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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 NSF-C-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 

prio~ 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 Vol'ume II, but directed 

toward use of energy storage with Wind Energy Conversion Systems. 

The study was conducted by Advanced Energy Programs - Genera·l Electric 

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

Program Manager, f.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 Batteries 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 Dept., Schenectady, N.Y. 
Public Service Electric and Gas Co. of Newark, N.J. 
GE TEMPO, Santa Barbira, Calif. 
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Mr. W.R. Terrill, Manager, Solar Electric Power Programs, and Mr. R.J. 

Sarchet, 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. Len Magid 
Dr. Doug Warschauer 
Dr. Mort Prince 
Dr. Hal Macomber 
Mr. Don Teague 
Dr. Bob Thresher 

Dr. George Chang 
Dr. Al Landgrebe 
Mr. Rufus Shivers 
Dr. Wayne·Coffman 

Mr. Larry Go1·don 

Dr. Henry Dodd 

Division of Solar Energy, ERDA 

Division of Energy Storage Systems, 
ERDA 

NASA-Lcwi3 ne3earch Center 

Sandia Laboratories, Albuquerque, NM 
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INTRODUCTION 

The variability of energy output inherent in wind energy conversion systems 

(WECS) has led to the investigation of energy storage as a means of managing 

the available energy when immediate,. direct use is not possible or de­

sirable. Several energy storage concepts have been successfully employed 

for many years in. the United States and elsewhere. The most notable 

examples are hydro systems, representing an upper level of storage size or 

11 Capacity .. an~ batteries and flywheels for important but smaller scale 

applications. In Germany, thermal storage has b~en used successfully as a 

means of utility load leveling. This portion of the General Electric study 

was directed at an evaluation of those energy storage technologies deemed 

best suited for use in conjunction with a wind energy conversion system in 

utility, residential and intermediate applications. Break-even cost goals 

are developed for several storage technologies in each application. These 

break-even costs are then compared with cost projections presented in Volume I 

of this report to show technologies and time frames of potential economic 

viability. The form of the presentntion allows the reader to use more 

accurate storage system cost data as they become available. The report 

summarizes the investigations performed and presents the results, conclusions. 

and recommendations pertaining to use of energy storage with wind energy 

conversion systems. 
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SECTION 1 

SUMMARY AND CONCLUSIONS 

1.1 STUDY OBJECTIVES AND SCOPE 

The principal objectives of the study with respect to wind energy conversion 

.systems (WECS) and their use of energy storage were: 

1. The ass~ssment of selected candidate storage concepts~ 

2. Evaluation of the effects of selected parameters on the 

attractiveness and worth of energy storage utilization. 

The scope of the investigations included both utility and non-utility appli­

cations. In addition to establishing cost goals for storage, the impact of 

charging storage from multiple sources, as well as from \'lind s·ystems alone, 

.was included, along with the effects of wind forecasting and transient 

. sm6othing of the wind system output. 

Representative loads and average fuel costs were utilized. Generation mix 

per se was not included as a variable. Three basic wind turbine system 

sizes were included: 1.5 MW s·ingle W1nd Turbine Generator (WTG) units 

clustered to provide selected amounts of 11 penetration 11 of wind systems in 

'terms of tot a 1 system capacity, a 500 kW WTG unit for intermediate app 1 i­

cations, sfngly or in multiples, and a 10 kW WTG unit for residential 

application. Results were based on wind data from three widely separated 

locations which could be considered representative of conditions in coastal, 

mountain and plains areas of the contiguous United States. 
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1. 2 STUDY APPROACH 

The study was conducted using the following general procedural steps: 

1. Review of current concepts for the use of e 1 even. storage 

methods including mechanical, thermal, electrical and electro-

chemical types of storage devices. 

2. Assessment of .sui.tability of concepts for use with wind 

energy conversion. 

3. Determination of present through the year 2000 cost goals for energy 

storage vs. storage capacity under different conditions relative to: 

a) Application 
b) Available wind energy/location 
c) Wfnd system penetration (utility case) 
d) Storage efficiency · 
e) Fuel price escalation rate 
f) Other cost/viability factors 

1.3 OVERALL FINDINGS - ENERGY STORAGE WITH 
WIND ENERGY CONVERSION SYSTEMS 

This section of the study report presents the overall findings and general 

conclusions reached as a result of the study. These findings and conclusions 

are described below. r~ore detailed findings related to the specific study 

baseline conditions and assumptions are presented in the sections immediately 

following and elsewhere throughout the body of the report. It is significant 

to note that becau~e of the interaction of basic parameters involved in 

actually applying wind and energy storage, the overall study results provide 

general guidance which must be supplemented by detailed investigations for 

any specific system design proposed. 
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1. Energy storage improves both the energy utilization and the worth of 

wind generated energy over that of systems not using storage. This is 

illustrated in Figure 1.3-1 for the utility and residential cases, with 
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the cross-hatched area indicating the increased savings due to storage 

over and above the basic wind system savings. Intennediate stora·ge 

system savings followed a pattern similar to the residential savings. 

The range and implications of the storage improvements are discussed in 

more detail for each application level. 
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2. On the utility level, energy storage provides ·a substantial additional 

benefit due to displacement of other generation equipment and, in some 

cases, transmission and distribution equipment. 

3. Of the eleven energy storage concepts considered in the study, none 

show economic viability at current storage costs and energy prices when 

dedicated to use with wind energy conversion systems (wind system-only 

charging). 

4. Energy storage on the ·uti:lity level is always significantly more useful 

and economically attractive if it is charged on a system-wide or multiple 

source basis rather than dedicated to wind system charging alone. This 

is shown in Figure 1.3-2 which shows the added multi-source charging 

value as a dashed area above the previously presented dedicated 

charging savings. 

5. A further advantage of multi-source charging is increased displacement 

of other generation equipment due to more reliable storage operation. 

6. Pumped hydro storage systems offer the· best storage economics for those 

applications (primarily utility) with proper scale and site characteristics. 

In addition, current pumped hydro storage costs represent cost goals for 

large scale storage systems, since they are presently economic on a system 

wide charging basis in many utility systems. 
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7. Of the several relatively near term storage technologies, battery. 

energy storage is the most universally attractive across the range of 

applications studies. An advanced battery at projected 1985 conditions 

was the only storage concept with wide applicability to show potent'ial 

economic. viability in the near term. 

8. Energy storage systems other than pumped hydro \'Ji 11 offer economic 

viability if increasingly severe economi.c conditions are postulated 
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between now and year 2000. Figure 1.3-3 presents break-even cost goals for 

utility and residential batteries at several electricity price escalation 

rates and start years of 1985 and 2000. Current costs of lead-acid 

batteries and the 1985 cost projection for advanced batteries are also 

shown. Battery life was assumed at 10 years. If a 20 year life battery 

becomes available, the break-even cost goals would. increase by over 30% 

in the residential application and by 7. to 14% in the utility application. 

The clear superiority of system wide or multi-source charging of storage 

is again shown. 

9. Although the type of energy storage system should be selected on an 

individual application basis, the differences in storage system character­

istics suggest that a mix of storage concepts may be desirable. For ex­

ample, a utility network could employ pumped hydro storage for 10 hour 

discharge duty and advanced batteries for peaks of shorter duration where 

~attery economics closely approach pumped hydro. The transmission and 

distribution facilities of a utility system may also make a mix of 

storage technologies desirable. 

10. Wind forecasting appears to offer only a modest improvement in storage 

value over what can be obtained using reasonably straight-forward judgmental 

storage operational strategies. 

11. Energy storage in residential and intermedtate applications can achieve 

as high as a 30 to 40 percent increase in total system energy capture. 

When realistically achievable storage costs are considered, storage can, 

at best, increase the worth of the basic wind system by 10 to 15 percent. 
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12. High electric rates combined with the non-tax-deductibility of 

energy co~ts make the residential energy storage system generally 

much more economic than the intermediate, under present pricing and 

tax policy. 

13. The special utility case studies performed by GE-EUSED, using a 

Monthly Production Simulation Program analysis, produced worth of 

storage results similar to other study findings. The case study 

results indicated that:. 

(a) Operating storage in a dedicated manner with WECS can lead 

to a significant economic penalty. 

(b) There is a significant (~25%) potential to improve the value 

of system storage in WECS applications by accurate weekly 

forecasting of WECS output. 

14. The smoothing of WECS output with energy storage devices is a 

technical requirement for certain types of single generator-single 

load situations. For large scale or utility type operations, the 

requirenrents for stability of output ane better met by other means. 

No economic value results from using storage for output smoothing 

except in the intermediate applications. Rate structures in these 

applications can make smoothing attractive in cases where lower level 

power demands can be achieved with a corresponding reduction in 

.customer charges. 
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15. Over the range of parameters studied and at the basel.ine economic 

conditions of 1985 start and 6% fuel price escalation, cost goals 

(break-even costs) for energy storage fell in the following approximate 

ranges in 1976 $~ 

Utility 

Res i dent i a 1 

Intermediate 

- 300-400 $/kW 

- 60-100 $/kWh 

15-25 $/kWh 

Spt:!c:'lfh: c:osl yuals df't:! bolh led111uluyy a11d application Ut:!IJt:!nueut. 

The methode 1 ogy and results for each app 1 i cation wi 11 be discussed · · 

in the sections that follow, along with individual concept 

applicability for use with WECS. 
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1.4 STORAGE WITH WIND SYSTEMS- UTILITY APPLICATION 

1 .4.1 CANDIDATE STORAGE CONCEPTS 

Candidate energy storage concepts selected, in conjunction with the 

concept reviews discussed in Volume I of this report, for further in-

vestigation for use with wind energy systems in utility applications 

included: 

1 . Pumped Hydro 
a. above ground 
b. unde-rground 

2. Underground Compressed Air 

3. Batteries . 
a. lead acid 
b. advanced 

4. Inertial (Flywheel) 

5. Hydrogen 

Note that thermal storage systems were not considered further in this 

portion of the study due to their i.napplicability to electrical output 

energy systems such as wind turbine-generator systems. Th1s i5 discussed 

in Part B of Volume I. Similarly, superconducting magnetic energy star-

age was not consideted further because of the present immaturity of the 

technology. 

1 .4.2 METHODOLOGY FOR UTILITY APPLICATION ANALYSIS 

The available information and data on the candidate storage concepts, 

experience to date, and development status were reviewed in detail. 

Suggestions, advice and other inputs were obtained from several other 

organizations including other General Electri~ departments, a utility 
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company (PSE&G) and a battery manufacturer (C&D Batteries). In addition, 

contacts were made with various other Government agencies and investi­

gators. A summary description of the various general storage tech­

nologies was prepared for reference and is presented in Volume I of 

this report, along with projected costs for each concept. 

A set of candidate storage evaluation criteria was prepared, selectively 

reduced to key criteria and subsequently used for preliminary ranking 

of the various storage concepts. Part B of Volume I of this report pre­

sents the results of this ranking for each application and for both wind 

and photovoltaic energy conversion systems. 

In order to establish values for the 11 WOrth 11 of storage under various 

conditions, selected locations, loads and generating capacities were. 

analyzed using computer routines. Present estimates of system life, 

O&M requirements and interest during construction (CCF) were used in 

the analysis (see Table 5.3-,.of Volume I). The analytical procedures 

are described in detail in Section 3 of this volume. 

1.4.3 GENERAL RESULTS AND FINDINGS- UTILITY APPLICATION 

Dedicated wind energy storage in utility systems was found to be non­

economic at current system cost estimates and nominal energy price es­

calation projections. Figure 1.4-1 displays economic viability tested 

against increasingly severe economic conditions for each of the seven 

utility storage concepts which survived the initial concept screening. 
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Contept 

Above ground 
puroped hydro 

Underground 
pumped hydro 

Underground 
compressed air 

Lead-acid 
batteries 

Advanced 
batteries 

Inertial 
storage 

Hydrogen 

START YEAR AND ENERGY PRitE ESCALATION RATE 

1977 "1990 

c::::><:J. Non-Economic 

2000 
10% 

EC<Jnomic 

Figure 1. 4-1 ECONOMIC v·IABILITY OF UTILITY ENERGY STORAGE CONCEPTS­
WIND DEDICATED CHARGING 

The escalation rates shown range from 0 to 5% over the assumed general in-

flation level of 5%. Note that only the extreme year 2000, 10% escala-

tion conditions result in viabi.lity for f1ve storage concepts operating 

in a wind dedicated charging mode. 
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System wide, or multi-source, charging substantially improves storage 

economics as shown .in Figure 1.4-2. 

Concept 

f1bove g1·ound 
pumped hydro 

Underground 
pumped hydro 

Underground 
compressed air 

Lead-aci.d 
batteries 

Advanced 
batteries 

Inertial 
storage 

Hydrogen 

START.YEAR AND ENERGY PRICE ESCALATION RATE 

1977 
5% 

1985 
6% 

1990 
8% 

2000 
lQ% 

I:><J Non•Economic 1 .. _..._ __ ............ 1 Economic 

Figure 1.4-2 ECONOMIC VIABILITY OF UTILITY ENERGY STORAGE CONCEPTS­
MULTI-SOURCE CHARGING. 
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Multi-source charging results in four storage concepts becoming viable 

at the baseline 1985 start, 6% price escalation condition. Both types of 

pumped hydro show present viability with 5% price escalation (zero 

differential escalation). 

With regard.to overall (non-economic) attractiveness of the various con­

cepts for wind system use, the following was concluded for the utility 

case: 

1. Although all seven concepts can be interfaced with a wind energy 

source, the hydro and compressed air systems present modularity 

problems due to the variability of the wind source. When 

specific system designs are attempted, the system costs for wind­

only charging would, therefore, tend to be increased over nominal 

projections for these technologies. 

2. Inertial storage does not look particularly attractive in terms of 

drive systems and input-output conversion equipment requirements. 

In addition, the developing flywheel technology requires add1t1onal 

work to meet the energy density and operational requirements at 

the utility level. 

3. Hydrogen systems appear to offer possibilities fo~ reasonable modu~ 

larization, but the variability of the wind source input could re­

sult 1n both an increase in modularity requirements and possible 

further reductions in system efficiency (already low) and r·eliability. 
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4. Battery systems, tak~n as a general class, possess the best overall 

characteristics for use directly with wind systems. There are sig­

nificant differences between the so-called advanced battery systems 

now under development, and it is not clear which of these advanced 

systems might eventually emerge as the most technically successful. 

Although there are desfgn and/or developmental problems to be re­

solved, these.are being pursued in a manner that will lead to a con­

clusive type of testing via the Battery Energy Storage Testing (BEST) 

program. The successful development of an "advanced" battery must 

be matched by achievement of low cost. Present lead-acid battery 

·costs, foi" t!Xdmple, preclude showing viability with dedicated wind­

utility equipment unless very extreme future economics are encountered 

even beyond those used as study parameters. For wind-only storage 

charging, even the present advanced battery cost predictions do not 

make an "advanced" battery attractive until economic pressures in­

crease· substantially. 

A further overall conclusion is t~at~ When both technical and economic 

characteristics are considered, the use of utility-level energy storage is 

more attractive and provides more options if it is approached on a multi­

source charging basis. Under the latter condition, hydro,compressed 

air and po~sibly hydrogen systems could be used where siting ~onditions 

permit. Batteries and possibly flywheels, at some future point in 

time, could provide system peaking power at dispersed locations. Thus, 

a range of options is left open which may be tailored to specific 

utility company needs. 
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1 .4.4 PARAMETRIC EFFECT ON WORTH OF STORAGE - UTILITY APPLICATION 

The parameters examined for utility applications using wind turbine 

systems are presented in Figure 1.4-3 and include the following: 

1. Location/wind characteristics 
2. Wind system penetration (as a percent of utility generation capacity) 
3. Storage charge/discharge rate 
4. Storage efficiency 
5. Storage size 
6. Fuel price escalation rate 
7. Start year 

Storage break-even cost computations resulting from computer data analyses 

wer~ adjusted to account for the major differences in storage concept-

peculiar parameters, such as efficiency, operation and maintenance and 

component replacement requirements. The adjusted break-even costs were 

then used as a ~asis for establ_ishing the relative viability of the various 

concepts. Concepts of greatest promise/interest were then evaluated in 

further detail over a range of economic conditions through the year 2000. 

The general effects ot the above IJar'dlllt:!Lt=rs on storilgc cconomicii are as 

follows: 

1. For moderate wind regimes, location showed an effect of about +29% 
on the mean energy savfngs and thus on the capitalized energy credit. 

2. The maximum effect of wind system penetration on energy credit was 
approximately +21%, occurring at the higher storage capaciti.es. 

3. Use of a 5 hour versus a 10 hour discharge rate indicated a maxi­
mum energy credit improvement of about 15% at 'he same penetration 
1 evel. 

4. Storage system efficiency increasing over a range from 60% to 90% 
showed an overall 34% energy credit improvement. 

5. Energy credit per unit of storage was seen to consistently decrease 
as system size was increased, although total energy credit in­
creased. 

1-16 



I 
0 

• 

WORTH OF STORAGE ANALYSES 

WIND ENERGY CONVERSION 

I 
INTERf4EDIATE 

I 
GT. FALLS 

I 
30% 

PENETRATION 

I 
15 HK. 

DI:SCHARGE 
RATE 

i 
60% 

I 
500 

I 
UTILITY 

I 
BLUE HILL 

I 
10% 

PENETRATION 

10 HR. 
DISCHAP.GE I RATE 

75% 
EFFICIENCY 

1000 MWh 

I 
RESIDENTIAL 

I 
LUBBOCK 

I 
20% 

PENETRATION 

I 
5 HR. 

DISCHARGE 
RATE 

I 
90% 

I 
2000 

STOlGE CAPACITY 

i 
4000 

• CAPACITY CREDIT EI~ERGY CREDIT . O&M COST 

I 

(tc) 

T&D CREDIT 
(~HERE 
APPLICABLE) 
(TOC) 

(CE) 

I 
16% ' 5% . 10% 

FUEL rCALATI~. 

