%Pm D ETE =
MASTER

APPLIED RESEARCH
ON
ENERGY STORAGE AND CONVERSION
FOR
PHOTOVOLTAIC AND WIND ENERGY SYSTEMS

FINAL REPORT

VOLUME L
STUDY SUMMARY AND CONCEPT SCREENING

JANUARY 1978

L i ‘ e

.PREPARED FOR

NATIONAL SCIENCE FOUNDATION
AND THE
U.S. DEPARTMENT OF ENERGY
ASSISTANT SECRETARY FOR ENERGY
TECHNOLOGY
DIVISION OF ENERGY STORAGE
SYSTEMS

UNDER CONTRACT NO. NSF C-75-22221-01

T ——— LIMIT
PISTRIBUTION OF THIS DOCUMENT 1S UNLIM ED



DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



Available from:

National Technical Information Service (NTIS)
U.S. Department of Commerce

5285 Port Royal Road

Springfield, Virginia 22161

Price: Printed copy: $9.50
Microfiche: $3.00



HCP/T-22221-01/1
UC60, UC63, UC-94b

APPLIED RESEARCH
| ON
ENERGY STORAGE AND CONVERSION
FOR .
PHOTOVOLTAIC AND WIND ENERGY SYSTEMS

- ——— - |

FINAL REPORT | |

VOLUMEI
STUDY SUMMARY AND CONCEPT SCREENING

JANUARY 1978

NOTICE
Preml'ai BY This report was prepared as an sccount of work
:ﬁ??e;‘;y the Un:;‘ed f}ulﬂdﬂnummﬂm Neithee the
. e es nor the United S "t of
Gen.eral Elmc Buergy, nér any of their employ:e“:sm?re ::!ymo‘:'“:heif
. , sub or their employees, makes
SFE(E Dlmon nvny' ?vammty, exp.re;n. or implied, or assumes any legal
Valley Forge Space Center o wchines o v ot ey, <ol
YP OIg %555 process disclosed, <)>,r represents ;hat its use ':::::c;::
Q. BOLX infringe privately uwned rights.
Philadelphia, Pernsylvania 19101
For The
National Science Foundation
ard

U.S. DEPARTMENT OF ENERGY
Assistant Secretary for Energy Technology
Division of Energy Storage Systems
Washington, D.C. 20545

Under Contract No. NSF C-/5-22221

Ls3TRIBULION OF THIS DOCUMENT IS UNLW

\



Notice

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the National
Science Foundation, The Department of Energy, nor any of their
employees, contractors, subcontractors or employees of their
contractars or subcontractors makes any wamranty, express or implied,
or assumes any legal liability or responsibility for the accuracy,
completeness or usefulness of any information, apparatus, product or
process disclosed or discussed, or represents that use of such products
or processes or other information presented would not infringe privately
owned rights. s




FOREWORD

This report presents the results of a study of the use of -energy storage
in conjunction with photovoltaic and wind energy conversion systems.

The program was conducted under National Science Foundation contract
number NSFC-75-22221 with direction from the Energy Research and De-
velopment Administration, through Dr. George C. Chang, ERDA Program
Monitor. Dr. Richard Schoen of NSF provided initial program direction

prior to September, 1976.

The report consists of three volumes. Volume I contains a Study Summary
of the major results and conclusions. Volume II contains a description
of the study methodology, procedures, analyses, and results associated
with use of energy storage in conjunction with Photovoltaic Systems.
Volume III contains information similar to that of Volume II, but directed

toward use of energy storage with Wind Energy Conversion Systems.

The study was conducted by Advanced Energy Programs - General Electric I

Company, Space Division. Principal contributors included A.W. Johnson,

T me—

Program Manager, E.J. Buerger, Dr. R. Fogaroli, A. Kirpich, R. Landes,
R. McCarthy, N.F. Shepard, H. Thierfelder and S.M. Weinberger. In
addition, the following organizations provided information, consultation
and/or analyses pertinent to the study:

C&D Baltleries Div., of Eltra Corp., Plymouth Meeting, Pa.

GE Corporate R&D Center, Schenectady, N.Y.

GE Direct Energy Conversion Programs, Boston, Mass.

GE Electric Utility Systems Engineering Deptl., Schenectady, N.Y.

Public Service Electric and Gas Co. of Newark, N.dJ.
GE TEMP0O, Santa Barbara, Calif.
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Mr. W.R. Terrill, Manager, Solar Electric Power Programs and Mr. R.J.

Barchet, Manager, Photovoltaic Programs, provided overall guidance for

the study within General Electric.

Additional contributions to the study report were received from the

review team which included the following members:

Dr.
Dr.
Dr.
Dr.
Mr.
Dr.

Dr.
Dr.
Mr.
Dr.

Mr.

Dr.

Len Magid

Doug Warschauer
Mort Prince

Hal Macomber
Don Teague

Bob Thresher

George Chang
Al Landgrebe
Rufus Shivers
Wayne Coffman

Larry Gordon

Henry Dodd

Division of Solar Energy, ERDA

Division of Energy Storage Systems,
ERDA

NASA-Lewis Research Center

.

Sandia Laboratories, Albuquerque, NM
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INTRODUCTION

The viability and uncertainty of output associated with production and
use of potentia]]y available energy from photovoltaic and wind conversion
systems has led to the investigation of energy storage as a means of
managing the available power when immediate, direct use is not possible
or desirable. Concepts for energy storage have been in existence for
some time and the use of some forms of energy storage, notably hydro
systems, batteries, and flywheels, have been successfully used for .some
specific applications in the United States and elsewhere for many years.
Variations in the forms and scope of energy storage use have received
accelerated attention since the 1973 oil crisis. Potentially important
new sourées of future energy include electricity generated by solar
activated photoelectric cells and/or wind driven generating units. This
study was directed at a review of storage technologies, and particularly
those which might be best suited for use in conjunction with wind and
photovoltaics. The potential "worth" added by incorporating storage was
extensively analyzed for both wind and photovoltaics. This report
summarizes the investigations performed and presents the results, con-
clusions and recommendations pertaining to the use of energy storage with
Photovoltaic and/or Wind energy conversion systems, in both dedicated

and utility system/multiple-source charging modes.
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SECTION 1
SUMMARY AND GENERAL CONCLUSIONS

1.1 OVERALL SUMMARY QF STUDY ACTIVITY

1.1.1 OBJECTIVES
The overall objective of this study was a broad assessment of
the attractiveness of energy storage and energy storage methods
for use with photovoltaic and wind energy conversion systems.
The principal areas of investigation included:
e Assessment of selected energy storage concepts.
@ Evaluation of the "worth" of energy storage.
e Investigation of the effects of selected parameters on

the use and worth of storage.

1.1.2 SCOPE
The study scope included the following major elements:
e Utility applications of photovoltaic and wind eﬁergy.
@ Non-utility applications.

Residential Systems
Intermediate Systems

o Cost goals for each application
e Attractiveness of both dedicated and multiple-source
| charging of energy storage systems.
® The potential for added benefits from forecasting winds
and insvlation levels.
e The value of transient smoothing of photovoltaic and wind

energy system output.
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1.1.3 MAJOR GROUND RULES
In order to assure the maximum degree of general applicability of
study results, the following boundary conditions were established:
e Use of a "representative" utility size and Toad
e Photovoltaic and wind energy system penefrations of 10%,
20%, 30% of total utility generation.
o A generalized and constant "mix" of conventional '
generation in the utility system.
e Use of average photovoltaic/wind generation output.
o Average fuel costs. . |
® Representative electricity costs
() Uti]ity wind conversion system unit size of 1.5 MW (nameplate
rating).
® Residential PV/Wind conversion system size of 10 KW.

e Intermediate PV/Wind conversion system unit size of 500 KW.

1.1.4 STUNY APPROACH
A selected list of eleven principal storage methods or concepts were

considered as possible candidate systems. These included:

Pumped Hydro Batteries

- Above Ground - Lead-Acid

- Underground - Advanced
Thermal Inertial/Flywheel

- 0i1 - _

- Steam Hydrogen Systems -
Compressed Air Superconducting

- Underground Magnetic Systems

- Pneumatic

1-2



The general concepts for these storage systems and their use wefe
examined with respect to their principal features and current status.
Areas of concern and interest to the possible application of these
storage methods in conjunction with photovoltaic and wind systems

were identified and assessed for impact.

The effect of various parameters on the attractiveness and worth of
storage was examined. Parameters considered included:

Storage capacity
Location

Penetration
Efficiency

Fuel price escalation
Start year

Additional investigations included:
a. The effects of multiple source charging
b. Comparison of results with Utility Simulation Planning Analysis
c. MWorth of output smoothing.

Representative geographic locations selected as data sites were:

Photovoltaic Data Sites

Phoenix, AZ
Miami, FL
Boston, MA

Wind Data Sites

Lubbock, X
Blue Hill, MA
Great Falls, MT
Time-frame requirements established were:
e Start-years for system implementation from 1976 through the year
2000, with emphasis on 1985 (near term) and 2000 (far term).

~ @ Annual analysis of ]oad'demand and photovoltaic/wind system

generation.
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1.1.5 STUDY ACCOMPLISHMENTS

Modeling and match-up of a full year of projected photovoltaic
and wind system power generation versus.load data for each

application level on an hour-by-hour basis.

Examination of storage impact over a wide range of storage

system capacities.

Analysis of improvement in energy capture and resultant value

associated‘with use of energy storage.

Interpretation of results for selected storage tech-

nologies based on estimated costs and efficiencies.

Projection of conditions for achievement of viability of

dedicated and system-wide energy storage.

Assessment of interface limitations of selected storage methods

with wind and photovoltaic systems.

Assessment of the ability of energy storage to improve the

overall worth of photovoltaic and wind conversion systems.

Comparison of study findings with those resulting from

a specific utility system simulation.

Evaluation of the possible value of photovoltaic/wind system

output smoothing.

1-4



1.2 OVERALL STUDY FINDINGS

1.2.1

UTILITY APPLICATIONS

Utility energy storage should generally be used on'a system-
wide basis rather than dedicated exclusively to a wind or

photovoltaic system.

At current costs and energy prices, energy storage dedicated
to wind or photovoltaic system charging is not economically

attractive for any of the storage concepts considered.

System-wide storage charging can be economically justified at
present or in the near term for several storageuconéepts at

current costs or near term cost projections.

Energy storage benefits will not contribute to wind and photo-
vo]taic system viability until the base costs for PVCS and

WECS approach break-even levels without storage.

Ability to accurately forecast wind or insolation levels

provides only a modest improvement in the worth of energy storage.

N

Short term output smoothing may be a technical requirement in
certain cases, but is not economically attractive per se when

accomplished by energy storage.

1.2.2 RESIDENTIAL AND INTERMEDIATE APPLICATIONS

Energy storage can increase total PVCS/WECS system energy capture

over a range of 45-70%.
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@ Further increases in economic pressure must occur before
residential and intermediate use of storage becomes generally .

attractive on its own merits.

® At realistically achievable future storage costs, storage can
only increase the worth of the basic wind or photovoltaic

system in the order of 25-40%.

® Residential application of storage with WECS/PVCS is much more
attractive than the intermediate case under present electrical

rate structures and tax policy.

1.2.3 OVERALL CONCLUSIONS
e While most of the energy storage concepts examined can be interfaced
with wind or photovoltaic conversion systems in some manner,
battery storage is the most universally attractive method for

near-term (1985) use at all application levels.

o Future use of energy storage is so heavily dependent on achievement
nf projected cost goals that it would be premature to rule out

continued development effort of longer term candidate concepts.

® In order to offer near term viability, the cost of an energy storage
system should achieve the fo]]owiné approximate goals in 1976 dollars:

Utility Systems*

300-400 $/kW (System wide charging)

Residential Systems

60-100 $/kWh

Intermediate Systems

15-25 $/kWh

* Utility cost goal is presented on a $/kW basis to be consistent with
normal utility practice.
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e On an overall basis, the relative technical desirability of

storage concepts for use with photovoltaic and wind conversion

systems in the near term is as given in Table 1.2-1 below.

TABLE 1.2-1. RELATIVE TECHNICAL DESIRABILITY OF STORAGE SYSTEMS FOR
PHOTOVOLTAIC AND WIND SYSTEM USE

UTILITY APPLICATION

(Multiple source
charging)

Batteries ]

Pumped Hydro
2*
Underground

Compressed Air

Hydrogen

Inertial

* Suitable siting
required

RESIDENTIAL APPLICATION INTERMEDIATE APPLICATION

] i
Batteries 1 Batteries f]
Inertial Hydrogen
2 2
Pneumatic Inertial
Pumped Hydro
.3**
Underground
Compressed Air |

** | imited special
applications only

Table 1.2-2 presents in summary form, the key characteristics of the eleven

storage concepts examined.
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TABLE 1.2-2. ENERGY STQORASE SYSTEM KEY CHARACTERISTICS, AVAILABILITY AND APPLICABILITY
KEY CHARACTERISTICS AVAILABILITY APPLICABILITY
T . NOTES
e nene  lEeFic. JLiFe PLANT SIZES RELIA- ﬁ:gﬁ,‘zSL 'ff‘,’,,?k DEgk?z'f"T gﬁgﬁ&gg”"‘
CONCEPT % | YEARS  {POWER ENERGY BILITY POTENTIAL | TATIONS MENTS U | R 1
RATING | RATING
(M) (Mwh)
asove-Grouno | 70-75] so  |roo-2000 | 1000-20,000 | HiGH NONE SITINGsEN- | CURRENT cioents { B | no | L |Lack oF suiTasie
PUMPED HYDRO VIRONMENTAL | STATE-0F-THE] 1MPROVE- SITES AND ENVIRON-
ART MENTS ONLY MENTAL CONCEPNS
LIMIT FUTURE PO-
UNDERGROUND | 70-754 50 | 200-2000 | 1000-20,000 | HicH FLOODING  |SITING,EN- | BASIC HicheR HEAD | W | No | L lrentiaL.
PUMPED HYDRO VIRONMENTAL | TECHNOLOGY JEQUIPMENT WECS/PVCS SOURCE
AVAILABLE VARIABILITY LIMITS
DEDI CATED
APPI ICATIONS
THERMAL 65-75] 25-30 | 50-200 | 500-2000 UNKNOWN- | SPILLAGE  IBEST WITH | TECHNOLOGY |APPLICA- H | NO | L |APPLICABLE TO
STORAGE-OIL EXPECTED TO| AND FLAM- | THERMAL AVAILABLE | TION WASTE HEAT CONSER-
BE HIGH MABILITY | CHARGING DESIGN VATION.
NOT ATTRACTIVE
THERMAL 65-75] 25-30]50-200 | 500-2€00 UNKNOWN- | NONE BEST WITH | TECHNOLOGY JAPPLICA- " ;33,3;3’;2;,’&
STORAGE- EXPECTED T0| BEYOND THERMAL AVAILABLE | TION
STEAM BE HIGH NORMAI. CHARGING DESIGN
HIGH PRES-
SURE, STEAM
UNDERGROURD | 65-75] 30 | 200-2000 | 2000-20,00C | UNKNOWN- | METHANE | SITING, INITIAL APPLICA- W | NO | L JWECS/PVCS SOURCE
COMPRESSED EXPECTED T| ACCUMU- | CAVERN IMPLEMEN- | TION VARIABILITY LIMITS
AIR BE HIGH LATION IN | CHARACTER- | TATION DESIGN DEDICATED
CAVERN ISTICS UNDERHAY APPLICAT IONS
PNEUMAT IC §5-65] 20-30| UP 10 W 10 UNKNOWN—__| RUPTURE OF | SMALL PROOF OF | SYSTEM & Mo | M L
STORAGE ~25 kW | '~ 100 k¥nh | EXPECTED 70| HIGH PRES- | SCALE CONCEPT COMPONENT
BE MODERATE| SURE TANKS, STAGE DEVELOP-
HIGH TEMP. MENT
DISCHARGE
LEAD-ACID 70-75] 10 Zio | <50 wan WG ELECTRO- | CYCLE TECHNOLOGY | ADVANCED I B 7 | #O0ULARTTY AND
BATTERIES ~10 | 1010 M| TO 50 Mih LYTE LIFE AVAILABLE ] DESIGNS SMALL SIZE PROVIDE
(MoDULAR)] (MODULAF) SPILLAGE FOR LONGER FLEXIBILITY.
LIFE PRESENT HIGH COST
LIMITS APPLICATIONS
ADVANCED 70-80] 10-25|  SIMILAR TO LEAD- UNKNOWN CHEMICAL | SYSTEM UNDER DEMONSTRATE | H | H H | BATTERY PERFOR-
BATTERIES ACID BATTERIES LEAKAGE | CONTROL DEVELOPMENT | LONG CYCLE MANCE ADVANTAGES
AND/OR AVAILABLE | LIFE AND EXPECTED COMBINED
ABNORMAL ~ 1985 RELTABILITY WITH LOW COST/LONG
REACT IONS LIFE
NERTIAL 70-85] 20-30] <10 kW ] < 50 Kuh UNKNOWN FCR] WHEEL SYSTEM CONCEPTUAL | COMPGSITE | L/M | W | LyM [HIGH COST IS A
YORAGE 1010 i | 70 50 Man | ADVANCED | DISINTE- | cOM- DESIGNS & | FLYWHEEL & MAJOR BARRIER TO
(FLYNHEEL) SYSTEMS GRATION | PLEXITY EXPERI- SYSTEM IMPLEMENTAT 10N
MENTAL DEVEL OPMENT
PROTOTYPES
HYDROGEN 40-50]  10-25] < 10 k0 | < 50 kwh EXPECTED | EXPLOSION | LOW SMALL SCALE | ALTERNATIVE | M | NO| M ] APPLICABLE WHERE
STORAGE 1050 M¢ | T0 500 »wh | TO BE AND FIRE | EFFICIENCY | UNITS PROCESS UNFAVORABLE COST
AND ASOYE | MODERATE AVAILABLE. | conCEPTS AND EFFICIENCY ARE
70 HIGH SCALE-UP | FOR QFFSET BY OTHER
WORK UN- | IMPROVED ADVANTAGES
DERWAY EFFICIENCY
SUPER- 70-90]  20-30] GREATER | GREATER UNKNOWN POSSIBLE ] SUITABLE | CONCEPTUAL | FURTHER W] no| ndroo EarLy To
CONDUCTING THAN THEN MAGNETIC | SITING COMPONENTS | CONCEST ACCURATELY ASSESS
MAGNETIC 1000 10,000 FIELD UNDER DEVELOPMENT IWACT
STORAGE EFFECTS DEVELOPMENT
U - UTILITY H - HIGH
R - RESIDENTIAL M - MODERATE
1 - INTERMEDIATE | - LOW




1.3 AREAS FOR FURTHER RESEARCH AND DEVELOPMENT INVESTIGATIONS

The beneficial use of energy storage with photovoltaic and wind energy
conversion systems is heavily dependent on the further development and
reduction %n cost of both the basic PVCS/WECS system and its components,
as well as energy storage systems themselves. The areas of investigation
which appear to offer the greatest opportunity to increase the potential
for energy storage with wind and photovoltaic systems are identified and

discussed in the following sections by application and storage technology.

1.3.1 UTILITY APPLICATIONS
Although there may be some cases where storage could be approoriately
dedicated to a photovoltaic or wind system, study results indicate better
utilization on a multi-source charging basis. Consequently, for utility
app]ications, the areas:for further'investigafion relate to interaction
of both the PVCS/WECS systems and storage with the utility grid. These
areas as identified during the‘study 1nc1ude:

'1. Dispatching techniques for use of the basic PVCS/WECS

system and for the energy storage system.

2. Sensing,control and monitoring systems for use in generation
source control as well as integrated control of the storage

system.

3. Concepts and designs for placement and/or decentralization of
both the generaiion and storage systems which could minimize

gathering system or tie-line requirements.
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There are a number of possible approaches to the dispatching logic for
PVCS/WECS and storage. These result from the inherent variability of
the energy source which in turn requires that practical and optimum
strategies for use of stored energy be made available to operating

personnel.

The usefulness of the basic PV/wind system and the storage system depend
on ability to monitor and control their operation. The cost of fulfilling
this requirement could be substantial and appears to have received
relatively little attention to date. This is certainly understandable in
an area of developing technologies, but should not be overlooked or

minimized in the future.

Placement of PV/wind systems and/or storage units offers both challenges
and opportunities with regard to physical location and plant sizing.

The situation will be different for different utilities, but attention
should be given to these considerations so that pilot installations can

be of maximum benefit, assuming continued pursuit of these new technologies.
Plans for such installations could be made along the lines now being

followed for the implementation of underground compressed air storage.

1.3.2 RESIDENTIAL APPROACH -

The use of energy storage with wind or photovoltaic systems at the resi-
dential level has both technical and non-technical impacts which must be
dealt with. The latter are discussed elsewhere in this report and are
believed to be of sufficient importance to merit separate consideration in

the future apart from strictly R&D requirements.



Developmental work which could he]p advance the future prospects for
energy storage at the residential level include:
1. Identification of standard spécification requirements for
the installation, utility tie-in and operation of energy

storage systems and advanced wind/PV generating sources.

2. Establishment of baseline PV/wind system and storage system
designs for various types of residential units both

present and future.

3. Design and development of low cost system components for the

residential interface and the basic storage device.

It is recognized that the incentive to pursue the implementing details

of residential systems is dependent upon the degree of success in achieving
satisfactory energy storage, wind turbine and photovoltaic-cell designs

and costs. Nevertheless, reasonably early attention to the preceding

items appears advisable to prevent a hodge-podge of marginal designs from

creating a bad image in the early stages of market introduction.

1.3.3 INTERMEDIATE APPLICATIONS

Elements of both utility and residential requirements may be found in the
broad range of intermediate applications. It is clear that if use of

energy storage with PV or wind systems is eventually realized in significant
market penetrations, a range of component sizes will be necessary. These
could and probably should be standardized to some degree. The intermediate

application category is so broad that it will always offer opportunities



for single installation ingenuity. Examples of unique applications -of
various sizes, mostly small in scale, are already beginning to appear.

For example, photovoltaics for remote signaling and communications stations.
The areas of investigation which could promote intermediate storage

system applications include:

1. Application surveys.

2. Early pilot system designs in cooperation with various types

of industrial and commercial consumers.

3. Storage system component development for economic quantity

production.

1.3.4 STORAGE TECHNOLOGY DEVELOPMENT AREAS

The development of advanced energy and energy storage systems is currently
receiving significant and appropriate attention in several key areas.

For example, pilot installations for water pumping, irrigation and battery
testing. [These essential types of investigations should be continued and
supported on a priority basis. Establishing of priorities for energy
storage systems is difficult in most cases because the future possibilities
of some systems may be masked by current limitations in data or technology.
Although this study and others have indicated priorities in attractiveness
of storage devices or systems, it would be unwise to discourage a broad
range of future investigations. Table 1.3-1 summarizes the major areas

of needed development for storage technology as identified during the study.
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TABLE 1.3-1. STORAGE TECHNOLOGY DEVELOPMENT AREAS

STORAGE SYSTEM AND
APPLICATIONS

GENERAL
REQUIREMENTS

PV/WIND SYSTEM
REQUIREMENTS

Pumped Hydro

Development of higher head pump
turbines capable of high
efficiencies over a wide range
of operation.

Modular system design, trade-
off study, utility applications.

Underground
Compressed Air

System designs, cavern
monitoring.

Same as for pumped hydro.

Pneumatic

System components, particularly
air-turbine.

Preliminary design, performance
study and testing,
residential applications.

Lead-Acid Batteries

Lower-cost package designs for
non-utility applications.

Same as for advanced batteries.

Advanced Batteries

General system development
and testing.

Advanced monitoring, control and
interface concepts, residential
and intermediate applications.

Proof-of-concept development and

Flywheel Preliminary design performance
testing for composite wheel and study, non-utility applications
other components.

Hydrogen Fuel cell/reaction efficiency Preliminary package designs,
improvement. non-utility applications.

Magnetic Evaluation of concepts for Not presently applicable.

system elements.




