy efficiency of 70 percent, the PV array must be increased
to 15.5 kWp. The lead-acid battery should not be discharged
below 80 percent of capacity; thus it must be sized at 46.9
MWwh. The calcium-metal sulfide battery would be sized at
41.7 MWh to account for a 90 percent maximum depth of dis-.
charge. The 10 MW power conditioner design will meet the
specifications outlined in Section VII..




F. Military Scenario

"“The lead-acid and nickel-hydrogen batteries were identi-
fied as most promising for this scenario. The system con-:
tains a 2.5 kWp PV array and a 6 kWh battery. As in the
dairy farm scenario, the system with the less efficient
nickel-hydrogen battery would require more auxiliary energy
from the generator. The exact amount depends on the location
and season for which the military field telephone system was
used. The 300 watt power conditioner design will be as '
indicated in Section VIII.



XI1. INTERFACING

A. Basic Interfacing Requirements

The power conversion system must meet cértain basic
requirements at the source interface, at the utility inter-
face, if utility connected, and internal to the equipment.

At the utility interface, the power conversion system

must (1):
(L)

(2)

(3)

(4)

(5)

Operéte within a spécified power factor range under
various loading conditions

Tolerate normal ranges of line voltage unbalance
and still operate within specifications

Tolerate line, load, or generation faults on the
network and not produce any additional fault condi-
tion

Limit harmonic distortions so that network components
and loads are not damaged and communications inter-
ference does not occur

Operate within the normal ranges of network voltage
and frequency tolerances.

At the source interface, the power conversion system

must (1):
(1)

(2)
(3)

Maintain ripple current and voltage burdens on the
source within the system's capacity to bear them

Clear DC faults without damaging the source

Operate within a specified source voltage range.

In order for the power conversion equipment to function
properly, the power conversion system must (1):

(1)

(2)

(3)

Clear faults due to malfunction without damaging
the source, equipment, and network

Tolerate network disturbances without creating
additional fault to the system

Clear faults due to malfunction of the source

without causing internal damage or damaging network
components.
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B. Power Quality

There exists a need for the development of power quality
standards; there is no utility consensus in this matter.
Harmonic distortions of 10 percent for current and 5 percent
for voltage and a 0.9 lead/lag power factor are under con-
sideration as a standard (2).

C. Safety

Safety is .an area of concern in utility-connected systems.
During repair of a distribution system, the circuit is usually
de-energized. The linemen de- -energize the disconnect switches
at the utility substation. With onsite photovoltaic systems
connected to a utility grid, it will be absolutely necessary
to dlsconnect .all onsite photovoltalc system feeders connected.
to the utility line. Voltage control problems might arise
during restoration of service. To remedy this situation, a
DC circuit breaker carn be provided to block the power con- .
ditioner from the array side. Utility management of power
system control may be necessary to protect utility personnel
while sérvicing electrical equipment. Another solution may
be to develop automatic, fail-safe disconnect switches.
Grounding the line at the point of repair will also be neces-
sary to guard utlllty personnel against shock.

D. Fault Protection

PR

o

Fault protection is a major problem in interfacing. The.
conversion equipment should not makeé any significant contri~
bution to fault current due to a network fault. Hence, power
conversion equipment should either shut down or operate in
current-limited operation during abnormal operation.

In general; DC faults are created by malfunction of
equipment and failures of internal components. DC faults, in .
turn, create AC faults. I1If the DC fault is cleared, whether
inhherent or engendered, it will clear the AC fault. The DC
fault should, however, be cleared rapidly to prevent equipment
damage. High-speed DC interrupters are required for this
purpose.
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E. Effect on Utility Networks

‘In general, three types of problems must be considered
when evaluating the impact of dispersed photovoltaic systems
on the utility electrical dlstrlbutlon system (3,4).

1. Maintenance Problems

Utilities employ well-established procedures to. isolate
faults. Dispersed photovoltaic systems complicate the isola-
tlon procedure and, therefore, increase the cost.