PRESENT 1985 2000 

! 
NtT BREAK-EVEN COST OF STORAGE* 

I ( C0~1) 
I J =-.,.~--·""1 

HYDRO BATTERIES ~ OTHER 

I I 

, 
PRESENT 1985 2000 

,, 
I 

* ALSO Ii4CLUDES CONSTRUCTION COST FACTORS 
FOR iNTEREST DURING CONSTRUCTION . 

FIGURE 1.4-3. RANGE. OF PARAMETERS - UTILITY APPLICATION 

1-17 



6. Energy credit obviously increases as fuel price escalation rate 
increases. 

7. For fuel price escalation rates greater than general inflation, 
assumed at 5% in the analysis, energy credit increases as start 
year is moved out in time. 

Figure 1.4-4 presents the results of break-even cost computations for 

1000 MWh of dedicated storage capacity, 5 and lO hour discharge rates~ and the 

extreme economic conditions of 10% fuel price escalation rate and a year 

2000 start. Representative system cost estimates are also shown for 

comparison. Break-even costs higher than cost estimates indicate potential 

for economic viability. 

400 

·o 
10 HR 5 HR 10 HR 5 HR 10 liR 5 HR 1 OHR 5 HR 

Ul\DERGROUtiD , ABOVE GROUND UtWERGROUND LE.llu AC! D 
PUHP£0 HYDRO PUMPED HYllRO COMPRESSED AIR BATTERIES 

10 t!R 5 HR 
ADVANCED 
BATTERIES 

10 HR 5 HR 
INERTIAL 
STORP.GE 

10 fiR 5 HR 
HYDROGEtl 
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Capacity credit and transmission and distribution credits (where appli­

cable) are included in the above data, whi~h indicate four systems of 

potential viability- both types of hydro~ compressed air and advanced 

batteries. These four plus lead-acid batteries {due to wide-spread 

interest in t~is concept) were selected for more detailed economic 

analysis as presented in Section 3.3.6. 

The above analysis at extreme economic conditions affords maximum oppor­

tunity for a storage concept to demonstrate economic potential. System 

cost estimates shown are taken from the year 2000 projected values as 

g1v~n in Volume I of this report. It should be noted that the concepts 

showing potential viability at the ten hour discharge rate are also 

vi ab1 e when a 5 hour discharge rate is assumed. Discharge rate affected 

viability potential only for multi-source charging. (Figure 1.4-5). 

An important finding of the utility break-even analysis is that energy 

credit alone is not sufficient to achieve viability. There must be some 

form of benefit due to displacement of other equipment. Estimates of 

these benefits - capacity credits and transmission and distribution {T&D) 

credits, have been drawn from several sources and nominal values incor­

porated in the break-even results. 

fl. major conclusion of the utility Cl.rlctlysis CIS prev1ously stated is that 

system wide ~torage, or mu1ti-sourc~ chi:!rg1ng, 1s much more attractive 

than dedicated wind system storage, with break-even costs inc~eased by 

more than two to one. This is further evident in Figure 1.4-5 below, 

which indicates a 11 of the seven storage concepts having some degree of economic 
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potential at the 10% escalation year 2000 condition. Ten and five hour 

discharge rates are shown to point out clear differences in application 

potential. As can be seen, hydro and .compressed air storage are much more 

attractive on a ten hour basis while battery systems and inertial storage are 

·more cost effective at five hours. 
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Figure 1.4-5 BREAK-EVEN COSTS COMPARED TO SYSTEM COST ESTIMATES -
UTILITY APPLICATION 

Note that the four storage concepts selected for detailed investigation 

due to their economic potential on a wind system dedic•ted basis retain 

their lead in economic attractiveness when utility or multi-source 

charging is considered. 
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Wind forecastin~ in conjuriction with multi-~ource ~harging indicated 

only a slight improvement in energy credit for perfect forecasting over 

what could be achieved with simple storage operational strategies. 

Forecasting must necessarily involve not just wind conditions but load 

demands, to determine the net requirements on dispatchable generation 

equipment. Several judgmental storage operational strategi~s that could 

be easily implemented with onli knowledge of load trends, gave ene~gy 

credit within 10% of that achieved with perfect prior knowledge of 

daily net load. 

1 .5 STORAGE WITH RESIDENTIAL WIND SYSTEMS 

1.5.1 CANDIDATE STORAGE CONCEPTS 

Candidate storage concepts for use with residential wind energy systems, 

·selected in conjunction with the concept reviews presented in Volume I 

of this report include: 

1. Compressed air/pneumatic storage 
2. Batteries 

a. Lead-acid 
b. Advanced 

3. Inettia1 (flywheel) 

All of the above systems were deemed to be of sufficie~t interest to 

carry forward for more detailed economic comparison against break-even 

cost goals. 

1 .5.2 METHODOLOGY FOR RE~IDENTIAL APPLICATION ANALYSIS 

Evaluation of candidate storage technologies for the residential applica-
1 

tion followed the procedure described for the utility application (Section 1 .4.2). 
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Available information and data were reviewed, evaluation criteria examined 

and subsequently reduced to key criteria, and the four technologies cited 

in Section 1 .5.1 were selected for more detailed investigation. Values 

for the worth of storage analyses were obtained by matching typical re­

siqential loads and wind turbine generator output for several locations 

and then employing energy storage to improve the match. Current esti­

mates of system life and operation and maintenance requirements were 

used in the analysis (see Table 5.3-2 of Volume I). The analytical pro­

cedures are described in detail in Section 3 of this volume. 

1. 5. 3 GENERAL RESULTS AND FINDINGS - RESIDENTIAL APPLICATIO.N 

Energy storage in conjunction with residential wind energy systems 

proved to be non-economic at current system cost estimates and nominal 

energy price escalation projections. Figure 1.5-1 presents economic 

viability tested against increasingly severe economic conditions for 

each of the four residential storage concepts which survived the initial 

concept screening. 

Inflation was assumed at 5%, thus the escalation rates shown range from 

zero differential to 5% over inflation. The advanced battery is the 

only storage concept which reaches economic viability at the 1990, 8% 

case. 

1-22 



t------~:---.......;:S~T~R_L)EAR AriD ENERGY ?RICE ESCALAT!Oii RATE 

Concept 

Advanced 
Batte,.y 

Lead-acid 
Battery 

Inertial 
Storage 

Pneumatic 
Storage 

1977 
5% 

1985 
6% 

I::.><J Non-Economic 

• 1990 
8% 

2000 
10% 

Economic 

FIGURE 1.5-1. ECONOMIC VIABILITY OF RESIDENTIAL ENERGY STORAGE CONCEPTS 

With regard to overall (non-economic) attractiveness of the storage 

concepts considered for wind system use, the following was concluded 

for the residenti-al case: 

1. The inertial and pneumatic storage systems both require equip­
ment which would pose owner-operator difficulties. Excessive 
noise is probable in both cases, and both have potential per­
sonnel hazards that would require special attention in storage 
system designs. 

2. Battery systems offer the same advantageous load and input re­
sponsiveness as in the utility case. System design problems are 
present in that specifically designed control and switching 
systems are required, but these do not appear to be i nsurmoun­
table problems. A diversity of opinion seems to exist on the 
questions of hazards in the residence due to use of de voltages, 
acid or other chemical release, and (in the case of lead acid 
batteries) hydrogen release. In the final analysis, the sub­
jective issues concerning the potential chemical and hydrogen 
hazards appear the most difficult to resolve. 

3. Additional work on the details of control and inter·face of the 
residential wind conversion and storage system will be required 
for achievement of a significant future market. 
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1 .5.4 PARAMETRIC EFFECTS ON WORTH OF STORAGE-RESIDENTIAL APPLICATION 

The parameters investigated in the residential application of energy 

storage to wind energy systems include: 

1. Location/wind characteristics 
2. Storage efficiency 
3. Storage size 
4. Fuel price escalation rate and start year 
5. Effect on wind system worth 

Storage break-even cost computations were adJusted to account for con-

cept peculiar differences in such factors as efficiency and operation, 

mai.ntenance and replacement requirements. The general effects of the 

above parameters on storage economics are as follows: 

1. Over a range of loads and WTG output, the energy savings from 
storage as a function of storage size remained quite constant. 
This is shown in Figure 1.5-1. 

2. An increase in storage system efficiency from 60% to 90% in­
creased energy savings only 8%. This suggests that within this 
range storage efficiency is relatively unimportant in residential 
storage economics. 

3. Energy displacement per unit storage steadily decreased with 
storage size, as can be seen in Figure 1 .5-2. The effect is to 
make storage sizes above 24 kWh economic only under the more 
severe conditions of price escalation. From 12 to 24 kWh appears 
to be the best storage capacity range for residential energy 
storage with wind energy conversion systems, at least under 
near-term conditions. · 

4. Storage break-even cost increased with energy price escalation 
rate and start year delay. The effect is shown in Figure 1 .5~3 
for both lead-acid and 11 advanced 11 batteries. An 11 advanced 11 

battery was the only approach which offered possible viability 
at a nominal 6% electricity price escalation and 1985 start 
conditiorts. 
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5. Energy storage is unable to significantly improve the.value of 
the wind system at realistically achievable storage_ prices. 
The Qasic effect is shown in Figure 1 .5-4. Even the largest 
storage capacity {72 k~lh), increased energy capture by only 
37%. At a more reasonable size of 24 kWh, the improvement was 
25%. Energy storage must be priced below its break-even cost . 
for any of the 25% improvement to be reflected in a higher 
allowable WTG cost. At a very low storage price of $40/kWh the 
allowable WTG cost was seen to increase by only about 10 to 
15% at nominal conditions and 20% at the extreme 10% escala­
tion year 2000 start conditions. 
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Figure 1 .5-4 .. EFFECT OF ENERGY STORAGE ON TOTAL SYSTEM ENERGY CAPTURE, 
WIND ENERGY CONVERSION-RESIDENTIAL APPLICATION . 

... 
Figure 1.5-5 gives the results of break-even cost computations for 24 kWh 

capac1ty residential systems at the 1-0% energy price escalation rate and 

year 2000. The projected system costs shown, permit comparison between 

concepts under these favorable conditions. Break-even costs higher than 

system costs indicate viability potential for all four concepts, with an 
• 

11 advanced 11 battery by far the most attractive. 
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1 .6 STORAGE WITH INTERMEDIATE WIND SYSTEMS 

1.6.1 CANDIDATE STORAGE CONCEPTS 

Candidate energy storage concepts selecteQ for further investigation for 

use with wind energy systems in intermediate applications included: 

1 . Pumped hydro 
a. above ground 
b. underground 

2. Underground compressed air 
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3. Batteries 
a. 1 ead-aci d 
b. advanced 

4. Inertial (flywheel) 
5. Hydrogen 

Thermal systems were eliminated from further analysis in this portion 

of the study due· to their general inapplicability to electrical output 

energy systems such ·as wind turbine-generators. (See Part B of Volume I). 

Of the remaining concepts, several (particularly hydro and underground 

compressed air) would be applicable only to very large scale intermediate 

applications. 

1 .6.2 METHODOLOGY FOR INTERMEDIATE APPLICATION ANALYSIS 

Candidate storage technologies were selected for the intermediate appli-

cation using the same techniques described previously for the utility 

and residential applications. Values for the worth of energy storage 

were obtained by matching wind turbine generator outputs for several 

locations to a load selected as typifying a shopping center operating 

routine. Current estimates of system life and operation and maintenance 

requirements are used in the analysis (see Table 5.3-1 of Volume I). 

The analytical procedures are detailed in Section 3 of this volume. 

1 .6.3 GENERAL RESULTS AND FINDINGS - INTERMEDIATE APPLICATION 

Energy storage with intermediate wind energy systems proved to be 

economic only in extremely large scale applications with site char-

acteristics adaptable to hydro or underground compressed air systems._ 

Figure 1.6-1 presents economic viability tested against increasingly 

severe economic conditions for each of the seven storage concepts considered. 
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Hydrogen 
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1985 
6% 
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1990 
8% 

2000 
10% 

Economic 

Figure 1,6-1 ECONOMIC VIABILITY OF INTERMEDIATE ENERGY STORAGE CONCEPTS 

Inflation was assumed at 5%. thus the escalation rates shown range from 

zero differential to 5% over inflation. ~ote tbat not until the extreme 

10% escalation, year 2000 condition does a storage concept with a wide 
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application range (advanced batteries) achieve economic viability. 

With regard to technical and operational attractiveness of these seven 

concepts, the following was concluded for the intermediate application: 

1. Hydro and compressed air concepts below the utility scale 
could be utilized only for very special cases such as large 
relatively isolated industrial or commercial operations 
where both the siting and scale of operations were compatible~ 

2. The possible future use of flywheel or hydrogen systems, is 
dependent upon further development and the evaluation of 
specific system designs. 

3. Batteries offer a degree of attractiveness if available along 
with suitable interface hardware. The range of possible sys­
tem sizes, specific designs and requirements is so broad as to 
preclude meaningful generalizations. The level of owner­
operator responsibility achievable, could range all the way 
from the residential situation to something approaching 
utility-level skills. 

4. The most meaningful way to attack the problem of energy stor­
age implementation for intermediate applications would appear 
to be to select one or two high potential applications, assuming 
availability of the stor~gP tP~hnology desired, and proceed 
from that point to develop a specific design. Other non­
technical issues such as user acceptance and compliance with 
local regulations should also be considered at that time on a 
case basis. The drive to develop utility-level storage de­
vices is a more likely forcing function in the development of 
advanced storage technology than fixed-plant intermediate 
applications. 

1 .6.4 PARAMETRIC EFFECTS ON WORTH OF STORAGE-INTERMEDIATE APPLICATIONS 

The parameters investigated for energy storage in conjunction with wind 

energy systems in intermediate applications include: 

1. Location/wind characteristics 
2. Energy and power demand levels 
3. Storage efficiency 
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4. Storage size 
5. Fuel price escalation rate and start year. 

Storage break-even costs were adjusted to include the effects of con-

cept-particular factors such as efficiency, interest during construc­

tion (where applicable), ahd operation, maintenance and replacement 

requirements. The principle results and findings include: 

1. For the two wind s1tes investigated and over a range of load 
requirements, the energy savings from storage versus storage. 
capacity remained relatively constant as shown in Figure 1.6-2. 
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Figure 1.6-2 STORAGE ENERGY DISPLACEMENT-INTERMEDIATE APPLICATION 
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2. An increase in storage efficiency from 60 to 90% increased 
energy savings by 20%. This effect was comparable to the 
utility results and a much more significant factor than in 
the residential case. 

3. Energy savings per unit storage size decreased with size as can 
be seen in Figure 1 .6-2. 

4. Storage break-even cost increased with energy price escalation 
rate and start year delay as expected. 

Figure 1.6-3 presents adjusted break-even costs for 1000 kWh capacity 

intermediate storage systems at the 10% energy price escalation rate, 

year 2000 condition. Potential viability is tested by comparison with 

current system cost estimates as shown. 
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The four concepts with viability potential at the utility level again 

showed potential for an intermediate application. These, plus lead-acid 

batteries, were carried forward for more detailed break-even.cost analysis. 

A comparison of break-even costs of the above figure with corresponding 

values for the residential applica~ion (Figure 1 .5-4} clearly show the 

large reduction in break-even cost resulting from low electricity price 

and energy tax deductibility in the intermediate application. 
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1. 7 SPECIAL UTILITY SYSTEM PLANNING ANALYSIS 

The special case studies performed by GE-EUSED are described in detail in. 

Section 3.3-7. The work performed consisted of establishing a baseline 

for realistic 1995 operating conditions in the Boston area/New England 

Power Pool and determining the results of adding both WECS and energy 

storage to the system. These results were compared with the more generalized 

study analyses and found to agree closely. Figure 1.7-1 presents the 

findings of the special case studies along with related study data for 

comparison purposes. 

The results indicate: 

1. Identical breakeven 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 

foreca3ting and systim-wid~ ~tnr~ge. 

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

under no-forecast conditions with system-wide storage. 

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

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

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

storage. 
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SECTION 2 

BASELINE WWD CONVERSION AND STORAGE SYSTEM COf~CEPTS 

2·. 1 UTILITY SYSTEMS 

2. 1. 1 BASIC ENERGY CONVERSION SYSTEM 

The basic unit for a utility wind energy conversion system was assumed to be 

a \tlind·turbine generator rated at 1.5 MW output. Figure 2.1-1 illustrates 

the unit configuration for this size wind turbine. The configuration and 

design parameters are based on a prior study 1 and continuing development work 

by the General Electric Company, the Boeing Company, and others. 

I 83.7~ 
.yoiAMETER 

57.1 \ 

(DIM. IN ~1ETERS/FT.) 

. FIGURE 2.1-1. TYPICAL.1.5 MW WIND TURBINE GENERATOR (WTG) 
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For utility use, "clusters" of such units would be· arranged in one of a number 

of alternative configurations. Consideration of smaller distributed 

"cluster5" may be more appropriate depending upon the specific installation; 

however, for study purposes, the wind turbine units were treated as an 

entity having a combined output to be contributed to the utility grid in 

proportion to the penetration of wind units as a percentage of total utility 

system generating capacity. Wind system total output ratings from approxi­

mately 375-1100 MW were considered. This range incorporates penetrations of 

about 10%, 20%, and 30%, in a nominal 4000 MW capacity "representative" utility 

system. Figure 2.1-2 shows the basic block diagram of the 1.5 MW wind 

conversion system. 
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The tctal land area required for the basic plant could be considerable, 

depending upon the tot a 1 penetration assumed. With a 1 arge 

land area requirement, the physical proximity of any energy storage facility 

utilized becomes a matter of major interest. Figure 2.1-3 shows the approximate 

total occuoied land area for the case of a concentrated 375 MW installation 

with unit separation at 15 times the rotor diameter of the WTG's. Although 
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significant separation distances are required, it should be noted that a high 

percentage of this occupied area would be available for other (dual) usage 

since the actual 11 footprint 11 to accommodate tower siting would be less than 

1% of the total. 