SECTION 2
PHOTOVOLTAIC STORAGE ASSESSMENT

Principal findings and conclusions pertaining to use of energy storage in
conjunction with photovoltaic energy conversion systems are summarized in

this section.

2.1 UTILITY APPLICATION

Energy storage was added to a photovoltaic system in the utility application
to enhance the value of the photovoltaic produced energy by:

1. Storing photovoltaic produced energy at those times when it would
have little value to the utility grid.

2. Discharging from storage when the energy would be of high value
to the utility grid.

The characteristics of photovoltaic energy permit a large portion of the
energy to be put directly on line, displacing high cost peaking energy. As
photovoltaic system penetration into the utility generation mix was increased,
direct PV energy use was found to displace energy of steadily decreasing
value, thus increasing the opportunity for energy storage value enhancement.
The effect is clearly seen in Figure 2.1-1 which presents the annual savings
in purghased fuel, for the utility model of this study, versus storage
capacity and photovoltaic system penetration. Savinags are unitized on a

dollars per year per kilowatt hour of storage basis.
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FIGURE 2.1-1 UTILITY ANNUAL FUEL SAVINGS -
PHOTOVOLTAIC DEDICATED STORAGE

The above data represent mean savings for the three locations investigated -
Phoenix, Miami, and Boston and should be representative of expectations for

photovoltaic energy storage throughout much of the contiguous U.S.
It may be noted that photovoltaic dedicated enerqgy storage produces about

twice the fuel savings at 30% PV penetration as are produced at 10% PV

An important, but not unexpected finding, was that utility-wide or multiple

source charging of storage significantly increases the savings in purchased
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utility energy and thus the value of energy storage to the utility. Fiqure
2.1-2 shows the annual fuel savings for 5 and 10 hour system-wide charging
compared with the photovoltaic dedicated storage, 30 percent penetration
savings. Annual fuel savings are increased by two to three times for system
storage oVer dedicated étorage. A difference between 5 and 10 hour storage
system savings was not evidenced for the dedicated case, due to the much

lower utilization of storage.
r

SYSTEM STORAGE
5 HOUR

10 HOUR

“PHOTOVOLTAIC DEDICATED STCRAGE R
1k
30% PENETRATION

0 A 1 1 4

1000 2005 3000 4000
STORAGE CAPACITY (MwH) ’

ANNUAL FUEL SAVINGS ($/kih STORAGE CAPACITY)

FIGURE 2.1-2 INCREASED FUEL SAVINGS NUE TO
SYSTEM-WIDE STORAGE CHARGING.

It can be shown that energy storage will increase the reliability of a
uti]ity.grid, expressed as the probability of meeting system load requife-
ments. For a utility system with a specific reliability requirement, the
addition of energy storage thus permits reductions in other equipment. The
more reliable and predictable operation of system-wide storage permits

greater disp]acement of conventional equipment and correspondingly higher
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annual cost savings than result from dedicated storage. Savings in generation
capacity were computed for the utility modeled and used in the break-even
cost computations. In an actual operating situation, capacity savings would
be computed for the particular utility and its generation mix. Certain

types of storage are easily adaptable to modularization and can be sited
within a utility grid such as to reduce the requirements for transmission

and distribution facilities and thus provide further savings to the utility.
‘Battery storage systems are the best example; although other storage systems,

such as flywheels and possibly hydrogen may provide savings of this nature.

The annual savings resulting from purchased fuel reductions, conventional
generation displacement and reduced transmission and distribution facilities
were computed for seven of the candidate energy storage concepts deemed most
feasible for use in photovoltaic energy in a utility system. Savings were
then used to derive break-even costs or cost goals for each of the storage
technologies. Examples are presented in Table 2.1-1 for_]OOO MWh, 5 and

10 hour storage systems operating on a system-wide or multiple-source
charging basis. A nominal set of economic conditions are used in this
example; however, the study data can also be used to project other cases

of particular interest out to year 2000.
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TABLE 2.1-1. ENERGY STORAGE BREAK-EVEN COST GOALS -
UTILITY-WIDE SYSTEM CHARGING

BREAK-EVEN CURRENT
COST ESTIMATES*
$/kW $/kW

5 HR 10 HR 5 HR1 10 HR

Above Ground Pumped Hydro 301 364 160 190 1000
Underground Pumped Hydro 301 364 - 190 230 b
Underground Compressed Air - 264 308 250 340 ;$§ET
Lead-Acid Batteries 354 415 495 840 6%
Advanced Batteries, 10, 20 Yr | 340,364} 396,431 220 370 EgEkLATION
Inertial Storage 287 339 1120 | 2170

Hydrogen Storage . 235 268 870 940

* Certain of the current cost estimates will be subject to drastic
change within a few years, particularly those associated with
the last three technologies. See Table 5.3-1 for summary cost
parameters and references.

Both types of pumped hydro storage show viability at the above conditions,
which is not surprising since many utility systems presently employ this
form of energy storage. Advanced battery and compressed air storage also
indicate potential for viability at current system cost estimates. Figure
2.1-3 presents conditions leading to economic viability for each of the

above energy storage systems.

Inertial storage and hydrogen become economic only under the severe con- '
ditions of a year 2000 start and 10% fuel price escalation rate. Lead-
acid batteries showed viability slightly beyond 1990, under 8% fuel

escalation conditions.
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START YEAR ALD ENERGY PRICE ESCALATICN RATE

Concept 1977 1385 1990 2000
5% 6% 8y 10%

fbove ground
pumped hycro

Underground
puntped hydro

Underground
compressed afr

Lead-acid
batteries

Advanced
batterias

Inertial
storage

Hydrugen

Non- Economic Economic

FIGURE 2.1-3. ECONOMIC VIABILITY OF UTILITY ENERGY STORAGE CONCEPTS-
MULTI-SOURCE CHARGING

The energy storage concepts which are economic in the near term have demon-
strated ability to technically interface with a utility grid. PQmped hydro
and compressed air storage entail specific site requirements which greatly
limit fufure application potential. Battery storage is, however, principally

Jimited only by the ability to achieve the cost goals shown above.

The technology-sensitive differences between power and storage related system
costs tend to make batteries more economic on a 5 hour basis, while pumped
hydro storage is better on a 10 hour basis. This implies that a mix of
storage technologies would be appropriate for many utility systems, depending

on the particular load characteristics and conventional generation mix.



2.2 RESIDENTIAL APPLICATION

Energy storage with photovoltaic energy in the residential application was

employed to store excess PV array output until it could be absorbed by the

house load. Photovoltafc array output and typical residential loads have a

significant mismatch which provides a strong potential for energy storage.

For the three broadly representative locations investigated - Phoenix, Miami

and Boston, the addition of 24 kWh of energy storage to a 10 kW photovoltaic

array improved total system energy capture by 46 to 58% as shown in Figure

2.2-1.

AHUAL ENEREY SAVINGS ('IO3 kih)

15

10

1

e PHOTOVOLTAIC SYSTEM CHARGING
& 10 kil PV ARRAY

v

// +55% /

I e

2. L. Z

//' ,
7,
Oyys

4

PHCERIX

MIAMI
LOCATION

BOSTON

ADDED BY STORAGE

[:] PHOTOVOLTAIC OiiLY

FiGURE 2.2-1 INCREASED ENERGY-CAPTURE DUE TO ENERGY STORAGE
FOR RESIDENTIAL PHOTOVOLTAIC CONVERSION.
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This increase in total system energy capture can only be reflected in .in-
creased allowable cost for the basic photovoltaic system if energy storage
is priced below its break-even cost. For realistically achievable storage

system costs, the basic photovoltaic system value can be improved by 25 to

40 percent.

Mean energy storage savings versus storage capacity is shown in Figure 2.2-2.

7500 [~
=
=
8 5000 - REPRESENTATIVE
S %0 MEAN VALUE
<
-
(=9
w
5
=
= 2500 |
5
-
<t
5
=
= 0 1 1 | | [ |
0 12 24 36 ay 60 72

STORAGE CAPACITY (kwh)

FIGURE 2.2-2 MEAN ANNUAL ENERGY DISPLACEMENT - RESIDENTIAL
PHOTOVOLTAIC ENERGY STORAGE

The sharp "knee" in the above curve was typical of residential and inter-

mediate photovoltaic storage applications.

For the residential application a maximum storage capacity in the range of
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24 to 36 kWh is indicated, with Tittle improvement in energy capture beyond

that range.

The annual energy displacement from stbfage in the residential application

proved to be relatively insensitive to storage system efficiency as shown in

Figure 2.2-3.
6000 —
PHOENIX, AZ

=
=
4000 f—
&
= REPRESENTATIVE
= BOSTON, MA MEAN VALUE
a
Z
S 2000
G .
& o 10 kW PV ARRAY
=
- o 24 kWh STORAGE CAPACITY
] 0 l | | l ]
= 50 60 70 80 90 100

STORAGE EFFICIENCY (%)

FIGURE 2.2-3 EFFECT OF STORAGE EFFICIENCY - RESIDENTIAL
PHOTOVOLTAIC ENERGY CONVERSION

An increase in storage efficiency from 60 to 90 percent results in only about
14 percent increase in annual energy savings. This suggests the possibility
of designing a residential storage system with less emphasis on efficiency

if sufficient manufacturing cost advantages can be gained.
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Break-even cost goals for residential storage systems are presented in
Table 2.2-1 for nominal 1985 start year, 6% fuel price escalation rate

conditions. At present only an advanced battery shows viability potential.

TABLE 2.2-1. ENERGY STORAGE BREAK-EVEN COST GOALS,
PHOTOVOLTAIC ENERGY CONVERSION - RESIDENTIAL APPLICATION

BREAK-EVEN CURRENT
COoST ESTIMATES*
$/kWh $/kWh
Advanced Batteries 10,20 Yr 93, ]30 92 24 kWh
Lead-Acid Batteries 91 200 1985 START
Inertial Stdrage 109 250 6% ESCALATION
Pneumatic Storage 105 270

* See Table 5.3-2 for summary cost parameters and references

Battery energy storage, despite some hazard potentials, is technically well
suited to residential use. Pneumatic and inertial storage, however, presently
have equipment characteristics which severely limit both their application

and consumer acceptance.

Future research and development effort should be aimed at improving the tech-
nology and specific designs while reducing operational problems and hazards.
Achievement of the break-even costs shown above is necessary under current
conditions. However, there could be add1t1ona1 opportunity for improvement
if incentives such as off-peak charging rates for residential .customers

become available.

Figure 2.2-4 presents break-even costs of residential batteries as a function
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FIGURE 2.2-4 CONDITIONS LEADING TO ECONOMIC VIABILITY RESIDENTIAL
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of start year and electricity price ésca]ation rate. Also shown are cost
estimates for lead-acid and advanced batteries. The reéder can use these or
" any other estimﬁtés to evaluate the time frame and economic conditions under
which battery energy storage will become economic with photovoltaic energy

in the residential application.

2.3 INTERMEDIATE APPLICATION
The intermediate application was characterized by a relatively constant

load from 10 A.M. to 10 P.M., dropping to a maximum of one-fourth of this



level for the remaining 12 hours. This type of loading would be most typi-

cal for the case of a shopping center or cluster of small stores. Photo-
voltaic energy from a 500 kW array thus has excess energy during sunlit

hours for any peak loads of less than 500 kW. Typical energy displacement from

storage in the intermediate application is shown in Figure 2.3-1.
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FIGURE 2.3-1 ANNUAL ENERGY DISPLACEMENT,
INTERMEDIATE SYSTEM-PHOTOVOLTAIC
ENERGY  STORAGE

The "knee" observed in the residential displacement curve also is evident
in the intermediate case, at about 1000 to 1500 kWh storage capacity. Note
that the energy displacement is strongly dependent on peak power demand. A

250 kW load was selected for analysis, with results scalable to multiples of



both load and photovoltaic array size. Break-even costs are presented in

Table 2.3-1 below.

TABLE 2.3-1. ENERGY STORAGE BREAK-EVEN COST GOALS,
INTERMEDIATE SYSTEM=PHOTOVOLTAIC ENERGY STORAGE

BREAK-EVEN CURRENT
COST ESTIMATE*
$/kWh $/kWh
Above Ground Pumped Hydro 24 19
Underground Pumped Hydro 24 23
1000 kWh
Underground Compressed Air 19 34
1985 START
Lead-Acid Batteries 26 140
6% ESCALATION
Advanced Batteries, 10,20 Yr 23, 26 67
Inertial Storage 22 217
Hydrogen 16 45

* See Page 5-17 and Tables 5.3-1 and 5.3-2 for discussion of
cost basis and parameters.
It can be seen that only pumped hydro and compressed air storage even approach
viability, and the application of these concepts to intermediate applications

is highly doubtful due to their large scale and site requirements.

The intermediate application for energy storage was by far the least promising,
due primarily to two factors - electricity rate schedules and federal tax
policy. Under typical commercial and industrial block rate schedules coupled
with demand charges, alternate energy devices such as photovoltaic energy and
energy storage systems can only displace energy in the lowest value blocks and
generally can not reduce peak requirements for back-up by the utility. Thus
displaced energy is worth considerably less than in the residential applica-

“tion. Energy is also tax deductible for businesses which further reduces the



effective cost as compared to the homeowner.

2.4 UTILITY SYSTEM PLANNING ANALYSIS

A detailed utility system simulation was performed for realistic 1995 opera-

ting conditions in the New England Power Pool. The objective was to compare

this detailed analysis with the generalized results of the storage study.

The results indicate:

1.

Break-even cost results for use of dedicated storage about 15-20%

above generalized study results.

Improvement (~ 16%) of storage break-even cost performance (with
perfect forecasting of PVCS output vs no forecasting) but still
about 17% less attractive than system storage with no PVCS

contribution.

A significant reduction in storage break-even cost (A/25%) with
PVCS and storage as opposed to system storage with no PVCS contri-

bution and no forecasting.

Superiority of system-wide storage by about 2.7:1 over dedicated

storage.

Results of the power pool simulation as compared to the representative

utility analysis performed in the study are presented in Figure 2.4-1, in

terms of storage break-even cost. Note that the presence of photovoltaic
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FIGURE 2.4-1 COMPARATIVE RESULTS - REPRESENTATIVE UTILITY

ANALYSIS AND POWER POOL SIMULATION.

systems in the utility grid yields a reduction in potential storage system

“worth.

2-15/16



SECTION 3
WIND ENERGY STORAGE

Principal findings and conclusions pertaining to use of energy storage in

conjunction with wind energy conversion systems (WECS) are summarized

in this section.

3.1 UTILITY APPLICATION

Energy storage was added to a wind energy system in the utility application
to enhance the value of the WECS produced energy by:

1. Storing the energy at those times when it would have little
value to the utility grid.

2. Discharging from storage when the energy would be of high
value to the utility grid.

The characteristics of wind energy enable a considerable portion of the
energy to be put directly on line, displacing high cost peaking energy.
This is similar to photovoltaic energy but to a lesser degree. Unlike the
photovoltaic case, however, the value of energy storage was found to be
relatively insensitive to penetration of WECS in the utility grid.

Figure 3.1-1 presents mean annual savings in purchased fuel versus storage
capacity, for the utility modeled in this study. Savings are unitized

on a dollar per year per kilowatt hour of storage basis.
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FIGURE 3.1-1. UTILITY ANNUAL SAVINGS - WECS DEDICATED STORAGE

The above data represents mean savings for the three locations investigated'-
Great Falls, Montana and Blue Hills, Massachusetts in moderate wind

regimes (4-7 MWh/m2/Yr energy) and Lubbock, Texas in a low regime

(2-4 MWh/m2/Yr energy), and are representative of WECS energy storage

potentials in a large portion of the country.

An important finding, not unexpected, was that utility-wide or multiple-
source charging of storage significantly increases the savings in purchased
utility energy and thus the value of energy Storage to the utility. Figure
3.1-2 shows the annual fuel savings for 5 and 10 hour system-wide charging
compared with the WECS dedicated storage savings. Annual fuel savings are
increased by two to three times for system storage over dedicated storage. A
difference between 5 and 10 hour storage system savings was not evidenced

for the dedicated case, due to 'the much lower utilization of storage.
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FIGURE 3.1-2. INCREASED FUEL SAVINGS DUE TO SYSTEM-WIDE STORAGE CHARGING

It can be shown that energy storagg will increase the reliability of a

utility grid, expressed as the probability of meeting system load require-
ments. For a utility system with a specific reliability requirement, the
addition of energy storage thus permitsAreductions in other equipment. The
more reliable and predictable operation of system-wide storage permits |
greater displacement of conventional equipment and correspondingly higher
annual cost savings than result from dedicated storage. Savings in generation
capacity were computed for the utility modeled and used in the break-even

cost computations. :in an actual operation situatibn, capacity savings would

be computed for the particular utility and its generation mix.
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The annual savings resulting from purchased fuel reductions, conventional
generation displacement and reduced transmission and distribution facilities
were computed for seven of the candidate energy storage concepts deemed most
feasible for use with wind energy in a utility system. Savings were

then used to derive break-even costs or cost goals for each of the storage
technologies. Examples are presented in Table 3.1-1 for 1000 MWh, 5 and

10 hour storage systems operating on a system-wide or multiple-source
charging. A nominal set of economic conditions are used in this example;
however, the study data can also be used to project other cases of interest

out to year 2000.

TABLE 3.1-1. ENERGY STORAGE BREAK-EVEN COST GOALS-
UTILITY-WIDE SYSTEM CHARGING

BREAK-EVEN CURRENT *
COST $/kW ESTIMATES $/kW
' 5HR | 10HR | 5 HR 10 HR
Above ground Pumped Hydro 301 364 160 190 1000
' ‘ MWh
Underground Pumped Hydro 301 364 190 230
Underground Compressed Air 264 308 250 340 1985
- START
Lead-Acid Batteries 354 415 495 840
6%
Advanced Batteries, 10,20 Yr| 340,364 } 396,431 220 370 FUEL
ESCALATION
Inertial Storage 287 339 1120 2170 _
Hydrogen Storage 235 268 870 940

* Certain of the current cost estimates will be subject to drastic
change within a few years, particularly those associated with the
last three technologies. See Table 5.3-1 for summary cost
parameters and references.
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Both types of pumped hydro storage show viability at the above conditions,
which is not surprising since many utility systems presently employ this
form of energy storage. Advanced battery and compressed air storage also
indicate potential for viability at current system cost estimates. Figure
3.1-3 presents conditions leading to economic viability for each of the |

above energy storage systems.

Inertial storage and hydrogen become economic only under the severe con-
ditions of a year 2000 start and 10% fuel price escalation rate. Lead-
acid batteries showed viability slightly beyond 1990, under 8% fuel

escalation conditions.

J;f START YEAR AND E!NERGY PRICE ESCALATION RATE
Concept 1977 1985 " 1990 2000
5% 6% 8% 10%

Above ground
pumped hydro

Underground
pumped hydro

Underground
.compressed air

Lead-acid
batteries

Advanced
batteries

Tnertial
storage

Hydrogen

Z Non-Ecanomic Economic

FIGURE 3.1-3. ECONOMIC VIABILITY OF UTILITY ENERGY STORAGE CONCEPTS -
MULT I-SOURCE CHARGING
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The energy storage concepts which are economic in the near term have demon-
strated ability to technically interface with a utility grid. Pumped hydro
and compressed air storage entail specific site requirements which greatly
limit future application potential. Battery storage is, however, principally

limited only by the ability to achieve the cost goals shown above.

The technology-sensitive differences between power and storage related system
costs tend to make batteries more economic on a 5 hour basis, while pumped
hydro storage is better on a 10 hour basis. This implies that a mix of
storage technologies would be appropriate for many utility systems, depending

on the particular load characteristics and conventional generation mix.

3.2 RESIDENTIAL APPLICATION .

Energy storage with wind energy in the residential application was
employed to store excess WECS output until it could be absorbed by the
house load. Wind energy distribution and typical residential loads have a
“significant mismatch which, although not as severe as with photuvullaic
energy, still provides considerable potential for energy storage. For

the three broadly representative locations investigated - Great Falls,
Blue Hill and Lubbock, thé addition of 24 kWh of energy storage to a 10 kW
wind turbine system improved total systemtenergy capture by 22 to 28% as

shown in Figure 3.2-1.
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This increase in total system energy capture can only be reflected in
increased allowable cost for the baéfc wind eneréy if energj storage ,
is priced below its break-even cost. :For realistically achievable storage
system costs, the basic wind energy syé%em value can only be improved by
about 10 to 20 percent. ' o |

¢ ‘ * . .
Annual energy storage savings versus storage capacity is shown in Figure
3.2-2, for the thfee locations studfed. A,meén cufve of savings was used

in the analysis.

3-7



6000 —
e 10 kW WTG

o ] = 75%
4000— LUBBOCK, ,TX

GREAT FALLS, MT

2000/— BLUE HILLS, MA

| | I _ | ]

0 12 24 36 48 60 72
STORAGE CAPACITY (kih)

ANNUAL ENEPGY DISPLACEMENT (kWh)

FIGURE 3.2-2. ANNUAL ENERGY DISPLACEMENT - RESIDENTIAL WECS
ENERGY STORAGE

Energy savings from storage proved to be only slightly affected by

location over the range studied, as Lhe dbuve fliyure shows.

The sharp "knee" observed for photovoltaic residential storage was not
seen in fhe wind energy case. Thus, although storage capacity beyond
about 12-24 kWh yields steadily decreasing additional savings, larger

capacities may be economically justified under certain conditions.
The annual energy displacement from storage in the residential application

proved to be relatively insensitive to storage system efficiency as shown

in Figure 3.2-3.
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FIGURE 3.2-3. EFFECT OF STORAGE EFFICIENCY - RESIDENTIAL

An increase in storage efficiency from 60 to 90 percent results in only
about 8 percent increase in annual energy savings.
as in the case of photovoltaic energy, the possibility of designing a

residential storage system with less emphasis on efficiency if sufficient

- WIND ENERGY CONVERSION

manufacturing cost advantages can be gained.

Break-even costs for residential storage systems are presented in Table
3.2-1 for nominal 1985 start year, 6% fuel price escalation rate conditions.

At present none of the storage concepts demonstrate viability potential

for these conditions.

This again suggests,



TABLE 3.2-1. ENERGY STORAGE BREAK-EVEN COST GOALS -

WIND ENERGY CONVERSION - RESIDENTIAL APPLICATIONS

BREAK-EVEN | CURRENT
COSTS §/kun| ESTIMATES
$/kih_
Advanced Batteries, 10, 20 Yr 66,93 92 $/kWh
Lead-acid Batteries 65 200
Inertial Storage 82 250 ..
Pneumatic Storage 80 270

* See Table 5.3-2 for summary cost parameters and references.

24 kWh
1985 START
6% ESCALATION

Figure 3.2-4 presents break-even costs of residential batteries as a function

of start year and electricity price escalation rate.

estimates for lead-acid and advanced batteries.

Also shown are cost

The reader can use these

or any other estimates to evaluate the time frame and economic conditions

under which battery energy storage will become economic with wind energy

in the residential application.
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Battery energy storage, despite some hazard potenfia]s, is technically well
suited to residential use. Pneumatic and inertial storage, ‘however, presently
have equipment characteristics which severely 1imit both their application

and consumer acceptance.

Future research and dgve]opment effort should be aimed at improving the tech-
nology and specific designs while reducing operational problems and hazards.
Achievement ot the break-even costs shown above is necessary under current
conditions; however, there could be additional opportunity for improvement

if incentives such as off-peak charging rates for residential customers become

available.



3.3 INTERMEDIATE APPLICATION

The intermediate application was characterized by a relatively constant
load from 10 A.M. to 10 P.M., dropping to a maximum of one-fourth of this
level for the remaining 12 hours. This type of loading would be most
typical for the case of a shopping center or cluster of small stores. Wind
energy from a 500 kW wind turbine generator thus has excess energy

when operating near rated power for any peak loads of less than 500 kW.
Energy displacement from storage in the intermediate application is shown

in Figure 3.3-1.
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FIGURE 3.3-1. ANNUAL ENERGY DISPLACEMENT, INTERMEDIATE SYSTEM-
WIND ENERGY STORAGE



The "knee" observed in the photovoltaic intermediate displacement curve

was not evident in the wind case. Energy displacement proved to be
relatively insensitive to peak power demand in the range of 200-300 kW.