2. Hardware Problems

Durlng steady-state operat1on, harmonics and voltage ,
flicker may be induced in the system, giving rise to hardware
problems. Inverters can cause harmonics which, in turn, can
cause interference with communication systems, TV, and tele-
phone systems. The photovoltaic array may act as an antenna,
picking up spurious signals which may be injected into the AC
network.- Proper protection is needed to prevent loadings due
to overcurrent, overvoltage, and frequency changes. Protec-
tive devices such as fuses, reclosers, protective relays, and
sectionalizers must be properly 51zed to handle abnormal
operation.

The voltage level of distribution system feeders is
usually controlled by voltage regulators, which compensate
for the line-drop characteristics of the particular feeder.
Feedback from the photovoltaic system to the utility system
may mislead the compensation circuit. Spec1al controls need
‘to be provided to remedy this situation. ‘Due to the existence
of power conditioners, the distribution system requires
additional VAR (reactive volt-amps) supply. The amount of
VAR needed is considerably higher than that needed for dis-
tribution systems. During low load periods when the photo-
voltaic system is not operating, a higher amount of VAR will
be needed. The capacitors that are provided to produce the
VAR must therefore be provided with switching devices..

Different types of interrupters are provided in ut111ty
distribution feeders to sectionalize a distribution system in
case of a fault. This is done to minimize power interruption
to users. The interrupters are energized by voltage and
current signals which could be distorted by the photovoltaic
power system. Some of these interrupters are able to automati-
cally reclose to handle temporary faults. With the dispersed
photovoltaic system, there may be a backfeed to the fault
which prevents the automatic reclosers from operating. To
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remedy this situation, additional interrupters must be pro-
vided and new distribution systems designed.

1f the utility system is interrupted because of a fault
on the primary distribution system, the connected motors
could operate as induction generators because of the capac-
itors on the system. This, in turn, could cause overspeed
and overvoltage of the motors.

3. Post-Fault Protection .

This problem relates to the protection of equipment
after the distribution network is isolated due to a fault.
Synchronous machines should be properly maintained. The
inverter should maintain conversion of DC power to AC, and
the photovoltaic system devices should follow the load
fluctuations when isolated from the faulted distribution
network. During isolation, the voltage and frequency may
become unstable unless corrective measures are taken.

F. Batteries

Because batteries possess low internal resistance, the
interfacing equipment must be able to withstand high short-.
circuit currents. The low internal resistance of the bat-.
teries creates problems for solid- state equipment connected
to the battery. ,

Batteries interface with current-fed conversion equip-
ment through a reactor. The reactor converts the source
characteristic to a constant current feed under steady-state
conditions. To do this, it must support any ripple voltage
component at the DC terminals and limit the peak ripple
current. Batteries cannot withstand the ripple current
without generating excessive heat. Hence, the inductor must
be sized properly to limit ripple current.

If the conversion equipment malfunctions, the inductor
limits the rate of rise of fault current in the DC loop.
However, the inductor makes the interruption of DC loop
faults more difficult as interruption is engendered.

Current-fed converters are unidirectional at the DC
interface, so that changing from a discharge to charge mode,
and vice versa, can be accomplished either by a reversing
switchgear or by duplicating all or part of the converter.
The first method is less expensive and mechanical disconnects
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or solid state switchgear may be used. The second method is
more expensive, but the turnaround time-is less, and there
are no additional losses created by the thyristor switches.
Control of the charging and discharging is very ionrtant; if
the charging rate is high, the polarization and I“R losses
can result in excessive heating of the battery. Deep dis-
charging beyond the rated capacity decreases cycle life.

G. Power Conditioner

The simplest combined DC interface floats the battery
across the photovoltaic array (Figure XI-1). This system, -
however, cannot match the power of the array at all levels of
" insolation, and the maximum power point conditioner should be
designed for the full DC voltage range of the battery. - The
optimum charging profile for the battery is not achlevable
with this type of system.

Figure XI-2 shows a photovoltaic array/battery/power
conditioner using a full-rated DC/DC power conditioner. A
DC/DC power conditioner is connected between the array and
the battery, and a DC/AC power conditioner is connected -

. directly to the battery. This system meets the requirement
.- for continuous power matching of the array and optimizes
battery charge/discharge conditions. - The DC/DC power condi-
" tioner, however, contributes to extra losses and cost.