It could be expected that tie-lines and any distributed storage units would 

be located within right-of-way areas for the WTG units. However, in practice, 

this would be a ~ajor consideration because of the extensive nature of t~e 

power 11 gathering .. system. Trade-offs are involved which could be resol ve9 

only when the specific location and type of storage were known, and a specific 

design configuration established. 

2. 1. 2 OVERALL WIND CONVERSION SYSTE14 OPERATION 

The electr.ical output of each WTG unit is assumed to be AC, with the output 

of each unit stepped up to a suitable line voltage dependent upon the spe­

cific plant configuration. The point of tie-in w'ith the utll ily grid would 

generally determine the ultimate voltage step-up required, but could extend 

to the 230-375 kv range for long distance power transmission. For distributed 

wind systems, interconnection would normally occur at distribution voltage 

levels up to 34.5 kV. 

As may be noted in the block diagram, the wind turbine requires controls and 

instrumentation to insure that rotor pitch is adjusted to maintain oper..ation 

within the specified range of wind velocity. In addition, the electrical 

output must be synchronized to the tie line which it feeds. In event of wind 

cessation or a fault, the output must be temporarily interrupted to avoid 

improper current draw and/or power flow. 
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Table 2.1-1 presents the major design parameters of the baseline WTG units 

which a.re of interest for purposes of this study. 

TABLE 2.1-l. 1.5 1-M WIND GENERATOR SYSTEM CHARACTERISTICS
1 

Rated Power 1.5 MW 

Design Wind Velocity 

Generator Parameters 

Rotor 

Rotor Diameter 

Rotor Axis Height 

Wind Velocities 

Cut-In 

Rated 

Cut-out 

Annual Energy Production 
. (Design) 

5.36 m/s (12 MPH) 

Synchronous, 1.5 ~1W, 4160 VAC, 
60 Hz, 3-Phase, 1800 RPM 

2-Bldde, 21.6 RPM 

83.71 m (275ft) 

57. 1 · m ( 187 ft ) . 

3.76 m/s (8.41 MPH) 

7.59 m/s (1~.98 MPH) 

16. 60 m/ s ( 3 7. 13 t•1PH) 

5. 21 X 106 KWh 

The choice of this machine design relates to the locations and wind regimes 

used in later portions of this study, as will be described further. 

2. l. 3 STORAGE SYSTEM lNTEGRATION AND INTERCONNECTION 
TO THE WIND ENERGY CONVERSION SYSTEM 

The principal objective of this area of study invest.igation was to identify 

and assess major limitations or consequences that could be expected as a 

result of applying various energy storage methods in conjunction with a wind 
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energy conversion system. The energy storage system was assumed to serve 

the wind system exclusively; therefcre, the power input to storage would be 

derived solely from that available from the wind system. Discharge cf 

stored energy would occur as part of a combinPd wind-energy/storage system 

output to a utility network. The option of supplying a portion of the 

storage charging energy from the utility was also considered, but is treated 

later in this report in Section 3.6 on multiple-source charging. It may be 

noted that in general, this latter option tends to reduce the storage inter­

face and integration problem, so that the storage system considerations 

discussed in this section are likely to be the most severe. 

The situation to be considered is similar to other "process flow" problems 

in that the system components must work together compatibly to produce a 

desired output (in this case, electric power) wit.hout either damage to compo­

nents or excessive efficiency losses. 

The numerous criteria examined earlier in this study were re-considered by 

the. study team in order to identify especially critical design or operational 

parameters. "Critical" in this case was defined as a condition resulting 

uniquely from the incorporation of energy storage with a wind system which 

might. make the integrated concept unworkable or otherwise undesirable. The 

conditions of most concern were then investigated in more detail, consi­

dering representative sizing and input-output parameters. In addition, 

consultations were held with equipment designers to obtain-the benefit of 

their experience on probable equipment limitations. The results of these 

investigations are described in the following sections for the various storage 

technologies. It should be recognized ·that due to the scope of investigations 
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involved, only the more pressing concerns could be covered, and any future 

implementation of these storage methods should be predicated on more detailed 

investigation of specific designs. 

Special concerns investigated were: 

1. Consequences of wind system input interruption during storage 

charging. 

2. Limitations imposed on basic system equipment. 

3. Equipment rating problems 

4. Possible sizes for modularization. 

5. Potential impact of concept options on cost effectiveness and 

operational suitability. 

2.1.3. 1 Pumped Hydro Storage 

Use of pumped hydro storage in conjunction with a wind turbine power plant 

could be treated either as part of an existing hydro facility (or extension 

of such a facility) or as a completely new installation. The cost and tech­

nical requirements_would be quite different for the two situations. For 

study purposes, since some utilities have little or no hydro capability in 

place, the impact of adding such storage was assumed to be that of adding a 

pure pumped storage (PPS) facility to an existing utility network, independent 

of any conventional hydro-electric generation. A system assessment of the 

use of pumped storuge in conjunction with a wind turbine array was· made by: 

identifying critical design parameters; determining the existence of typical 

equipment; and evaluating the implications and impact of the variability and 

interruptibility of thP. wind-generated energy. No distinction need be made 

between above-ground and underground pumped hydro insta 11 at ions in this portion 
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of the storage assessment, since the differences in pumping heads, costs, 

potential hazards, etc., have already been identified for both methods and 

discussed in Volume I of this report. The total wind energy output level 

of 375 MVA or about 10% wind system pentration has been used as a reference 

point in considering the application of pumped hydro and the other candidate 

concepts. 

Integrated System Concept 

A nominal pumped hydro system assessed for study purposes is shown in Figure 

2.1-4. A reservoir having a maximum head of 1000 feet above the sump drives 
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~reversible pump-turbine with a flow rate sufficient to obtain approximately 

375 MVA output from the reversible motor-generator which is synchronous 

w·ith the utility. The discharge to the reservoir is dependent on the varia­

bility and presence of the wind energy source. The pump-turbine is set 

somewhat below the sump to prevent pump-turbine cavitation. 

This system is predicated on constant speed operation and operates in the 

following manner when charging from a wind energy conversion system. 

(Discharge per se is not directly affected by the energy source, although it 

is p~rt of the overall system consideration with respect to operational modes). 

When the reservoir head is low, the pump, driven by the constant speed motor 

with maximum horsepower input, pumps at its maximum flow rate. As th~ reser­

voir head rises but still with maximum horsepower input, the flow rate de­

crease~. If the power input to the pump is reduced, due to the variability 

of the energy source, the flow .rate. also decreases. 

Functional Assessment 

Hydraulic generator/motors can be found in the 375,000 KVA rating size, with 

a speed range of 72 to 200 rpm, normal full-load efficiency of 97,6% at 

0.9 PF, and an output of 13,800 volts. 

The power required to drive this generator is: 

Power = 

= 

= 

KVA X PF X 1.341 {hp/kW) 
Efficiency 

375,000 X 0.9 X 1.341 
0.976 

463,716 horsepower 
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If this is taken to be the brake horsepower input to the pump, the flow 

rate in gallons per minute which is possible against a total head (static 

and dynamic) would be: 

where 

~p 

Q = 
1 

= 

= 

= 

S. G. = 

H = 
T 

hp X 1 p X 3960 
HT , X S .G. 

463,716 X 0. 7 X 3960 
1000 X l. 0 

1,285,423 gpm ,.., 
,y 

0.7 (assumed) 

1.0 

Total Head 

l. 3 X 106 gpm 

·Hydraulic Turbines, Inc., HTI, was consulted to determine the practicality 

of obtaining a pump turbine operating in the 200-RPM speed range capable of 

this million gallon per miriute flow rate. All pumped hydro systems are 

custom designed but it was determined that the system described is well within 

existing experience. The IEEE paper, "Survey of Pumped Storage Projects in 

the United States and Canada to 1975"* shows that for turbine heads in the 

. 200-300 meter ranges (600- 1000') 2 to 8 units are used, with individual 

generators rated at from 125 MVA to 333 MVA, with speeds from 200 to 360 RPM, 

and voltages of 13.8 to 17 KV. Eight methods for starting the pump (motor) 

are given and for the head of interest here, the "'Pony Motor" start is the 

most prevalent choice. 

* IEEE Transactions on Power Apparatus and Systems, Volume PAS-95, 
No. 3, May/June 1976. 
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On the question of energy source variability, HTI advised that pump manu­

facturers do not recommend operation of the pumps below· 50% load because of 

efficiency, stability and possible cavitation. Below 50% load the 

efficiency of the system decreases significantly and without a proper flow 

rate, the turbine unit vibrates excessively and cavitation can occur which 

may damage the pump. Although the unit submergence should preclude cavi­

tation, minimum unit submergence is desirable as it is a cost consideration 

which is very site dependent. Usually, model testing is performed to determine 

the minimum unit submergence required for a given installation. 

It may be noted-that in a conventional hydro storage operation, the on/off 

cycling amounts to perhaps 20-30 cycles/month. With wind system use, and 

assuming appropriate procedural constraints, it was decided the consequences 

of a much higher rate of cycling should be considered. On-off switching rates 

of up to 8-10/day pose no special problem for pumped hydro systems. In 

Europe these systems are reportedly turned on and off without concern many 

more than 8 times/day. 

It is. believed that existing or obtainable site wind data could be used to 

establish, for a given location, the likelihood of achieving satisfactory 

hydro pumping operation within the cycle range indicated above. A more 

detailed investigation of the absolute limits for pump-turbine cycling under 

wind system operation should be performed in conjunction with any. specific 

application designs. 

With respect to the impact on the wind energy system itself due to loss of 

load, there is no new impact consequent to operati.on with a pumped hydro 
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system. Each wind turbine must operate autonomously such that upon sen~ing 

a loss of load at its own output terminals, it will redirect any excess 

energy, usually by "fea the ring" the rotor b 1 a des. 

For switching considerations, the advice of GE's Industrial Control Products 

Department was sought. The "limit/amp" motor starter produce~ by this 

department was cited as an example of device power rating limitations in that 

it is not offered for voltages above 7.2 KV. It was recommended that power 

circuit breakers be used for the 13.8 KV voltage level. From review of 

switchgear data, it can be shown that such circuit breakers will meet current, 

voltage, and interrupting ratings with no parts replacement for a repetitive 

duty of 5000 operations, provided they are operated at no load,.with control 

voltage at 90 to 100% of rated, and are serviced at every 2000 operations. 

If a frequency of 8-10 operations a day is assumed, the breakers should be 

serviced about every 6 months and overhauled about every year and a half. 

The no-load mechanical limit has been selected as the principal constraint, 

since for normal operation of the wind energy system, it is expected that 

the circuit breakers will be closed before the energy source delivers signi­

ficant power (slightly greater than no-load) and will be opened· only after the 

power delivered by the energy source decreases to slightly more than no load. 

The physical siz~ of a 375 MVA wind energy system implies that the inter­

connections required to form the gathering system to collect the power must 

be cost effective. This assumption was not tested in this assessment, but is 

believed to be a significant consideration for any specific array configuration. 
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The mant!facturer• s reconnnendation that the hydraulic pumps should not be 

cperated below 50% load imposes some additional considerations on the wind 

energy system. Presumably the 50% pump load would be equated to the minimum 

desirable operating conditions for the energy source; so that when maximum 

operating conditions are occurring, provision must be made to channel·the 

excess power elsewhere. If the system design requires that whatever wind 

power is available must be supplemented by utility power for pumping, then 

some means of proportioning the pump load between the utility and the wind 

system source would be required. The load proportioning must accurately 

determine the capability of contribution in order to achieve the most 

efficient utilization of energy. The choice of using integrated units as 

opposed to separate pumps, turbines and motors would be a system design option, 

although Francis pump-turbines are predominantly used at the present time. 

Conclusions 

1. The choice .of an above or underground hydro system is significant 

in terms of heads, equipment ratings, sizing, site availability 

and cost, but these are not necessarily significant limitations 

to the use of pumped hydro with wind energy systems. 

2. Interruptibility and cycling of hydro pumping operations is a 

location-dependent design consideration, but is not an unsur­

mountab·le problem. 

3. Where suitable sites are available, pumped hydro is a technically 

desirable method of energy storage. 
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4. Use of auxiliary power (from the utility) for pumping during 

low wind periods is a logi~al alternative. Integrated wind­

utility pumping may also be desirable to reduce equipment 

module requirements. Other hybrid operating concepts are 

also feasible and attractive possibilities. 2 

2. 1.3.2 Underground Compressed Air Storage 

The possible use of compressed air in an underground cavern or enclosure 

as a method of storing wind g:enerated energy was considered in the light of 

current concepts for underground compressed air storage. 

The assessment and discussion which follows describes wind system use of 

the compressed air storage concept in basic terms; identifies critical system 

design parameters; examines avaiJability or existence of typical equipment; 

and evaluates the probable impact of the variable and interruptible nature 

of the wind energy source. 

Integrated System Concept 

The compressed air storage system operating with a wind energy source of 

electric power is diagrammed in Figure 2. 1-5. The system shown is 

unfired (no fuel combustor) and various methods of improving the system by 

way of heat exchangers and auxiliary turbo machinery are not shown3 .. The 

compressor, motor generator, and expander are all on the same shaft which 

operates at constant speed both on charging and discharging the storage volume 

of compressed air. The discharge of the storage volume through the expander is the 

same, regardless of the manner iri which.the volume is charged provided that proper 

consideration has been given to allotting sufficient wind turbine capacity 

to supply the demand. To charge the system, the compressor running at 
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EXPANDER 

constant speed input provides a flow rate (lbs. of air/sec) dependent upon 

the pressure in the storage volume. The flow rate will decrease as the 

pressure in the storage volume increases to a pressure matching the power 

input. An increase in storage pressure will then require an increase of input 

power. The operation of the compressor is generally described in terms of 

the pressure ratio and the power input to the compressor. 
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A clutch is shown on both sides of the motor generator to indicate versi­

tility. The single shaft system can be operated independently of the storage 

volume (in case of failure) and the compressor or expander can be opetated 

independently with the storage volume. 

Functional Assessment 

Table 2.1-2 below was taken from the ERDA report3 of the GE Study on 

compressed air storage. From this table it can be seen that since the turbine 

expander speed is 3600 rpm (3000 rpm is European use) the motor-generator 

and compressor are also 3600 rpm and no gear boxes are required. Synchronous 

motor-generators of this size (375 MVA) and speed present no problems. 

TABI.!.E 2.1-2. CHARACTERISTICS OF COMBUSTION TURBINES FOR COt~PRESSED 
AIR STORAGE 

-SPECIFIC HEAT 
PRESSURE INLFT TURBINE · SPEED OUTPUT RATE 

RP.TIO TEMP. FLOW (RPM) ( MW) (Btu/kWh) (OF) (LB-
AIR/kWh) 

10:·1 1850 14 3600 168 6200 
ll: 1 - - 3600 169 4600 
40:1 2000 11 3600 - 4000 
43:1 1470 13 3000 220 4770 
25:1 1650 13 . 3000 232 5370 
4. 5:1 1022 11.4 3000 290 5560. 

The power required to drive the expander is a function of the air flow (lb/ 

sec) and the adiabatic head Lad. The adiabatic head is given by: 

= 
t1""" 

1545 T l ( Rc - 1 ) 

ffi<r 
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1\lhere: 

R = ratio of compression (say 10.3) 
c 

Tl = absolute temperature for an inlet temperature 

of 1985°F Tl = 2445 

m .. molecular weight of air (28.96) 

a-= kkl where k = spec. ht. @ const. press. 
spec. ht. @ const. vol. 

for a i r k = 1. 4 o-= 0.2857 

1545 (2445) 
(28.96) 

(10.3.2857 -1) 
(0.2857) 

= 432, 363 feet 

The power to drive the turbo machinery is given by: 

p = Flow 
550 

or Flow (lb/hr) = P(bhp) X 550 X Effie. X sec/hr 
Head 

= KVA X PF X Gen. Effie. X hp/kW X 1t-lb/hp X se~/hr X Turbine Effie. 

= (375,000) (.9) (.9j) (3600) X Turbine Effie. 

N 2 X 106 lb/hr X Turbine Effie. 

The GE Gas Turbine Division was contacted as to the availability of compressors 

capable of this flow rate, and provided the information shown in Table 2.1-3. 
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TABLE 2 . 1- 3. GE COMPRESSOR DATA 

MOUEL SPEED (RPM) # OF SHAFTS 
AIR FLOW PRESSURE 
(LB/HR) RATIO 

r~s 3ooo 7100 2 500,000 7:1 
MS 5000 5100 1 or 2 1,000,000 8:1 
MS 7000 7600 1 2,200,000 10: 1 

They also recommended possible further contacts for information. Further 

consultations determined that a minimum pressure residual must be maintained: 

12 atmospheres (407 ft. of water) was suggested. Initial startup is usually 

proposed as a "boot strapping" of the expander by using a motor rated at 

10% of power output to spin up the turbine, after which the expander is 

operated as a gas turbine to accelerate the system to synchronous speed. 

At synchronous speed, the synchronous motor generator would be used to drive 

the conpressor and the starting equipment turned off. 

It was reported that all systems considered thus far have been constant 

speed-variable power systems and consideration of a variable speed, variable 

power energy source \'!Ould require new study for a concept design. For a 

constant spe~d system, the system would stall once the power input to the 

compressor matched the pressure in the stor·age volume or when the power 

decreased below a matching pressure. It was suggested that a multiple com­

pressor (say three) multiple shaft system could be considered.· With this 

modular concept, as more wind power was available, a second and then a third 

compressor could be brought up to speed each independently feeding the 

storage volume. Alternatively, the compressor could be selected o~ the 

minimum JiOwer available from the win·d energy system and when excess power 
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is available, it could be pumped back into the utility. Of course, the 

compressor could be selected on some other proportion of power le.ss than the 

maximum available and the utility power could be used to supplement the wind 

source. Present pumped air storage systems are primarily being considered 

as utility load levelers. Work conducted to date indicates that little 

treatment has been given to the control systems required, and this area is 

likely to be quite complicated. Not-enough engineering has yet been applied 

to this problem. 