A 250 kW load was selected for analysis, with results scalable to multiples
of both load and wind turbines. Break-even costs are presented in Table

3.3-1 below.

TABLE 3.3-1. ENERGY STORAGE BREAK-EVEN COST GOALS,
INTERMEDIATE SYSTEM, WIND ENERGY STORAGE

BREAK-EVEN CURRENT
COST ESTIMATE »
$/kWh $/kWh
Above Ground Pumped Hydro 20 19
1000 kWh
Underground Pumped Hydro 20 23
1985 START
Underground Compressed. Air 17 34
6% ESCALATION
Lead-Acid Batteries 21 140
Advanced Batteries, 10,20 Yr . 19, 22 67
Inertial Storage 19 217
Hydrogen 16 45

* See Page 5-17 and Tabiles 5.3-1 and 5.3-2 for discussion of
cost basis and parameters.

It can be seen that only pumped hydro and compressed air storage even
approach viability, and the application of these concepts to intermediate
applications is highly doubtful due to their large scale and site

requirements.

The intermediate application for energy storage was by far the least

promising, due primarily to two factors - electricity rate schedules and



federal tax policy. Under typical commercial and industrial block rate
schedules coupled with demand charges, alternate energy devices such as
wind energy and energy storage systems can only displace energy in the
lowest value blocks and generally cannot reduce peak requirements for
back-up by the utility. Thus, displaced energy is worth considerably less
than in the residential application. Energy is also tax deductible for
businesses which further reduces the effective cost as compared to the

homeowner.

3.4 UTILITY SYSTEM PLANNING ANALYSIS

A detailed utility system simulation was performed for realistic 1995
operating conditions in the New England Power Pool. The objective was to
compare this detailed analysis with the generalized results of the storage

study.

The results indicate:
1. Identical break-even results for use of dedicated storage both

in the special case study and in the general study analysis.

2. Nearly identical results with the assumption of perfect WECS

output forecasting and system-wide storage.

3. A small reduction in break-even cost when WECS is added to the

system under no-forecast conditions with systa2m-wide storage.

4. An improvement in break-even cost of about 25% when perfect

forecasting of WECS output is projected with system-wide storage.

5. Superiority of system-wide storage by about 2.3:1 over dedicated storage.



Results of the power pool simulation as compared to the representative
utility analysis performed in the study are presented in Figure 3.4-1, in
terms of storage break-even cost. Note that the presence of wind energy
systems in the utility grid yields a slight reduction in'potentia1 storage

system worth.
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PART B

REVIEW OF CANDIDATE ENERGY STORAGE SYSTEMS



SECTION 4
ENERGY STORAGE CONCEPTS

As a prelude to further investigation of the use of energy storage with
photovoltaic and wind energy conversion systems, eleven types of energy
storage were reviewed. The principal purpose of this part of the study
effort was to provide a background against which to assess the desirability
‘of various concepts by summarizing each concept, its key characteristics,
cost ranges and development status. The information presented in this
section should, theréfore, be regarded as an overview rather than an in-
depth analysis. A large body of knowledge already exists for some of

these technologies including several recent and comprehensive studies.
These sources were used extensively along with other contacts and supple-

mentary investigations and are noted throughout the section.

The candidate storage technologies considered included:

Above ground pumped hydro

. Underground pumped hydro
Thermal Storage - 0il

Thermal Storage - Steam
Underground Compressed Air
Pneumatic Storage

Advanced Batteries

Lead-Acid Batteries

Inertial Storage

Hydrogen Generation and Storage
Superconducting Magnetic Energy Storage

—QUOWONOONBWN —

—

The relative merits of these concepts are considered on a preliminary

ranking basis in Section 5 and the effects of key concept characteristics
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are presented and discussed along with representative costs selected for
use in subsequent analyses. The investigation of the matching of photo-
voltaic and wind energy tc various loads is covered in Volumes II and III

along with the effects of variation of other selected parameters.

4.1 ABOVE GROUND PUMPED HYDRO STORAGE

4.1.1 GENERAL

The only economical mode of large scale energy storage now available

to utilities is above ground pumped hydro. Pumped storage operates much
like the hydroelectric power generation common in the Northwestern part
of the United States, except that the water to operate the turbines must
first be pumped up hill by use of electricity generated during off-peak
hours. The water thus stored is subsequently released to drive the tur-
bine generators during periods of high power demand. This method of
stcrage is about 70-75% efficient; that is, about 4 watt-hours of energy
expended to pump the water to the upper reservoir is exchanged for 3 watt-
hours of generated electricity when the stored water is returned via the
turbine discharge, to the lower reservoir. The cost of electricity genera-
ted in this manner can be less than if additional gas turbines or older

fossil-fueled steam turbines were used to meet peak demands.

The first pumped hydro storage facility in the United States was built in
western Connecticut nearly 50 years ago and had a power capacity of about

30 mégawatts. Now, much larger plants are in successful operation and
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more are p]anned.]’2 The largest (approximately 1,900 megawatts and 15,000
megawatt hours of stored energy) 1is operated jointly by the Consumers
Power Company and Detroit Edison at Ludington, Mich. The Ludington plant
uses Lake Michigan as the lower reservoir and a man;made lake about 2 miles
long by 1 mile wide as the upper reservoir. The plant was ten years in

the planning stage and 4-1/2 additional years were required to complete the.

construction. The total cost exceeded $340 million.
4.1.2 CONCEPT DESCRIPTION AND DEVELOPMENT STATUS

Generally, two reservoirs or reservoir sites are chosen such that with a
moderate amount of surface contour re-arrangement, a large upstream pond-
age area can deliver water to the turbines to meet peaking loads, emer-
gency needs or other system power requirements. The 1ow¢r reservoir must
be large enough to handle the outflow until it can be returned to the
higher reservoir or transfer excess water to an on-goiﬁg stream system.
Figure 4.1-1 illustrates the physical "head" relationships for the prin-

cipal pumped storage concept elements.

Pumped storage is conveniently used in conjunction with conventional hydro-
electric plants which typically are located on sizeable rivers. Some
natural storage is usually built into this type of hydro plant, often
utilizing natural terrain along with dams allowing deliberate flooding

of adjacent areas to varying depths. Since pumping is accomplished using
electric motors, there is no reason why available energy from other types

of electric generating plants cannot be used to pump water for storage.
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UPPER RESERVOIR

LOWER

TURBINE RESERVOIR

Figure 4.1-1 ABOVE GROUND PUMPED HYDRO STORAGE

The fundamental characteristics of this concept are well known, and the
literature has a wealth of data from many recent hydro and pumped storage
projects. Thefe is no mystery about the technical details. It may be
worth noting, however, that the larger projects are usually associated
with locations whare massive foundation structures can be securely placed
and where nature has lent a helping hand in terms of river basins, natural
gorges or other topography. The search for such locations makes above
ground hydro storage very site limited. Also, suitable sites and inexpen-

sive land continue to dwindle.

Above ground pumped hydro storage is not, therefore, a viable concept
for many parts of the country. Even where sites are available, local
opposition is often considerable, the objections jinclude inter-

ference with aquatic 1ife and otherwise altering or spoiling the
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natural environment. The Consolidated Edison plan for a 2000 megawatt
pumped hydro storage plant (The Storm King project on the Hudson River near
Cornwall, N.Y.)was successfully blocked for 10 years by environmentalists.
Pumped hydro facilities are often far from the areas they serve, thus
necessitating long distance power transmission lines which continue to

become more costly.

4.1.3 TECHNICAL ASSESSMENT

4.1.3.1 Plant and Equipment

The surface reservoirs and structures of above ground hydro storage
facilities require land areas typically ranging from 100-1600 acres de-
pending on regervoir depth and head. The minimum economic size for
electric utility storége use is from about 100 MW up;3 However, some
pumped hydro facilities rated at much less than 100 MW have been built.4
The latter may be useful for éma]]er scale installations (non-utility) in
the future, particularly where needs for autonomy of operation exist.
Planned projects call for totaT capacifies to 2,100 MW. Physical lay-
outs and cascading techniques are being considered to heads of 5000

feet. Figure 4.1-2 shows a representative plan view of a major above

ground pumped storage installation.

The key eguipment component for implementing pumped storage is the pump-

turbine unit. While separate pumps and hydraulic turbines of conventional
design can and have been used, the development of the reversibie pump tur-
bine and its later refinements have made pumped storage much more attrac-

tive. A number of types and designs exist, but the Francis type pump-
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Blenheim-Gilboa Pumped-Storage Project
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Figure 4.1-2 ABOVE GROUND PUMPED STORAGE INSTALLATION
(Vasilescu et a1l12)

turbines and/or modern Pelton impulse turbines are usedAfor the higher
head installations, the Francis being more prevalent because of its
economy and higher speed. Single stage reversible pump-turbine units
can be built for heads up to 1,200 ft. Beyond this,muTtip]e-stage units
and/or cascading is required. Future development work will likely con-
tinue to focus on obtaining higher head capabilities based on the ex-

tensive progress of the last 25 years.2

The best efficiency, with reversible pump-turbines, occurs at a lower



speed when generating than when pumping. This can be compensated for by
using ‘a generator-motor capable of two speed operation at a single fre-
quency. Units of this type have been built, but are more costly than
single speed units. The relationship between pumping and generating per-
formance of pumped turbines is fixed and design modifications are required
to obtain variations of this performance. Pumping time is typically up

to 20% longer than generating time due to pump vs turbine discharge rate

differences.

4.1.3.2 Efficiency

The system efficiency is usually defined as the ratio of generated energy
output to the pumping energy input. A consensus in the literature reports
on efficiency range from about 67-75%. 75% is considered achievable now
for modern pumped stbrage projects as a result of equipment improvements

over recent years.5

4.1.3.3 Useful Life
Operable units have been in service for 50 years, and while large scale
pumped storage projects have a history of only about 15 years, this life

span appears to be clearly predictable for the newer systems.

4.1.3.4 Other Performance Characteristics

Experience with conventional hydro generatiny facilities including those
with pumped storage has been very satisfactory with respect to operational
reliability and maintenance. Forced outage rates have been experienced

with pumped storage at a level somewhat higher than for fossil plants or
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hydroelectric generation without storage. However, the forced outages
have been significantly lower than those for combustion turbines. The
scheduled outage rates for the period 1965-1974 have been reported com-
parable to fossil plants but not quite as favorable as combustion tur-

bines.5

4.1.3.5 Environmental Impact

The areas of environmental impact to be considered with above ground
pumped storage systems include priority of land use, alteration of natural
landscape, thermal discharge effects and other factors which may be lo-
cation-peculiar. Aesthetic objections should be largely resolved by
proper landscaping, careful placement of transmission lines, and attention

to protection of surrounding communities.

Hydroelectric and pumped storage projects can actually help increase the
local fish population. A newly constructed surface reservoir may add not
only to available water volume in the area, but can also help stabilize
water levels and assist in flood control. Recreational use of recservoirs
is possible and is frequently permitted. Favorable comments on the
blending of hydro facilities with the environment are not uncommon. The
Blenheim-Gilboa Plant is a positive example of what can be accomplished

in this regard.6

4.1.3.6 Safety and Inherent Hazards

Principal problem areas for pumped storage are: (1) flooding, (2) dam
safety, and (3) hazards due to operation near high voltage equipment.

With proper design, construction and operation, these should be controllable,
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notwithstanding some unfortunate experiences.
4.1.4 COSTS AND ECONOMIC CONSIDERATIONS

Considerable capital and operating cost data exists for plants built to
date. These costs are generally expressed in terms of two components:
(1) a cost or investment associated with a étorage system of a given

power rating, I., in $/kW and (2) a cost associated with the energy

p
storage capacity of the system, I, expressed in $/kWh. For storage
capable of a maximum discharge capability (per cycle) of t hours at
rated power, the total capité] investment or cost, I. -(in $/kW) is

given by:

Representative ranges of power related costs, Ip, have been reported by
various sources.3:2:758 The span of these numbers, overall, is from
$90/kW to $180/kW. The overall range of storage related costs, I¢, as
reported by these same sources runs from $3/kWh to $20/kWh. Slightly
higher or lowcr numbers are alsu uvccdasionally seen. Generally, these
costs are stated without allowance fdr interest during construction.
Balance of plant costs for the installation must be added in some cases,
and care rust be taken to identify the "price year" before using any
numbers.. It is also appropriate to note that estimates using such figures
will generally not account for major variatioﬁs between sites, designs,

and other conditions relevant to a specific case.
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Fixed operation and maintenance costs are applicable to above grbund
pumped hydro facilities. $1.60/kW/yr. was recommended3 for pumped hydro

in making comparisons with other technologies.



4.2 UNDERGROUND PUMPED HYDRO STORAGE
4.2.1 GENERAL

This storage concept is closely related to conventional hydro-electric
generation and above ground water storage. It is reasonable to expect
that underground storage concepts may be helpful in the future in geo-
graphically extending the range of hydro storage usefulness. In addition,
it is likely that more extensive participation in use of hydro storage by
conventional generating plants would be possible as opposed to above

ground systems.

Operatfon, efficiencies and costs of underground hydro storage concepts

closely parallel those of above ground storage.
4.2.2 CONCEPT DESCRIPTION AND DEVELOPMENT STATUS

The underground pumped hydro storage concept requires use of two reservoirs,
one cr both of which may be located below normal ground surface level. This
makes this concept somewhat less site dependent since natural caverns, old
mines and man-made excavations become possible reservoirs where natural
topography does not provide above ground options. The number of possible
sites thus may be significantly increased over those for above ground

pumped hydro. Since the power capacity of stored hydro is directly re-
lated to head, or elevation difference between the two reservoirs, high

heads are needed to reduce the amount of excavation and/or cavern size and,



in turn, costs. Lower reservoirs placed as much as 3000-4000 feet below
ground have been discussed. 35959 Figure 4.2-1 illustrates the physical
relationships involved. Locations facilitating tie-in of existing genera-

ting plants, transmission lines, and loads should be chosen.

UPPER
RESERVOIR ACCESS

Figure 4.2-1 UNDERGROUND PUMPED HYDRO STORAGE

Waterways between the pump-turbine station and the two reservoirs may be
entirely underground or partially above ground. Construction of the
power house underground may prove to be economically and environmentally
beneficial in some cases. A concept for an underground installation is

“shown in Figure 4.2-2. At the present time, underground concepts 2 are
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being pursued in several countries and one U.S. underground plant is

the Ticensing stage.3

4.2.3 TECHNICAL ASSESSMENT

4.2.3.1 Plant and Equipment
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Underground pumped storage systems have the potential of reducing land
area requirements by factors in the order of 2-10 relative to above ground
systems. The actual reduction achievable in a given case would be en-
tirely site and design dependent. The reduction and the range are pri-
marily a function of differences in reservoir depth and head. These

latter variables have been examined to some extent and put in perspective

by others. 33

The minimum economic unit size 3,10 for underground pumped storage systems
does not seem to be clearly differentiated from above ground at the utili-
ty level. However, due to excavation costs for underground systems it has
been suggested that to keep costs comparable to an above ground system,
the discharge time capability might reasonably be expected to be about

60-70% of that for an above ground system.5

The reversible pump turbine remains the key component, although more de-
velopment work will be required for turbines and the overall system if
the high heads desired (above 2000 ft.) are to be achieved satisfactorily.
As inferred above, the higher heads are helpful in reducing the amount of

underground excavation and its associated costs.

4.2.3.2 Efficiency
Similar to above ground pumped hydro except that there is potential for

using shorter water passages which would help improve efficiency. Efficien-

cies of up to 80% have been postu]ated.5
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4.2.3.3 Useful Life

Similar to above ground systems - about 50 years.

4.2.3.4 O0Other Performance Characteristics

-Reliability and maintainability should be comparable to above ground
systems since the equipment involved is the same or very éimilar. The
fact that below ground plant operation is involved may introduce addi-
tional considerations simiiar to those affecting mine operation, parti-
cularly safety of personnel. The cost of maintenance operations could
be slightly higher as a result of additional access and procedural

requirements.

4,2.3.5 Environmental Impact

Building the pumped storage plant entirely or partially underground
raises the question of the disposition of excavated material. Uses for
the rock and soil removed are readily conceivable for some locations but
dfsposition of this material would clearly require careful planning. A
reduction in surface area requirements should make the abové ground
p]ant components easier to blend into the natural surroundings. Other
than these somewhat counterbalancing factors, the other concerns would
be similar to an above ground system. The specific consequences of any
drainage or discharge from the lower reservoir would need to be part of

each site survey. The possible disposition of excavated
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material has been similarly discussed elsewhere. 2,3

4.2.3.6 Safety and Inherent Hazards

For underground storage, safety problems may be increased due to the
underground construction and operation. Flooding of the underground

plart is of more concern since drainage capability might well be 1imited.
The potential for serious equipment damage is present should even moderate
flooding take place. The possibility of having the underground storage
system subjected to the full hydrostatic,head was pointed out in the
recent PSE&G study.3 Other safety concerns would be similar to above
ground systems, but possibly lessened in magnitude with only one re-

servoir above ground.
4.2.4 COSTS AND ECONOMIC CONSIDERATIONS

Power related costs, Ip, have been reported by various sources.3r5:7’8?]0
An overall range from $110/kW to $180/kW appears representative. Storage
related costs, IS; from these sources range from $3/kWh to $20/kWh. Bal-
ance of plant costs must be added in some cases. Operation and méinten-
ance costs of $1.60/kW/yr. were reported 3 and appear compatible with

1 if inflation is accounted for.

earlier estimates
The lead times to plan and build any type of large hydro facility are
long. Typically, 5-8 years is required from construction to full opera-

tion.5’7’]2 Total times in excess of ten years may be involved if some



or all of the planning lead time is counted. fhis lead time reduces,

in effect, the amount of money that can be spent on the capital equipment
for a hydro project, since interest during the long construction period

- consumes a considerable sum. With careful planning, the early outlays
can‘be reduced and thereby minimize this problem. Costs are generally
stated without allowance for this factor. Computations hust subsequently
acccunt for this item. The allowances for both underground pumped storage
and above ground storage would be similar as would the allowance for any
large projéct involving similar construction and lead times. The general
scheduling and funding factor computation process has been described else-

where 13 and a set of such factors is given in a recent PS&G study.3



4.3 THERMAL STORAGE - OIL

4.3.1 GENERAL

0i1 1is pOtentia]]y a desirable medium for energy storage under some
conditions. It has an advantage over water because of lower vapor
pressure. It can be pumped and otherwise kandled for storage purposes
utilizing conventional equipment and present technology. A major ne-
gative factor in the use of o0il is the flammability hazard, another is
the possibility of leaks or spills. As with other forms of thermal
storage, it is necessary to use insulation to reduce loss of heat content
during the time between storage and the extraction of the :heat energy for
subsequent use. Since the energy stored must eventually be connected to
a directly usable output, the nature of the conversion process and .its
efficiency is a major consideration. There are some other problems in-
herent to the use of oil but probably not too severe to cope with.
Exdmples ol Lhe laller are the specific heat (much lower than water), dc
gradation, coating effects which make immersion heating relatively un-
attractive as a means of inserting stored energy, and the requiremeﬁt for

heat exchangers.
4.3.2 CONCEPT DESCRIPTION AND DEVELOPMENT STATUS

As presently visualized, the concept would be applied in conjunction with
utility systems as a means of improving conventional generating efficiency.

Heat energy would be removed from a normal turbine cycle by extraction of



steam at times of relatively lower system demand. The extraction steam
and/or a portion of the main steam supply would be used to heat oil pumped
from an insulated tank via a heat exchanger system into a second tank. The
energy extracted would be preserved as sensible heat and sUbsequent]y ex-
tracted by using it to pre-heat boiler feedwater lines and increase turbine
output. The tankage used to store the 0i1 would require insulation to pre-

vent heat loss during the storage portion of the cycle.

Integration of this system into the power plant operation is.shown in
simplified form in Figure 4.3-1. Refs. 14 and 15 provide extensive
additional discussion of this general approach. Condensate and final
feedwater temperstures would determine the overall temperature difference
in the cycle. As much as 3009F At is estimated. A design for such a
system at the 1000 MW level is reported to be comp]ete.15 Vayious possi-
bilities exist with respect to the choice of configuration of the heat ex-
changer and turbines. Choice of the most effective 0il also requires

further work.

On the order of 1-1/2 million gallons of 0il have been estimated for stor-
age of 2600 Mith 14 p very signiticant trade-off exists in relation to
the land area requirements. Some area must be considered for containment
of 0il spillage, and the size and number of tanks determine to a large
extent how small the area can be made. The range of possibilities runs
from about three to twenty acres in the case cited, with smaller tank
unit sizes reducing the area requirement at the expense of reliability

and other factors. Underground tank placement is also a possibility. It
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is important to recognize that the “co]d“ oil is really likely to be at

temperatures at or above those of domestic hul waler tanks, with the "hot"

0il stored in the vicinity of 500°F.

The thermal energy storage design described 14 is based on existing tech-

| nology and experience.

Long and expensive research and development pro-

grams are not believed required in order to design commercial facilities.

Construction of a prototype test facility, in conjunction with a fossil

fuel power plant, would provide valuable operating experience with a

thermal-oil energy storage system.
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4.3.3 TECHNICAL ASSESSMENT

4.3.3.1 Plant and Equipment

The designs for a thermal-oil energy storage system as reported 3,15

are based on use in conjunction with a large nuclear power plant. The
projected storage capacity (2600 MWh) is well within the range of pre-
liminary estimates made earlier in this study with respect to desirable
amounts of storage for utility p]antﬁ. There does not appear to be any
basic reason why such a plant could not be scaled up or down somewhat
from the size described in the above references. However, the complex
nature of the plant, the necessity for having highly competent operating
personnel and the need for oil spill precautions rule out other than:
utility-scale applications. A specific study would be required to fully
determine the economics of other plant sizes. A minimum plant size of
50-200 MW was recommended,3 and no reason has been found to suggest

otherwise. .

This storage concept has the advantage of a much smaller degree of geo-
graphic dependence as compared to pumped hydro or compressed air. With
proper precaut}ons it should be feasible to select suitable sites with
constraints no more severe than those for refinery storage and handling
of comparable amounts of oil. Some uti]ify plants could be expected to
have adequate land available already to accept the installation required
for this type of storage. The oil transmission distances should be kept

quite short to assure minimum heat losses.
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4.3.3.2 Efficiency

Hot o0il thermal storage system efficiencies reported in the literature
range from 65-80%. A range of 65-75% was estimated in one case.3 Ref.

16 reported a range of 65-80%, based on underground storage.

4.3.3.3 Useful Life

Projected 1ife of a thermal-o0il system was found to be 25-30 years.3
No other estimates were found fof this type of system. However, the
nature of the storage equipment would be such that the major components
(i.e. tankage units and o0il transfer lines) should last 30 years with
proper maintenance, and the operating components such as pumps, gauges
and valves would be replaceable units not necessarily expected to have

the same 1ife.

4.3.3.1 O0ther Performance Characteristics

Although this cohcept is based on state-of-the-art techno]ogy, the lack
of other then a paper design precludes a meaningful assessment of re-

liability performance or possible operational problems. The authors of
this concept are presumed to have considered these factors although pub-

lished information does not really cover these points in any detail.

4.3.3.5 Envircnmental Impact
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In case of a tank or pipe rupture, containment of the oil is the major
environmental concern. Designs to minimize the potential for environ-
mental impact of o0il leakage would be mandatory. These could take

the form of dike-type enclosures around individual tanks.

4.3.3.6 Safety and Inherent Hazards

The major safety problem with thermal storage in oil tanks is the po-
tential fire hazard attendant with storing large quantities of oil. Proper
designs and procedures could insure safety of operation along the lines of
refinery storage operations. The elevated hot-o0il temperature would also

be of concern in event of a leak.