Figure XI-3 shows a photovoltaic array/battery/power
~conditioner using two power conditioners. Two DC/AC power
“.conditioners are used for the battery and the array. This
produces similar performance to the scheme shown in Figure
.- XI-2, but is less efficient in charging the battery from the
‘array-generated energy.

: Figure XI-4 shows a photovoltaic array/battery/power
conditioner using a reversible DC/DC power conditioner. A
DC/AC power conditioner is provided between the array and the
AC system. A reversible DC/DC power conditioner controls the
flow of energy to and from the battery This system may be

. more efficient than those shown in Figures XI-2 and XI-3.
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‘XI1. -RECOMMENDATIONS FOR RESEARCH AND DEVELOPMENT

This chapter identifies required areas of battery re-
search and developmént to satisty the energy storage needs of
photovoltaic power systems. Major battery development pro-
grams are already underway for electric vehicle propulsion
and electric utility load leveling. Any additional DOE
funding should be directed toward those battery requirements
associated with photovoltaic power systems that differ from
requirements on utility load-leveling and vehicle propulsion
batteries. ~ -

To help identify these R&D needs, a panel discussion was
held in July 1980 with representatives of several battery
manufacturing companies and research and development organi-
zations. Section D of this chapter lists the participants.
An important issue emphasized by several of the panel members
was that the potential market for photovoltaic batteries must
be large enough to provide battery manufacturers with the
incentive to participate in the development effort and even-
tually invest in the required production facilities.

A. Potential Markets

The potential market for photovoltaic power systems can
be divided into four categories:

(1) Remote/continuous

(2) Remote/intermittent

(3) Stand-alone with onsite backup
(4) Utility-connected. |

Remote/continuous power photovoltaic systems include
radio and microwave repeaters, cathodic protection devices
for bridges, wells, and pipelines, and navigational aids.
This category comprises most of the existing terrestrial PV
applications. In 1977 the installed capacity of such PV
systems was approximately 650 kWp of solar array and between
40 and 60 MWh of storage batteries (1). However, the market
has been increasing rapidly; the sales of PV modules in 1980
are expected to exceed 1 MWp. The potential market is much
larger. The potential worldwide battery market for photo-
voltaic-powered radio and microwave repeaters is estimated to
range from 125 to 350 MWh annually. The potential worldwide
battery market for photovoltaic-powered cathodic protection
systems ranges from 25 to 250 MWh annually (2).
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Remote/intermittent applications include agricultural
water pumping, remote village electric power systems, and
forest ranger stations. The potential worldwide market for
photovoltaic village power systems (40 MWp per year) would
create a demand for 300 to 400 MWh of batteries per year
(i.e., 7.5-hr to 10-hr storage cycle). The potential world-
wide battery market for photovoltaic-powered, low-1lift
irrigation pumps is 750 MWh annually (2). These annual
markets include replacement batteries.

The primary potential customer for stand-alone PV sys-
tems with generator backup is the U.S. Department of Defense,
which already uses over 100 MW of small gasoline and diesel-
powered mobile generators. The demand for batteries for such
photovoltaic systems is estimated at 500 MWh annually (i.e.,
5 hours of storage) (2).

Utility grid-connected photovoltaic systems may some day
be used in the residential, commercial, and industrial sectors.
Most studies have considered residential systems. One pro-
jection is that 600,000 homes will have PV power systems by
1990 (3). However, the potential role of energy storage in
grid-connected PV systems is very uncertain. The need for
energy storage would be affected by time-of-day electricity
pricing, energy sell-back, and demand charges by the utility.
Preliminary studies have indicated that the excess photo-
voltaic array output in such systems would best be supplied
directly to the grid, and that if battery storage were found
to be justified, the batteries should be charged using off-
peak power. 1In other words, the storage should be general,
system-wide, not dedicated to the photovoltaic array (4).
This finding is predicated on a high electricity sell-back
rate. The storage batteries in such a system would be de-
signed to satisfy utility load-leveling specifications, but
not photovoltaic power requirements. For this reason, it is
recommended that an R&D program for photovoltaic batteries
should concentrate on battery characteristics required for
the first three categories, remote/continuous, remote/inter-
mittent, and stand-alone with onsite backup.