With respect to stall power level, it seems likely a minimum pressure ratio 

of 5.1 should be maintained and if avcl"ilable power is insufficient to obtain 

this pressure ratio, the compressor(s) should be disconnected. 

Frcm the preceding it is clear that the fundamental pumped air system is 

considerably like a pumped hydro storage system so far as use with a wind 

energy system is concerned. Other observations on pumped hydro with respect 

to switching, interconnections and loss of load apply as well to pumped air. 

Conclusions 

1. An l.lnderground compressed air system can be designed to work 

in conjunction with a wind energy system. 

2. The sizing, consequences of interruption, and site-related 

characteristics of compressed air storage for wind energy 

system use are very similar in nature to these same considerations 

for pumped hydro storage. 
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3. A hybrid operation in conjunction with other utility power generation 

storage charging sources is a more likely application approach. 

This method could avoid or reduce equipment modularity requirements 

that would otherwise be encountered in designing a wind-only 

system with efficient component sizes. 

2. 1.3.3 Battery Storage Systems 

Both lead-acid batteries and a number of advanced batteries now under 

development4•5 are potentially compatible with the concept of an integrated 

wind-energy storage and conversion system. Extensive studies have been 

done, and estimates made for lead-acid batteries. 6•7•8 Asse~sments of ex-

pected results for advanced batteries have also been made, and a major test 
9 10 11 . program, the Battery Energy Storage Test Program, ' ' has been organ1zed. 

Since the above types of data are readily available, and battery operation 

in general is well understood, the purpose of this section is primarily to 

assess the major consequences of interfacing this type of storage with a wind 

con \ersion system. It will be assumed in this discussion that any successful 

advanced battery wi 11 meet or exceed the key performance characteristics of 

a lead-acid battery; therefore, attention will be directed at the operational 

results to be expected with lead-acid batteries as the storage system for 

wind energy conversion. Fundamental considerations such as placement of power 

conversion equipment and typical voltages and currents will be discussed. 

Integrated Wind Conversion System Concept 

A lead-acid battery storage system for utility use with a wind system is shown 

in Figure 2. 1-6. The preliminary design data shown for the wind energy 
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system was taken from a recent GE-ERDA stu.dy. 12 The information shovm for 

the lead-acid storage system was extracted from and/or based on the EPRI 

Workshop report on 11 Lead-Acid Batteries for Utility Application ... 4 

The discharging of the storage system per se is not directly affected by the 

wind energy source, and is not included in this portion of thediscussion. 

For the wind system as shown, no accounting of losses or effect of capacity 

factor is indicated. The power outputs indicated are maximums. If a 

2-21 



capacity factor of 40% is assumed for the wind turbine generators (WTG), an 

average power output of 8 MVA can be relied upon to charge the batteries. 

Since the equipment for the storage system is selected on a power basis, 

several system alternatives should be considered for determining the equip­

ment complement of thestorage system, as described below. 

Functional Assessment 

Storage equipment can be selected so that the power ratings are correlated 

to the maximum power available from the energy source. The system would then 

have poor effi'ciency because the average power level is much less than rated. 

Electrical equipment is more efficient at rated conditions and the efficiency 

at rated conditions improves the higher the power and voltage ratings (i.e., 

with size). Also, for inverter units in the 20 MVA size, stable operation is 

not possible for low power (around 10%) input. Regardless of size, cooling 

of inverter/converter equipment must be varied as a function of load for 

in·prcved efficiency. This condition may be improved by the alternative of 

modularizing the power conditioning equipment into, for example, three sets 

of 30% power capability each. Thus, depending upon the power output from the 

wind source, only l/3 of the power conditioning equipment is operated at less 

than rated conditions. Each of the power conditioning mod~les would be less 

efficient at full load than a single unit but the system efficiency should 

be better than that of operating one large unit in the 20 to 50% efficiency 

range. An actual design trade-off would be required before the advantage of 

modularizing could be established. It must be kept in mind, however, that 

modulariziing will impact reliability and will also severely affect cost 

effectiveness. A third alternative is to select a wind source power rating 
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such that the average power output is correlated to the storage need. For 

this alternative, some other options must in turn be exercised Y.•hen the 

source is providing maximum, and in this case, excess power. The power could 

be dissipated by inefficient operation of the energy source, pumped back into 

the utility system or, again, the storage system could be modularized. 

Modularization, as before, wnl increase compl·exity and decrease cost ef­

fectiveness. 

In conjunction with the first alternative, an option for maintaining char~ing 

power for storage at a constant level is to supplement the wind power with 

utility power. For specific utility systems, this option may have merit, 

but the detennination is strongly dependent on the particular utility operating 

situations, and has, to date, been the subject of much discussion, both for 

and against this option. 

Conclusions 

It may be readily shown that the power ratings of the wind conversion system 

with respect to the power ratings of the storage system may be approached by 

one of three alternatives: 

1. Modularization 
2. Overrating 
3. Supplemental energy supply 

Firm conclusions regarding optimum configurations and equipment sizing could 

only be made after specific preliminary system designs were carried to the 

point where system performance could be traded-off against system cost effec-

tiveness; however, cel~tain observations can be made: 
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1. With regard to cost effectiveness, the unit cost of an inverter 

rises disproportionately as the size or power rating is decreased, 

but the cost of gathering interconnections will always be a much 

larger percentage of system cost for multiple unit clusters than 

will the inverter equipment. Therefore, the cost effectiveness 

of the wind conversion and storage sy~tem will be drastically 

effected by the degree of modularization. 

2. A wind conversion system with its power output variation will 

offer some design challenges in obtaining the best match of power 

ratings. Trade-offs with unit efficiencies must be expected. 

3. Battery storage systems inherently offer the possibility for 

distributed unit location and are flexible in their physical 

arrangement. Interruption of the charging cycle merely exercises 

the switching devices and their associated instrumentation. Re­

start of the charging process does not involve the same problems of 

inertia associ a ted with 1 arge rotating machinery. Thus, a 

significant aspect of energy storage being associated uniquely 

with a variable output source, such as wind, is reduced to a minimal 

problem. Conversely, the battery system can be expected to provide 

an instantaneous and variable-magnitude discharge response when 

called upon to meet a changing load demand. 

4. A de wind turbine output could be iraded off against the dual 

conversion to and from the battery; however, a conversion to ac 

would obviously be necessary someplace in the system prior to 

supplying energy to the utility grid. Prior investigations of this 
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option have generally led to a designer's preference for 

ac WTG output. 

2. 1.3.4 Flywheel Energy Storage 

Flywheel storage with wind energy conversion systems at the utility scale of 

usage is covered in this Section. Assessment is made by describing a 

representative system in fundamental terms, so that the critical system 

parameters can be identifi~d. The impact and implications of charging the 

storage via a variable and interruptible wind energy conversion source are 

included in the dis~ussion. 

Integrated Sys tern Concept 

The fundamental flywheel storage system is shown in Figure 2.1-7. The system 

consists of: a flywheel which stores kinetic energy, a ·constant speed motor/ 

generator, and a variable speed coupling (or a variable frequency converter). 

Since the mass of the flywheel is fixed, the kinetic energy of the flywheel 

can only be charged or discharged by changing the flywheel speed. For utility 

u5e, a synchronous motor/gener·dtor would provide the most desirable interface 

to the utility bus: That is, it would be desirable to have the flywheel 

discharge via a constant speed generator synchronized to the utility bus. 

Conversely, for charging,·the constant speed machine would be used as a motor 

to charge the flywheel. In order to accomplish this, it is necessary to 

interpose a variable speed -coupling between the constant speed machine and 

the variable speed flywheel. This variable speed coupling (during charging) 

must accept power (torque X speed) from the constant speed machine, which is 

equivalent to the variable wind source o~tput and, in turn, raise the then 
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exi sttng speed of the flywhee 1 to a sti 11 greater speed. In order to fully 

utilize the available energy source power, the: coupling must be controlled 

on the basis of sensed power. In discharging into the utility grid, the source 

is open circuited and the coupling is controlled on the basis of scheduled 

power out of the synchronous generator. That is, the discharge power is a 

selected value and the variable speed coupling is controlled so as to maintain 

the selected output. 
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An alternative scheme using a cycle converter (shown dotted in Figure 2.1-7) 

may also be employed to modulate the input/output speed of the ac motor­

generator to charge/discharge the flywheel. For this option, the frequency 

on the utility side of the converter must be constant and the frequency on 

the motor/generator side must be controlled for charge/discharge and power 

level. When charging from th~ variable power level wind turbine source, the 

frequency out of the cycle converter must be increased until the speed of 

the motor is greater than the speed then existing on the flywheel. Conversely, 

when d1scharg1ng, the power and frequency from the cycle converter to the 

utjlity must be maintained constant as the ac generator, being driven by the 

flywheel, is constantly slowing down. 

In order to minimize idling or standby losses due to friction and windage 

losses of the flywheel, the high s~eed units are generally enclosed in a 

chamber evacuated of air or other gases and mounted on very efficient bear.ings. 

As with other storage syste~s considered, the charging cycle is the key 

porti6n of the system operation which needs be considered to assess the hard­

ware design impact ofthewind conversion -flywheel system interface. The 

discharge cycle is unaffected, provided proper energy balance has been 

allocated, since the storage system effectively isolates the load (during 

discharge) from the variations of the source. 
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Functional Assessment 

An ERDA studyl3 describes a basic flywheel rotor module for utility appli­

cation. This flywheel ts .a 160,000 pound 185 inch rotor capable of 

delivering 2.5 MWh (10 hour discharge) and has a maximum speed of 3,600 

RPM. When connected to a 3600 RPM synchronous generator, the variable speed 

transmission allows flywheel speeds from 3600 to 900 RPM. The configured 

systems as described in the above study (Sect1on 5.3) assume constant (rated 

250 kW) power input during charge and discharge. For a wind energy conversion 

source with a capacity factor of about 33%, assume a power rating of 

750 kW. With the variable speed coupling system, the operation of the motor-

generator would be as for any normal application, and the generator 

efficiency would be close to 95% from 50% load to full load, dropping 

sh~rply below the 50% load point. The variable speed coupling, however, 

would have poor efficiency except at rated (or low slip) conditions. 

To illustrate, consider the operation of some type of sHp clutch while the 

system is charging and assume the flywheel is spinning at 900 RPM andN15% 

of the source power or 125 kW are available. The generator at 50% load will 

be turning at 3600 RPM and since the power output of the generator is a 

constant 125 kW there is a constant torque of: 

(J = 125 kW 
3600 RPt1 

= 244.5 lb ..:ft. 

3413 Btu 
kWh 

1 h 
M inin 

1 
2?( 

Rev 
Rad 

applied at the input. Since there is no loss of torque through the clutch, 

the power into the flywheel is given as 

P = 125 X ( 900) = 31.2 kW 
3600 
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Therefore, about 95 kW must be dissipated in the variable coupling device 

as the flywheel is· accelerated from 900 to 3600 RPr~ as illustrated ·in 

Figure 2. 1-8. Ignoring the damping and shaft spring parameters of the system 

(which should be negligible), the time constant for the flywheel .under 

constant torque from the motor is: 

125 kW 

SYNCHRONOUS 
f/OTOR-GENERATOR 

3600 RPM 

244.5 
LB -FT 

VARIABLE 
COUPLING 

95 kW 

FL Yl~HEEL 

+ 
> 

. 30 kW 

900 RPM 

.FIGURE 2. 1-8.· SLIP POWER DISSIPATION IN VARIABLE SPEED COUPLING 
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dt = J dw 
Q 

where 

J = l/2 MR2 (assumes right circular cylinder) 

= (t) 
. 2 

i 160 '000 . (_ 185 ) 
~ 32.2 J ~2)(12} 

= 1. 47 X 105 slug-ft2 

duJ= 3600-900 (2 '11' ) 
60 

= 282.7 Rad/Sec 

dt = ( 1. 47 X 10 )5 {282. 7) 
244.5 

= 169,993 sec 

= 47.'2 hrs. 

= 1. 97 days 

As the flywheel speeds up to the. same speed as the motor, less puwer· b. 

dissipated in the coupling. The total energy lost in accelerating the fly­

wheel ~s the integral of the slip characteristic of the coupling device 

over the period of acceleration. 

It has been suggested in the previously-mentioned report, that this dissi­

pative situation can be ameliorated considerably through the use of automotive 

type transmission systems, one such being the Trancor constant velocity 

transmission (CVT). Essentially, this CVT would continuously minimize the 

speed ratio between the constant speed motor and the variable speed flywheel. 

The result would be high accelerating torques applied to the discharged 
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flywheel but little power being dissipated in· the transmission. Units of 

250 Hp (186 kW) have been built, but they are still developmental. For 

state-of-the-art, eddy-current clutches have been suggested for utiiity 

applications. Eddy-current clutches were also considered by GE Advanced 

Energy Programs personnel for use with the Mod-1 Wind Turbine Generator. 

The size of these clutches is about the same size as an 1800 RPM synchronous 

machine or slightly larger. 

If the variable speed motor/generator option is considered, the variable 

speed cou)Jl iuy 1s replaced by a fixed coupling and the frequency ranQe for 

the cycle converter is 3:1. Down conversion of frequency·is simpler than the 

up conversion inferred by the arrangement shown in Figure 2.1-7. In any 

case, the·cycle converter will be operated with variable power input, such 

that a single unit will not be very efficient. The efficiency of the cycle 

converter would be improved by modularizing units to a fraction of the total 

load then switching modules in and out such that all but one module was 

operated at full load. The system complexity will be increased in this case, 

and therefons the reliability of the system will decrease somewhat with modu-

larization. 

Conclusions 

1. Flywheel storage systems can be interfaced with a variable power 

so·urce such as a wind energy system. The degree of success. 

however, will be dependent- upon the satisfactory development of 

the flywheel itself and also a large variable speed transmission 

system, capable of long life with a relatively large number of 

'operating cycles. In addition, suitable bearings and enclosures 

must be availdble. 

2-31 



2. Alternative designs may introduce requirements for modularity 

which would increase the complexity ·and cost of the system. 

A design trade-off would be required to select a preferred 

system. 

2. 1.3.5 Hydrogen Gas Generation and Storage System 

This Section provides a brief practical assessment of a system using fuel 

cells to generate hydrogen for storage, with subsequent utilization of the 

stored energy by burning the hydrogen in a fuel cell to produce electricity. 

The system energy input requirements are supplied by a wind energy source 

and the generated electricity is supplied at utility level and scale. A 

candidate H2 system will be described along with the identification of 

critical system parameters and evaluation of the probable results of. inter­

ruption or variation in the wind energy input. 

Integrated System Concept 

A basic hydrogen generation and storage system is shown in Figure 2. 1-9, 

based on information contained in a supporting study performed for this 

program by General Electric Direct Energy Conversion Programs (DECP).14 

In the figure, electrical lines are shown solid, and plumbing lines are 

shown dotted. In assessing this storage system for the impact of interfacing 

~~ t th a wind energy source, it is not necessary to consider the d1 scha rge of 

the storage system since it should be presumed-that the storage system has 

been app.ropriately scaled to supply specific utility needs, and the storage 

device effectively isolates the utility demand from the variability of the 

wind energy source. The essentialsof the hydrogen generation system which 
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charges the storage system are as follows: The Electrolyzer which provides 

the hydrogen (and incidental oxygen) must be provided with a constant 

voltage direct current source. The output flow rate of hydrogen is then 

proportional to the amount of current (power, in effect, since the voltage 

is constant) provided with a constant voltage direct current source. Treated 

water is fed into the electrolyzer in a recycle with continuous flow rate 

and at a controlled pressure and provides the 11 raw material 11 for th£! 

electrolysis. The gases formed by the electrolysis are then processed by 

separators, dr·yers and associated components which are not affected per se 

by the flow rate. However, heat exchangers required for the electrolysis 

and gas processing, are affected by flow rate, since the main reaction and 

other processing must be done at controlled temperatures. Therefore, the flow 

rate of cooling liquids must be varied as a function of the rate of hydrogen 

production which increases as the power provided by the wind energy system 

increases. Similarly, the flow rate of make up water must in~ease as power 

(de current) increases, in order to su~~ldnt the water that has been dP­

composed by electrolysis. 