Leakage becomes a particular safety concern when this concept is inte-
grated with a nuclear power p]ant3. Precautions must be taken to avoid
leaking oil into the feedwater stream which under certain conditions
could radioactively contaminate the o0il. Proper system monitoring and

control would be required, but the technology for this is available.
4.3.4 COSTS

Recommended capital cost ranges are given3:15:16 where power related
costs, Ip, range from $150/kW to $250/kW, ard storage related costs range
from $10/kWh to $15/kkh. |

Reported fixed operation and maintenance costs of $3.20/kW/yr. and variable

04M costs of $.0002/kWh are recommended3 for use in comparing thermal-oil

storage with other concepts.
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4.4 THERMAL STORAGE - STEAM

4.4.1 GENERAL

As in the thermal-o0il storage concept, the use of steam or saturated water
provides storage in the form of "sensible" heat. Water is well suited to
this purpose because of its high specific heat, ease of handling, and
natural abundance. The properties of steam at various temperatures and
pressures are widely known and the techniques for making use of steam with
minimal hazard to operating personnel have long since been mastered.
However, to attain and utilize temperature differentials required for the
thermal storage concepts under consideration necessitates the use of ex-
pensive pressure vessels because of high vapor pressures encountered with
hot water.. Insulation of storage tanks and lines is essential to pre-
serve heat cdntent. A large quantity of hot water would be involved;
therefore, some care would be required to insure that catastrophic loss

of this storage media could not do excessive damage. T;e concept is site

dependent only to the extent that the storage system needs to be located

adjacent to the basic power plant which it serves.

With today's technology, there appears to be no reason why a utility-

scale storage system of this type could not be bui]t.]7’]8

4.4.2 CONCEPT DESCRIPTION AND DEVELOPMENT STATUS

The basic principle of operation with this storage concept, as currently
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conceived, is very much like that for thermal oil. The implementation

is somewhat different, however, since the storage media and working fluid
are one and the same. Figure 4.4-1 shows a simplified diagram of the
concept based on detailed work documented by PSE&G‘3 and Golibersuch et

a].]g Steam extracted from the normal cycle in a steam-turbine generating

PRIMARY

STEAM “”"’f”“-"" :
SOURCE ”’l”,,,ff

D
TURBINE ____——1 GENERATOR )

TANK STORAGE
r—__'_'_!
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O O :
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L. COOLING
SYSTEM

L - - _4d

Figure 4.4-1 THERMAL-STEAM ENERGY STORAGE

plant .is injected via submerged nozzles into partially water-filled pres-
sure vessels transferring heat to the stored water. This raises both the
temperature and pressure of water already within the vessel and also in-
creases the water level. During portions of the peak load demand, when

it becomes desirable to increase the output of the turbine-generators, a
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deliberate reduction of storage tank pressure causes a portion of the
water to change to steam instantaneously. The steam thus formed is piped
to the turbines (or to a separate "peaking" turbine) increasing its out-

put to meet the high load demand.

Even though present technology will permit building such a system, there are
significant limitations, the most severe being the cost of high pressure
storage vessels. Methods other than use of conventional welded steel tanks
have been suggested for investigation. The latter include bre-stressed con-
crete containers and use of undergroundﬁ(pressurized) caverns (similar to

the dry-cavity concept for compressed air).
4.4.3 TECHNICAL ASSESSMENT

4.4.3.1 Key Characteristics

Plant size, efficiency and expected useful life of a thermal-steam stor-
age system are considered very similar to those of the thermal-oil con-"
cept. Reference 3 provides estimates for a storage capacity of 2000 MWh
that include about 3-5 acres of land and as many as 440 individual storage

tanks.
As in the case of thermal-oil storage, a number of configuration trade-
offs are possible, depending on specific site requirements for access-

ways and tank location and separation.

. Most concept implementations for this type of storage are discussed in
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relation to nuclear power plants where some advantages are associated
with the integral design of the basic plant and the storage system to:
assure properly coordinated design of the low pressure turbines. Addi -
tional development work on this concept would be primarily in the area of

storage vessel design.
- The minimum effective plant size, efficiency, and useful life for thermal-
steam storage are approximately the same as for thermal-oil (Section 4.3)

and are, respectively, 50-200 MW, 70% and 30 years.

4.4.3.2 O0ther Performance Characteristics

The operating reliability and maintainability of such a system should be
similar to classic steam plants. Tank corrosion has been discussed as -a

major maintenance problem.

4.4.3.3 Environmental Impact

When steam storage is integrated with a nuclear power plant, possible
radioactive contamination in the system could result. Reference 3 re-
ports that if boiling water reactors are used insteéd of pressurized
water reactors, the potential exists for the leakage of fission products
into the primary cooling water which could be transferred to the storage

vessels. Improved designs can overcome this problem.

4.4.3.4 Safety and Inherent Hazards
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Safe handling of high pressure steam is not a problem in today's tech-
nology. However, proper system monitoring and control should be empha-
sized to guard against the possible radioactive contamination of the sys-
tem as described above. Personnel safety procedures would have to parallel
those of modern steam plants. Design and procedural precautions would be
needed tc prevent catastrophic loss of the hot water and steam in event

of tank rupture.

4.4.4 COSTS

The recommended power-related capital cost ranges for steam thermal energy
storage, as reported in References 3 and 15, are identical to those of

oil thermal energy storage, i.e., Ip ranges from 150 to.250 $/kW. However,
the storage related costs range from 30 to 70 $/kWh according to Reference
3. Reference 3 also recommends that the operating and maintenance costs
for steam storage be teken as identical to those for thermal-oil storage

(See Section 4.3.4).
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4.5 UNDERGROUND COMPRESSED AIR STORAGE

4.5.1 GENERAL

The cencept of storing energy in the form of compressed air is not new.
It has recently been investigated with renewed interest based on larger
s;a1e use. A comprehensive review of the entire compressed air storage

techno]dgy was recently completed for ERDA by the General Electric Co. 20

Initial patents 21,22,23 involving compressed air storage were issued in
the late 1940's and early 1950's. More recent studies (e.g. References
24 through 29) of this concept afe providing new approaches for this de-

veloping technology.

In practice, this concept would make use of electrical energy, generated by
power plants during off-peak load periods, fo compress air which could be
stored by suitable containment. During periods of peak power loads, thg
compressed air and a fuel (probably fossil in nature) would be comﬁined in
a combustion chamber. The heated air and combustion products would be ex-
panded through a turbine, producing electricity in the usual manner by

driving a generator.
4.5.2 CONCEPT DESCRIPTION AND DEVELOPMENT STATUS

Conversion of compressed air tc electricity can be accomplished in at

least two ways. The air can be directly expanded to drive air turbines,
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or it can be injected into gas turbines in place of the usual compression
stages. Initially, the latter step is considered ﬁore desirable, the
principal reason being the elimination of problems inherent in the direct
expansion of high-pressure air. A block diaéram of the current concepts

using fueled turbines is shown in Figure 4.5-1.

UTILITY
POWER
MOTOR j\& "
— TURBINE
GENERATOR /

. COMPRESSOR

~—— FUEL

L

Figure 4.5-1 - SCHEMATIC OF UNDERGROUND COMPRESSED AIR STORAGE

Conventional gas turbines may be modified so that the compressor stages,
generator and power stage are separated by clutches. In the storage mode,

‘the generator, operating as a motor, draws power from the network to drive
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an air compressor. Compressed air is delivered to storage. The power

turbine is inoperative so that no fuel is consumed.

When the demand for power exceeds the on-line capacity, the compressor is
disengaged and the power turbine is connected to the generator. Fuel is
added and compressed air is released from storage. The generator then
supplies power to serve the load. The fuel saving due to use of the com-
pressed air supply will amount to about 66 percent, compared to con-

ventional turbine operation?]

Operation of the system in this charge-discharge cycle eliminates the need
for matching the mass flow in the turbine and the compressor. It is con-
ceivable that a system could be designed with components capable of opera-
ting as a conventional gas turbine unit, allowing both the compressor and
turbine to remain connected to the motor-generator. This would allow con-

ventional operation of the unit after exhaustion of the compressed air.

Compressed air energy storage systems have been conceptualized to both
constant pressure and constant volume. The constant pressure system would
use a hydrostatically pressurized subterranean reservoir. Such a reservoir
might be a natural acquifer, with the operating pressure determined by
naturally occurring conditions. Alternatively, the reservoir might be

either a natural or.artificial cavern utilizing water piped from a surface
reservoir to provide pressurization. The latter would be based on considera-

tion of both technical and eccnomic parameters for the particular case.
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A constant pressure system is expected to require cooling of the air after
compression in order to bring the temperature of the compressed air down to
approximately 50°C. This cooling is needed to prevent excessive heat
transfer tc the pressurizing water, which in turn would be subject to
evaporation. The heat removed by the cooling process constitutes an

energy loss in the overall storage system operation. High storage pres-
sures tend to be attractive in that they reduce the amount of cavern space
that night otherwise have to be excavated at considerable expense. It is
believed that high pressure turbines would be desirable in order to avoid

throttling losses that might occur with use of the higher storage pressures.

In selecting a suitable site for a water-pressurized compressed air storage
system, it would be necessary to consider the feasibility of obtaining
water for pressurization, and whether land-use for surface reservoirs would

be acceptable.

The constant volume or v&riab]e pressure system needs only a suitable air
storage reservoir. Fabricated tankage would be excessively costly at Tow
compressed air densities; however, underground caverns could be effective.
Both natural and man-made storage sites are of possible interest. This
system concept makes storage of the compressed air possible at tempera-
tures more compatible with compressor discharge temperatures. It is
visualized that at discharge the reservoir pressure could drop as much as
50%. Turbine design would have to accommodate this range as optimally as

possible.
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There is considerable precedent for this second compressad air storage
concept in that storage of natural gas. has been satisfactorily accom-
plished in this manner for some time.30 The natural gas industry has

made use of depleted oil and gas fields, acquifers and man-made caverns.
In the latter instance nuclear detonation and solution mining of salt are
alternatives to conventional excavation methods. Figure 4.5-2 illustrates

a solution mining concept.3]

Diagram of leaching process for an air reservoir in
an underground salt deposit.

gater
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Figure 4.5-2 SOLUTION MINING PRINCIPLE - DIAGRAM OF LEACHING PROCESS
FOR AN AIR RESERVOIR IN AN UNDERGROUND SALT DEPOSIT.
(From STYS 31)
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There are two components of the underground pressure that have been identi-
fied as applicable to storage in subterranean areas. One is the gravity
or hydrostatic pressure of water from whatever water table exists above

the cavern. The other is an overburden pressure contributed by overlying
rock formations. The combined resultant pressure, or "geopressure" as it
is known, can range up to about one psi per foot of depth. Cavern depths

of 2000 feet or more are discussed in the 1iterature.9

Abandoned mines in New Mexico are cited 20 as desirable low cost test sites.

Natural water-bearing strata, often referred to as "acquifers”", are be-
lieved to offer the most widely available storage sites. Acquifers may
have very long underground passageways or channels which change both in
elevation and direction. If gas or compressed air is injected at a pressure
higher than the "geopressure", it displaces the water and creates an air
bubble within the underground formation. The individual nature of the
acquifer's structure will determine the behavior of the displaced water

and the amount of pressure which can be tolerated. The water within the
acquifer will generally be the containing element in the horizontal direc-

tion along the underground passageways.

Research work is necessary to investigate the various types of underground
sites as well as specific sites. It is important to ascertain the degree
to which daily pressure and temperature variations can be handled by the
cavern structures. When the stored, compressed air is released, it must

not force harmful contamination or particulates within the cavern to
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migrate to the turbines and cause damage. More must be learned about

these site-related specifics.

The implementation of the compressed air storage project in West
Germany32’33’34 illustrates the present state of readiness for exploita-
tion of this concept. The plant at Huntorf, Gerimany, is scheduled to go

into opefation in 1977.

Contract negotiations with three utilities are presently (mid-1977) under-
way for preliminary design and site exploration related to the future
application of this concept in the United States. Candidate storage
reservoirs include aquifers (Public Service of Indiana), rock caverns

(Potomac Electric Power), and solution-mined salt caverns (Mid-South Services).

The concept of combining underground pumped hydro and compressed air
storage is the subject of a patent application by E.S. Loane of the GPU
Service Corporation. This combination offers possible cost reductions due

to better integration of equipment, and improved system optimization.

Reference 3 reports land area requirements for a 1000 MW storage system
ranging between 5 and 68 acres depending on storage pressure and reservoir

depth.

4.5.3 TECHNICAL ASSESSMENT

4.5.3.1 Plant and Equipment

Reference 3 reports that the net power output of an air storage combustion

turbine will be three times that of a conventional gas turbine, and
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concludes that since the largest conventional gas turbine is rated about
100 MW, power levels approaching 300 MW should be possible for a combustion
turbine unit operating from compressed air storage. A 1000 MW system out-
put cbu]d be provided by four 250 MW units.
One basic construction method useful in rock formations, designated "vroon
and pillar", results in an underground cavern for the storage plant as

20

shown in Figure 4.5-3. The Huntorf, Germany Plant used a solution mined

cavern.

TYPICAL SECTION THROUGH LATERAL
TUNKEL
RESERVOIR
_fv{ ' N
WATER IHLET SHAFT ﬂ/AIR DISCHARGE SHAFT
) i CAVERN
T ’gn g

e “DISTRIBUTION TUNKE
SECTION A-A

>~ ISOMETRIC VIEW

Figure 4.5-3 CONCEPTUAL ROOM AND PILLAR COMPRESSED AIR STORAGE CAVERN
(From Bush et al 20)
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4.5.3.2 Efficiency

There are two ways to define efficiency for the compressed air storage
system: (1) ar ”enefgy conversion" efficiency and (2) an "energy

storage system" efficiency. The energy conversion efficiency is defined
as the efficiency of conversion of the energy input to electrical output.
Reference 3 reports energy conversion efficiencies ranging from 40 to 53%
for heet rates of 5800 to 4200 Btu/kWh énd compressed air pumping require-
ments from 0.8 to 0.6 kWh (out), respectively. For comparison with other
storage technologies, the storage system efficiency (in terms of the fuel
utilization efficiency of the baseload plus the compressec air system
versus the baseload fuel utilization-efficiency) is more useful. Re-
ference 3 reports corresponding storage system efficiencies ranging from
69 to 93% for the same range of heat rate and compressed air pumping re-
quirements given above. References 16, 35 report efficiencies ranging from

65 to 75% for compressed air storage.
4.5.3.3 Useful Life

The projected life of compressed air storage systems ds reported in
Reference 20 is 28 to 40 years. Reference 3 reports an expected life of

16 projects a life of 30 years which, for

20 to 25 years. Kalhammer
comparison purposes, will be assumed representative for compressed air

storage systems.

- 4.5.3.4 Other Performance Characteristics
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Compressed air system reliability is discussed 20

as possibly being
approximately equal to that for gas turbines. However, the reliability
and maintainability of the air storage facility is a major unknown at

present due to lack of operating experier:ce.

4.5.3.5 Environmental Impact

Four areas of possible environmental impact to be considered with under-
ground compressed air storage systems are: . (1) aesthetic land use, (2)

water quality, (3) air pollution, and (4) noise.

Equipment will be housed in suitable structures, somewhat similar to
ordinary power plants. In order to prevent the deterioration of water
quality, compressed air storage uses confined acquifers, not the form of

acquifer used as a water supply.
For air pollution control, water injection into the turbine combustion
chamber is commonly used to lower the flame temperature and decrease the

concentrations of the oxides of nitrogen.

4.5.3.6 Safety and Inherent Hazards

Hazards posed by the large quantities of high pressure air in this stor-
age concept include the possibility of line ruptures throughout the sys-
tem. In addition, the use of abandoned coal mines and gas wells as stor-

age reservoirs poses the potential problem of accumulation of significant



amounts of methane. It would be necessary to maintain continuous moni-

toring of these storage cavern hazards.
4.5.4 COSTS AND ECONOMIC CONSIDERATIONS

Representative capital investment and operating cost ranges for compressed

air storage are reported in Refs. 3, éO. These costs are based on a

comprehensive compilation of cost data obtained from other sources. The
power related costs, Ip, range from 100 to 210 $/kW and the storage re-

lated costs, Ig, range from 4 to 30 $/kWh.

For underground compressed air, construction lead times of about two to
three years have been estimated.3%:3% This seems to be consistent with
the Huntorf experience. Including the planning phase, the total time

would be about 5 years.
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4.6 PNEUMATIC STORAGE

4.6.1 GENERAL

Intuitively, the use ¢f pneumatic storage or compressed air as a technique

for energy accumulation would seem well suited to residential-sized appli-
cations. However, an extensive search of library holdings, periodical
literature and technical documents failed to uncover descriptions of any
systems of this size, a]though.there is.much information available for utility-
configured installations as discussed in the previous section.

A con_tact37

with the AiResearch Manufacturing Co. of Arizona, Garrett Corp.,
a well-known manufacturer of auxiliary power units for aircraft, did iead
to the identification of an energy storage prototype system within rea-
sonable scaling size for a home system. That organization is fabricating

an air-turbine driven alternator with a rated output of 80 kW for a proof-
of concept experiment being conducted by the Hydro-Quebec Institute of
Research (IREQ) in Canada. A discussion with an engineer in that organization
indicated that the demnnstration employs a steel tank to store compressed
air developed by a multi-staged piston compressor powered from electric
motors which received energy from a windmill-driven generator. The wind
generator has a peak output of 40 kW and the storage tank has been designed
to store approximately 40 kWh of energy. Although the size of the windmill
and output alternator for this demonstration are somewhat larger than the
nominal residential load of 4 kW and peak rating of 10 kW, the storage
capacity is comparable to that selected for nominal residential energy
storage in this study. Thus, the elements of this system can be used as a
model which would have fewer scaling errors than would be expected from

utility-sized components.
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The 1imited information on this concept further indicates the immaturity
in the development of suitable residential system components and therefore

a low expectation for early economic viability for such an arrangement.

4.6.2 CONCEPT DESCRIPTION AND DEVELOPMENT STATUS

The configuration conceived for residential pneumatic storage is based upon
that to be tested by the Canadian proof-of-concept experiment.38 A
conceptual and very much simp]ified block diagram of the pneumatic storage

system is shown in Figure 4.6-1.
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FIGURE 4.6-1. SIMPLIFIED BLOCK DIAGRAM OF PNEUMATIC STORAGE SYSTEM

For a photovoltaic system, the electric energy collected as dc may be con- .

verted to ac for use in driving an ac electrical motor, although the Canadian
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system uses dc for its conpressor drive. A wind driven alternator can
supply either an ac or dc output which would be compatible with the com-
pressor drive motors selected. Since in the home system it is unlikely
that a natural cavern or aquifier would be economically available, a steel
constant-volume tank could be employed for storage. To charge the tank,

a positive displacement, piston compressor is utilized to achieve a pres-
surization of 50 atmospheres (about 700 psig). For an adiabatic or isen-
tropic compression cycle (the temperatures that would theoretically exist
at these pressure ratios are approximately 1150°F), an interstage cooler
would be necessary. The system could also be configured to utilize the energy
removed from the air for heating domestic hot water or heating and cooling
of the rgsidence, although this addition will increase complexity and thus

costs and may seriously affect overall storage system efficiency.

Air-driven turbines operate most efficiently when supplied from an essentially
constant pressure source. Therefore, a regulator would be utilized to main-
tain an inlet pressure ot approximately 75 psig (5 atmosphcres) cven though
this technique will result in some decrease in efficiency due to throttling
losses. Turbines also operate most efficiently at extremely high speed. The
unit for the IREQ experiment operates at a speed of 42,000 rpm with the rated
output from the alternator of 80 kW. According to the engineers contacted,
this speed would be considerably higher for the smaller, 10 kW drive that
would be used for the hore systems. Since alternators usually operate at a
speed of about 1800 rpm, a gearbox would be interposed. -The speed of the
alternator is maintained at a constant value by using a control which regulates

the position of the inlet guide vane to the turbine.
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The components for the experiment being conducted by Hydro-Quebec Institute
of Research are effectively off-the-shelf available items and have not

been specifically designed to an optimal size for integration into such a
system. IREQ does not expect to have publishable results available before
the end of 1977. It should be emphasized that the system concept described
above is based upon limited conversations and is greatly simplified compared

with the experimental project cited.

4,6.3 TECHNICAL ASSESSMENT

4.6.3.1 Unit Size

The peak output identified for either the photovoltaic or wind generators
associated with a residential energy storage system is 10 kW. This size
would equate approximately to a 7.5 hp piston compressor - a size that is
commercially available from a number of manufacturers. The tank size is
directly determined by the energy storage capacity established for the
application (approximately 50 kWh). The tank being procured by IREQ has
been sized for that storage rating and is 5 ft. in diameter and 45 ft.

long. The max imum storage pressure is 800 psig which dictated wall
thicknesses of 1.5 in. for that use. The air-driven turbine for that
installation had a wheel diameter of about 7 in. with an output rating of

80 kW. Since the 10 kW residence rating results in a much higher speed, its
size would be smaller, making it almost insignificant when compared to the
elements in the system. No data is readily available on the high speed

gear reducer needed, but the power rating is such that it should be available
as a designed component. A synchronous, single phase generator with a 10 kW

continuous rating would be approximately 2 ft. long and 1 ft. in diameter.
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4.6.3.2 Efficiency

The IREQ engineer estimated that the overall “energy conversion" efficiency
of the system that is being assembled for the experiment is about 25 to 30
percent. This value is based on the useful energy available at the elec-
trical output from the output alternator as compared to the energy developed
at the winamill shaft. The efficiencies -of some of the components might drop
slightly with smaller sized units, but the AiResearch engineer was of the
opinion that the efficiencies of the output turbine-alternator would remain
about the same for the smaller unit which would be used for a residence

installation.

The equivalent "energy storage system" efficiency for pneumatic storage

is estimated to be on the order of 60 percent. This efficiency value assumes
some turbine pre-heat using waste energy from the compression cycle. This

is consistent with the underground compressed air efficiencies of 40 percent
for overall energy conversion and 70 percent for the storage system itself

reported in Section 4.5.

4.6.3.3 Useful Life

Although the system is relatively immature, the components used that are
unique to pneumatic stcrage do not represent any extension of the state-of-
the-art. With tha exception of the steel storage tank, all of the components
are smaller versions of the devices employed in the underground comoressed
air storage discussed in Section 4.5. Since the service life of the tank
would be much longer than dynamic elements, the life of the latter would be
1imiting. This 1ife was assumed to be 30 years for the experimental

system.
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4.6.3.4 Other Performance Characteristics

The cylindrical storage tank represents a very sizeable investment-

($40,000 for the IREQ unit - admittedly a one-of-a-kind cost element)

in a large, heavy (48,000 1bs) tank, with both<characteristics creating
acceptance probliems to the average homeowner. A spherical tank (12 ft. in
diametér) would weigh much less (about i5,000 1bs) but would still cause
siting problems. The 1.5 in. thick walls for the cylindrical tank

accounts for its large weight.

The reliability and maintainability of the equipment used for a pneumatic
storage system can be estimated since the elements used have an extensive
commercial application background. An unknown factor would be the effect
of the well-known absence of preventive mainpenance care by the average

home owner.

4.6.3.5 Environmental Impact

For the home installation there are three areas of concern from an environ-
mental point of view. These are: (1) requirements for zoning restrictions
due to noise, hazards, (and aesthetics if components are outdoors), (2)
localized thermal pollution from the high temperature compression discharge
air, (3) the overall noise level of the reciprocating compressor and a

_high speed turbine.

- The compressor and alternator units could be housed in an acceptable outdoor
enclcsure, since it is doubtful if the noise and vibration of the equipment
would be acceptable in the home. The tank would probably be enclosed or

placed underground to minimize its land usage and also to provide protection in
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the event of a tank failure. Tank burial would also provide some insulation
which could improve cycle efficiency. The thermal rise could probably

be controlled by using the heat of compression for domestic hot water
heating and home heating or cooling. Attention would have to be given to
the design of the equipment enclosure so that it would serve as a sound

and vibration absorber and prevent annoyance to the homeowner and nearby

residents. These items would add to the expense of installation.