A market assessment of PV power systems should be made.
Such an assessment would provide realistic projections of the
near-term and intermediate markets for batteries to meet the
energy storage needs of the photovoltaic poweér market. The
market assessment should project the number of batteries and
their capacities and discharge rates. A decision should be
made on whether or not development work should be directed
toward utility batteries for co-located energy storage in
utility grid-connected PV systems. Recent studies have
suggested that such configurations are not always economical
and that utility system-wide general storage is preferable to
photovoltaic-dedicated storage (3). I1f this finding is
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confirmed, further battery development for photovoltaics
should be directed toward stand-alone systems and load-
leze;ing applications. .

1. Remote/Continuous

Battery sizes for this applicdtion range from 5 to 40
kWh.  Charge and discharge-'rates are generally between C/60
and C/100. The typical duty cycle is characterized by a
shallow .daily fluctuation in state of charge (about three
percent) -and a single annual cycle. The battery operates
near full charge in summer months and near maximum discharge
in winter months. .Batteries used in these applications must
be able to satisfy the following requirements:. '

(a) Ability to stand or operate in a float condition
" for long periods of time. Must be able to function
in a deep discharged state at any ambient temperature.

(b) Ability to withstand adverse environment: seasonal
- temperature range of 55°C; some applications are in
areas with ambient temperatures as high as 50°C;
others are as low as -35°C. Systems sited in
desert areas have to withstand very low humidity
and dust storms; those sited near the ocean must be
able to survive salt spray.

(¢) Very low open-circuit standby loss (e.g., low
° . parasitic power loss due to pumps, fans, and other
auxiliary equipment). - .

(d) Very low self-diséhargé rate.
(e) Ability to aécept low charging currenté.

‘(f) Ability to operate without equalizing charges.
(g) Abiiity tovoperate unattended for over a year.

The current DOE goals for such batteries is a cost of $35 to
'$140/kWh and 4- to 10-year life (1). Lead-acid batteries
that are now being used for PV-powered microwave repeaters
and cathodic protection cost between $100/kWh and $200/kwh.
However, to meet the performance requirements, these systems
are generally sized so that the minimum state of charge never
drops below 50 percent. Thus, the real storage cost is $200
to $400 or more per effective kWh.
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2. Remote/Intermittent

Battery sizes for this category range from 100 to 200
kWwh. Charge and discharge rates are C/30 to C/5. Most of:
the applications in this category would be attended, and the
battery would be accessible to maintenance. Some of the
applications would be characterized by a deep daily cycle,
others by a shallower daily cycle (10 percent daily fluctua-
tions in state of charge). For the deep cycling applicationms,
it is important to know the relationship between battery life
and maximum depth of discharge per cycle in order to optimally
size the battery. It is also important to be able to monitor
the battery's state of charge to prevent overcharge or over-
discharge.

To aid battery development efforts, existing PV systems
in this category should be monitored to record the actual
state-of-charge versus time profile. These profiles should
then be used in laboratory tests of battery performance.

Such cycle testing would be analogous to the standard driving
cycle tests being conducted on candidate EV batteries at the
NBTL.

3. Stand-Alone Systems with Onsite Backup

A major near-term application for photovoltaic systems
is to reduce the fuél requirements of small 3 to 25 KVA
diesel and gasoline-powered electric generators. The bat-
teries for such systems would be sized to provide from three
to eight hours of storage, and they would range in size from
10 to 200 kWwh. Their service would typically be a deep daily
cycle, with several partial cycles per day.

B. General Requirements

Most of the photovoltaic applications discussed above
will require batteries with small cells (several hundred
amp-hours at most). This factor may limit the suitability of
those types of batteries which exhibit large economies of
scale in both capital cost and operating efficiency. For
example, high temperature batteries may be impractical below
a certain capacity because the thermal insulation required
per unit capacity increases with decreased battery size.