The hydrogen generated by the electrolysis is generally stored under pressure 

and is available to generate electrical power via a fuel cell for either 

utility peaking requirements or base load requirements. Based on the DECP 

study, and an assumption that it is desirable to have as many fuel cells as 

the maximum hydrogen flow out of the electrolyzer will allow, ·it is noted 

that 75 MW of input power to the storage system from the wind energy source 

will provide approximately 25 f<M of fuel cell output. 
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Functional Asse~sment 

A fundamental· consideration for the hydrogen storage system is the manner ·in 

which the hydrogen (~nee it has been generated) is stored. Of the three 

methods of storage discussed in the DECP report: compressed gas, liquid, 

or metal hydride, the compressed gas is assessed as the most near term· (See 

T ah 1 e 2 • 1 - 4) . The metal hydride system of storage is promising, but is 

developmental and the liquid hydrogen storage method has high charge/discharga 

cost ana only a fa tr intermittent operation capability. The assessment of 

TABLE 2. 1-4. COMPARISON OF HYDROGEN STORAGE METHODS 

POINT OF COMPARISON ~1ETAL LIQUID COMPRESSED 
HYDRIDE GAS 

Equipment Cost, $/1000 SCF 350-530 1000-1300 550-1200 

Energy Expenditure, kWh/lb H
2
;storage Cycle 0.8-1 4-5 0.5-1 

Intermittent Operation Capability Good Fair Good 

Hydrogen Volume per Container Volume Medium High Low 

Storage Vessel Cost as Percentage of 
Total Storage Cost ~~cdi urn Low High 

Equipment Cost Required to Induct 
Hydrogen in or out of Storage as 
Percentage of Total Storage Cost Medium High Low 

. 

the storage method and the system for use with wind generated input power was 

discussed further with DECP personnel. The basic compressed gas storage 

system requires: a pressure vessel, a reciprocating compressor, and a large 

ac power·ed motor drive of low synchronous speed. This system is shown in 
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Figur·e 2.1-10. The drive horsepower required for a three-stage compressor 
-4 is 1.79 X 10 times the standard cubic feet per day of hydrogen processed, 

(Vb). For'continuous 24. hour operation at rated output: 

Vb = 3250 1b of H2/hr X 1/.0052 ft3/1b X 24 hr/day 

= 15 X 106 ft3/day 

then: 

Drive Power= 1.791 X 10- 4 Vb = 2686.5 hp ~ 2000 kW 

HYDROGEN 
~ --60 PSI 

13.8 kV 
3~, 60 Hz 

, 

MOTOR 
STARTER 

, 
LOW SPEED 

SYNCHRONOUS 
MOTOR 

CONSTANT 
SPEED 

I 

RECIPROCATING 
COMPRESSOR 

300 
300 

-

0 HP 
RPM 

FIGURE 2.1-10. COMPRESSED GAS STORAGE SUBSYSTEM 
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The significance of this system configuration is that a constant speed motor 

is driving a reciprocating compressor. This combination has essentially 

the same output at any pressure within the capability of the driver and the 

compressor·, but i:the capacity (flow rate) varies due to wind energy variability, 

so this ·system cannot operate at constant speed .. As shown in Figure 2.1-9, 

a variable frequency converter is required to drive the positive displacement 

compressor at a speed correlated to the hydrogen flow rate. DECP has 

suggested elimination of the compressor by operat~ng the electrolyzer at 

higher water pressure since the recycled water can have a constant flow rate. 

This scheme: shown in Figure 2.1·11, transfers the variable sp~ed re~uirement 

to the pump supplying the make-up water, and requires a heavier electrolyzer unit. 

VARIABLE 
SPEED 
PUMP 

MAKE-UP 
WATER 

HIGH PRESSURE 

RECYCLED 
WATER 

HYDROGEN 
AT 1295 PSI 

HIGH PRESSURE 

CONSTANT 

F~OW RATE 

ELECTROL YZER 

FIGURE 2. 1-11. ELECTROLYZER CONFIGURATION WITH COI•1PRE~SOR ELIMINATED 
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With regard to the interruptibility of the hydrogen generation process, there 

are no unusual design or process problems associated with periods of ino­

peration, except for the impact on cycle life of switching elements. 

As for variability of energy source, the range of power variability will 

as previously·stated, require variable speed drives to vary the cooling fluid 

flow rate as a function of the rate of hydroge~ generation. It has also been 

suggested by DECP that cooling flow be stopped for pm'ler input to the 

e 1 ectro l:yzer be 1 ow 10%. 

The selection of variable speed pump(s) for the make-up feed water is a design 

problem not under consideration here, but a system is conceivable whereby 

the hydrogen generation can continue for very small (less than 10%} power 

into the electrolyzer. 

Because of power conditioning requl reu!er'1ts for the cl ectrolyzPr, it is doubtful 

that efficient operation can be obtained unless the power conditioner is 

modularized (e.g., 10 units each rated at 10% of maximum pov1er). The power 

conditioners, as most electrical equipm~nt, operate most efficiently at or 

near rated power. The efficiency decreases drastically below about 50% of 

rated load. 

The hydrogen storage system is basically amenable to dedicated operation with 

wind energy systems but at severe cost to efficient operation. The definitive 

course for improvement of operation efficiency appears to be to completely 

modularize all aspects of hydrogen generation and power.generation, but the 
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consequences of the resultant co~lexity may seriously affect utility 

requirements for reliability and availability. 

It is noted that the low voltage levels associated with the power input to 

the electrolyzer and also out of the fuel cells results in very high currents, 

Clearly, exceptional care must be taken in the design of all interconnecting 

conductors to minimize resistances and consequent power losses and cooling 

problems. 

Conclusions 

1. A hydrogen generation and storage system can be made to perform 

satisfactorily in conjunction with a wind energy conversion 

system for charging power. 

2. The precise operating characteristics of such a system would 

require a design analysis for a specific system. 

3. For the near term, a compressed gas storage system presents the 

least compli~ations. Other storage methods may be introduced 

at a later time. Hydride storage appears to offer the most 

desirable possibility for the long term future. 
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2.2 RESIDENTIAL SYSTEf~S 

2.2.1 BASIC ENERGY CONVERSION SYSTEM 

The basic energy producing unit assumed for the residential wind energy conversion 

application was a horizontal axis wind turbine generator rated at a nominal 

10 kW output. Such a system would be located on the premises of the owner· 

and adjacent to the residence structure or as close thereto as practical.· 

The system output would normally be connected for residence use via additional 

control system and·power cabling and the conventional residential load 

center. Additional terminal enclosures at the load center would be required. 

The siting, interconnection, and operational procedures would require con­

formance with applicable codes. Specific designs for homeowner or architect 

selection would be necessary. Particular attention would be required with 

respect to standardization of equipment and implementation practices in order 

to accommodate large-scale use of such systems. While only a single WTG unit 

is considered here, there are clearly options to use smaller tmits or to 

canbine units at the 10 kW rating ·or larger ratings to serve more than urn:! 

residence. Also, both vertical and horizontal axis windmills have been 

studied by others and either could be applied. 

2. 2. 2 WIND CONVERSION SYSTEM OPERATION 

. 15 16 Alternating current output WTG units were assumed based on pr1or assessments ' 

of the impact of providing ac vs. de powe·r for residential use. Table 2.2-1 

gives the major WTG parameters of immediate interest. The machine des1gn 

parameters were selected to match the wind output levels at selected sites. 

These sites and their associated wind regimes are discussed in Section 3. 
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TABLE 2.2-l. 10 kWWIND GENERATOR SYSTE1·1 CHARACTERISTICS 

Rated Power 

Design Wind Velocity 

Generator Parameters 

Rotor 

Rotor Diameter 

Rotor Axis Height 

~Jind Velocities: 

Cut-in 

· Rated 

Cut-out 

Annual Energy Production 
(Design) · 

10 kW 

5.36 m/s (12 MPH) 

Synchronous, 10 kW, 120/240 VAC, 
60Hz, 1-Phase, 1800 RPM 

2 Blade, 150.5 RPM 

9. 28 m ( 30 · ft ) 

19. 9 m ( 65 ft ) 

3.56 m/s (7.96 MPH) 

7/49 m/s (16.75 MPH) 

15.01 m/s (33.58 MPH) 

36. 4 X 103 k~Jh 

2. 2. 3 STORAGE SYSTEM INTEGRATION AND INTERCONNECTION 
TO THE WIND ENERGY CONVERSIOI~ SYSTEM 

. I he basic WTG unit with energy storage added was considered on a case-by-case 

basis with respect to the probable consequences of being interconnected 

with various storage systems. By virtue .of previous suitability screening 

as described in Volume I of this report, the use of systems other than 

batteries, flywheels, and small-scale pneumatic (compressed nir) storage 

were ruled out for further consideration in this study. However the possible 

alternative of a conventional (hot water) thermal system at the residential 

level is included in th~s Section. 
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2.2.3. 1 Battery System Storage 

Most recently, the primary emphasis on battery storage development has been 

directed at utility applications and vehicular transpo.rtation needs. 

While advanced versions of present lead-acid batteries and also various 

other types of "advanced" batteries are actively being pursued5' 17 , the 

prime utility interest cited above indicates why very little firm data 

exists upon which to base an assessment of residential -scale wind system 

battery storage hardware interface problems with advanced batteries. 

However, it is well known that alternative lead-acid battery sizes and 

scalings are possible. Modenn residenti'al battery storage systems could 

readily use the lead-acid technology of motive power batteries now available 

to industry. Residential use of advanced batteries must remain dependent 

on the current R&D efforts leading to a sound product and the subsequent 

resolution of issues relating to maintenance requirements, potential hazards, 

and the ownership responsibilities which are as.yet unknown and/or undefined. 

The discussion which follows, therefore, is based on lead-acid battery 

technology and the assumption that eventually one or more so-called "advanced" 

batteries will be available with performance characteristics at least as 

f~vorable as those for lead-acid batteries. 

Integrated Sxstem Concept 

Figure 2.2-1 shows a concept for a wind energy system with lead-acid storage 

batteries, and identifies the principal components involved. The values 

given relate to a single battery size (43 kWh). Figure 2.2-2 shows the 

physical dimensions of such a battery as proposed by C&D Batteries, Div., of 

Eltra Corp., during the course qf a supporting study for this energy storage 

investigation. Table 2.2-2 gives other proposed characteristics of such a 

battery. 
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TABLE 2.2-2. REPRESENTATIVE RESIDENTIAL LEAD-ACID BATTERY CHARACTERISTICS 

Capability 4.3 kW Peak 

10 Hr System Power 

Number of Cells 

Ampere Hours per Cell 

Physical Dimensions 
One of 4 Modules 

Weight per Module 

Hydroqen Evolution 

Recommended Charge Voltage 

Discharge Voltage 
(End of Life) 

Water Consumption 
Gal./Cycle/Cell 

43 kWh 

96 Series 

2~5 AH (Derated 333 AH) 

22.5"L X 27"W X 23"H 

1410 Pounds 

0.14S Ft. 3;cell/Cycle (~ew Cell) 

2.45 Volts per Cell 

1.83 Volts per Cell 

0. 0008 Gal. 
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FIGURE 2.2-2. REPRESENTATIVE LEAD-ACID BATTERY MODULE FOR A 
RESIDENTIAL STORAGE SYSTEI4 

The concept shown provides for isolation of the utility, l.JTG, and storage 

system via contactor units. l~ormally, the house loads would be met first by 

the directly usable wind system output and supplemented as necessary by the 

utility power .. During periods of low wind energy, the battery, charged 

previously with excess energy, wo'uld provide load power, again, backed up by 

the utility. During times when more than one s1ource is supplying the load, 

synchronism of the ac outputs must be assured by the control system. _In 

event of a fault on the utility lines, isolation is required to prevent 

unwanted power feedback from the residential wind energy conversion system 

to the utility. 
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Functional Assessment 

The system components required for a residential wind'energy conversion sys­

tem with battery energy storage are not specifically available in the sense 

of 11 tailored 11 designs and sizes for this particular application. The: 

technology required, however, including manufacturing facilities and processes 

is available. It would be possible to assemble such systems on an individual 

basis using existing equipment for power conversion and interconnection. 

The control system would require that specific engineering and design be 

accomplished. In most cases, local codes and utility regulations would 

require prior coordination and approval for connection and operation of such 

systems. The system engineering and design requirements would at present 

make individual installations very costly and only a degree of product-line 

standardization could alleviate this problem. At the residential level. 

particular attention would be required to avoid operational problems or 

hazards arising from carelessness with respect to battery water replenishment, 

prevention of hydrogen accumulation, and failure to properly secure the 

~tora~e area. (The latter most likely would be within the residence structure). 

It should also be recognized that not only will present wind turbine designs 

not be practical for many densely populated neighborhoods, but in addition, 

many existing residences would lack a suitable area for a battery storage · 

system to be added without extensive modification. Nevertheless, the·problems 

cited appear reconcilable provided a substantial comnitment to a residential 

energy storage program were to be made by industry and government· agencies. 

Conclusions 

1. There are no functional barriers of a technical nature that 

would prevent use of an integrated wind energy-lead-acid battery 

storage system at the residential level. 
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2. The availability and acceptability of any type of 11 advanced 11 

battery for residential use is hypothetical at the present time 

and judgment should be reserved until enough technical data is 

available to permit preliminary design of such a system. 

3. A responsible homeowner attitude would be essential and 

maintenance support must be locally available. 

2.2.3.2 Flywheel Storage Systems 

Smal.l flywhee 1 stcrage systems presently exist for 1 imi ted app 1 i cat ions in 

the transportation and industrial fields. These applications are based on 

use of various shapes of steel flywheels. They have serious limitations 

to scale-up for advanced energy storage requirements due to need for higher 

energy density materials for the flywheel, and also need for improved bearings 

and enclosure systems. By-passing these considerations, however, the use of 

a flywheel system with a residential size wind turbine system may be 

excmin.ed to detennine the functional compatibility of the combination. 

Integrated System Concept 

Figure 2.2-3 shows the principal components needed for a residential system. 

The operational mode would include having the wind system supply the house 

load directly whenever possible. When the wind system generates excess power, 

the storage contactor is closed to permit the flywheel to be charged. Any 

further wind- energy above these needs would be dissipated' by other means. 

House loads may be met by storage discharge alone or in combination with WTG 

output. The utility serves as backup and may be isolated by a contactor 

device. A system controller (not shown in the figure) is required to sense 
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vo~tages and currents to assure proper operational sequence and the synchronous 

operation of the ac systems. The motor-generator and ft'equency converter are 

variable speed ac machines. For flywheel charging, the speed of the ac motor 

is determined by the frequency converter which changes a constant frequency 

power input to variable frequency power output. During discharge. the varying 

frequency power output of the generator is converted to a constant frequency 
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by the frequency converter, making it compatible with the normal utility 

power which serves the residential loads. The necessary speed-frequency 

conversion ca.n also be accomplished mechanically by a variable speed 

transmission interposed between the flywheel and motor generator. 

Functional Assessment 

The components required for flywheel system use are not readily available 

in the sizes and configurations that would be needed. The flywheel itself, 

along with bearings and enclosure system require further developmental work. 

Rockwe 1113 reported on a 5 kWh flywhee 1 as at the .. ·forseeab 1 e.. techno 1 ogy 

level using advanced flywheel technology. Such a system would have a com-

posite rotor design with precision quality bearings, but short of the quality 

of those for space vehicle use. Early in this study, a residential design 

was .projected on the basis of a conventional steel fl,Y\<Jheel and up to 48 k~lh 

storage capacity, but was fuund to have co5ts in Qxcess of $250/kWh of 

storage capacity. 

Conclusions 

1. A residential flywheel system requires components that are either 

not available at the residential market level and/or require further 

advanced deve 1 opment. 

2. From an operational standpoint, a system of this type has unde­

sirably high standby or charge maintenance losses which must be 

considered. 
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3. The arnount and complexity of equipment involved combines to 

cause expectation of high cost and in all probability O\'mer 

maintenance difficulties. 

4. There is no technical reason why a flywheel system cannot b~ 

functionally integrated with a wind conversion system at the 

residenti.al level. 

5. Noise generated by the system is a problem requiring design 

at ten ti on. 

2.2.3.3 Pneumatic Energy Storage 

This form of energy storage was of interest at the residential level as a 

counterpart to the large-scale underground compressed air storage for utility 

use. Significant work on this type of storage concept was not found in 

earlier literature searches and consequently a specific investigation of 

major requirements was undertaken. The system aspects are discussed in the 

iucceeding paragraphs. 

Integrated System Concept 

Figure 2.2-4 sho\\'S themajor elements which would be required for this 

type of energy storage.. Air compression to about 700 .psig was estimated as 

appropriate to the desired discharge level for a storage size of about 50 kWh. 

Compression would be accomplished by a multi-stage piston compressor driven 

by an ac motor. The discharge of the compressed air tank. would be used to 

drive an air turbine and a small alternator. The connection to the residenttal 

load center is not shown, but would be c:imilar to other residential systems in 

that controls and contactor devices would be required to isolate the utility 
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power, the storage system and the wind turbine under various operating 

conditions. The ac outputs from these sources would require synchronization 

as well. 

Functional Assessment 

As can be seen from the diagram, a considerable amount of equipment is re-

quired for this concept. Some items are not readily available at present, 

although the AiResearch Manufacturing Division of Garrett Corp. 18 is 

fabricating an air-turbine driven alternator system rated at 80 kW. This 
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unit, however, is only intended for use as part of a Canadian proof-of 

concept experiment. 19 The efficiency of this concept was estimated to be 

in the order of 60% which is not particularly attractive. Another major 

problem with this concept is the weight and volume of the tankage. It is 

very conceivable that the 12 foot diameter, 15,000 lb tank estimated for the 

50 kWh of storage could be placed outside the residence, underground. Also, 

selection of a small storage capacity would obviously help reduce this 

prob·lem. The other major factors that detract from the residence use of 

such a system would include the obvious hazard of the high pressure air tank, 

noise from the mechanical components, and high temperature (...-... / 1000°F) 

at the compressor discharge. The concern about interruptibility that was 

identified with utility underground compressed air storage is reduced to 

small proportions at the scale of operation involved in the residence case. 

Proper design for motor disconnection under low WTG output conditions 

should essentially resolve this item. 

Conclusions 

1. Off-the-shPlf components arc not p1·esenLly a.va11able to produce 

pneumatic storage systems on a quantity basis, but could likely 

be made available within present technology. The air turbine 

performance results on the Canadian project would be a key item 

to monitor. 

2. The pneumatic storage system as conceived can be integrated tech­

nically with a wind turbine generator system but has a number of 

very negative features. At the present time these do not _appear­

readily resolvable in the context of a residential scale system. 
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2.2.3.4 Thermal System Storage 

Although thermal-oil and thermal-steam types of energy storage were not found 

attractive for integrated use with wind systems, additional consideration 

is offered here with respect to conventional hot water systems for residen­

tial scale use. A major reason for further investigation of the residential 

thermal storage possibilities is that the major portion of·the residential 

loads are thermal in nature, involving space heating and hot water heating. 

Integrated System Concept 

A number of storage mediums have been proposed, and some have been tried 

with varying degrees of success reported. Among these are hot water systems, 

heated rock storage and others. Figure 2.2-5 shows the major components of 

such a system based on use of a fluid heat exchange and energy storage system. 

The wind energy output 111 Llli !:> case would be w:;ed to pro vi rlP pnwer to res i­

dential electrical loads directly W·henever possible. Utility power provjdes 

the remainder of the residence electrical needs. Excess wind system energy 

would be used to heat the thermal storage fluid, probably water, suitably 

enclosed in an insulated tank or similar device. The energy thus stored 

would not be reconverted to electricity but could be delivered via hot 

water or hot air distribution systems to directly serve home heating and hot 

water needs. 