4.6.3.6 Safety and Inherent Hazards

The highly pressurized (800 psi) tank forms the greatest potential safety
hazard since high preséure pneumatics are very dangerous if a failure occurs.
Burial of the tank and some restraining devices probably would be necessary
to minimize the risk to nearby personnel. A1l of the high pressure lines,
valves, etc., are potentially dangerous elements and would have to have
safety equipment and interlocks to minimize risks to nearby people. The
temperature at the compressor discharge is extremely high at this pressure
ratio and adequate shields would have to be provided to protect humans and
pets in the home. The high speed turbine is also a potential threat should
a wheel fracture occur. A restraining enclosure would have to be provided

to contain any fragments should that event t?anspirei

4.6.4 COSTS AND ECONOMIC CONSIDERATIONS
Since it was not pcssible to identify any pneumatic storage systems of the exact

size range applicable to residential use, there is no data directly available on

system costs. The equipment is similar in nature to but smaller in size
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than that used for the underground compressed air storage system discussed
in Section 4.5, some of the cost data there is applica51e. In Section
4.5.4, a range of power related costs, Ip, are given. Since the residential
equipment is sma]ler; its costs would lie near or above the upper end of
the range, or for estimating purposes, about $225/kW could be used. The
costs of the cylindrical tank mentioned above is not far from the dollars
per pound cost of smaller, ASME coded tanks which have been recently priced.
Thus, this storage»tank would represent $800/kWh in itself. Absolute
minimum tank costs for quantity production are estimated to be in the

range of 200-250 $/kWh.

A recent contract award to A.D. Little, Inc., by ERDA through Sandia
Laboratories,will focus on the development of a pneumatic system based on
the use of a highly efficient ( ~ 80%) scro]]‘compressor-expander.
Results of this study may reveal improved economics of the pneumatic

system under c0ns1'derat1'on.37a
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4.7 LEAD-ACID BATTERIES

4.7.1 GENERAL

Lead-acid storage cells are currently available in an extremely wide
rance of sizes and in several basic types. In addition to the common
automotive type there are cells ranging in size from a fraction of an
ampere hour (for powering electronic devices) to over ten thousand ampere
hours (submarine propulsion and for standby emergency power systems).
Because of the wide range of possfb]e sizes, lead-acid battery systems
are potehtia] candidates at the utility, residential or intermediate
application levels in conjunction with wind and photovoltaic energy con-
version. For general utility system service, lead-acid or advanced lead-
acid batteries are currently of interest to planners, principally for
handling relatively short duration peaking loads. Considerable investi-

gation of this possibility has recently been accomp]ished.39’40

Although
longer discharge times are of interest for load leveling, the
use of 3-5 hour batteries has been recognized as a key to reducing costs

to achieve economic viability.

4.7.2 CONCEPT DESCRIPTION AND DEVELOPMENT STATUS

Figure 4.7-1 illustrates the generic arrangement of a battery storage system.

The input power for general uti1ityvsystem use would be supplied by off-peak
power from the utility grid. With appropriate power conversion and/or con-

ditioning, the input may be supplied by either a wind or photovoltaic energy
conversion system. The power conversion provides the appropriate dc voltage
level to the battery depending on its electrical configuration. The water

system provides battery make-up water, and in some configurations, battery
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FIGURE 4.7-1. BASIC LEAD-ACID BATTERY STORAGE SYSTEM

cooling.- There are additional auxiliary systems required for a large
battery syétem, which generally include provision'for the following
functions: . venti]atiqn, monitoring, charge/discharge control, power bus,
isolation, fusing and fault protection, ground leak path detection, acid
containment, fire equipment, hydrogen detection, and stibine ahd arsine
detection. When called upon fo discharge in response to load demands,
power convérsion‘back to ac permits eneryy transfer at a voltage, suitably
transformed, which conforms to the particular load being supported by the
battery. Residential or intermediate versions of a battery syétem are merely
smaller-scale systems in which some of the sophistication may be omitted.
At the residential level, the auxiliaries would be minimal, but not

unimportant functionally.
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For a utility scale battery system, parallel strings of series cells
would be used to provide the voltage and power levels desired. A number

of arrangements are possible and the optimum sizing and vcltage levels

41,42

have received considerable attention. Figure 4.7-2 illustrates the

storage system-to-utility interface via an overall schematic of a peaking

battery concept defined in a recent study of lead-acid battery auxi]iaries.42
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Various alternatives for closed vs. open cells and single layer vs. tiered
or stacked battery modules have also been examined. Figures 4.7-3 and 4.7-4

provide a visua]iiation of the arrangement and handling of cells for these
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two respective configurations. These arrangements were a part of a study
in connection with the development of plans for a 20 MW demonstration

p]ant.4] The conceptual and design work leading to the implementation

of a Battery Energy Storage Test (BEST) facility is progressing rapid]y.43
Final engineering design of the facility is scheduled for mid 1977, with
facility operational readiness targeted for late 1979. The facility will
be located on a 32 acre tract in Hillsborough Township, N.J. Public
Service Electric and Gas Company of Newark, il.J. is the contractor for the
design, construction and implementation of this facility. Plans for use
include the eventual testing of lead-acid and various other advanced
batteries. The design of the BEST facility was reviewed44 at the
February 1977 BEST Workshop II. Various major components and subsystems

g ; . 44, 45, 46
for BEST were also reviewed at that tine.

For the intermediate level of application, use of batteries similar to
present day motive power units has been considered as a possible point
of departure for specific desians. Because of the wide range of possible
intermediate applications, it seems 1ike1y that the results of utility

scale battery testing could influence the intermediate market also.

Figtire 4.7-5 shows a motive power lead-acid cell of current, mature design.
Less attention has been given to date to a residential energy storage

battery specifically designed and packaged for storing significant ameunts
of the energy needed for daily home use. Such a battery could be built in

suitable quantities very rapidly if the market incentives materialized.
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FIGURE 4.7-5. LEAD-ACID CELL

A11 of the present day lead-acid batteries have rather similar basic
components end function in a similar fashion. Lead peroxide positive plates
and spongy lead negative plates are used with a sulfuric acid electrolyte.

In general, both plates have a lead-antimony alloy grid as a current
collector. 1In recent years lead-acid cells used for standby service have
substituted a Tead-calcium alloy for the lead-antimony grid material and
battery life was extended beyond twenty years. The lead-acid cells

required for the applications covered by this study program are of a "hybrid"
type which contain lead-antimony positive grid material and lead calcium

negative grid material to incrcase cycle life.

Enercy storage is accomplished by an electro-chemical process in which lead

sulfate and water are converted to lead peroxide, lead, and sulfuric acid
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by the addition of electrical energy. The reaction is reversible so that
when an external electrical circuit is connected across the cell the

lead peroxide and lead react with the sulfuric acid and release electrical
energy. There is an efficiency loss caused by the difference in the cell
voltage required for the charge reaction and the voltage available at the
terminals for the discharge reaction. Also there is an efficiency loss
caused by side reactions (such as the decomposition of water) which are

not reversible.

The type of user for the three applications deserves specific consideration.
The homeowner cannot be expected to contribute any significant amount of
operating control or maintenance, whereas, in the utility case, it is
expected that at least part-time trained operating and maintenance personnel
will be available. Because of the very common application of the lead-acid
battery in the automobile, and the fact that a residential battery is of
moderate size, it is likely that a homeowner would accept the responsibility

of a lead-acid battery in his home.

4.7.3 TECHNICAL ASSESSMENT

4.7.3.1 Plant and Equipment

Lead-acid battery technology is available to support the design and fabri-
cation of batteries which will meet the basic technical requirements for
residential and intermediate applications. The main questions are more in
the area of tailoring the designs and packaging for the specific use.

The overriding question beyond this, of course, is cost. From a size
standpoint, the complete residential battery system has been estimated to

require only about 100 square feet of space within the residential structure.
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Possibly, this can be reduced and/or an adjacent enclosure devised for
outside use. A common 250 ampere hour battery could be used. An inter-
mediate application battery could use about a 2500 ampere-hour cell which

can be built in limited quantities with existing manufacturing facilities.

The utility application, as indicated by the previous concept description.
is clearly an extension of the state-of-the-art. The manufacturers have

40 that address the issues of repeated cycling and the

proposed designs
need to make costs attractive. It seems probable that the benefits of

this effort will be reflected back into existing technology for smaller

size batteries, but this remains to be seen. There is a basis for converter
design using HVAC experience,and this area is receiving attention as

already indicated. Smaller scale converter equipment has achieved some-
what less efficiency and will need additional attention. There do not
appear to be any fundamental barriers to achieving the energy levels

desirable for the three application sizes. The battery testing program

should confirm this for the utility case.

4.7.3.2 Efficiency

Battery storage efficiencies are variously reported in thc general
literature all the way from 60-85%. For lead-acid batteries, a voltaic
efficiency of 85% and a coulcmbic efficiency of 95% are reasonable to
expect, and would give an overall efficiency of approximately g1y.47 If
a 90% conversion is also included, the battery system efficiency becomes
about 72% wihich is at the mean of the range reported recently for a 5 hour

utility battery by several battery manufacturers.40
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4.7.3.3 Useful Life
The cycle life of the lead-acid batteries used for motive power service

(forklift trucks) exceeds 2000 cycles, and 2500 cycles is obtainable with

derating of cells.

For the utility scale batteries, the cycle life is not firmly established

40

but a consensus places it at about 2000 cycles or 10 years.

4.7.3.4 O0Other Performance Characteristics

Lead-acid batteries have an advantage over most advanced batteries in their
room temperature operation. HNo warm up period or cool-down periods is
required, and no energy is expended in maintaining an elevated temperature.
The batteries require a direct current input and, therefore, ac/dc con-

version is generally required.

The lead-acid battery is considered to be one of the most reliable energy
storage systems available to industry. It pruvides reserve power in com-
munications, U.P.S. (Uninterruptible Power Source). emergency lighting,

and security systems where a loss of power can be extremely critical. To
obtain very high reliability, the lead-acid cells are generally derated

for the specific application.

The primary materials used in the construction of lead-acid batteries are
still available in large quantities as mineral deposits relatively easily
mined throughout the U.S. and the wor]d.48 The cost of lead will probably

not drop in the coming years, but the supply does not appear to be near
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exhaustion. In a similar manner, sulfuric acid base materials are

-

available in virtually inexhaustible quantities.

' 4.7.3.5 Environmental Impact

For the residential application it is expected that lead-acid batteries
will have no significant environmental impacts since the use of similar
batteries in automobiles has not been identified as an environmental
problem. Similarly, for the intermediate battery system no significant
problems of atmosphere or water pollution or detrimenta] environmental
effects have been identified. In the case of a very large utility size
battery system the questiqn of land area must be considered. However,
"stacked" plant configurations under consideration could reduce this
requirement to the order of 500 MWh/acre or under. Even for the large
battery system, however, the use and pollution of watef or other environ-
mental problems do not appear significant provided effluents are carefully

controlled.

A more significant question may be that of the handling of large quantities
of lead in the manufacturing process. The increasing precautions required
against contamination from process waste-water are already a burden on

battery manufacturers.

The: lead-acid batteries for all applications will be housed in structures
which should not be objectionable from the aesthetic viewpoint. The large
size of the central power station battery mignt possibly raise objections in

some locations.
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4.7.3.6 Safety and Inherent Hazards

From a safety viewpoint lead-acid batteries have an excellent record.
Hydrogen gas is released in small quantities when batteries are charged,
but with proper ventilation this is not a problem. Even on large battery
systems, (e.g., submarines), the hydrogen is safely vented and accidents
are extremely rare. Acid leakage or acid spray is a possibility but again
this is controllable and serious accidents are extremely rare. The
hazard to plant personnel of high voltage electrical power is probably

the greatest safety problem, although precautions will be required in the
utility installation to avoid undue acid mist contact and unusual concen-

trations of arsine, stibine or hydrogen gas.42

4.7.4 COSTS AND ECONOMIC CONSIDERATIONS

Detailed cost estimates for utility batteries have been made by various
battery manufacturers.39,40,41 Although there is a significant range to
these estimates, the differences in costing assumptions appear to be well
understood so that some consensus is possible. Power-related costs have
been reported at $70/kW by several sourcesqo’47 Estimates of storage-
related capital costs have been brought lower during the past two years
through concerted government-industry study. Approximately $55/kWh for a
5 hour battery appears to be representative of current estimates although

39 It should

at least one set of estimates falls well below this range.
be noted that 3, 4, and 5 hour batteries are all of interest and that -their

costs vary according to the specific hour rating.

Although there is a predominant effort in the area of utility battery

development and cost, the residential and intermediate size batteries were
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also investigated on a limited basis. As a result of consultation with
C&D Batteries, cost estimates of $138/kWh and $103/kWh were obtained for
nominal size residential and intermediate size batteries respectively.

In part at least, the higher cost of thesg latter sizes reflects a higher

degree of installation-ready packaging and a lower production volume.

Operating and maintenance costs have been projected at about 2 mills/kWh
by various sources until quite recently. Most recent 1nvestigétions

have now led to consistent estimates of .5 mill/kWh and even 1ess.40
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4.8 ADVANCED BATTERIES

4.8.1 GENERAL

;
Both aqueous and non-aqueous storagg batteries with advanced design con-
cepts are under intensive development in the United States at the present
time.. Interest in battery development and use is very strong in European
countries?? as well as Japanso, and in some areas may match or exceed
efforts in this country. It is worth noting that the incentives overseas
seem to place more of a premium on batteries for the transportation sector
rather than utility load levelling although both are considered important.
Principal objectives include achievement of long cycle life, improved
efficiency and a dramatic reduction in present state-of-the-art battery
costs. Advanced development work is also being carried out for alkaline
batteries which include nickel-cadmium, silver-zinc, nickel-iron, manga-
nese-zinc, silver-cadmium, nickel-zinc, and nickel-hydrogen. This family
of batteries are primarily being pursued for ground vehicle and submarine

uses where there is a premium on very high energy density at low cost. 16551

The aqueous-type batteries include zinc-chlorine, zinc-bromine and redox
or iron-redox. Zinc-chlorine is probably the most advanced of these at

the present time.

The non-aqueous advanced batteries operate at high temperatures and include
1ithium-iron sulfide batteries along with sodium-sulfur, sodium-antimony
trichloride, and others. At the present time lithium-iron and sodiumesulfur

are receiving most attention in the U.S. while sodium-sulfur is more dominant
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in Europe.

Five Qf the advanced batteries of most apparent interest were reviewed in
more detail and will be briefly described here: (1) sodium-sulfur, (2)
lithium-iron chloride, (3) zinc-chlorine, (4) sodium-antimony chloride,

and (5) iron-redox.
4.8.2 CONCEPT DESCRIPTION AND DEVELOPMENT STATUS

The future integration of an advanced battery into utility systems in

this country will, as now planned, follow the pattern beiné established via
the "BEST" facility for testing. An intermediate demonstration plant may
be implemented before any full scale system installations. The generic
reiationship of the batteries to the utility system is the same as for
lead-acid (Figure 4.7-1) except that some form of additional temperature control
equipment is required for the high temperature batteries. This additional
auxiliary equipment involves a cooling system or cooling "shroud" and a
heat exchanger. Air or inert gas are likely media for heat transport in
the cooling system. At present, it is not clear which advanced battery or
batteries might eventually dominate the market, but from the planner's
viewpoint, the principal need is to meet the technical mission at or below

about 50% of current state-of-the-art battery costs.

4.8.2.1 Sodium-Sulfur Battery

The generic development of high temperature materials goes back 20 years or
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more and for the sodium sulfur concept, ten years or more. A sodium sulfur
battery is of interest for both vehicular use as well as utility load
1eve1ing.52 The Ford Motor Company, Dow Chemical Company, General Electric
Company and others in the U.S. and abroad?9:50 have been active in Na S

battery research and development.

The sodium-sulfur cell is an electromechanical system which functions in a
manner similar to the lead-acid battery except that the active electrode
materials are liquid rather than solid. The cell must be maintained in a
sealed condition. Sodium and sulfur act as the electrodes and are separated
by a solid e1ectr6]yte consisting of either glass capillary tubes or a cer-
amic known as "beta alumina." An elevated temperature of about 300-350°C

is required to keep the materials in the liquid state and at a reasonable
electrical conductivity leve].. When electrical energy is added to the cell
(charging) sodium sulfide is decomposed into sodium and sulfur. On dis-
charge this reaction reverses and the sodium and sulfur combine and release
electrical energy. Similar to the lead-acid cell there is an efficiency loss
caused by the difference in charge and discharge voltage, but unlike the lead-
acid cell there are no internal losses due to side reactions (coulombic effi-
ciency is 100%). This results from the fact that the sodium and sulfur are
in separate cell compartments and only sodium ions are free to mové from one

compartment to the other.
Figure 4.8-1 shows a prototype NaS cell and Figure 4.8-2 a cell stacking con-

cept. Development of a sodium sulfur battery is dependeﬁt on a progressively

phased program leading from cell development to a full size battery module.
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Siting constraints would be similar to those for lead-acid batteries

except (1) since no hydrogen is evolved, the vent{lation requirement is

not critical; (2) since the battery must have its own temperature control
system, the ambient temperature is not critical; (3) the volume of the sodium
sulfur batteries plus their auxiliary equipment is expected to be less than
for lead-acid batteries, the weight is much lower and batteries could be

housed in multi-storied structures.

4.8.2.2 Lithium-Iron Sulfide Battery

Intensive research and development started prior to 1970 on the 1ithium

4-63



sulfur cell. However, materials problems and loss of sulfur from the posi-
tive electrode limited the 1ife and prevented the development of compact
cells. The alternative use of lithium alloys, and metal sulfides was in-
vestigated as a result of these problems. Currently the 1ithium-aluminum
iron sulfide cell and the lithium-silicon iron sulfide cell are being de-
veloped for use both in electric vehicles and in bulk energy storage for

electric utility systems.54

The Tithium-iron sulfide battery cell is an electrochemical system which
operates like the lead-acid cell except that the e]ectro]yfe material is
non-aqueous and is solid at room temperature. Therefore, the cell must
operate at a temperature between 400° and 450°C, and be sealed. When
electrical energy is added to the cell (charging) the 1ithium sulfide and
iron react to produce lithium and iron sulfide. On discharge this reaction
reverses and the lithium and iron sulfide react with the release of elec-
trical energy. The lithium iron sulfide cell has a positive electrode
made of iron and lithium sulfide plus additives, and a negative electrode
of aluminum. The electrodes are separated with a boron nitride separator
plus a zirconia cloth retainer. This cell has both voltaic and coulombic
inefficiency much as a lead-acid cell. Figure 4.8-3 shows a lithium

aluminum iron sulfide prismatic cell design.55

Siting restrictions would be similar to those for sodium-sulfur cells. Al-

though ambient temperature is not critical since the battery must have its

own temperature control system, insulation may be needed.
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4.8.2.3 Zinc-Chlorine Battery

Although the zinc-chlorine ce11‘is not a new discovery,it was given little
consideration as a practical energy storage device until very recently. Its
advantage is that it operates at room temperature and, 1ike several other
advanced batteries, it has a high energy density in watt hours per kilogram.
Its disadvantages are that the chlorine storage as a hydrate is at 4-6°C,
necessitating refrigeration and that a substantial plumbing system is required
to circulate the chlorine and the ziné chloride electrolyte. Gould Inc. and

Energy Development Associates have been the principle U.S. researchers of

¥
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this type of system.96,57

The zinc-chlorine battery cell is an electrochemical system except that
the active materials are not stored within the cell, but in separate

reservoirs or storage tanks.

The cell consists of a graphite electrode which serves as a current
collector for the zinc and a porous ruthenized titanium electrode which
serves as a current collector for the chlorine. The zinc chloride elec-
trolyte and chlorine are pumped between the electrodes and ihey are then
separated and stored. The chlorine is refrigerated to change it to a
solid "hydrate" and permit low pressure storage. Figure 4.8-4 is a sche-

matic diagram of a zinc-chlorine cell.
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khen the aqueous zinc chloride electrolyte is pumped through the cell and
electrical energy is added,zinc is deposited on the negative electrode and
chlorine is generated at the positive electrode. On discharge this reaction
reverses and zinc and chlorine react to produce zinc chlorine with the re-
lease of electrical energy. This cell has both voltaic and coulombic in-
efficiency. For a 1 kWh battefy, an average efficiency of over 74% has

been reported.57

Comparing zinc chlorine cells with lead-acid batteries, the principle dif-
ference is the external storage of active material (chlorine). A zinc-
chlorine battery system will resemble a chemical plant in appearance more

than a battery as commonly recognized.

Siting restrictions may be similar to those for lead-acid batteries except
that since the battery has its own temperature control system the ambient
temperature is not critical. The weight and volume of a zinc chlorine cell

is not yet fixed relative to an equivalent lead-acid cell.

4.8.2.4 Sodium-Antimony Chloride Battery

The sodium antimony chloride cell is one of the most recent developments and
the principle investigator has been ESB Inc.58 Its advantages are that it
has a high energy density but operates at the comparatively low temperature
of 200°C where corrosion and seal problems are relatively mild. A disadvan-
tage is that the positive e]éctrode is a fairly complicated mix of carbon and

antimony dissolved in a molten salt.
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The sodium antimony chloride battery cell is an electrochemical system
except that the active materials are liquid rather than solid, and must
operate . in a temperature range of 200° to 250°C. Operation is based on
sodium ion transfer through beta alumina. Flat plate and tubular cell
construction have been considered, however, the tubular construction seems
to be easier to fabricate. Thelnegative eléctrode is liquid sodium in the
one compartment, and the positive electrode is antimony dissolved in molten
sodium chloride and aluminum chloride. Figure 4.8-5 is a schematic of a

sodium antimony chloride cell.
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The cell must_be maintained in a completely sealed condition. On dis-

charge, sodium and antimony chloride react to release electrical energy.
Similar to lead-acid cells there is an efficiency loss caused by the differ-
ence in charge and discharge voltage, but unlike lead acid cells the coulombic

efficiency is 100%.

The auxiliary equipment required for the high temperature operation is sub-

stantial and could impact the flexibility of the battery system.

Siting restrictions are similar to lead-acid except: (1) since no hydrogen
is evolved, the ventilation is not}critical, (2) since the battery must have
its own témperature control system the ambient temperature is not critical,
(3) the volume of the sodium-antimony chloride batteries with their auxiliary
equipment is expected to be less than for lead-acid batteries. The weight

is much lower and batteries could be housed in multi-storied structures.

4.8.2.5 Iron-Redox Battery

Redox batteries, in which the positive and/or negative active materials are
dissolved in the electrolyte, have been proposed for large-scale energy
storage.99:60 The potential advantage of this approach (compared with more
conventional battery designs) is that external reactant storage in tanks
tends to result in relatively low capital costs for the storage-related part '
of capital costs. This characteristic might qualify redox batteries for
accumulating and storing energy over longer periods than can be handled

economically by conventional batteries.
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The redox batteriesithat have been proposed use various inorgénicvcoup1es
in aqueous solution. Those that use dissimilar metal couples (e.g., the
jron-titanium system) are likely to be handicapped by the need for frequent
reconditioning of the electrolyte because of mixing. Systems that uée a
single metal which is stable in aqueous solution at different oxidation
levels are more promising. In these, the mixing problem is minor and is
significant only as a recuction in overall electrical efficiency. Iron
redox appears to be one of the most suitable of the single-metal systems.
The battery (Figure 4.8-6) is relatively compact (comparable in size to the
lead-acid battery). However, reduced efficiency and chemical imbalance
may result from possible thermodynamic instability of the charged reactants
with respect to water. Heat generation is not a difficult problem in redox
battery systems because they employ flowing electrolytes. The size of a
redox-flow-cell system would be less than 2 percent of a comparable pumped

hydro plant60.
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Because the development of redox batteries is at an early stage, research

and development over:. another three to five years are likely to be required
before the true potentia’l of this new battery type for large-scale energy

storage can bé assessed. Testing performed at NASA's Lewis Research

Center has shown encouraging results.