Flow batteries also have a minimum practical size, due to the
decreasing efficiency of small pumps and auxiliary equipment.
The question of minimum practical size for each candidate
battery should be resolved before it is considered for further
development for photovoltaic applicationms.
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Another requirement which is imposed on batteries in

- some photovoltaic applications is the need to shift frequently
between the charge and dlscharge mode and to be charged at a
variable rate. This shifting is necessary to accommodate the-
intermittent and stochastic nature of insolation and the

load. This requirement is similar to regenerative braking in
an electric vehicle. The degree of shifting between charge
and discharge in photovoltaics is uncertain; monitoring data
from field tests of PV systems is needed to better clarify
thls requlrement.

- The auxiliary equlpment required by candidate batteries
must ‘be determined for the types of photovoltaic applications
discussed above. In many cases, this equipment will be re-
quired to perform functions not required of load-leveling or
electric vehicle batteries.

More information is needed on the factors that are
likely to limit reliability in batteries used in photovoltaic
systems. Total battery rellablllty will have to be estimated.
These data will be useful in designing cell interconnections
and battery monitoring and control systems.

The relationships between cell voltage and state-of-
charge, and between cell voltage and charge or discharge rate
must be defined, and these data used in designing power con-
ditioning systems for PV systems.

C. Battery-Specific R&D Needs

1. Lead-Acid Batteries

A better method is needed for protecting lead-acid cells
from sulfation when the battery is at a low state of charge
for long periods of time. Other development needs are already
being addressed in the DOE/EPRI programs to develop load-
leveling batteries for utilities.

2. Calcium-Iron Sulfide

Determine minimum practical cell size. Determine the
effect of low charge/discharge rate operatlon Other 'develop-
ment needs are already being addressed in the 1oad leveling
and electrlc vehicle battery programs.
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3. Zinc-Bromine, Zinc-Chloriné, and Redox Flow Batteries

Determine minimum practical size (power and energy
storage). Design low head pumps capable of very efficient
operation at variable flow rate. Examine feasibility of
automatic pump shutdown/startup. :

Other development efforts, e.g., reducing membrane

resistivity in Redox batteries, designing inexpensive
reactant tanks, and cycle life testing, are alréady underway.

4.  Nickel-Hydrogen Batteries

‘This battery is not currently under development by DOE

or EPRI. Research on Ni-H, cells has been supported by the
U.S. Alr Force and by COMSAT.  Because of their high reli-
- ability and long cycle life, Ni-H, batteries are beginning to

replace nickel-cadmium batteries %or energy storage in communi-
cation satellites. Cost is the key issue in asséssing whether
Ni-H, batteries can be competitive for terrestrial PV appli-
catidns. Both electrodes, the sintered nickel cathode, and

the hydrogen anode, are high-cost items in the state-of-the-
art Ni-H, batteries. In deciding whether or not to initiate
a full-sgale development program for this battery, the fol-
lowing issues must be resolved: ' ' .

(a) Can the quantity of platinum used to catalyze the
hydrogen anode be substantially reduced or even
replaced by a significantly cheaper material? What
is the lowest-cost anode that still gives acceptable
‘performance?  (As determiried by battery requirements
listed above.) ' '

(b) Cén'the sintered nickel cathode be feplaced by a
pocket-plate or pressed electrode?

(¢) What would the self-discharge rate be if the maximum
hydrogen pressure were reduced? '

(d) What are the performahce characteristics at reduced
hydrogen pressures? ’

(e) What effect would the pressure vessel have on cost?
1f there is a high probability that a redesigned Ni-H,

battery that fulfills these requirements can be built for
$100 to $150/kWh, a development program is recommended.
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5. c:Zinc-Ferricyanide Batteries

The areas that will .require research and development
efforts -are as follows: _

(a)

(b)

(?C)¢

(d)

Evaluate alternative low-cost separatdr materials
and determine specific resistance, iron and zinc
permeation rates, as well as mechanical and chemi-
cal stabilities. -

Perform microscopic studies on the quality of zinc
electrodeposition obtained using electrolyte addi-
tives and flow rate/flow distribution mod1f1catlon
in half-cell cycling. =

,Obtain_additional information on the. long-term.

stability of sodium ferricyanide electrolyte.

‘Investlgate the use of a lower-cost electrode sub-

strate than. the porous nickel ‘plaque now used.