2-52 



220V, 60 Hz, 10 

SERVICE I-lAIN 
ANlJ 

LOAD CENTER 

1 
I 

WIND 
TURBINE 

GENERATOR 

220V, 60Hz, 1~ I DIVERSIFIED 
!---~ ·C0~1PONENT OF 

,--
1 

l 
I 
I 

SYSTEM 
CONTROLS 
AND PUI~P 

I 
RESIDENTIAL 

, LOAD 

f 

TRANSFER ~-o-~-­
CONT/\GTOR 

r-~ 

'""' ~ : 

BACK-UP 
TOWER 

,.... - ···- - -- l- - --1 , HEAT ., 

1
: EXCHANGE I 
_ & STORAGE ~ ..--__,_r ___ 

THERMAl 
LOADS 

1 · r 
L 

FLUID LOOP. I 

FIGURE 2.2-5. 

-------~---------~ 

RES! 11ENTIAL THERMAL ENERGY STORAGE SVS·HJ1 -
WIMD ENERGY CONVERSION 

Functional Assessment 

The efficiency of conversion from electricity to thermal energy would be 

very high (.95- 1.0) so that the system.losse~ overall would depend only on 

the insulation of ~he stdraqe device and the distribution system and the 

amount of time between storage and use. The equipment requirements ·would 

generally include pumps, valves, fans and other mechC\t~ical equipment which 
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would yield to fairly low technology development and production where 

existing equipment was not adequate. Further investigation and sizing of 

such a system was beyond the intended scope of this study, but should not be 

difficult to accomplish as related work has b~en done in the field. 

Conclusions 

1. This process of charging storage is highly amenable to unplanned 

interruptions, and interface problem~ would be relatively simple. 

2. The attractiveness of such a system would require formulation of 

a detailed design and a detailed cost estimate. 

3. The economic desirability of the value of such a system would 

require a direct comparison with results obtainable with all 

electric systems on a cost per Btu basis. 
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·2.3 INTERMEDIATE SYSTEMS 

2.3.1 BASIC ENERGY CONVERSION SYSTEM 

A 500 kW wind turbine generator was used as the basic unit for the inter­

mediate category of wind energy storage system applications. Figure 2.3-1 

shows the block diagram for such a system. Multiple units of this siz·e WTG 

would be a suitable means of meetirg load demands of the larger intermediate 

applications. For study purposes, however, the single 500 kW unit was used. 
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CONTROL ----

INSTR.& 
CONTROL 
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500 kW 
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FIGURE 2.3-1. BASELINE 500 f-1W WIND ENERGY CONVERSION SYSTE~1 
BLOCK DIAGRAM 
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2.3.2 OVERALL WIND CONVERSION SYSTEM OPERATION 

WTG system output was assumed to be alternating current electric power, 

as discussed in earlier sections. The same wind site locations 

were used as for the residential and utility applications. Principal para­

meters of interest are given in Table 2.3-1 for the 500 kW machine 

operating in the selected wind regimes. 

TABLE 2.3-1. 500 kW WIND GENERATOR SYSTEM CHARACTERISTICS l ' 12 

Rated Power 500 kW 

Design Wind Velocity 

Generator Parameters 

Rotor 

Rotor Diameter 

Rotor Axis Height 

Wind Velocities 

Cut-in 

Rated 

Cut-out 

Annual Energy Production 
(Design) 

5.36 ~/s (12 MPH) 

Synchronous, 500 kW, 4160 VAC, 
60 Hz, 3-Phase, 1800 RPM 

2-~lade, 29.3 RPM 

55.29 m (181 ft) 

42.9 m (141 ft) 

3.55 m/s (7.94 ~PH) 

7.32 m/s (16.37 MPH) 

15.7 m/s (35.12 MPH) 

1. 86 X 106 kWh 

2. 3. 3 STORAGE SYSTEt~ INTEGRATIOU AND INTERCONNECTIOU TO 
THE WIND ENERGY CONVERSION SYSTEM 

The intermediate applications for wind energy conversion and storage systems 

will require physical, electrical and operational approaches which relate to 
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those already described for the utility and residential usages. The prin­

cipal detennining factor will be one of appljcation scale. In some cases, a 

hybrid situation would be appropriate. The principal matter of concern here, 

however, was whether hardware or other technical barriers could be expected, 

unique to the intermediate application,which, would prevent satisfactory 

system integration using various storage concepts. 

No major new equipment constraints were identified with the intermediate 

system, although a range of component sizes will be needed. General tech­

.nical considerations relating to installation and use will be quite different 

in some respects. Examples of these include: 

1. Cc•mpatible adjacent iocation of WTG units. 

2. Compatible locations for storage units. 

3. Planning, design and/or modifications of plant or 

facility layouts to accommodate interconnection with 

utility power. 

Some non-technical considerations will also be very significant in certain 

applications: 

1. The management of the additional facilities and equipment pose 

additional responsibilities for owners and operators.· A par­

ticular case in point would be that of a shopping center having 

general management by the owne'rship and individual billing or 

allocation of costs to each business enterprise within the complex. 

2. Negotiation of service contracts with local service organization. 

3. Negotiation of rates with the area utility company. 
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Thes?. examples of other pr~blems are cited here as a reminder that the 

technical designs are still highly dependent on other operational questions. 

On the surface the latter may appear simple, but in reality, they may not 

be easily resolved. This class of implementation constraint should not be 

overlooked. 

The previous discussion of utility and residential concept technical inter­

face issues are generally applicable to the intermediate application 

situati:on. No additional problems should be encountered as a result of 

intermediate sizing provided suitable system scaling is employed. 
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SECTION 3 

WIND ENERGY STORAGE ASSESSMENT 

3.1 GENERAL 

This portion of the study was directed at determination of appropriate cost 

goals for the effective use of energy storage with wind energy conversion 

systems .. Appiications of energy storage to systems sized for residential, 

intermediate and utility use were considered. The economic benefit from 

storage for the utility case includes both net fuel cost savino~ nnd credits 

derived from reduced re~uirements for conventional generating equipment and 

for transmission and distribution facilities. For the residential and inter-

mediate cases, the principal economic benefit defined was the potential 

saving in the consumer 1 s cost of electricity, although other less tangible 

benefits were considered. As part of the basic benefits analysis, it was 

also desired to determine the effects of the following factors relative to 

storage capacity and cost goals: 

1. Location/Wind Regime 
2. Effect of various rates of fuel escalations and general inflation 
3. Storage system efficien~y 
4. Penetrat1on of wind energy relative to total system capacity. 

(Utility case only) 

The following special cases were also investigated: 

1. Multiple source charging 
2. Effect of transient wind system output smoothing. 

The results of these investigations were translated into summary curves for 

use in relating a range of alternative conditions to the effect on allowable 

break-even capital cost and optimum storage capacity. Further conclusions 
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were drawn concerning economic viability of various storage methods, which 

in turn were used to refine the results of initial program evaluations of 

various storage concepts. 

3.2 METHOD OF ANALYSIS 

3.2. 1 UTILITY APPLICATIONS 

Several possible approaches were considered as a means of projecting the 

value of adding storage to a wind system. It was decided for the purposes 

of this study, to measure the' value increase when various levels of storage 

were added to a specific no-storage baseline system. This method inherently 

result~ in maximizing the amount which a utility might be willing to pay 

for dedicated storage, since none of the storage benefit is used to in-

crease the worth of the basic wind generation. The potential for the 

storage system to aid overall wind system viability is then assessed in the 

light of cost goals derived for storage on its own merits. 

3.2.1.1 Basic Procedure. 

The following comprise the general steps involved in this pqrtion of the 

Study: 

1. Wind turbine power output was computed for Great Falls, Montana, 

Lubbock, Texas and Blue Hill (Boston) Mass. Actual hour by hour 

wind velocities were obtained for these locations from a recently 

prepared tape made available by SANDIA Laboratories. 20 The com-

putations matched the wind velocities to the machine des~gn char-
. 
acteristics for a 1500 kW wind turbine generator providing ac 

power output. 
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2. A representative utility system hourly load profile was compiled 

based on Representative System "B" defined in a recent study by 

Public Service Electric and Gas Company of Newark, N.J. (PSE&G).21 

As System "B" is more .representative of summer peaking systems, 

Representative System "B'" was selected for a winter-peaking case 
' 

(Great Falls). Seasonal load duration curves were used to more 

accurately assess loads over the entire year modeled. 

3. A generalized system model was established and cost strata were 

assigned for energy generation by various types of equipment. 

4. Computer runs wire utilized to match the load with wind turbine 

outputs, and establish the baseline "no-storage" case fuel costs. 

5. Energy storage was added and employed to reduce fuel costs, 

according to pre-determined energy management cycles for charging 

~nd dispatch of stored energy. 

6. The amount of displaced generation (i.e., conventional utility 

generation supplanted by wind system output) was assessed and, in 

turn, the break-even costs based on fuel savings plus applicable 

"credits" were computed. 

3.2.2 RESIDENTIAL APPLICATIONS 

The residential analysis was necessarily different from the above although 

similar techniques were emplbyed. Similarities and differences are dis-

cussed below. 

3.2.2.1 Basic Procedure 

1. Step one from Section 3.2. 1.1 above was followed except that a 

single 10 kW wind turbine generator was utilized. 
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3.2.3 

2. Representative residential loads were selected for use with 

each of the same three locations. 

3. Computer runs were made to match the wind turbine output energy 

to the load on an hour by hour basis for a one-year period. 

Required utility energy purchases were computed for this time 

period. 

4. Energy storage was added and used to ~tore wind turbine excess 

energy for later use. New values of required utility purchased 

energy were computed. 

5. Residential break-even costs were computed based on the reduction 

in purchased energy due to use of storage. Analysis was performed 

for each location and case variation of interest. 

INTERMEDIATE APPLICATIONS 

The intermediate application analysis method'Was s1rrrlldr· Lo the one u~cd for 

the residence case, but with the following modifications. 

1. A single 500 kW wind turbine was utilized. 

2. A load profile was assumed based on a shopping center type of 
operation with fixed hours and .a stable load pattern. 

3. The effects of a sizeable increase or decrease in load were 
examined to provide results analogous to the utility penetration 
effect. 
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3. 3 ANALYSIS AND PROJECTION OF COST GOALS IN UTILITY APPLICATIONS 

3.3. 1 EUERGY MANAGEMENT 

3.3. 1.1 Allocation of Wind System Energy Contribution 

For the utility case it can be shown that a very high percentage of any 

wind energy syster:1 output can be immediately and directly used on line by 

the utility. This is so in part because of the fact that the total utility 

load is projected as being much larger than the wind system output, thus 

eliminating most of the "excess" that would be experienced in a case where 

the load was smaller than the .wind system output. The possibi 1 ity of en-

hancing the value of wind energy by using storage depends, in the utility 

case, on being able to employ energy sturage at times when the wind system 

output, even if it could be used by the load, would be of relatively low value 

to the utility. Figure 3.3-1 illustrates the desired "relocation" of wind 

energy from off-peak to peak load times when it wi '11 have more value to 

the utility in terms of cost-of-generation. 
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FIGURE 3. 3-1. WIND ENERGY WITH DEDICATED ENERGY STORAGE FOR UTILITY 
APPliCATIONS 
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It is also significant to point out the one-way nature of the power flow to 

the utility grid, as the charging of the storage system is entirely dependent, 

in this case, on the wind system. As will be shown later, the effect of this 

arrangement is to lessen the storage utilization and in turn its value as 

compared with other configurations. It should also be noted that there is: 

a large, but not total coincidence of the available wind energy with the 

utility peak load times. Whenever load demand matches well with wind energy 

availability, storage can be avoided and consequently the storage efficiency 

losses also. To the extent that the wind energy direct-to-load component 

and the stored energy contribution can be reliably delivered. both con-

ventional generation and generation capacity may be reduced. 

In terms of a utility system load duration curve as portrayed in Figure 

3.3-2, the economic usefulness of the wind-direct and stored contributions 

can be depicted within each cost-of-generation strata. 

WTG 1 S WTG 1 S 
NO STORAGE WITH STORAGE 

VALUE 
$/kWh. 

GENERATION 
CATEGORIES 

POWER 
PEAK LEVEL, 

MW 
CA 

cs u2 

cc 

HOURS HOURS 

FIGURE 3.3-2 WIND ENERGY RE-DISTRIBUTION UTILIZING ENERGY 
. STORAGE - UTILITY APPLICATION 
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Wind energy without storage may be contributed in either the peak, inter­

mediate or base generation portions of the load duratiori curve, or may be 

·spr~ad throughout (as shown) depending on the time of day when the wind 

blows. The wind contribution without storage couid be concentrated _in only 

one region of the load duration curve, but this would be unlikely bas~d on 

examination of representative wind distribution patterns. Storage can be 

used to re-arrange a portion of the wind energy to the peak and/or inter-

mediate regions while reducing or eliminating contributions in the base load 

region. Since the total external load on the utility grid is unchanged by 

the source of the energy contributions, for any one region: 

where 

ul + wl - u2 + w2 

L. Cost= C (U 1 - U2) = C ·(w2- Wl) 

u2, u1 =utility contribution to load with and without storage 

= wind syst~m energy contribution to load with and without 
storage 

C = incremental cost of generation per unit load (e.g. $/kWh) 

Summing the ~cost for all regions yielp~ the total equivalent fuel saving 

benefit of adding storage to the wind system. In the base-load region, the 

value goes negative and must be subtracted. This is because the utility 

must now deliver more energy in the base load region, since the wind energy 

contribution has been 11 relocated 11 to the trigher·cost regions. 

The above described generation cost saving can be easily capitalized to de­

termine the maximum amount one would be willing to pay for a storage system 

based on fuel savings alone. 
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3.3. 1.2 Theoretical Maximum Value of Storage- Utility Application 

Computation of the theoretical maximum value or worth of energy storage is 

a re1atively simple task with a very useful output - a standard against ~1hich 

the effectiveness of storage operational strategies can be measured. The 

theoretical maximum value is identical for dedicated and multi-source 

charging, the former merely falls much shorter of the maximum due to the 

variability of the wind. Assume 1 kilowatt-hour of storage capacity with 

an overall input-output efficiency of~· Let: 

Vp = value or incremental cost of peaking energy - $/kWh 

Vb = value or incremental cost of base load energy - $/kWh 

N = number of storage cycles per year 

FCR = fixed charge rate 
(See Section 3.3.5.6 for a fuller explanation). 

Mf = fuel savings mul~iplier 

Maximum value per cycle is achieved when energy is stored at the lowest 

value (base load) and discharged when energy is most costly (peaking). The 

energy cost savings (AE) for full capacity operation becomes simply: 

AE = N (Vp - Vb/~) 

Levelizing with the fuel multiplier and dividing by FCR to capitalize yields: 

Capitalized Energy Credit (Value of storage as an energy saver) 

CE = Mf N (Vp - Vb/~)/FCR $/kWh 

Figure 3.3-3 presents C£ versus the incremental costs of base load and 

peaking energy for storage efficiency of 75%, fixed charge rate of .18 and 

250 annual operational cycles. The latter figure is a typical annual business 
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day figure when allowances are made for weekends and holidays. Inflation 

and fuel price escal~tion rates of 5% correspond t~ zero differential fuel 

price escalation. Shown on the curve is the theoretical maximum energy 

credit for the ·representative utility system "B" cited earlier in this re-

port. Comparison of the theoretical maximum for another set of utility 

costs with the cost computed with rates assumed for this study and the 

system "B" load (point shown in Figure 3.3-3). will enable a rough extra-

polation of the report results to the other utility system. It is ob­

vious from Figure 3.3-3 that the energy credit is a strong function of the 

system energy cost characteristics. 
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Capacity credit and transmissfon and distributioncredit, where applicable, 

must be added to the capitalized energy credit to obtain the total storage 

break-even cost. For example, taking capacity credit of 140 $/kW for 

assumed gas turbine displacement and a T&D credit of 45 $/kW (for battery 

systems only) gives the following theoretical maximum break-even cost re-

sults for a system 11 B11 type load: 

5 Hour 10 Hour 
S~stem S~stem 

Energy Cre<;!it $53.35 $53.35 
Capacity Credit 28.00 14.00 
T&D Credit (Batteries only) 9.00 4.50 

Break-even Costs (except batteries) $81.35 $67.35 
Break-even Costs (batteries) $90.35 $71.85 

all costs in 1976 $/kHh. 

These represent the maximum storage break-even costs for a 5% energy price 

escalation rate. Figure 3.3-4 can be easily used to extrapolate the energy 

credit portion of the above break~even costs to other escalation rates and 

various start years. 

For example, a 1988 start with 8% escalation gives about 2.0 times the 

levelized energy savings of the base 5% case. Maximum break-even cost for 

a 5 hour battery would then become (using the same credits): 

Energy Credit 
Capacity Credit 
T&D Credit 

$106.70 
28.00 
9.00 

$143.70 I kWh 

This represented a 59% increase in break-even cost over the base 5% escala-

tion case. 
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Practical Limits to Storage Value 

There are several reasons why the theoretical maximum energy credit cannot 

be achieved in practice. Operation and maintenance requirements, component 

replacement costs and interest during construction must be considered. These 

factors are concept-dep~ndent and, for some systems, substantialiy affect 

the net savings. System efficiency varies among concepts. The principal 

limitation on energy credit, however, is that on.ly at very small storage sizes 

can energy be continually moved from the lowest cost level(base load) to the 
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highest level (peaking). Utility system 11 B11 ·loads, used in the majority 

of the utility analysis in this report, has four main levels of generation 

costs, to which the following values were assigned: 

Level 

A 
B 
c 
D 

Incremental Cost 

.0281 $/kWh· 

.0215 

.0120 

. 00435 

More discussion 
of this subject 
wi 11 be found in 
Section 3.3-4 . 