4.8.3 TECHNICAL ASSESSMENT
4.8.3.1 General

The size of sodium sulfur cells that have beeh built and tested has been
limited to a few ampere hours, however, capabilities into the hundreds of
ampere hours range are being developed. Somewhat larger cell sizes have
been reported for Tithium-iron sulfide cells and certain mechanical con-
straints may be less severe in the lithium-iron cell. Experimental zinc-
chlorine cells of substantially larger capacities have been built and
appear amenable to further scale-up. Size estimates exist for an iron-

redox cell system of 10 MW, 60-85 MWH capacity.®®

Overall, although there are important differences between various advanced
batteries with respecl Lu individual cell si1zes and the physical and
materials cost limitations encountered, development work is underway to
overcome the detail problems. The outcome of this area of work‘is un-
certain, however, it would appear that suifab]e unit sizes will evolve

for one or more advanced batteries leaving only the requirement for deéign

configurations which are compatible physically as well as electrically.

4-71



4.8.3.2 Efficiency

For batteries, the voltaic efficiency is the ratio of the average discharge
voltage and the average charge voltage. The coulombic efficiency is the
ratio of the ampere hours discharged and the ampere hours required to fully
recharge the battery. The total efficiency is the product of the voltaic

and coulombic efficiencies.

Table 4.8-1 lists the approximate efficiencies for various classes of

advanced batteries as projected for utility applications.

TABLE 4.8-1. ADVANCED BATTERY EFFICIENCIES* - UTILITY APPLICATIONS
VOLTAIC COULOMBIC OVERALL BATTERY

BATTERY EFFICIENCY, % | EFFICIENCY, % EFFICIENCY, %
Sodium-Sulfur ~ 85 ~ 100 75 - 85 +
Lithium-Iron Sulfide 70 - 80 95 - 100 69 - 77
Zinc-Chlorine ~ 90 85 - 90 75 - 80
Sodium-Antimony 58 70 - 80 A2 100 75 - 80 +
Chloride
Iron Redox 16,60 -- - ~ 70

* Specific design conditions may cause significant deviations from composite
estimates shown. Current estimates of Ref. 43 fall within the overall
range of efficiencies shown for the first four battery types. Ref. 56,

53 and 47 provided additional data.

The overall battery storage system efficiency would be somewhat lower than

the battery efficiency itself. For example, an overall storage system

efficiency ranging from 70-80% has been projected for sodium-su]fur.16’ 3
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It ‘should be noted that battery efficiency in the 70-85% range (of
interest here) is a function of allowable battery cost. In other
words, what one is willing to pay for the battery.

!

4.8.3.3 Useful Life

A Tife of ten years or about 2500 cycles is generally projected as a
minimum goal for advanced batteries. Twenty to twenty-five years 1life
would be a major advantage for batteries as a storage medium if achieved.
Some sources have projected these higher goals. At present, a]though
considerable work will be required, there is no reason to discount the

possibility of achieving extended battery 1ife.

4.8.3.4 Other Performance Characteristics

In comparing the high temperature advanfed batteries with lead-acid
batteries, a principal operational difference is the necessity for warming
up, maintaining temperature, and cooling down the advanced type batteries. -
The additional auxiliary equipment required for high temperature operation
is substantial and will have some impaét on the flexibility of the battery'
systems. Although failure modes have been identified, reliability
analysis for all classes of advanced batteries cannot be undertaken at
this time since no final hardware design has been made. It should be
noted that a similar observation may be made for other advanced storage

technologies.
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4.8.3.5 Environmental Impact

The sodium-sulfur, lithium-iron sulfide and sodium-antimony chloride cells
are toté]]y sealed units and no environmental impact has been identified
with normal use. It is not expected that leaks from the system would
cause any environmental contamination. As already mentioned, it is
expected that the utility size advanced battery systems will occupy sig-

nificantly less real estate than the equivalent lead-acid battery.

The zinc-chlorine battery system resembles a chemical plant and circulates
chlorine. A failure in the system could release chlorine gas and cause
injury to persons in the area. The iron-redox cell system is expected

to have little environmental impact.60

4.8.3.6 Safety and Inherent Hazards

The safety of sodium-sulfur batteries has been questioned due to the high
temperature and the characteristics of sodium. Sodium reacts with oxygen
in air. Moist air, if present, can lead to violent reaction. Sulfur, if
involved in a direct reaction, burns with toxic fumes. Preliminary tests
have shown that breaks in the ceramic or glass electrolytes do not yield
explosions and great heat release, because the reaction product appears

to be a solid which greatly slows down further reaction of electrode
materials. Also, battery designs can include the surrounding of the cells
with nitrogen gas which performs the dual function of a heat transfer
medium and an inert atmosphere shielding the cells from water vapor and

oxygen.
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The safety of the zinc-chlorine batteries is dependent on the precautions
taken to prevent leaks of chlorine and to protect personnel from leaks

that might occur. This could add to the complexity of the system.

Basically, similar safety precautions necessary for all of the advanced
battery systems include: (1) 1limited access to the system, (2) high

voltage precautions, and (3) precaution against leakage and high temperature/

pressure conditions where applicable.
4.8.4 COSTS AND ECONOMIC CONSIDERATIONS

Representative power-related capital costs (Ip) for advanced battery
systems have been reported.3 The storage-related capital costs (IS) and
variable operating and maintenance (08M) costs for each class of advanced
battery were also examined during theistudy. It was noted that for

utility applications, a value of about $70/kw was representative of current
estimates for power related costs for most advanced batteries. Storage
related costs covered a wide range from about $15/kwh to $70/kwh,

depending on the battery type. Similarly, 0&M costs ranged from about
$.0025 to $.0085 per kwh and not only are there exceptions to these ranges,
but for 08M particularly there i5, as yct, too little information to
establish such costs with a high degree of certaihty. A subsequent

section of this report deals with the trends and projections of future

system costs in the 1985 to 2000 time period.

For residential and intermediate applications, no estimates of advanced

battery costs were found. For purposes of subsequent analyses, storage-

o

4-75



related costs were assumed at the utility levels discussed above while
the power related costs for the residential system were taken based on a

prior residential system design study.ﬁ]
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4.9 INERTIAL STORAGE (FLYWHEEL)

4.9.1 GENERAL

The Inertial Flywheel System is a storage system which uses the kinetic
energy stored in a rotating flywheel during periods of external energy

availability, for use when this energy is not available.

Inertial flywheel systems have been used in various applications for many
years, and these tend to be relatively unsophisticated devices mechanically,
compared with the advanced or "“super flywheels" now visualized for future

energy storage use.

‘The storage size requirements for a residential system (10-70 kWh) differ
from those of economical intermediate-size or utility-size systems by orders

of magnitude, however the system configurations have certain simi]arities.62

4.9.2 CONCEPT DESCRIPTION AND DEVELOPMENT STATUS
The inertial flywheel energy siorage system contains a number of elements:

flywheel, motor and generator, power conditioners, controls and auxiliary

equipment. A block diagram of a basic system is shown in Figure 4.9-1.
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Figure 4.9-1 BASIC INERTIAL FLYWHEEL STORAGE SYSTEM

The motor is used to convert the energy to be stored from electrical to
mechanical form and the generator converts the mechanical energy back

into electricity. The motor and generator do not have to be two separate
pieces of equipment but in the interests of cost and size, should be a
single device that performs both functions. Power conditioners in the
form of inverters and ac to ac converters are necessary interfaces between
the electrical power input from the photovoltaic array and wind generator
to the motor; and between the output power from the generator to the
residential load or to the utility lines. Auxiliary equipment includes

a clutch, vacuum pump, switches and fans for cooling. Depending upon the
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design and application, the clutch and vacuum pump may not be required.
Control equipment will be needed for the electrical interfaces between
the storage system, power conditioner and the electrical input and output

lines. Controls will also be needed for the motor/generator and flywheel.

The basic parameters of the inertial flywheel system are governed by the
number of kilowatt hours of stored energy required, the kilowatt output,

and the input and output power interface characteristics of the residential,
intermediate or utility systems. Other parameters that must be considered
include the input and output power vs. time and the modes of operation

of the system.

The selection of the various components necessitates a detailed trade-off
between the operating characteristics of the components, the overall
system requirements and the costs of implementing the selected approach.
The critical components are the f]yWhee], bearings and power conditioning
equipment. Of these, bearings would require the least development effort
while the flywheel and power conditioning eﬁuipment will require more.
Recent tests have investigated the effects of various flywheel designs.66
Speeds to 22,000 rpm have been achieved for wheels in the range of 1-3 hp. and
plans call for increases in both speed and power ratings in future tests.

To achieve high energy densities for the flywheel, multi-ring composite
flywheels such as the one shown in Figure 4.9-2 are needed. High circum-
ferential strength 1s needed without required radial strength in the flywheel
material. Flywheel requirements are described in more detail in the

next section.
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4.9.2.1 Flywheel

The fundamental criterion in addition to stored energy requirements
which establishes the flywheel weight and size is the energy density
(Wh/1b) which can be stored in the flywheel material. The energy
density is the working stress in the material divided by the density
of the material, as discussed below. The working stress must be

considered from the standpoint of fatigue life since the flywheel is



continuously cycled between different speeds; The energy density varies
between very wide limits of roughly 1 Wh/1b to 100 Wh/1b. The Tower

limit is based on presently available materials such as steel and aluminum
working at very conservative stress levels. These materials may be adequate
for the sma]]ér energy storage requirements (i.e., residential app]ication).
The upper 1limit is for advanced materials such as kevlar, glass and graphite
epoxy composites; Energy densities in the range of 5 to 15 Wh/1b as a function
of fatigue life for,4340 and maraging steels are within the realm of current
technology. Energy density of about 10-14 Wh/1b for composite materials is
current technology with up to 40 Wh/1b projected within the next five years.

Energy densities of 60 to 70 Wh/1b are projected within a 7 to 10 year period.62

A second important parameter is the flywheel disk geometry. The disk
geometry greatly influences the size, weight, fabrication and cost of
the flywheel. There are a number of geometries which have been analyzed

in the past.63’ 64

These include the constant stress, constant thickness,
pierced and hoop shaped disks. In éddition, "superflywheel" geometries
have been examined including the fanned brush and circular brush which

are most applicable to composite materials.
The energy stored in a flywheel is given by the familiar equation:

E = 121w 2

where () is the angular velocity of the flywheel. A useful form of this
equation which defines the specific energy characteristics in terms of

the flywheel parameters is:
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= 3.14 (107°) k, S

§

where E/W is the specific stored energy in Wh/1b, kS is the shape factor,

=|m

S~ is the stress in psi, and d’ is the density in 1bs. per cubic inch;

The volumetric specific energy is given by:

£ -5 o
v = 5.42 (1077) kv
where E/v is the specific volumetric stored energy in Wh/ft3, k. is the

v
volumetric factor for uniform density material, and v is the specific

volume in ft3/1b.

From the standpoint of weight, the constant stress disk is the most
efficient. The constant stress disk is one in which the thickness varies

as the radius goes from zero to infinity. This is not a practical design and
is modified by not having the radius go to infinity but terminated

at a finite distance. The disk weight lost by not going to an infinite
radius is added back to the disk as a constant thickness rim at the outside
radius. This results in a modified constant stress design with a kS of .9

or more which is within 90% of the ks for the theoretical constant stress.

The thickness of this modified constant stress design is still experimental.
This design will be difficult to fabricate and a second modification should
be made that will approximate the disk thickness with one or more straight

lines. As a limit, this will have a kS which approaches .8.
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4.9.2.2 Motor-Generator

A motor is required to charge the flywheel by converting the input-
electrical power into mechanical power. Mechanical energy is extracted
from the flywheel and converted into electrical energy by the generator.
The motor and generator need not be two separate machines since a single
machine acting as a motor or generator, as required, can perform both
functions. The motor-generator could be either ac or dc; however, dc

has a number of disadvantages. The major disadvantage is the requirement
for brushes and commutators. A preferred approach entails having both

the flywheel and motor-generator operating in a vacuum. However, because
of the difficulties of brush wear and commutation in a vacuum, a dc motor-

generator cannot be used.

An ac motor-generator is a satisfactory alternative to a dc machine.

There are a number of types of ac systems that could be used; these include
both synchronous and induction type machines. Synchronous sygtems include
brushless field-excited and inductor machines; induction systems inciude
squirrel cage and wound rotor types. An evaluation made at General
Electric's Corporate Research and Development QOperation indicates that

the inductor-type synchronous machine offers the best match for flywheel

appHcations.65

The output of the ac inductor generator is a variable voltage and variable
frequency as a function of flywheel speed. Therefore, conversion equip-
ment will be required to obtain constant voltage and constant frequency

to meet the requirements of the load. Similarly, a variable frequency,
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constant current input is required to accelerate the motor from standstill
or low speed operation. This necessitates equipment which will convert the
dc power from the photovoltaic array, or the constant frequency ac power

from the wind generator to variable frequency.
4.9.2.3 Clutch

A clutch placed between the motor-generator and the flywheel can be used

to decouple the flywheel during an operational mode whén there is no energy
being added to or removed from the flywheel. This reduces bearing losses,
windage lToss and any core loss in the motor generator which would have to
be supplied by the flywheel. The clutch wéu]d be an electro-magnetic type
which would be energized only during the time that there was energy input

or output from the flywheel.

4.9.2.4 Vacuum Housing

In order to have a minimum flywheel windage loss, the flywheel should
operate in a vacuum. Depending upon the size and speed of the f]&whee],
the vacuum need not be too high, probably within the capability of.a
mechanical pump. Because it is much smaller than the flywheel, the
motor;generator could either be located in the vacuum environment or
placed external to it. Vacuum chamber operation would be preferable
since this would eliminate the need for rotary seals between the flywheel
and the motor-generator and also could eliminate the need for a vacuum

pump entirely if a sealed unit were used.
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The housing would be Qesigned for mounting fhe flywheel, motor-generator
and clutch and to withstand a pressure differential of 14.7 psi. It is
anticipated that the container will be placed in a pit-type recess so that
in event of a failure ofvthe flywheel, all pieces would be contained within
the recessed area. The container wall thickness will be designed based on
the requirements as a housing for vacuum operation rather than as a device
for flywheel containment in the event of failure. For example, if it were
desired that the housing alone be the containment device, the resulting
housing would have to be almoét 3 inches thick for the residential appli-

cation case.

4.9.2.5 Bearings

From the standpoint of safety and assembly, the flywheel should be mounted
with its shaft vertical. This, however, may bresent a bearing‘prob1em
since the'1ower bearing must support the entire weight of the flywheel,
motor-generator and clutch, with the flywheel contributing most of the
weight. Two types of bearings are applicable: anti-friction and hydro-
static. Magnetic bearings presently are'capab]e‘of supporting several
hundred pounds and could be considered for future application. Ant{;
friction type bearings are quite desirable from the standpoint of
simplicity and performance. Their main disadvantage is limited thrust
load capability and higher starting torque requirements than hydrostatic
bearings. Hydrostatic bearings also require extensive auxiliary equipment

for oil flow.
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Anti-friction bearings are commercially available, witﬁ capabi\ities for
carrying thrust loads somewhat in excess of 150,000 1bs. Flywheels having
substantially greater weight could be made by having two flywheels each
supported by a'set of bearings and with their shafts attached through a
coupling. An alternative td this would be having the shaft horizontal.

A horizontal shaft installation would have a more difficult containment
problem than a vertical shaft configuration. It does, however, permit

the sharing of the load between two bearings rather than having only one

bearings to take the entire thrust load.

The hydrostatic bearing has sufficient thrust load carrying capacity;
however, it does necessitate auxiliary equipment in the form of pumps,
valves and manifolds. In addition to having high thrust load capabilities,
the hydrdstatic bearing has lower startihg torqﬁe characteristics than anti-

friction type bearings.
4.9.2.6 Cooling

. External cooling will have to be supplied to remove the heat produced by

the losses in the motor-generator, clutch and bearings. If the motor-
generator and clutch are mounted in the vacuum housing, the heat would
first‘have to pass through the housing walls via a solid thermal conduction
path. The heat would then be removed from the walls by external air flow.
The volume of air required for cooling will not be excessive, being of

the same order of magnitude as required for cooling the mofor-generator
alone. Some additional cooling capacity might be necessary, however,

to offset the temperature gradients in the thermally conducting paths.
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4.9.2.7 Siting

Residential flywheel storage concepts can be implemented in a nominal area
of 100 square feet or less using existing or modified areas now common to

residential construction of basements and attached garages.

For utility-size flywheel systems, underground and/or foundation vaults
might require in excess of one acre of 1and,3 primarily to house the fly-
wheels themselves. An access road and utility connection right-of-way

would 1ikely add only about.15% to the basic site area requirement.
4.9.3 TECHNICAL ASSESSMENT
4.9.3.1 Unit Size

The nominal Eapacity of a residential size flywheel storage system is in
the range of 20 to 30 kWh. Nominal intermediate-size storage capacities
ranging from 10 to 40 MWh have been reported.62 Minimum economical
utility size flywheel storage systems ranging from 10'to 50 MWh

are recommended,3 although flywhecel utility storaye requirements may

62

exceed 200 Mwh. It is believed that the single plant utility storage

use will be an order of magnitude larger than this figure, if storage

technology matures satisfactorily.
4.9.3.2 Efficiency

The estimated efficiencies of the flywheel storage system fall in a range
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range of about 70-85%. The near-term efficiency is expected to be about
75%.3,16,62 Efficiency is, however, heavily dependent on duty cycle and

can be very high for short cycles, but very low.for long storage durations.
4.9.3.3 Useful Life

The probable useful life for residential flywheel energy storage systems
has been estimated at 20 years. A useful life of 20-25 years has been

projected by a recent study3, while another recent study62 gives a range

of 10-30 years tovering both intermediate and utility applications.

4.9.3.4 Other Performance Characteristics

Flywheel storage systems have a high expected reliability, obtainable by
conservative design, and are flexible to the extent that time variable inputs
and loads may be accepted. Compatibility with a full range of power
generation applications is good since input and output energy in electrical
furin is acceptable, and thc incrtial system can be sized to meet input and
output characteristics. For a residential size system, cooling air is
required for the electrical machinery. Water cooling may result in a better

design for the larger application sizes.

4.9.3.5 Environmental Impact

There is no identifiable impact on the environment for any of the residential
flywheel storage concepts employed in normal service, although noise is a

design consideration.
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For the utility size system, noise, cooling effluents and land requirements
are the only items of environmental concern. The noise from this system
will be equivalent to that of several large motors; however, sound-deadening
baffles can be placed in exhaust hoods to meet sound ordinances. Land area
requirements may be minimized by locating the facility along or within

existing right-of-ways or utility plant areas.

4.9.3.6 Safety and Inherent Hazards

In the event of system failure, the main safety concern is the damage or
injury caused by wheel disintegration or escape. For all application sizes,
the flywheel must be mounted in a containment device for safety. The con-
tainment device would be preferably located below ground'but an above—grohnd
location may be acceptable. Limited access to the associated electrical

equipment is also essential.
4.9.4 COSTS AND ECONOMIC CONSIDERATIONS

Representative power - related capital costs for flywheel storage range

from 65-90 $/kN3’ 7. Storage related costs have been estimated at 100-300'$/kwh.
A variable operation and maintenance cost of 5.3 mills/kWh was recommended

for use in technology comparisons.3 For a residential system using existing

technology, storage related costs were estimated at 250 $/kwh or above.67
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4.10 HYDROGEN GENERATION AND STORAGE

4.10.1 GENERAL

Various methods are available for the generation of hydrogen on a reasonably

large scale. These include the following:

1. Reactions with carbonaceous fuels
Electrolysis of water

Closed cycle thermochemical water splitting

oW N

Solar and biological hydrogen generation

O0f these, electrolysis of water is the most widely recommended for con-
sideration as a straightforward energy storage approach. Electrolysis avoids

the direct use of a fossil fuel as a re-agent.

The use of hydrogen for energy storage as described in this study basically

involves three major steps.

1. Generation of hydrogen gas using a solid bo1ymer electrolyte
electrolysis unit, powered by a photovoltaic array or a
wind turbine.

2. Storége of hydrogen in tanks as a compressed gas.

3. Use of stored hydrogen with a fuel cell system'to generate

electricity when needed.
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These process steps are highly adaptable to the characteristics and timing
of energy available from both wind and photovoltaic sources. It is possible
to size the electrolysis unit, the hydrogen storage tanks and the fuel cells

individually to accommodate significant variations in input vs. load demands.
4.10.2 CONCEPT DESCRIPTION AND DEVELOPMENT STATUS

The use of hydrogen as an energy storage means involves consideration of the
functions of gas generation, retention and finally retrieval of the gas from
storage and its conversion back into electrical energy. The electrolysis of
water for evolution of both hydrogen and oxygen and the recombination of these
two elements back into water in fuel cells (to generateAe]ectricity) uses
essentially the same electrochemical technology. This discipline has been
significantly advanced in recent years through developments occurring in the

aerospace industry.

A summary report68 on the application of hydrogen energy storage was prepared
by the General Electric - Direct Energy Conversion Programs Operafion. This
department has had responsibility for the fuel cells used on the Gemini and
Biosatellite space programs, and more recently has been involved in the
conceptual design of a large scale electrolysis plant. The various subsystems
required for a complete hydrogen generation and storage system are discussed -
in this section based on the above report and various other current sources

of information.

Figure 4.10-1 identifies the significant components of a hydrogen energy

storage system configured with some of the more important auxiliary equipment
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which would be required.
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Figure 4.10-1 BLOCK DIAGRAM FOR HYDROGEN ENERGY STORAGE SYSTEM

.4.10.2.1 Gas Generation

A solid polymer electrolyte system has frequently been identified as a promising
process for the electrolysis of water into hydrogen and oxygen. It offers
demonstrated small scale performance and the probability of achieving signifi-
cant cost reductions by 1985. A design study for a large scale module (26 MWe)
of such a system was accomplished under the direction of Brookhaven National

69

Laboratory. It is noted in this report that an alternative alkaline water

electrolysis system has been conceptually designed by Teledyne Isotopes, Inc.
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but pertinent data for this system was not available. Both the above
referenced study as well as the recent study by Public Service Electric

3

and Gas Company™ mention electrolysis of water as the only practical way

of generating hydrogen.

4.10.2.2 Hydrogen Storage

Compre;sed gas storage is currently considered to be the most effective means
of storing the hydrogen in such a system68 . The PSE&G report3 notes that
the considerable amount of experience with this technique makes it the recom-
mended method of storage. Selection of storage vessel pressure would be a
system design trade-off. Metal hydride systems are an attractive option and
are the subject of several desigﬁ studies, but their immaturity presents
difficulties in making meaningful projections. Liquid storage of hydrogen

on a large scale is possible but entails extensive facilities to maintain the

necessary low temperature.

4.10.2.3 Power Generation

A solid polymer electrolyte fuel cell is preferréd as the power generator,
based on demonstrated performance and continued cost reduction in aerospace
applications which are transiatable into designs for industrial use. In the
PSE&G report, fuel cells were considered to be good candidates for converting
hydrogen into electrical energy because of minimal environmental impact and
efficiéncies above those of combustion engines. Direct use of hydrogen as

a primary combustion engine fuel fur power generation would be the major

alternative at the prescnt time.

4.10.2.4 Siting

Land area requirements were reported3 for complete hydrogen storage systeins
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of 50 MW, 500 MWh and 200 MW, 2000 MWh. This includes the electrolyzer,
demineralization plant and oxygen storage. The land areas required are

approximately 19 and 28 acres, respectively.