D.: Part1c1pants in Panel Dlscu581on

on Batterles for. Photovoltalc Energy Storag_

The following individuals helped 1dent1fy’reSearch'aﬁd
development needs for photovoltalc systems:

"Jack Brill . - . ;Eagle P1cher Industrles, Inc.

“Lee Miller _” 'Eagle -Picher Industries, Inc.
Pat Grimes Exxon Research & . Englneerlng
o : Company
Frank J. Biondi . Consultant to Sandia:National
‘ : Laboratory
Ron Putt - hould, Inc.
Al Chilenskas Argonne National Laboratory
"D.T. Ferrell, Jr. Exide Engineering and Develop-
ment Center
_.James Mayo | ~ U.S. Department of Energy
Albert Landgrebe " U.S. Department of Energy
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Dave.Caskey Sandia National Laboratory
W.R. Abel ' Sandla National Laboratory

Rae Chudacer Aerospace Corporation
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XIV. ABBREVIATIONS

' battery energy efficiency (round trip)
- calcium silicon-ferrisulfide

~ degrees (Centrigrade)

degrees (Fahrenheit)
full load amperes
feef |
figure~of.merit
gallon

hertz

iron-chromium
kilovolt-amperes

kilowatt-hour

kilowatt-hours per square meter

kilowafts“per square meter
kilowatt kpeék)
lead-acid.

liquified propane gas

lithium aluminum-ferrisulfide

i

lithium silicon-ferrisulfidg
locked rotor amperes
megawatts

naturaligés

nickel-iron

nickel-hydrogen
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g
CaSi-FeS

°C
°F
FLA
ft
FOM
gal

"Hz
Fe-Cr

kVA

kWh
kWh/m?
kW/m?
kWp
Pb-Acid
LPG
LiAl-FeS
LiSi-FeS
LRA

MW

NG

Ni-Fe
Ni'Hz



nickel-zinc
not applicable
phase

photovoltaic

power conditioner efficiency energy

parts per million
quantity

tunning loéd ainperes
sodium-sul fur

volts

watts

watts per square meter
watt-hour

- year

zinc-bromine
zinc-chlorine

zihc-ferricyanide

e !
cend
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Ni-Zn
NA

ph, @ -
PV

ppm
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TABLE A-1. WEIGHTED EVALUATION: OF BATTERIES FOR THE REMOTE VILLAGE APPLICATION

-

_Attributes

: Cost Reliability . Heslth § Safety “Total Figure

Battery Systea Weighting Factor, WI = .20 Weighting Factor, wz = .70 Weighticg Factox, H3 = .10 of Merit (Uncertainty)*
: _ 108 2 3
Relative Figure of Relative Figure of Relative - Figure of - FOM = % "i‘i
Rating Merit ‘Rating. Merit Rating Merit i=1
A v, A, Wity Ay HJA.‘Q .

Pb-Acid 7 1.4 g 6.3 8 0.8 . 8.5 (20.6)
Redex. 10 2.0 6 4.2 9 0.9 7.1 (£2.0)
2a-Fe (CH) 10 2.0 5 3.5 8 0.8 6.3 (£2.0)
Zabr, 8 1.6 5 3.5 7 0.7 5.8 (£1.6)

*ncertainty = ”_total x WA, Vtotal = Total Cost Uncertainty
Ugotas from fable IX-16.
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TABLE A-2. WEIGHTED EVALUATION OF BATTERIES FOR THE RESIDENTIAL APPLICATION

Attributes
- Cost " Relisbility Health & Sefety Total Figure
Ba{tteryA Systm Weighting Factor, Vl =..75 Weighting Factor, wz' = .20 Weighting Factor, H3- = .05 of Her;t (Uncenamty)
Relative. - -Figure of  Relative . Figure of  Relative "Figure of FOM = I WA,
Rating Merit ‘Rating Merit Rating Merit TS T
A W9 4 oh, A ¥ih
Pb-Acid 9 61 9 1.8 8 0.4 8.9 (22.7)
. Ni-Fe 5 3.7 9 1.8 "8 0.4 5.9 (21.4)
& ‘Ni-zn ‘ 3.0 6 1.2 8 0.6 © 4.6 (£2.3)
Ni~ll2 4 3.0 10 2.0 7 0.4 5.4 (20.5)
Redox 6 4.5 8 1.6 9 0.5 6.6 (£4.5)
Zn-Fe(CH) 8 6.0 "7 1.4 8 0.4 © 7.8 (26.0)
le-Brz 10 ] 1.5 7 1.4 7 0.4 ) 9.3 (!7._5)
vncertaTnty total X WA, Upoe al = Total Cost Uncertainty
0““1 from Table IX-16.
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. TABLE A-3. 4,WEIGHTED EVALUATION OF BATTERIES FOR THE DAIRY FARM APPLICATION