The savings in moving a kilowatt hour from one level to another was shown 

in the previous section to be equal to: 

where 

Vcharge 
Savings per cycle; Sc = Vdischarge - Efficiency 

Vdischarge and Vcharge are values or incremental costs at the levels 

of discharge and charge respectively. Usin~ the costs assigned, Sc can be 

calculated for exchange between any two ·levels: (@ 75% efficiency). 

CHARGE 

LEVEL 

DISCHARGE LEVEL 
A B C D 

A 

B 

c +.0121 

D +.0223 +.0157 

Savings per charge/discharge cycle 1_1_1 
\kWhT 

Note that discharge to a level at or above the charge level was eliminated 
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and, in addition, transfer from level B to level .A proved uneconomic. The 

rapid fall off in value when a level D to level A transfer cannot be made 

is evident. A level D to B transfer is worth 30% less and a level C to A 

about 46% less. 

The characteristics of system "B .. demonstrate the typical manner.in 

which storage value falls off as size is increased: 

1. For a small amount of storage (less than 100 MWh for this example) 
the storage can cycle year round between levels D and A, and thus 
clo3ely achieve maximum value. 

2. As storage size is increased, the spring and fall peaks are 
eliminated and additional storage energy is forced to transfer 
to level B. 

3. A further increase in size will eliminate the winter peaks, 
resulting in more level D to level B transfer. 

4. At some level of storage size, the capacity for base load charging 
is depleted and level C must be used (or costs must be incurred 
to increase base load charging capacity). Level C can discharge 
to the peaking or 11 A11 level only in the summer and is forced to 
displace B level energy the remainder of the year which provides 
a very low storage benefit. 

A winter peaking· utility system would see a similar pattern. Some utility 

characteristics may result in depletion of base load charging ability before 

peaks are eliminated, but the net effect is identical - a steady decrease in 

storage value per kilowatt-hour as storage size is increased. 

This does not say that low storage size is most economic. Net savings, con­

sidering the actual cost of storage, will determine optimum economic stora'ge 

size. Once storage is economic, further cost reductions increase the optimum 

size of storage in terms of MWh capacity. 
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3.3.2 WIND ENERGY AVAILABILITY AND CONVERSION 

3.3.2. 1 Wind Energy Patterns 

Prior studies of wind characteristics including velocities, variability and 

cyclic modes have resulted in a much clearer understanding of some of the 

key factors which need to be dealt with in harnessing this source of energy. 

Since the power available from the wind has a direct cube functibn .relation­

ship to velocity (P = l/2 ('v3}, geographic site selection is of importance. 

In addition, some cyclic general .patterns of wind behavior have been defined .. 

These relate primarily to daily, seasonal, and annual or long term varia­

tions. Since the timing of wind energy availability is critical to the 

optimum use and/or storage of such energy, the general trends in wind be­

havior should be kept in mind. Figures 3.3-5 and 3.3-6 present some pre­

viously identified diurnal and seasonal patterns.12 Wind regimes are identi­

fied as high, moderate and low. These categories are further defined in 

Figure 3.3-7. 
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As can be noted from the preceding figures, there are tendencies for higher 

wind outputs during mid-day in the moderate and low wind regimes which com-

prise most of the geographic land area of the United States. Also, there 

are seasonal lows, notably in summer months. The general impact of the fore-

going on the use of energy storage are: 

1. Most wind energy may be available at times of day when present 
consumer loads make direct use, rather than storage, both 
feasible and desirable. 

2. The seasonal lows make the concept of long term, large quantity 
storage of energy appear attractive. 

An additional wind characteristic not shown here, but one which will be 

discussed in a subsequent section, is short term variability. This char-

acteristic can result in large increases or decreases in the power available 

to drive a wind turbine rotor, and necessitates consideration of energy 

storage device ability to follow WTG output variations. 

3.3.2.2 Selection of Data Sites 

For purposes of assuming a representative range of conditions under which 

storagP might be attractive, data was selected from three different loca-

tions. Each location was to be representative of different climate, terrain, 

wind conditions, geographic region and costs of fuel and electricity. Re-

cent work by SANDIA Laboratories resulted in an hour-by-hour data tape 

containing pertinent wind information for some 19 sites. These tapes were 

made available for this study and were found to contain the needed informa-

tion. Useful information on the data tape included mean wind speed, tower 

height, latitude, temperature and air density. The variable items in this 

list were given for each hour for a full year (1962). Data for Lubbock,Tx., 
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Great Falls, Mt., and Blue Hill, Ma. was selected for use in response to 

the range of representation described above. Figure 3.3-7 shows the 

selected locations relative to regional wind regimes defined in prior 

studies. 12 

3.3.2.3 Wind Turbine Output 

The machine design characteristics for application of a wind turbine gene-

rator are normally selected knowing the wind regime and wind velocities or 

wind profiles likely to be encountered for the particular site and installa-

tion. As an example, for Lubbock, Tx., a wind regime defined by previous 

wind area mapping as 2 - 4 MWh/m2fYr is involved. Based on experience with 

ranges of wind velocity within this regime, WTG designs1 in the 12 - 13 mph 

range are indicated. This analysis utilizes a 13 mph design with output 

power characteristics as depicted in Figure 3.3-8. 

To establish the annudl WTG output profilP for Lubbock winds, the hour by 

hour annual wind velocity data for Lubbock was matched against the WTG 

characteristic curve. Figure 3.3-9 presents the results of this computa-

tion for Lubbock, and Figures 3.3-10 and 3.3-11 show the comparable results 

for Great Falls and Blue Hill, respectively. It should be noted that the 

figures show the cumulative hourly WTG outputs for the entire year for 

each of the 24 daily hours. The annual outputs for the three locations show 

a certain degree of correlation of daytime maximums with lower night time 

generation-basically the reverse of what might be desired for low-cost 

utility charging of storage. The daytime peaks do, however, permit more 

direct use of wind turb_ine output at utility peak load times. Great Falls 

and Blue Hill are in the next higher wind regime (4-7 MWh/m2;Yr) than Lubbock, 
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and the data from these locations showed annual WTG output results about 

1% and 13.5% higher, respectively. 
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3.3.3 UTILITY LOAD DEMANDS 

3.3.3.1 Load Selection 

The objectives of this area of the study were dire.cted toward the effect 

·energy storage might have on the worth of wind supplied energy in a utility 

application. Consequently, it was desir~d to ~ssess the effects bf different 

parameters pertinent to wind and storage ~ystem use while serving a repre-

sentative load. To accomplish the latter, system.hourly load data was ob-

tained for the most representative utility loads for summer and winter 
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peaking systems. These representative systems were selected based on re­

sults of an exhaustive analysis in a recent study performed by Public Ser­

vice Electric and Gas Company of Newark, N.J. 21 The systems used are de-

signated 11 811 and 11 B11•respectively. Figure 3.3-12 shows the approximate load 

shape of system 11 811 for a representative one week period, with summer load 

peaks superimposed. 
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FIGURE 3.3-12 REPRESENTATIVE WEEK - SYSTEM 11 811 LOAD DEMAND 
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Originally, it was planned to examine only one or perhaps several 11 repre­

sentative weeks 11
• It became obvious, however, that such an approach might 

leave many unanswered questions, therefore, with the help of ~computer 

model, a full year or 8760 hours was examined with a minimum of difficulty. 

3.3.3.2 Load Duration Curves 

Seasonal load duration curves were plotted and examined in order to estab­

lish operating cost strata for use in further modeling. Figures 3.3-13 

and 3.3-14 show the summer and winter seasonal load curves for systems 11 811 

and 11 8' 11
, respectively. 

3.3.3.3 Generation Mix 

Due to the generalized results desired for the storage worth analysis, it was 

decided that mix of generation be considered only to the extent necessary 

to establish modeling assumptions. Tables 3.3-1 and 3.3-2 give the assumed 

generation mfx and energy allocations for use with the.loads typified by 

system 11 811
• Note that this mix is not intended to reflect any specific 

current system mix but rather a possible mix which could deliver energy 

to meet the general load shape of the representative systen. 
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1 SUMMER SEASON (6/13/71 TO 9/11/71) 
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FIGURE 3. 3-13. SUI~MER SEASON LOAD DURATION CURVE FOR SYSTEM "B" 
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w 
I 

N 
(J'1 

TYPE OF 
GENERATION 

G.:ls Turbines 

On - Steam 

Coal - Steam 

Nuclear - Steam 

Minimum Out-
Put Level 

TABLE 3.3-1 ASSUMED GENERATION MIX FOR SYSTEM "B" TYPE LQAD PROFILE 

WINTER SPRING SUMMER FALL . 

Cut-In In Cut-In In Cut-In In Cut-In In 
Load Service Load Service Load Service Load Service 
Level Capabi 1 ity Level Capability Level Capability Level Capability 

MW MW MW MW MW MW M~J M~J 

2500 480 2350 266 2850 458 2650 780 

2300 200 2200 150 2500 350 2300 350 

1900 400 1900 300 1900 600 1900 400 

700 1200 700 1200 :oo 1200 700 1200 

0 700 0 700 0 700 0 700 

. TABLE 3.3-2. ENERGY ALLOCATION FOR ASSUMED GENERATION MIX SYSTEM 11 B" LOAD SHAP.E 

TYPE OF ENERGY SUPPLIED - MEEAWATT HOURS 
GENERATION WINTER :SPKHH1 SUMMER FALL ANNUAL TOTAL 

Gas Turbines 36,882 19,311 41,203 45 '111 142,507 

Oil-Steam 92,909 89,394 170,952 170,225 523,480 

Coal-Steam 407 '180 285,357 6~2 ,875 432,083 1,767,495 

Nuclear-Steam 2,330,383 2,230,057 2,362,689 2 '351 '142 9,274,271 

Minimum Out-
Put Level 1,545,600 1,528,800 1,528,800 1,528,800 6,132,000 

TOTALS 4,412,954 4,152,919 4,7L6,519 4,527,361 17,839,753 
-



3.3.4 GENERATION AND LOAD MATCHING 

3.3.4.1 Analytical Computer Model 

The large number of computations involved required the use of a-functional 

computer model as diagranmed in Figure 3.3-15. 

r -----, 
1 1.5 MW i--~ l 
I WTG I I 
L------1 I 

I 
1.5 MW 

WTG 

I ---- I 4160V AC, 3 0 
! 
' I 
' l 

Charge 
Control 

(>f= .9~) 

t 
Discharge 
Control 

Storage 
s.vstem 

J2Variable) 

Utility Grid 

13.8 kV 

--- Voltage -Transformation & 
Distribution 
('/= .98) 

FIGURE 3.3-15. COMPUTER MODEL LOGIC DIAGRAM- WIND 
ENERGY CONVERSION - UTILITY APPLICATION 
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The basic wind energy conversion unit was a 1.5 MW Wind Turbine Generator. 

~ultiples of this ·Size WTG were added as indicated by the dotted second 

unit in the diagram to simulate penetrations of 10, 20 and 30% of the 

utility installed generation capacity (4000 MW nominal). The arrows ·in 

the diagram represent the allowable directions for energy flow. For this 

deqicated storage configuration, energy flow from the utility grid ~or 

use in charging the storage system was not permitted. The charge and 

discharge power handling devices were each assigned a 95% efficiency as 

noted in the figure. These devices were also considered to be power 

limited and this limit was considered as an input parameter in the evalu­

ation of system performance. 

A storage system overall energy efficiency was assigned for each data run 

and treated as an independent variable in the investigation of system per­

formance. An additional in-line efficiency of 98% was included to account 

for voltage transformation ~nd distribution losses between the non-con­

ventional energy sources under investigation and the point of measurement 

of the utility system load demand. This latter loss did not disturb the 

overall evaluation of the benefits of storage sinte the same loss allow­

ance was included in both the storage evaluation runs and in the no­

storage base case. 

3.3.4.2 Generation and Load Matching Without Storage 

To establish a reference baseline for each set of storage run conditions, 

the wind system output was matched directly to the load demand on an hour 

by hour basis for an entire year of use (8760 hours). This course was 
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chosen as a means of reducing the potential bias that could result from 

selection of some shorter span of time which might in actuality be less 

than "representative". (It is, of course, recognized that different 

annual wind data or longer terms than one year might be even more de­

sirable than the time period chosen). During the zero storage run, no 

WTG ~nergy was allowed to pass through the storage system. The conven­

tional energy displacement, resulting from use of the wind power to serve 

a portion of the load, was tabulated for each hour and summed to monthly 

and annual totals for subsequent analysis. Basically, any energy which 

the win~ turbine delivers to meet load demands goes on line regardless 

of the time of day, and it is assumed that any requfred adjustment of 

total utility system output will be accomplished without cutting off the 

wind turbines. 

3.3.4.3 Generation and Load Matching Incorporating Stora~e 

For purposes nf r.nmputing the energy displacement effects of adding stor­

age, all the blocks in Figure 3.3-15 become operative. Increasing amounts 

of storage system capacity (MWh) were assigned to the stur·dge block us 

successive data computations were taken. A storage efficiency of 75% 

was assumed for the majority of the cases, with alternative cases taken 

at 60 and 90% efficiency to determine the efficiency effect on output re­

sults. The utility system load is met by a combination of directly sup­

plied WTG energy, energy delivered from storage and a net make-up fur~ 

nished by the conventional generation plant. The computer logic required 

to carry out the incorporation of storage is described in the following 

section. 
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3.3.4.4 Storage Charging and Dispatch Logic 

The energy management of the charge-discharge cycle employs an operating 

strategy based on the following ground rules: 

where 

1. Charging of storage will only occur when source output would 
otherwise displace the lowest value energy category (designated 
in the model as category D). 

2. Storage dispatch will be permitted only to displace load quality 
of category C or higher. 

3. No storage discharge will occur on weekends or holidays. 

4. The storage system state-of-charge (SOC) is manag~d on a weekly 
basis to provide a near-optimum displacement of the highest 
quality energy. To this end the program logic determines, 
on a daily basis, that value of system load which is required 
to drive the SOC to an allowdule value tor each day. This 
value of minimum allowable SOC is a function of the day-of­
the-week according to the following algorithm. 

SOCA = (5-I) SOCM + SOCL 

6-I 

SOCA = allowable minimum SOC for the day 

I =day-of-the-week number (Monday= 1) 

SOCL = low limit on storage system SOC 

SOCM = SOC at midnight of the preceding day. 

These constraints were arrived ·at after trial runs in which daily vs 

weekly cycles were tested as were the results of raising the charge­

discharge cut-off point higher on the load duration curve. The analysis 

assumes ability to fully predict and manage hourly source output and load 

demand on a daily basis to drive the storag~ system SOC to the pre-deter-

mined minimum allowable value for each day. 

3.3.4.5 Computational Format and Typical Load Matching Results 

Table 3.3-3 lists a typical computer data output format for a storage analysis 

run. 
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TABLE 3.3-3 TYPICAL COMPUTER RUN FORMAT, WIND SYSTEM STORAGE 
CHARGING - UTILITY APPLICATION 

GROSS NET 

10% PENETRATION 
1000 MWh STORAGE CAPACITY 
GREAT FALLS, MT 

SYSTE~ SYSTE~ STORAGE STATU$ 

B TOTAL B . ·------- .. ·-·-··- __ ..... _J..HA RG E I 
-------LOAD. ·-·· .WTG LOAD TOTAL DISCHARGE 

DE~AND OUTPUT DE~ANO lOSSES SOC POWER 

........... O.tSPLAC.~.D .. .G.ENE.R.AT l.Jl.~ . 
A B C 0 

~-O!!__!~.J~-J~W) _____ (MW.l ( Miol) .. -~W.~ _ _ _ ... --~Wl ... ___ {I<!Wl ____ .{Hiol) _____ (l!_W_l __ _!MW) ___ _j_MIIL__ 

6 8 7 1 a 1 2. 5·6. 3 8 9 56. 7 5 1 • 1 3 a. 9 81 a. 0. 0. 55. 2 5 a. 0. 
6 8 8 1152. 56.38 1096.75 1.13 a.981 a. o. 55.25 o. o. a. 

---~----·8 .... L _ 12 ~ 8. __ .~.6. 3.8 _1 ~.4 8. oa ___ _].. 96 .... a. 9 54 ___ '726. ~-'?. ____ s 8.aa. _____ 2 2 .ao __ p •• P.· p_. __ 
6 8 1a 1251. 56.38 1148.aa 4.67 a.9a3 -51.29 81.0a 22.aO a. o. o. 
6 8 11 126~. 160.88. 1111.34 3.22 a.903 o. 99.00 58.66 a. a. o. 

----~-8 12 _____ ~234. ______ 1_03.86 __ ~1.32.22 ____ 2.08 .o,9a3 _________ a. 64.oa H.7a o. ___________ t;~_. ______ o_. __ 
6 8 13 1248. 78.55 1148.00 3.28 0.878 -24.73 78.oa 22.00 a. o. o. 
6 8 14 1253. o. 1159.9a 6.90 o. 778 -10a.oo 83.00 10.10 o. o. a. 
6 8 15 12a7. 33.65 1148.aa 2.6a a.75a -27.95 .37.oa 22.00 o. .Q_. ____ t;l. __ 

-6-·a-16--1210-.---n:64--11.48.oo 3.67 o;7o2·-----.:48.af ____ 4a.oa 22.oa --ii~ a. a. 
6 8 17 1176. a. 1148.0a 2.a8 a.672 -30.08 6.0a 22.00 o. a. a. 
6 8 1 8 11 31. 0. 11 31. ao a. a. 6 7 2 a. a. 0. 0. a. 0. ·--6--8 -1<1·--1::i8-,-~---·-33~65·-·1os1.a2 a.67 ·a.67i ______ o. o. -----·:s2.9o ·a;·---·o.----·o.-----

6 8 20 1119. o. 1119.00 a. a.672 o. o. o. o. a. a. 
6 8 21 1120. a. 1120.00 a. 0.67?. q. o. o .... ____ o._ a. ________ o, ___ __ 

·-·6---8 2 2 1 oa5 ~----··ci~ -- ---1ilo 5. oa --·--a; ........ ·a. 6 72·-- --· o. o. o. o. a. a. 
6 8 23 855. o. 855.00 a. a.672 a. a. 0~ o. a. a. 