4.10.3 TECHNICAL ASSESSMEHT

4.10.3.1 Plant Size

PSE&G3 recommends an economic plant size for hydrogen storage ranging from
20 to 50 MW. Modular sizing of the electrolyzer and fuel cell units is
reported to have beneficial effects on cost, and therefore, such modules
would be used to form the larger capacity $ystems required for utility in-

stallations. This finding is in concert with information supplied by GE—DECP.68

4.10.3.2 Efficiency

Unfortunétely, the overall efficiency of a hydrogen system is relatively low
compared with many other forms of storage. This results from the Tow
efficiency (-v50%) of the fuel cell unitand thecascading effect of the ef-
ficiencies of the other in-line equipmenti Notwithstanding this lower
efficiency, the other advantages of H, are significant and may eventually
outweigh this disadvantage. A hydrogen storage efficiency range of 40 to

50% for complete systems is recommended in economic comparison studies.3

4.10.3.3. Useful Life

PSE&G reports that an expected Tife range of 10 to 25 years is possible -for

hydrogen storage systems.3

4.10.3.4 OQther Performance Characteristics and Operational Requirements

The hydrogen plant as presently visualized will have the ability to accept
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a varying power input without difficulty. A reduction in input power will
only cause less hydrogeh to be generated until the power for a higher
production rate is again available. On the output side, the fuel cell output
may be adjusted (within the range of its rating) to accommodate different

demand levels.

The system operation requires a dc input which may introduce an additional
power conversion step (ac-dc). Since the output is also electrical, it may
be conveniently interconnected to a utility bus, making the system convenient

and compatible.

The storage system must be maintained in a secure fashion to protect it from
acts of vandalism or unintentional damage. The security problem differs
little from that of many comparable installations with the possible exception

of the degree of the flammability and explosion hazard of the hydrogen itself.

The compressed gas storage requirements can be met by use of standardized

storage vessels in any quantity desired.

4.10.3.5 Environmental Impact

This is an area of major advantage with respect to hydrogen since the latter
is non-po]]uting:and will not permanently upset any natural balances should
a quantity of the stured gas be released to tie environment. A hydrogen

storage plant should not pose any Lhreat to the environment due to its other

functional characteristics.
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4.10.3.6 Safety and Inherent Hazards

The handling of hydrogen requires care in order to avoid explosion and fire
hazards. The prospects of avoiding such hazards are good; based on known

techniques now in use.

A hydrogen storage plant would require observance of operating and safety
practices which are or could be reflected in zoning restrictions. It is
not considered likely that such regulations would impose undue restraints
beyond thoée that would be necessitated by voluntary safety practices on

the part of the electric utility companies.
4.10.4 COSTS AND ECONOMIC COWSIDERATIONS

Costs for hydrogen storage systems generally are brojected with the power-
related costs being very dominant. In total $/kW, estimates range from
about $400/kW to $1200/kW.3208  Storage-related costs are at $15/kkih or
less. The low end of the above range essentially reflects learning out

to year 2000 or beyond and/or unequal charge-discharge times.
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4.11 SUPERCONDUCTING MAGNETIC ENERGY STORAGE

4.11.1 GENERAL

A superconducting magnetic energy storage system retains electrical energy

in the magnetic field produced by a circulating dc current in the winding

of a magnet. Because the energy is stored directly as electromagnetic energy,
losses due to conversion of mechanical, thermal, or chemical energy to
electrical energy are avoided. Energy losses do occur, however, with ac/dc
conversion in addition to losses from refrigeration power required for in-

ductor supercooling.

The application of superconducting magnetic energy to power systems is in a
very early stage of development. The proposed use of a superconducting in-
ductor for energy storage makes use of the principle that energy can theoret-
ically be stored in an inductor of zero resistance (via supercooling) for an
infinite amount of time. The superconducting magnet would be charged from
off-peak or other energy sources with stored energy discharged to the power

system during peak load periods.
4.11.2 CONCEPT, DESCRIPTION AND DEVELOPMENT STATUS

A "pumped" magnetic storage system connected to a three-phase line would con-
sist of a large superconducting coil, a helium refrigerator and dewar
system to keep the temperature well below the critical temperature for the
superconductor, and an ac/dc converter. Referring to Figure 4.11-1, the

storage inductance to be “charged" is the only load on the rectifier inverter,
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The voltage E is given by an equation of the form:

cosel - Ix = L 4o

EdO is the voltage across the bridge when the current I is equal to zero and
X is the commutating reactance. For a given set of constants, the delay angle
oK (which can be varied from 0 to 180 degrees ideally) is the key to the
control of rate of charge, including both positive and negative, the latter
corresponding to discharging the inductance L. This provides inherently
continuous control of the reversible process throughout both the charge and
discharge portions of the cycle. For example if L is 3440 henries and E is
held at 8000 volts for 4.3 x 10% seconds or 12 hours, then 4800 MWh can be
stored at 10° amps at an average rate of 400 MW. The thyristor firing angles
can be varied so that zero voltage is impressed across the storage.inductor.
Thus, at fu11lcharge the storage current which flows in the inductor line can
be held constant. Alternatively, the inductor could be shorted with an in-
ternal superconducting switch and disconnected from the system when fully

charged.

Energy stored in the superconducting magnet is returnéb]e to the ac system
under smooth and continuous contrq]. Distortion to the voltage waveform of |
the ac system would result, as is well known. Converter systems with variable
firing angles such as are .implied here are essentially no different from those
used in modern high voltage direct current (HVDC) power transmission. Appro-
priately designed filters must be used to reduce harmonics to acceptable

levels compatible with quality power standards.
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The system losses encountered are those in the conventional ac system, in
the converter bridge and the refrigeration required to balance electrical,
magnetic, mechanical and thermal losses in the cryogenic enclosure. Loss
estimates indicate that, in total, they could be less than 1 kW for each

2 kW recovered.
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FIGURE 4.11-1. BASIC MAGNETIC STORAGE CONCEPT

Most of the present effort on superconducting systems for energy storage is
being carried out at Los Alamos Scientific Labdratory70 and the University

71,72

of Wisconsin, concentrating on small-scale work using current technology

to aid conceptual development.
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Two French gnr*oups73’74 have also experimented with magnetic energy storage.
Their work has centered around the technical feasibility of various coil
configurations, including studies of mechanical and thermal stresses, possible
shapes and methods of construction, and the coupling of energy into and out

of the coil.

Land area requirements for a superconducting magnetic energy storage system
could be substantial due to the uncertainty concerning the extent of mag-
netic field effects. Magnetic storage has some requiremeﬁts similar to those
for pumped hydro facilities; e.g. both require a sizable area and solid
natural foundation strata to provide the containment strength required by

the storage "reservoir".
4.11.3 TECHNICAL ASSESSMENT

Since superconducting magnetic energy storage technology is in a very early
stage ol development, its characteristice are not yet sufficiently well
defined for an adequate assessment. The key characteristics pertaining to

. efficiency and useful 1ife have been examined and brief discussions of these

plus environmental impact, safety, and estimated costs follow.
4.11.3.1 Plant Size

Although storage capacities in the order of 1000 MWh have been mentioned3,

‘the consensus of all the studies to date seems to c]earfy indicate an
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economic plant size in excess of 10,000 MWh. The specialized siting re-
quirements and the critical nature of the supercooling of the inductor
would seem to substantiate the advisability of a large scale insté]]ation‘

in order to justify the cost and operational attention required.

4.11.3.2 Efficiency

Efficiencies expected for magnetic storage systems are very high because of
the direct storage of electrical energy. Ranges for'efficiency have been

reported from 70-85%3 and 80-90%.16

4.11.3.3 Useful Life

A life of 20-30 years has been estimated3 and considering the nature of the
installation and type of equipment, there is no apparent reason why a thirty

year 1ife could not be attained.

4.11.3.4 Environmental Impact

A superconducting magnct}c‘energy storage sldalion consists ot both above-
ground and sub-surface installations: Due to the tremendous weight of the
magnet, sites must be of suitable bedrock composition, such as granites,
dolomites, sandstones, Timestones, etc. The major environmental -impacts
would be on land requirements due to the mégnetic field and above-ground

placement of cryogen storage tanks.3
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4.11.3.5 Safety and Inherent Hazards

Because of projected currents in excess of 100,000 amps and the huge quantity -
of energy stored in the magnetic field, high reliability is required to meet

safety requirements.

Biological effects of magnetic field exposure to humans and animals are un-
known at this time and safe limits have not yet been established. Results
of present small scale development work should be expected to provide data

on the magnitude of this problem.

4.11.4 COSTS AND ECONOMIC CONSIDERATIONS

At this stage of conceptual development of magnetic storage systems, cost
estimates should not be given as much credibility as for the more near term

technologies.

Power related costs of $50/kW have been \r'epov“ced3’16 along with storage cost
components from 30-$140/kWh3 and 35-$200/kWh.16 The lower 1limit of these
ranges is acknowledged to have inadequate supporting-detai1 and could be
very optimistic. Little basis exists for establishing operating and main-

tenance costs other than to assume that they will be in the order of those

“for conventional steam plant operation.
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SECTION 5
RELATIVE MERIT OF STORAGE.ALTERNATIVES

Following a general review and assessment of candidate storage technologies
and current implementation concepts, these were evaluated on a broad basis
to determine their attractiveness for use with wind and photovoltaic energy
convérsion systems. This evaluation included three categories:

1. Effects of Key Concept Characteristics.

2. Specific Applicability to w1nd/PHotovo1taic Systems.

3. Relative System Costs

The immediate objective was not to select a "best" concept but to provide

a preliminary screening and to select systems for further evaluation.

5.1 EFFECTS OF KEY CHARACTERISTICS

An extensi&e list 6f energy storage evaluation criteria was examined

during the early part of the study and subsequently narrowed down to major
criteria - those that could serve as primary discrimirators for overall
decisions on use of a storage technology in a given application. Table 5.1-1
presents these major criteria. The application of these criteria are dis-
ﬁussed with regard to the suitability screening of storage concepts for
further evaluation. System costs are discussed in Section 5.3, and the
subsequent analysis of the benefits from use of storage systems are detailed
in Volumes II and III. Results of applying the major non-economic criteria
to each of the eleven storage concepts at the utility, residential, and

intermediate application levels are shown in Table 5.1-2.
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TABLE 5.1-1. MAJOR STORAGE CONCEPT EVALUATION CRITERIA

Economic Viability
| - Systém~Cost

- Economic Benefits

Technical Suitability
- Storage Efficiency
- Inherent Hazards
- Materials and Technology Availability
- Reliability and Maintainabi]ity

Plant Size

Environmental Impact
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TABLE 5.1-2.  KEY CHARACTERISTICS AFFECTING USE OF ENERGY STORAGE
CONCEPTS WITH WIND AND PHOTOVOLTAIC SYSTEMS

~
é CONCEPT ELININATOK

 QUEST IONABLE
[I] PACIHG T7EM

STORAGE APPLI-
CONCEPT - CAT 10N
: U
ABOVE GROUKD
PUMPED HYDRO R
1 ?
4
UKDERGROUND
PUMPED HYDRO R
o 1 ?
u /EA -
THERMAL
~0IL R ;A =
L B
u z
THERFAL 7’
- STEAM - R /é‘
=
u
UHDERGROUND ===
COMPRESSED AIR R ==
! ? U-UTILITY
; Z - R-RESIDENTIAL
-
PAEUMATIC a I-INTERP’!EDIATE
STORAGE
1 ) /
] P '
ADVANCED
BATTERIES R P
1 r
, U
LEAD-ACID p
BATTERIES
1
u 3
IHERTIAL
STORAGE R P
1 P
u ?
HYDROGEN
STURAGE R =
1 ?
N / .
“ —_
SUPERCORCUCT 1H{G
HAGHETS R g_
! ==

5-3



5.1.1 DISCUSSION OF SCREENING RESULTS

5.1.1.1 Pumped Hydro

Both hydro concepts were eliminated from further study in the residential
application due to the very large plant size requirements of present con-
cepts and equipment. In addition, hydrg is of questionable applicability
for intermediate applications due again to the minimum economic plant

size and also the specific land requirements.

5.1.1.2 Thermal Storage (0il1/Steam)

Thermal storage options considered included energy transformed to sensible
heat in both 0il and saturated water form. Current concepts use these
methods as an auxiliary process in a conventional steam-turbine plant
cycle. Although the mechanics are slightly different, the end product in
such concepts is the use of stored heat energy to\regulate turbine flow-
through and fb pre-heat boiler feedwater. In order to use the output of a
wind or photovoltaic energy conversion system to contribute to this process,
the basic electrical output of such units would have to be converted to
heat (an energy-degrading process) and transferred to a suitable storage
medium. The storage medium would in turn be subject to continuing thermal
losses over the time period of the energy stcrage. Although there are ways
of making an electric to thermal conversion (i.e., resistance heating or
electric steam generators), the idea of converting a highly usable form of
energy such as electricity into a thermal form and then back again is not
attractive because of the efficiency losses involved in the reconversion to

electricity.
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For the utility application, the thermal storage degradation effect would
result in a greatly reduced conventional fuel displacement by the storage
output, with a correspondingly severe economic penalty. Table 5.1-3 shows

typical heat rates, or fuel requirements, for utility generation equipment.

TABLE 5.1-3. TYPICAL HEAT RATES FOR UTILITY GENERATION EQUIPMENT

NET STATION HEAT RATE

TYPE UNIT UNIT RATING (MW) (BTU/kWh)
Nuclear 1000 10,000
Fossil (coal) 1000 9,270
Fossil (o0i1) 1000 9,370
Fossil (gas) 600 9,800
Peaking Steam (o0il) 500 9,800
Peaking Steam (gas) 500 10,300
STAG 400 8,070
R/C G/T 75 9,900
S/C G/T 75 11,280

Based on the data of Table 5.1-3 the thermal storage penalty may be explained
as follows: Assume a kWh of electricity charges a 100% efficient storage
system. If the same one kWh is discharged trom the storage system as elec-
tricity, it will displace anywhere from 8000 to 11,000 BTU's of fuel, as
shown in the table. If, on the other hand, the storage system degrades the
sane kWh into its heat equivalent of 3413 BTU, the latter value becomes the
maximum fuel disp]aéement potential. The effective performance of the
system is thus reduced to 30 to 40 percent of the value achievable by an

electrical output storage system.
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The residential and intermediate applications encounter similar economic
drawbacks to use of thermal-oil and thermal-steam storage with a wind or photo-
voltaic system. A kWh of electricity from storage currently has a typical
value of from 2 to 5 cents, depending on the user, the rate structure, etc.
Converted to 3413 BTU's of heat, and assuming fossil fuel at $3 per million
BTU, the value of this same kWh would be Towered to about 1 cent. Thus, the

economics of the thermal storage system must be analyzed with an output

"worth" ccnsiderably less than the output from an electrical storage system
such as batteries. This would reduce the allowable system cost, making
viable only very inexpensive storage systems or existing thermal-to-thermal

systems such as hot water tanks.

Thermal energy storage systems are most cost effective when used with a
thermal charging source. This thermal charging may be accomplished with
solar thermal energy systems or alternatively, with waste heat from another
process. Current concepts for use of extracted or exhaust steam in a utility
cycle to conserve heat for feedwater pre-heat or to provide added turbine
steam flow-through follow this general pattern. In their own right, such
methods appear to have merit for such use. As can be seen from the preceding
discussion, however, the introduction of an electric to thermal conversion
for wind and photovoltaic energy would be unattractive. Thermal-0il and
thermal-steam systems were therefore eliminated from further consideration

for dedicated use with wind and photovoltaic energy conversion.



5.1.1.3 Underground Compressed Air

Underground compressed air systems are inherently too large for the residential
application and questionable for the intermediate. Pneumatic storage, on the
other hand, is small in scale and thus only the residential application was

considered.

5.1.1.4 Battery And Inertial Systems

Although neither advanced batteries nor high-density inertial (flywheel)
storage can be classified as immediately available technology, the extensive
R&D work now being done and the strong interest in these energy storage

concepts make them continuing candidates for all levels of application.

5.1.1.5 Hydrogen Systems

Hydrogen generation and storage for the residential application was .
eliminated due to the need for technology adaptation at the residential use

level and the inherent hazard potential which poses psy;ho]ogica] barriers.

5.1.1.6 Superconducting Magnets

Energy storage in superconducting magnets was eliminated for all three
applications with wind and photovoltaics due to the immaturity of the

technology.

5.1.1.7 Concepts For Further Evaluation

Based on the initial examination of the effects of these key concept-related
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characteristics, the number of storage concepts for further investigation
was reduced to seven for the utility and intermediate applications and

four for the residential application. These are listed in Table 5.1-4.

TABLE 5.1-4.  REMAINING CONCEPTS AFTER KEY CHARACTERISTICS SCREENING

F
UTILITY AND RESIDENTIAL
INTERMEDIATE APPLICATIONS APPLICAT.IONS
Above-ground Pneumatic

Pumped Hydro
Lead-Acid Batteries

Underground
Pumped Hydro Advanced Batteries
Underground Inertial

Compressed Air
Lead-Ac¢id Batteries
Advanced Batteries
Inertial

Hydrogen
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5.2 APPLICABILITY OF SCREENED CONCEPTS TO PHQTQVOLTAIC
AND WIND ENERGY CONVERSION SYSTEMS

Thewremaining storage concepts as given in Table 5.1-4 were examined further
from the standpoint of compatibility for direct interconnection with wind
and/or photovoltaic systems. The principal concerns included:

1. Technical compatibility requirements

2. Additional interconnection costs

3. Development status/availability

This section provides a summary of the probable consequences of the use of
these storage concepts in conjunction with wind or photovoltaic systems.
The detailed evaluations are provided in Section 2 of Volume II, and

Section 2 of Volume IIl for photovoltaics and wind systems, respectively.

5.2.1 PUMPED HYDRO STORAGE

Since the principal differences in above ground and underground pumped hydro
storage relate to reservoir location, both concepts may be treated together
with respect to their use with wind and photovoltaic systems. Geographically,
suitable wind and insolation regimes can be found where storage sites are
feasible. The 1limited number of potentially suitable pumped hydro sites will
restrict expanded use. The water pumping required by thfs concept is based
on use of an electric motor drive, which is compatible with the electrical
output inkerent in PV and wind system concepts. Use of an ac motor drive

is probable, and since current thinking appears to favor an ac power output
design for WECS, the power systems are fully compatible. Although photo-
voltaic arrays provide dc output, the expected conversion to ac for direct

on-Tine use of PV output may be considered part of the basic system cost
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and therefore would not penalize the storage system. ‘Modular system designs
would be based on the design power output level provided by the wind
turbines or PV array. Interruption of the pumping operation would be.
acceptable, provided appropriate procedures were incorporated for monitoring,

shutdown and restart of the pumps in event of loss of drive power.

Pumped hydro is an availabtle technology with proven benefits on a utility
scale and could be utilized jointly with other utility generation or
separately withutility-integratedwind or photovoltaic systems on a dedicated
basis.(Subsequent study 1nvestigatidns led to the conclusion that system-

wide use of storage is preferable).

5.2.2 UNDERGROUND COMPRESSED AIR STORAGE

This was found to be basically a large scale storage method, but one to
which a wind system or photovoltaic system output could be applied. Electric
motor drive of compressor units is power-system compatible and interruption
of operations could be tolerated with proper procedure. Electrical recon-
version of stored energy involves use of a turbine-generator either air-
driven or in conjunction with burning of .conventional fuel. The latter is
presently preferred. This storage concept appears most appropriate to a
combined utility operation rather than one dedicated to wind or photovoltaics

alone.

5.2.3 PNEUMATIC STORAGE
This concept was identified with possible small scale use in residential

size applications. Although similar to underground compressed air storage



in operation, it would require high strength storage tanks and present sig-
nificant cost and hazard barriers. It is operationally compatible with
input from PV or WECS systems, and the cycle could be interrupted should the

wind. or insolation level drop.

572'4 BATTERY STORAGE

Both -present lead-acid batteries &and a number of advanced batteries under
development are compatible with photovoltaic and wind energy storage re-
quirements. Possible constraints associated with certain of the advanced
battery systems are covered in other portions of this report. Batteries
are well suited for adaptation to system sizes ranging from residential
to utility scale. The principa] obstacles at present are the need to

achieve long cycle life and proven designs.

5.2.5 FLYWHEEL ENERGY STORAGE

This method of storagé can be integrated with wind and photovoltaic systems
but presents some serious problems. Several pieces of expehsive equipment
are required to make the necessary electrical conversion to and from
storage. The required storage density is achievable only with an

advanced type of composite flywheel notAyet available in adequately

developed form.

5.2.6 HYDROGEN GAS GENERATION AND STORAGE

This storage technique can be implemented in several ways, but is basically
compatible conceptually wifh both wind and photovoltaic systems. Since
current concepts use dc electricity in the electrolysis of water, a photo-

voltaic system (dc output) may, in some cases, eliminate one power conversion



step. The process can be interrupted without any significant probien.
The overall efficiency of this concept is quite Tow, primarily due to the
fuel cell component. Work now underway on a hydrogen-chlorine system offers

an opportunity for sigﬁificant improvement in efficiency to almost double

that for a hydrogen-oxygen cycle.
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5.3 SYSTEM COSTS

The levelized annual cost represents the dollar amount required to own,
operate, and maintain a system during each year of the life of the system,
This parameter was used as a preliminary measure of relative economic
attractiveness in assessing various storage techniques. Specifically, the
levelized annual cost accounts'for:

"paying off" system capital costs

(a

(

o

)
) paying for operation and maintenance expenses
) paying taxes

(d) paying a return to investors and interest to creditors

(e) building aucapital fund for periodic component replacement,

overhaul and retirement of debt.

5.3.1 METHODOLOGY

The levelized annual cost, in current dollars, denoted by AC, is given by:

C= I, - FCR -'CCF + M -Agy (1)

Here, IC is the total capital cost of the system and CCF is the construction
cost factor accounting for interest during construction of the storage system.
The parameter FCR is the fixed charge rate and represents the yearly cost of
ownership, expressed as a percent of the capital investment, IC' These costs
consist of capital outlay, taxes; and insurance. AOM is the annual system
operation and maintenance cost. The parameter M, defined as the levelized
value of an escalating cost stream, accounts for the fact that AOM is

increasing over the lifetime of the system because of inflation.



In the case of storage systems, the capital costs usually are separated into
two components: (1) an investment associated with a storage system of a given
power rating, Ip, expressed in $/kW, and (2) an investment associated with
the energy storage capacity of the system, IS’ expressed in $/kWh. For a
device with a maximum discharge capability of t hours at rated power, the

total capital cost, I., in $/kW is:

I = I + I . t (2)

Expressing AC in current dollars establishes equal yearly costs over the
system life. This is analogous toc the case of a home mortgage. The home-
owner borrows money at some interest rate. It is paid back %n equal monthly
(hence, yearly) installments over the life of the mortgage (i.e., he

pays $X/month in the first year and $X/month in the 30th year).

An alternative methcd, more appropriate tc the cost evaluation and comparison
of systems for future implementation,is that of expressing levelized annual
costs referenced to a particular base year, e.g., 1976. The result is the
levelized annual cost in constant (base year) dollars:

C (constant $) = {GRF/ * Ic*FCR°CCF + A (3)

OM

Here, CRF is the capital recovery factor, defined as the uniform periodic

payment, as a fraction of the original principal, that will fully repay a loan
(including all interest) in yearly periods over the loan lifetime at a speci-
fied yearly interest rate. The interest rate used to calculate CRF is called

the discount rate and represents the weighted average cost of capital.
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The discount rate varies with the application. Values of .09, .072, and
.10 were used for the utility, residential and intermediate applications, -

respectively.

CRF' is the corresponding capital recovery factor in constant (base year)

dollars.

The derivation of equations (1) and (3) and a more complete discussion of
the system cost methodology, including explanations of FCR, CRF, CRF',

etc., is given in Appendix B.

5.3.2 CURRENT STORAGE SYSTEM COST ASSUMPTIONS

The cost parameters used for analysis purposes were selected as represen-
~tative values and were derived from literature searches, telephone conver-
sations and other investigations. Table 5.3-1 presents the cost parameters
for the utility application storage system concepts discussed in the pfeceding
section. Note that the fixed charge rate (FCR) is adjusted to a common 30
year life basis for all systems, with component replacement costs included.

Capital costs include balance of plant costs, where applicable.