Attributes . )

Cast ARe‘liability Health & Safety ‘Total Figure o

-Battery System Heig’atin;}'acto_r, ¥, = 0.5  Weighting Factor, W, =0.4 Weighting Eaétm",' Wy=0.1 of Her_gt. '('Uncerta.inty e
'Rela[.ive Figure of ‘Relative Fi'gurg of Rela?iye ‘Figure of FoM =.! "iAi

Rating Merit Rating Merit Rating Merit i=1
&y "4 A V82 A3 W33 '
Pb-Acid 9 4.5 9 3.6 8 0.8 8.9 A('n.z)l
Ni-Fe 5 2.5 -9 3.6 8 0.8 6.9 (£1.0)

Ni<Zn 4 20 6 2.4 8 0.8 5.2 (£1.5)
Fi-H, 4 2.0 10 4.0 7 0.7 6.7 (£0.3)
‘LiAl-FeS 7 18 S 2.0 6 ~6.‘§ 6.1 (£1.8)
LiSi-FeS 9 4s 5 2.0 6 0.6 7.1 (£4.5)
CaSi-FeS 10 5.0 s 2.0 6 0.6 7.6 (#5.0)
'Na-S (Glass) 10 5.0 5 2.0 6 0.6 7.6 (£5.0)
Ha-S (p-Alumina) 9 5.5 5 2.0 6 0.6 T 7.1 (21.2)
Redox s _ ‘2.5 8 3.2 9 0.9 6.6 (22.5)
Zn<Fe(CN) B T 5.0 1 2.8 8 0.8 .- 8.6 (5.0)
zmcl, 9 .. &5 7 28 6 0.6 7.9 (24.5)
‘Zn-Br, TR 5.0 . Y 28 7 0.7 " 8.5 (25:0)

Uncertainty tha! x "1‘1' vtotal Total Cost Uncertainty
ot ut

6tal t’mrable IX-16
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TABLE A-4. .WEIGHTED EVALUATION OF BATTERIES ‘F'OR THE OFFICE BUILDING APPLICATION

2

) ' ' A<A§tributes : )
. - Cost - o R;liability ) : - Health & Safety ) . 1 Total F;gure -
Battery System o Weighting Factor, wl = .60 . Weighting Factor, 92 = -.25 - - Weighting Factor, H34; .15 of Her;t-vasgfgainty)*
Relative "Figure of . ,Relative o .~Eigure of .Re}ative _ ___Eigurerft-'”FOH =3 wiAi
Rating _ Merit Rating Merit Rating . -~ Merit - “i=1
A Vidy Ay o Yok M )
Pb-Acid - 7 ka2 9 2.2 8 R ¥ 7.6 (41.7)
Ni-Fe W Y 8 12 5.6 (21.0)
CNivZn Y 24 6 1.5 s 1.? _ 5.1 (41.8)
NicH, S T 1.8 10 2.5 7 1.0 5.3 (#0.3)
LiAl-FeS 6 3.6 5 1.2 6 0.9 5.7 (41.8)
LiSi-FeS 8 4.8 5 1.2 6 0.9 ' 6.9 (24.8)
CaSi-FeS 10 6.0 5 1.2 6 0 é B.2 (15;0)
Na-S (Glass) 6 3.6 5 1.2 6 0.9 5.7 (43.6)
Ka-S (B-Alumina) 7 . 6.2 ‘ 5 . i.Z 6 0.5 6.5 k!l.l)
Redox 6 3.6 8 A2 0. 9 1.3 6.9 (13.6)
Zn-Fe(CN) 7 6.2 7 1.7 8 1.2 7.1 (24.2)
m-c, 8 4.8 I AT B 6 o 0.9 7.4 (26.8)
Zn-Br, 8 4.8 7 | 1.7 7 ’ 10 7.5 (£4.8)
*Uncertainty = Utota] ‘X wl‘il' utota] = Total Cost Uncertaiqtg . .
| Utotal from Table IX-16. S : Sy
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TABLE A-5. WEIGHTED EVALUATION OF BATTERIES FOR THE UTILITY APPLICATION