Table 5.3-2 presents cost parameters used in residential analyses. Interest
during construction (CCF) was not included, the assumption being that a
complete residehtia] storage system will be purchased, ready to operate,
after relatively minimal instdallation. The fesidential fixed charge rates
assumed a 20 year, 9 percent mortgage by an individual in a 20 percent

incremental tax bracket and include 2 1/2 percent for local taxes and inéurance.
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TABLE 5.3-1. SUMMARY OF COST PARAMETERS - UTILITY APPLICATION

91L-§

b b

e T Ll Rl e IR s

° P S $/kW/Yr] $/kWh
Underground Pumped Hydro 50 75 1.40 .18 140 8 1.6 0
Above ground 50 75 1.40 .18 120 6 1.6 0
Pumped Hydro
Thermal Storage-0il 30 70 1.17 .18 200 12 3.2 .0002
Thermal Storage-Steam 30 70 1.17 .18 200 50 3.2 .0002
Underground
Compressed Air 30 70 1.17 .18 155 17 0 .0053
Advanced Batteries 10/20 75 1.05 22 ] 70 30 0 .003
Lead-Acid Batteries 10 70 1.05 .22 ] 70 77¢, 854 0 .0005
Inertial (Fiywheel)
Storage 20 75 1.05 .19 70 200 0 .0053
Hydrogen Storage 20 | 45 1.05 19 750 15 0 .0027

Superconducting Magnetic
Energy Storage : 30 80 1.40 .18 50 125 1.6 .0002

a. Provides adjustment for comparisan of all systems on a common 30 year basis.

b. Cost parameters shown are representative values selected from costs/cost ranges shown in the PSE&G
Report3 and/or other sources as d'scussed in Section 4. Battery costs are based on consensus data
from most recent EPRI/ERDA workshops and include allowance for balance-of-plant costs.

¢. 10 hour battery.

d. 5 hour battery.

(A11 costs are stated in 1975 dollars except for batteries which are in 1976 dollars).




TABLE 5.3-2. SUMMARY OF COST PARAMETERS - RESIDENTIAL APPLICATION
NOMINAL NOMINAL TOTAL SYSTEM| VARIABLE
ENESEEE§¥ORAGE EXPECTED | EFFICIENCY | FcR@ CAPITAL COST} 0&M COST
‘ LIFE(YRS) (%) ($/kwh)b | ($/kWh)b
1. Advanced
Batteries 10 75 .15 92 .003
2. Lead-Acid ‘
Batteries 10 70 .15 200 .0005
3. Inertial
(Flywheel) 20 75 12 250 .005
4. Pneumatic 20 60 12 270 .003

a. Provides adjustment for comparison of all systems on a common 20 year basis.

b. Cost parameters shown were derived from various sources as discussed in
Section 4, with balance-of-plant costs extracted from Ref. 61. An 8-10 hour/
day storage system daily cycle is assumed,

(A11 costs are stated(ih 1976 dollars).

FCR for batteries was adjusted to account for 10 year life and one replacement.
The effect of achieving 20 year 1ife for an advanced battery system was also

computed and is discussed in the study summary, Section 1.

Energy storage costs for intermediate applications will range between the
utility and residential values depending on the scale of the application.
Obviously, very large storage systems will closely approximate utility Tlevel
costs, while very small systems will be more typified by residential costs.
Utility costs were used in the intermediate analysis, except for advanced
and lead-acid batteries for which specific capital cost estimates of 67%$/kWh
and 140 $/kWh respectively, were obtained. Fixed charge rates for the
intermediate application can be expected to be slightly higher than the

utility case. Table 5.3-3 gives the intermediate fixed charge rates assumed



in the study, again corrected to 30 year life and associated component

replacement requirements.

TABLE 5.3-3. FIXED CHARGE RATES - INTERMEDIATE APPLICATION

STORAGE CONCEPT FIXED CHARGE RATE - (FCR)
1 Underground Pumped Hydro .22
2 Above-ground Pumped Hydro .22
3 Underground Compressed Air .22
4 Advanced Batteries .26
5 Lead-Acid Batteries b .26
6 Inertial Storage .23
7 Hydrogen Storage A .23

5.3.3 ENERGY STORAGE FUTURE COST PROJECTIONS

The stbrage system costs of Tables 5.3-1 and 5.3-2 are based on current cost
estimates which, for many of the storage concepts, are continually being
changed, updated and improved upon. Substantial cost reductions are pro-
jected fur some concepts while others such as pumped hydro may have diffi-
culty holding costs to today's level due to land costs which are increasing
at a greater rate than genersl inflation, and also because of depletion of
inexpensive sites. Figure 5.3-1 presents consensus learning curve storage-
related capital cost projections (IS) for the utility-applicable storage
systems. The curves wereAgenerated using standard learning curve procedure
based on a logarithmic scale straight line reduction of cost vs. number

of units produced. Estimates of 20% cost reduction by the year 2000 were
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assumed for the immature storage systems, including underground compressed
air, advanced batteries and flywheels. A cost reduction of 10% by the
year 2000 was estimated for the relatively mature lead-acid battery system.
The relatively steep learning curve for hydrogen storage was based on

data from a supporting study. These learning curves were used only for
viability screening purposes due to the fact that current cost estimates
for the developing technologies are not yet well enough established,
whereas the mature technology learning will likely be small. The cost
projections presented in Figure 5.3-1 were used, however, to test the
utility-applicable storage systems for viability at the most optimistic
condition by the year 2000. Although 1learning curve cost projections were
not used in the worth of storage analyses of Volumes II and III, the
results are formatted in a manner that will permit evaluation of system

viability using any cost estimate.

5.3.4 SAMPLE COMPUTATION

Table 5.3-4 presents an example levelized annual cost, AC, computation done
for above ground pumped hydro storage in a utility application. Capital cost
"data was obtained from Table 5.3-1 in 1975 dollars. For a system lifetime

of 30 years, and a utility discount rate of .09, the fixed charge rate, (FCR)
and capital recovery factors (CRF and CRF') were computed to be .18, .0973,

and .0565, respectively. The first two steps of the calculation prbcedgre
consist of éscalating the capital cost as well as the operatihg and maintenance
costs to 1976 dallars at an inflation rate of 5%. Then equation (3) is
employed to obtain the levelized annual cost, in this case, $29.33 $/kW/Yr.
(1976 dd]]ars).
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TABLE 5.3-4.  SAMPLE COST CALCULATION

EXAMPLE: Above Ground Pumped Hydro Storage

Specific Conditions

Capital Costs: o System Lifetime, n = 30 years

°
IP = 120 $/kW (1975%) e CCF = 1.40
IS = 6 $/kwh (1975 §) e FCR = .18

e 0&M Costs: Fixed = e Discount Rate, r, = .09
1.6 $/kW/Yr (1975 $) e CRF = .0973

e Discharge Capability = 10 hrs. e CRF' = .0565

250

No. charges/yr., N

e Inflation Rate, g = 5%

Sample Calculation (1976 $)
1. Ig=1Ip + Ig-t =1.05 (120 $/kW + 6 $/kWh - 10 Hr) = 189 $/ki

2. Agy (Fixed) = 1.05 (1.6 $/kW/Yr) = 1.68 $/kW/Yr

3. AC = 'gggg (189) (.18) (1.4) + 1.68 = 29.33 $/kW/Yr (1976$)

5.3.5 SYSTEM LEVELIZED ANNUAL COST TABULATION

Using the calculation procedure described, levelized annual costs were
computed for the seven concepts screened for the utility and intermediate
applications plus the four residential concepts. Results are shown in

Table 5.3-5.
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TABLE 5.3-5. LEVELIZED ANNUAL COST RANKING OF CANDIDATE STORAGE SYSTEMS

STORAGE METH UTILIfY INTERMEDIATE
» A RANK AT RANK
$/kW/Yr | $/kuW/Yr
Above-ground Pumped Hydro 29 1 36 1
Underground Pumped Hydro 35 2 44 2
Underground Compressed Air 56 3 66 3
Advanced Batteries 57 4 117 4
Lead-Acid Batteries 114 5 229 6
Hydrogen Storage 117 6 143 5
Inertial Storage 266 7 327 7
RESIDENTIAL STORAGE AC RAHK
SYSTEMS $/kWh/Yr
Advanced Batteries 9 1
Lead-Acid Batteries 19 2
Inertial Storage 20 3
Pneumatic Storage 21 4

Hydro storage systems show a clear cost advantage in large scale systems (as might
be expected) with some type of advanced battery having the highest potential

for the residential application. It should be noted that in the utility
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application, however, the stﬁrage systems which are predominantly storage-
cost related will look more attractive at discharge times less than ten
hours. The tenlhour time was used only to make a common comparison.

The discharge times for a given set of utility requirements should be
individually matched to one or more storage methods to obtain the optimum

results.

Levé]ized annual cost provided a first-cut economic ranking of the can-
didate storagé concepts and was used along with the other evaluation criteria
to help decide which systems were most attractive for further study.

More detailed overall worth of storage evaluations required consideration

of duty éyc1e, efficiency and specific output/load characteristics for

the photovoltaic and wind energy conversion systems in each of the three
'app]ications. Volumes II and III of this report present the detailed
analyses and data for photovoltaic and wind energy conversion systems,

respectively, with the above and other factors included.
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APPENDIX A
GLOSSARY AND DEFINITIONS

ABBREVIATIONS
AND

SYMBOLS MEANING

A Ampere

ac Alternating current

AC Levelized Annual Cost

A/C Air Conditioning

Ac Annual Energy Credit (dollar savings
due to storage)

AH Ampere - hour

om 0&M Cost per kWh of storage discharge energy

AOM Annual O&M Cost

ASDE Annual storage discharge energy

Aw Annual Worth (dollar saving from base
system plus storage)

BE Break-Even

bhp Brake horsepower

Btu British Thermal Unit

o Capitalized (or capital) cost

°C . Degrees Celsius

Cge Break-even capital cost

cC Capacity credit

Ce Capitalized energy credit

CCF ~ Construction cost factor

Cz Efficiency correction factor

. COE Cost of electricity
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ABBREVIATIONS
AND
SYMBOLS

Com
CRF

C*
dc

Eppy

°F
FCR

gal.

gpm

hp
HV
Hz
kV
kW
kWh

MEANING
Capitalized value of 0&M Costs
Capital recovery factor
Effective carrying capacity, MW
Delta, difference
Direct current
Electricity price escalation rate
Energy supplied to load from storage/PV

Energy supplied to load from undedicated
storage

Energy supplied to load from storage/WECS
Fuel price escalation rate

Degrees Fahrenheit

Fixed charge rate

Gallon

General inflation rate

Gallons per minute

Hour (or Hr)
Head, hydrostatic
Hydrogen (system)
Horsepower

High voltage
Hertz (frequency)
Kilovolt

Kilowatt

Kilowatt-hour
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ABBREVIATIONS

AND
SYMBOLS MEANING
M Multiplier for an escalating cost stream
m Meter
MPH Miles per hour
m/s Meter per second
MW Megawatt
MVA Megavolt ampere
Me Megawatt-electric
MwWh Megawatt hour
n Life (system) years
( Efficiency
P Phase (electric power)
P Power
PF Power faétor,
Psi Pressure, pounds per square inch
Psig Pressure, pounds per square inch-gauge
¢ Air density, value of
R "Risk factor
r Discount rate
R/C G/T Regenerative Cycle - gas turbine
RPM Revolutions per minute
SCF Standard cubic foot
sec Second (time)
SG Specific gravity
S/C G)T Simple cycle - gas turbine
s0C ’ State of charge
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ABBREVIATIONS

AND
SYMBOLS MEANING
STAG Combined cycle steam and gas turbine system
(GE Trademark)
t time (or temperature)
T Torque (1b. ft.)
v Velocity, linear
Vv Volt
W Watt
[ 1° Any value taken at 75% efficiency

(superscript zero)
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ACRONYMS

AEP

ASME
BEST
BOP

BTTL

CvT
DECP

EUSED
IEEE

LOLP
MPS

0&M
‘PPS
PSH
PV
PVCS
SA
T&D
WECS
WTG

MEANING

Advanced Energy Programs,
General Electric Company

American Society of Mechanical Engineers
Battery Energy Storage Test (facility)
Balance of Plant

Building Transient Thermal Load
(a computer program)

Continuously variable transmission

Direct Energy Conversion Programs,
General Electric Company

Electric Utility Systems Engineering
Department, General Electric Company

Institute of Electrical and Electronic
Engineers

Loss of Load Probability

Monthly Production Simulation
(a computer program)

Operation and Maintenance

Pure pumped storage

Pumped storage - hydro
Photovoltaic

Photovoltaic conversion system
Solar Array

Transmission and Distribution
Wind energy conversion system

Wind Turbine Generator
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Definitions

Annual Energy Displacement
Array (PV)
Baseload

Breakeven Cost

Bus
Capacity Credit

Capital Costs

Capitalized Value

Capacity Factor

Cell

Concentration Ratio

Converter

Cost Goal

Cut-in Velocity

Cut-out Velocity
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Quantity of energy replaced by PVCS, WECS
and/or Energy Storage discharge

Photovoltaic cells complete with
mounting fixtures.

The generally constant portion of
utility generated power output.

The cost at which two alternative
methods are equivalent from the
owner's viewpoint.

A major electrical interconnection
or tie.

A credit earned for ability to ,
replace a conventional generating unit.

The investment associated with
initial purchase of major equipment
or facilities. '

An equivalent present value (dollars)
representing cost (or worth) of an
annual sum of money for a given period
of time.

The ratio of actual (realized) energy
output to maximum vutput at rated power
for some period of time (usually a year).

The smallest electro-chemical unit
in a battery energy system.

The factor by which basi c insolation
is multiplied or "concentrated" by a
given type of PV/solar array.

A class of devices for performing
DC/AC power conversion or "inversion".

Break-even cost, or a minimum objective
to economically justify an alternative
method.

The wind velocity at which a WTG
commences power generation.

The wind velocity at which a WIG
terminates power generation.



Dedicated Storage

Discharge/Charge Rate

Diversified Load

Duty Cycle
Effective Carrying Capacity

Escalation Rate
Forced Outage Rate
Heat Rate
Insolation

Intermediate Application

Levelized Annual Cost
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An energy storage system charged solely
from WECS/PVCS or any single energy
source.

The time rate for transferring energy
to or from storage at rated power.

A mix of different types of nower
consuming devices, in residential
use, various appliances, motors, etc.
as opposed to space heating or

water heating loads.

The duration and periodicity of
operation of a device.

The power capacity that can be.
reliably furnished from storage.

:The annual percent by which fuel (or

other commodity) increases in price.
May be different from general
inflation.

The annual amount of unscheduled
out-of-service time for power
generation units.

The amount of thermal input to a power
generating unit necessary to produce

1 kWh of output

(3413 Btu/kWh = heat rate = unit
efficiency).

Solar radiation received at some specific
point, e.g., a solar cell. Has both
direct and diffuse components.

A broad class of commercial or
industrial energy consumers below the
utility scale and above the residential.
scale. (study definition).

An annual sum which, if expended each year
over a specified time for equipment

or services, would be equivalent to the
summation of all actual costs, during

the same period, for fixed and variable
charges, including burdens.



Load Duration

Mix

Multiple Source

0ff-Peak

Peaking Units

Penetration

Shunt Regulator

Start Year

Storage System Cost

System-wide Storage

Zero Differential Escalation

The time during which the load
(utility power demand) exceeds a given
magnitude. Usually summed for time
periods of particular interest.

The specific combination within a:
utility system of various generating
units using different types of fuels
(i.e., coal, nuclear, oil, etc.).

Refers to power supplied from system-
wide generation and/or a mix of power
sources. .

Refers to utility load demand or power
generation occurring at other than
peak load hours of the day.

Utility generating units assigned solely
to respond to the periods of highest

load demand.

The percent of total power generation
capacity contributed by PVCS/WECS based
on peak power output rating.

A device or devices with the function
of dissipating excess power from a PVCS
or other source in order to maintain
desired power levels.

The first year of system operation and
benefit return.

A current estimated cost of a storage
system or a projected future cost.

An energy storage system accessible
to and chargeable by any generating
source in the system having available
and/or excess capacity.

A condition where the general inflation
rate and the escalation of a specific
commodity (such as fuel) are identical.



Conversion Factors

Unit/Quantity

Solar cell area, m2

Langley

m/s

Multiplying Factor

.114

3.68
2.237
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Converted/Equivalent
Unit/Quantity

PV output, kW 2

(@ 60°C and 1 kW/m
normal insolation)
Btu/ft?

MPH



APPENDIX B
SYSTEM COST METHODOLOGY

The levelized annual cost represents the do]]ar amount required to own,
operate, and maintain a system during each year of the life of the system.
This parameter was used as a preliminary measure of relative economic
attractiveness in assessing various storage techniques. Specifically,
the levelized annual cost accounts for:

a) "paying off" system capital costs
b) paying for operating ard maintenance expenses

d

(a)

(b)

(c) paying taxes
(d) paying a return to investors and interest to creditors
(e)

e) building a capital fund for periodic component replacement,
overhaul, and retirement of debt.

The levelized annual cost, denoted by AC, is given by:

C = CRF X PW (1)
where CRF is the capital recovery factor and PW is the presert worth of

the year by year revenue requirements throughout system 1ife.

The following sections describe the analytics for computing AC as applied to

storage, and as used for preliminary evaluation of storage concepts.

A1.1 CAPITAL RECOVERY FACTOR, CRF

The capital recovery factor is the uniform periodic payment, as a fraction
of the original principal, that will fully repay a loan (including all in-

terest) in yearly periods over the loan lifetime at-a specified yearly
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interest rate. The interest rate used to calculate CRF is called the

discount rate and represents the weighted average cost of capital.

Analytically, the capital recovery factor is given by:

r{]+r!n

RF =
¢ (14r)" -1

(2)

where r is the appropriate discount rate and n is the system lifetime.
The discount rate, r, varies with the application. Values of .09, .072,
and .10 were used for the utility, residential and intermediate applications,

respectively.

A1.2 PRESENT WORTH,PW

The present worth is analogous to that amount which, if deposited in an
interest bearing account at the discount rate, would permit annual with-
drawa]s to pay all system costs and diminish to zero at the end of system
life. For the evaluation of storage concepts, the PW is comprised of two
components: (1) a component accounting for capital costs and (2) a component

accounting for the cast of operation and maintenance (0&M).

The total present worth is given by:

PW + PW
FIXED CHARGE 0&M

The fixed charge component is given by:

U _ I.- FCR - CCF

FIXED CHARGE R | (4).




Here, 1., is the total capital cost of the system and CCF is the con-

C
struction cost factor accounting for interest during construction of the

storage system.

The parameter FCR is the fixed charge rate and represents the yearly cost

of ownership, expressed as a % of the capital investment, IC' These costs
consist of capital outlay, taxes and insurance. An explanation of the

fixed charge rate and its derivation is given in the following subsection.

In the case of storage systems, the capital costs can be separated into

" two components: (1) an investment associated with a storage system of a givén

power rating, I_, expreésed in $/kW, and (2) an investment associated with

P

‘the energy storage capacity of the system, I_, expressed in $/kWh. For a

S
device with a maxinmum discharge capability of t hours at rated power, the

total capital cost, I, in $/kW is:

T.o= I, + I .t | (5

The second component in equation (3) accounts for system operation and

maintenance . This is given by:

A : |
= OM ‘
PH oan T CRF (6)

This is similar in -form to equation (4), but with different parameters.

Aoy . is the cost of operating and maintaining the system.

The parameter M, defined as the levelized value of an escalating cost stream,

accounts for the fact that AOM is increasing over the lifetime of the system

because of inflation.



— -
i 1

O+r)" - (0 +9)":
1+ )" - '

— -—

" where g is the annual inflation or escalation rate.
Substituting equations (4) and (6) into equation (3) yields:
CRF ' \ OM

PW = =~ 1 - FCR - CCF+M /A ) (8)

A1.3 FIXED CHARGE RATE

The fixed charge rate (FCR) represents the yearly cost of ownership, ex-
presged as a % of the investment, IC. These costs consist of debt interest
and principal payments, return on equity (where applicable), insurance,
local taxes and the net effect of Federal taxes. The concept of the

fixed charge rate comes from electric utility financial analysis, but has

proven to be applicable and convenient in the analysis of other sectors as

well.

The residential energy user has one important difference from other energy
consumers in that energy is not a tax deductible expense. The effect is
best shown by example. Consider an industrial and a residential user in
48 and 20 percent tax brackets, respectively. Assume each has $1000 of

before-tax income and is evaluating a $100 energy purchase:
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Corporation . Residential User

Without With Without  With
Energy Energy Energy Eneragy

Gross Income 1000 1000 Gross Income 1000 1000
Deductible Expenses 0 _100 Deductible Expenses 0 _ 0

Taxable Income 1000 900 Taxab]é Income 1000 1000
Federal Taxes (48%) 480 432 Federal Taxes (20%) 200 200

net Income 520 468 . Net Income 800 800
Less Energy - _100

700

After Tax Energy Cost = $520 - 468 = $52 $800 - 700 = $100

Thus, while the homeowner pays the full $100, the corporation effectively
pays only $52 ($100 X (1 - tax rate) ) since taxes are reduced by $48. It is
due to this tax effect that costs of alternate energy systems must be
evaluated on an after-tax basis for the homeowner and on a before-tax basis
for the corporation. Only in this way can system costs be compared with

prevailing energy costs.

A detailed discussion of fixed charge rate, its various components, and cor-
porate tax effects is presented in "The Cost of Energy from Utility-Owned
Solar Electric Systems" (Reference B-1). The residential sector presents a
rmuch simpler case. Assuming a 9 percent loan for‘a homeowner in a 20 percent
incremental tax bracket, the effective after-tax rate can be shown to be

7.2 percent (.9 X (1 - .2)). Computing the appropriate CRF and adding local
taxes andhinsurance yields the fixed charge rate. For example, assume a

10 year life systam and 2.5 percent for local taxes and insurance:
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.072 (1.072)'C

’I.O72]0 -1

FCR = + .025 = .1687 = .17

Typical fixed charge rates (FCR) as a function of system l1ife n and abp]i-

cation are tabulated below:

SYSTEM LIFE FCR
n YRS. ' UTILITY RESIDENTIAL INTERMEDIATE
10 .23 .17 .27
20 .19 .12 .23
30 .18 .10 .22
50 .18 .10 .22

These values will be used in the analysis that follows:

A1.4 LEVELIZED ANNUAL COST IN CURREWT DOLLARS

If equation (8) is substituted into equation (1):

C = Ip: FCR - CCF +M (AOM) (9)

In this case, the levelized annual cost is expressed in terms of current

dollars.

Expressing AC in current dollars establishes equal yearly costs over the
system Tife. This is analogous to the case of a home mortgage. The home-
owner borrows money at some interest rate. It is paid back in equal monthly

(hence, yearly) installments over the life of the mortgageA(i.e., he pays
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$X/month in the first year and $X/month in the 30th year).

A1.5 LEVELIZED ANNUAL COST IN CONSTANT_DOLLARS_m
An alternative method of expressing levelized annual costs is to reference
the costs to a particular base year, e.g., 1976. The result is the

levelized annual cost in constant (base year) dollars.

To calculate AC in constant dollars, a discount rate that accounts.for
inflation over the system life is determined. This rate, denoted by r',

is given by:
-1 (10)

where g is the annual inflation rate. This r' is then used in the CRF

equation to yield a capital recovery factor in constant (base year) dollars:

et = r(+re)l (1) -
(1 + ")

Substituting CRF' for CRF in equation (1) gives:

AC (Constant $) = CRF' . PW (12)

Further substitution of equation (8) into (12) results in:

— . _ CRF! RF +M (A 13
C (Constant $) = <CRF IC : FCR . C ((Nb (13)

Combination of equations (2), (7), and (11) results in an identity:

" CRF'

CRF (14)

=
in
—
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provided that g, the annual intlation or escalation rate,is the same
for 0&M as for the general: rate of inflation used in computing r'. This

expression, in turn, reduces equation (13) to:

AC (Constant $) = <%%%— - Ic. FRC. CCF> + Agy (15)
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