At’tribu;es

Cost Reliability : Health & Safety * " Total Figure

Battery System Weighting Factor, "’1 = .5) Weighting Factor, W, = .40 Veighting Factor, Va = .10 of Her:i’t (Uncertainty)*
Relative Figure > Relative * Figure of  Relative. Figure of FOM = I:
Rating - Merit - Rating ‘Merit Ratirg : Merit i=1
A LTH A, WA, A, WA,

Pb-Acid R 3.3 ' 9 3.6 8 0.8 7.9 (£1.6)
Ni-Fe : 4 2.0 9 : 3.6 -8 0.8 " 6.4 (20.8)
Ni-Zn 3 1.% 6 2.4 8 0.8 4.7 (21.1)
Ni-H, 3. 1.% 10 4.0 7 0.7 6.2 (£0.2)
‘LiAl=FeS 6 .o 5 © 2.0 6 0.6 5.6 (31.5)
LiSi-FeS -8 4.0 5. 2.0 6 0.6 6.6.(24.0)
CaSi-FeS : 10 5.¢ 5 - 2.0 6 0.6 7.6 (25.0)
Na-S (Glass) 6 3.¢ 5 . 2.0 6 0.6 5.6 -(£3.0)
Na-S (B-Alumina)- & 3¢ s 2.0 6 0.6 5.6 (20.8)
Redox 5. 2.5 8 3.2 9 0.9 5.6 (%2.5)
Zn-Fe(CN) ; 3.5 7 2.8 8 0:8 7.1 43.5)
‘Zn-Cl, 6 . 3.0 7 2.8 6 0.6 6.4 (£3.0)
Zn-Br, S o 3§ 7 2.8 7 0.7 7.0 (3.5)
ﬁlncertamty = Utotal x wI'AI' Ut_‘o&al = rotai Cost Uncertainty

v

total from Table “,“’Iﬁs»'
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TABLE A-6. WEIGHTED EVALUATION OF BATTERIES FOR THE MILITARY APPLICATION

Attributes:
- Cost o Reiiabiliiy
Battery. Systea Weighting .Factor,. Hl = .20~ Weighting Factor, 92 = .70
' Relative : }'igjt-u;enof Relative . Figure of
Rating Merit- Rating . : Merit
Ay ¥idy A, oty
Pb-Acid 4 % 0.8 9 _ 6.3
Ni-Fe 1 0.2 9 6.3
Ni-za 2z _ 0.4 6 4.2
' Ni-E, r o 0.2 10 1.0
_ LiAl-FeS 7 : 1.4 5 3.5
‘LiSi-FeS. 8. . 16 ' 5 3.5
CaSi-FeS 10 2.0 5 3.5
Ha-S (Glass) 8. 1.6 5 3.5
‘Ha-S, (B-Alumina) . 3 0.6 5 3.5

Fncertaintr = =
- vwiedald

: qt‘ot'al frow-Table- IX-16.

-vvas wuSC Uncertainty

Health & Safety

Weighting Factor, W, = ..10

Relative
Rating

3 -

A

® ™ o

3

l"iglir,e of
Merit .
¥3hy
0.8
0.8
0.8
0.7
0.6

0.6

0.6

0.6
0.6

Total Figiire
of Merit (Uncertainty)*

FoM =.I "1“,1’
i=1

7.9 (0.3)
7.3 0.1y
5.4 (20.3)
7.9°(20.3)
;.s'(;p.7)’
5.7 (£1.6)
6.1 (£2.0)
5.7 (21.6)

4.7 (20.2)"