--~--.8- 24 .763 •. ___ Q .•... _ ... 763.co _____ a. _ ... a.672 _______ a .......... _ ...... o. ·--a •. _____ p_. ____ .Q. _____ o. __ 
6 9 1 738. a. 738.aO a. a.672 o. o. o. a. o. a. 
6 9 2 7a9. o. 709.00 o. a •. 672 a. o. o. a. a. o. 
6 9 3 6 88. s .04 6 8 a. oo o. 2 s o. 61 s 4. 7'! ___ . o. __________ o. a_. .o .• ______ q. 

------6·---9--i.--·671~----a.-·------671.00 a.--·---a.67·s o. o. o. a. a. o. 
6 9 5 6~9. 17.64 699.00 a.88 0.688 16.76 a. \). a. a. o. 

___ 6 ____ 9 --~----- 776._ ____ 3_3.6:; ___ __7 76.ao ___ .1.6_8 .. o. 712 ____ ,_31. '?._7 ____ a •. ______ o. _______ p. _______ :_a. ______ a. __ 
6 9 7 978. 5.04 973.a6 a.1a 0.712 o. a. o. 4.94 a. a. 
6 9 8 1a96. 33.65 1a63.02 a.67 a.712 a. a. 32.98 o. a. a. 

__ 6 __ ? .... '?. ___ 11 o_. ___ ,B. ~.5. __ 1 a9 2 .ao ___ 2_. a 1 ...... P. 69~ __ _:_1_9 •. ~s. ___ o_. ____ >~ .oo . ., __ p • ____ a_, _____ a. __ 
6 9 10 1168. 5.a4 1a92.00 5.37 a.616 -76.32 a. 76.aO a. 0. o. 
6 ~ 11 1159. a. 1092.aa 4.97 0.544 -71.97 a. 67.oa a. a. o. 

__ .!! ___ 9 _12 111 3. _____ a. 1a92.oo 1. 56 o. 5.22 ___ ::-22. 56 ____ p. ______ 21 .oo a. _____ t;~, _a. 
6 913 1134. o. 1a92.0a 3.11 a.477 -45.11 a. 42.aO a. a. o. 
6 9 14 1122. 16a.S8 964.34 3.22 a.477 a. 0. 72.00 85.66 a. a. 

--~---~ . ..! ~ ...... _1 .. 90~_. ___ 5_6.~3~---1031. H _____ 1.1 t .... a.ft77 . O. . ·--·2· ·--~- 37 .ao _____ J ~--2~ __ ... Q.~---- p. __ _ 
6 9 16. 1068. 5.04 1a63.06 a.1a 0.477 o. u. 4.'14 u. o. o. 
6 917 1(153. 56.38 997.75 1.13 0.4?7 o. a. ~.oa 52.25 o. o. 
6 9 18 1008. o. 1aa8.aO a. a.477 a. a. Ct. o. o. a. 

·-- ·6---9--,.9·--·973~--o~ ··- 97 3.oo ----··a. o.4 11 o.··------ o. u. ---·- a.···-··----o~·----o.-

6 9. 20 999. a. 999.00 a. a.477 a. a. a. a. a. a. 
__ 6_? .. 2_1 ___ _195J.~ ____ p. ___ 1Q57.oa ___ .. 9 .... ___ o.47~ ____ o.~. ____ a. o. ____ a. ____ a. ___ .. o_. __ _ 

6 9 22 964. a. 964.aa a. a.477 o. o. a. a. o. a. 
6 9 ·23 1119. o. 819.aO o. a.477 o. a. o. o. o. o. 

·--· _!> __ 9 ... ~!-____ H 1_. _____ 9. _______ 74 7 .ao a. ____ o.4 77 _______ o. ______ o. ______ o •.. ·--- o. ______ a. _______ .a. __ 
6 10 1 715. a. 715.00 o. 0.477 a. a. u. o. a. a. 
6 1a 2 688. a. 688.ao a. 0.477 a. o. u. o. a. a. 

___ 6 _ _!_Q ·- ~- ~ 5 9•-- .o. ___ 65 9 ~a a ____ a •. ____ a. 4 7? ____ a ._ ____ q. ____ a._. ___ a.. o • ____ a. ___ _ 
6 10 4 663. a. 663.aO o. a.477 a. a. o. a. o. a. 
6 1a 5 681. a. 681.aa a. a.477 a. a. o. o. a. a • 

.. __ 6_) __ a_ --~ __ 77 3~ ___ 9. ___ ..! n. oa ___ a • ______ a. 41 ~ ____ o • _____ a._·_ a • ____ .9 .__ ____ a ~----o . .__ 
6 1a 7 961. o. 961.00 a. 0.477 a. a. o. a. a. a. 
6 1a 8 1a68. o. 1068.00 a. a.477 a. a. o. a. a. a. 

___ 6 _ _1_9 __ .'?. _ --~ 1 24 • __ .Q~ ____ gl8 2. a a--~ ,_u_ __ a. 4 3 2 ___ :_~ s .1 __ 1 __ .. a.·-- .. _42 .ao _____ !l •. ____ !> • ____ (], __ _ 
6 1a 1a 114 i. a. 1o82.oa 4.37 a.368 -63.37 o. 59.ao ·a. o~ a. 
6 1a 11 1121. a. 1a82.aa 2.89 a.326 -41.89 a. 39.00 a. a. a. 

~-6 ___ 1~ __ 1 ~ __ 1a9s, ___ a_, __ 1a82.0a 0.96 ___ 9.312 ______ -13. 96 _____ a. 1.s.aa ........ 0-. ---··-··0_, ____ p, __ 
6 1a 13 11a1. a. 1a82.00 1.41 0.292 -2a.41 a. 19.oa o. a. a. 
6 1a 14 11a5. 17.64 1082.aa 0.78 0.286 -6.13 a. 2.S.aa o. a. a. 

---~ ___ 1_9. _15 ___ 1a7~----~6.~L_1_a17. 75 1.13 a.28~ _____ a. _____ Q. _____ 23.oa __ 3.~ •. 2J. __ p, ___ Q. ____ _ 
6 1016 1063. 131.36 934.27----2~6·3 a.286 o. a. 13.00 115.73 a. a. 
6 10 17 1C43. 5.a4 1038.06 a,10 0,286 a. a. U. 4.94 a. a. 
6 10 18 1023. ___ 3~._6J ____ 0 90.02 0.67 0.28~ o~------··· o,.. o. _____ J2 .. 98 ______ a. ________ a. __ _ 

---6·-ro-·19··---·989. ·a.· 989.oo·--·o. a.z86 a. a. o~ a. o. o. 
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A typical profile resulting from the dispatch technique selected is shown 

in Figure 3.3-16. As shown by the state-of-charge curve, storage is dis­

patched to meet. the early evening peak load. Direct contributions from 

the WTG output are taken as available during the heavier load periods 

and can be seen segregated at the bottom of the plot. 
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FIGURE 3.3-16 TYPICAL DAILY PflOFILE OF LOAD AND GENERATION ~TCHING 
RESULTS. 
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Figure 3.3-17 shows similar d~ta taken over a rep~esentative week~ The 

dashed lines in Figure 3.3-17 divide the various cost-of-energy-generation 

regions. Comparison with the state-of-charge curve above the load/genera-

tion profile reveals the storage response to peak load demands as 11 dips 11
• 

At week's end, the last (and lowest) dip reaches the 0.1 low limit on 

state-of-charge as a result of the storage dispatch strategy. It then 

rises as a result of weekend recharging. 
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As can be seen in Figure 3.3-17, the storage operating ground rules chosen 

assure a fairly equal distribution ave~ the week of the displacement of 

the highest quality energy. This operating strategy does not account for 

the unequal distribution of the source generation over the entire week. 

This influence is revealed by the larger total system displacement on 

Wednesday in the above figure when WTG energy output was very high. If 

the storage system dispatch could be managed to account for such weekly 

variation in source capability, it might be possible to slightly improve 

the value of the displaced energy. An investigation of the feasibility 

of such operation was beyond the scope of this study, but the results 

obtained suggest that opcrilting logic opLiurr~ wuuld be a useful area tor 

additional investigation. 

The month by month res~lts of modeling the wind turbine and storage con­

tributions are shown for a representative case in Figure 3.3-18. The plot 

on the right hand side of the figure shows the change in delivered energy 

by cost of generation region which results from the addition of 2000 MWh 

of storage to the wind turbine-only results shown to the left. 

Wh11e the total wind turbine output is the same in both cases, the right 

hand plot contains a lower amount of total energy due to losses in charging 

and utilizing storage. A careful inspection, however, will reveal that 

categories A, B, and C increase in area with addition of storage while 

category D decreases. This reflects the upqrading of the valuP. of energy 

which the wind turbine alone would have to deliver at the lower value. 

It may also be not~d that the two curves are a direct reflection of the 
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FIGURE 3. 3-18 DELIVERED ENERGY PERFORMANCE ~HTH AND WITHOUT ENERGY 
STORAGE (LUBBOCK, TEXAS, WIND DATA) 

avQil~hility of wind durinq the .year. A pronounced low in the summer months 

of July and August significantly affects sav1ngs over that time period. 

3.3.5 BREAK-EVEN COST METHODOLOGY 

The numerics require.d to carry out the analysis of the utiJity cost goal 

evaluation are developed and the results presented in this section based 

on the methods, operating strategy, and other assumptions previously 

described. 

3.3.5.1 Determination of Energy Storage Break-Even Costs 

The process of determining a bottom-line energy storage break-even cost 

involves not only the analysis. of the energy dispatch reflected in Figure 3.3-2 
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as it applies to cost of generation savings· (fuel) but also other applicable 

savings. The latter include credits for displaced generating units and/or 

spinning reserve units which might be shut down. Savings in transmission 

and distribution (T&D) equipment is a further potential benefit of certain 

storage technologies. 

\ 

Break-even cost determination employed the following basic steps: 

1. Selection of: Wind conversion system, Load profile, WTG penetration, 
and Storage capacity 

2. Determination of system annual performance: 
a. Without storage 
b. With energy storage· 

3. Detennination of representativP. v;;~.hte£ of fucl-relateu energy 
~ust ($/kWh) for the various levels of power generation. 

4. Computation of annual energy benefit due to addition of storage. 
5. Determination of capitalized value of annual energy benefits. 
6. Estimate of storage O&M costs (capitalized and deducted from· 

capitalized energy benefits.)· 
7. Adjustment of net credit above to account for interest during 

construction. 
8. Estimate of net capacity credit and other applicable credits,which 

add to adjusted net credit above,to yield storage break-even 
cost. 

9. Comparison of storage system break-even cost with actual or 
estimated storage ~ystem costs. 

3.3.5.2 Cost Regions 

It was necessary to assign cost-of-generation values for the various 

portions of the system load based on the fuel cost differences which occur 

be~ause utilities. typically use a combination of different types of 

generating units to meet various segments of the system load. Utility data 

available for the Washington, D.C. area and for Phoenix, Arizona and 

Miami, Florida were examined and used as the basis for establishing these 

cost-of-generation dollar values. Table 3.3-4 provides this data in 
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summary form. The variation ·across this geographic spread was very 

small and therefore an average value was taken for fuel cost for each 

type of generation. Multiplied by a representative heat rate for each 

type of generation, a dollars-per-megawatt-hour cost of generation 

figure results as shown. 

TABLE 3.3-4 REPRESENTATIVE COSTS OF GENERATION* 

GENERATION FUEL COST $/MBTU** HEAT RATE FUEL COST OF 
TYPE w p M AVG MBTU/MWh GENERATION 

$/MWh** 

GAS TURBINE 2.26 2.36 2.41 2.34 12 28.10 

OIL-STEAM 2.00 2.20 2.00 2.01 10.4 21.50 

COAL-STEAM 1. 31 .79 1.36 1.15 10.4 12.00 

NUCLEAR-STEAM .42 .42 .42 .42 10.4 4.35 

*Based on Utility Data for Washington, D.C., Phoenix, and 'Miami 

.**1976 Do 11 ars 

Figure 3.3-19 relates these costs of generation to the areas under the 
11 Representative System B11 load curve where they might typically apply. 

The separation levels shown were selected to provide about 1000 hours of 

annual peaking duty and a base load set just slightly above the normal 
11 Valleys 11 of the annual load curve. The intermediate levels were like-

wise set to reflect typical capacity factors for the applicable types of 

generation equipment. 
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In a specific system case study, utility operating data and ex­

perience would be used directly. As indicated by the column heading 

of Figure 3.3-19 the cost-of-generation figures can also be considered 

as the 11 WOrth 11 per MWh of any energy provided subsequently by wind and/or 

storage. Levels were set for each season since the differences are 

significant in strata A and B. No further consideration of generation 

mix details is inVolved beyond this point in the analysis. 
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FIGURE 3.3-19 COST-OF-GENERATION STRATA VS ANNUAL UTILITY SYSTEM LOAD 
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3. 3. 5. 3 Energy Cl"edi t 

The fuel saving or "energy credit" achieved, based on use of 2000 MWh 

of storage with a discharge limit of 10 hours at 75% storage device 

efficiency, a 10% penetration of wind generation and representative 

System "B" annual load is further reviewed in this section as an example 

case. 

Table 3.3-5 shows a comparison of the annual benefit of wind energy 

without storage and with 2000 MWh of storage added. 

TABLE 3.3-5 ANNUAL ENERGY BENEFIT (CREDIT) OF STORAGE (2000 MWh) 
(WTG CHARGING) (LUBBOCK, TX) 

WITHOUT STORAGE WITH STORAGE 

GENERATION ENERGY ANNUAL ENERGY ANNUAL ANNUAL ENERGY 
STRATA OR WORTH DI~PLACED WORTH DI~PLACED 

"WORlH $/MWh 10- MWh . 106 $ 10 MWh 
CATEGORY" 

A 28.10 50 1.405 78 

B 21.50 182 3.913 238 

c 12.00 330 3.960' 381 

D 4.35 446 1. 940 246 

ANNUAL 
WORTH 
1 o6 $ 

2.192 

5.117 

4.572 

1.070 

TOTALS - - - 1,008 11.218 943 12.951 
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The value of the increase resulting from use of storage is. found as shown 

below: 

Annual Energy Benefit of Storage = (12.951 - 11.218) X 1d6 = 

$1.733 million 

= $1,722,000/2,000,000 kWh of 

storage capacity 

= $.8665/kWh of storage capacity 

Figure 3. 3-20 shows the monthly va 1 ue of WTG dedicated charging with 2000 

MWh of storage. 

en . 3 e 10% PENETRATION a: 
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FIGURE 3.3-20. MONTHLY VALUE OF STORAGE WITH WTG CHARGING 
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ThE' energy displacement effect of adding storage at capacity levels other 

than 2000 MWh was also investigated. Figures 3.3-21 and 3.3-22 show the 

annual fuel savings benefit results of these investigations. 
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3.3.5.4 Capacity Credit 

Energy storage, within a utility generation mix, will actually reduce re­

quirements for conventi ona 1 generating capacity and thus derive capacity 

credit. It was desi·red that an appropriate and relatively simple method 

be employed for estititating capacity credit of storage systems. For this· 

purpose, use is made o~ Garver's equation 15 which defines effectiv~ 

capacity for a new unit as follows: 

C* = C - m In (1.0- R + Re c/m 

where 

C* = effective load carrying capability 

C = rated power capacity 

R = Unit's forced outage rate (risk) 

m = Characteristic slope of the generat~ng system. 

The slope r.1 is a measure of the system LOLP sensitivity to changes in its · 

peak 1 oad der.1and. It is the: 1 oad ·changE! that wi 11 change LOLP by ? . 178 times 

or the value of "e", the base of the natural logarithmic system. Values 

of "m" for typical utilities fall in the range of 500 to 700 r~w. 

A value for R was detenr.ined by comparing the energy displacement results 

of baseload charging of storage vs. WTG charging of storage. The method 

is as fo 11 ows: 

1. Storage c~arged with off-peak utility power each day is 

a·ssumed to have an avail abi 1 ity factor of one. 
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2. With wind energy charging of storage, the long-term (annual) 

storage displacement has been found to be about one-third as 

great as in Step 1. The ratios of the energy for these two 

conditions (for the same amount of storage capacity) are then 

taken as a measure of the degree to which a dedicated wind~ 

charged storage system could fulfill a capacity replacement 

commitment. 

Putting this in risk terms: 

R :: Forced Outage Rate 
.... Eow 

where EDW is the annual energy displaced by WTG storage charging and EDU 

is the annual energy displaced by comparable utility off-peak storage 

charging. Table 3.3-6 shows computed values of R for various storage 

capacities and discharge rates. 
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TABLE 3.3-6. RISK FACTOR FOR VARIOUS ENERGY STORAGE DISPLACEMENTS* 

HOURLY DIS- STORAGE EDW EDU 
CHARGE RATE CAPACITY R 
LJf~IT (HRS) (MWh) (MWh) (MWh) 

10 250 22,632 51,350 .5S9 
500 43,195 101,053 . 572 

1000 79,190 194,897 .594 
2000 135,263 361,459 . 626 

5 250 23,381 74,676 . 687 
500 44,915 146,985 .695 

* WTG charging data for Lubbock, TX, 10% wind system penetration, 
75% efficiency. 

The value of C* based on the algebraic relationships of Garver's equation 

may be determined as shown below, using a value of 500 for "m". This value 

was selected based on examination of typical numbers from utility studies23 

For a storage capacity of 2000 MWh and a discharge rate limit of 10 hours, 

the power rated capacity is: 

C = 200 MW 

From Table 3.3-6, the risk factor is: 

R = .626 

and the effective capacity C* (using Garver's equation) is 

C* = 65.8 ~1W 

The effective load carrying capacity, C*, thus determined is used as ·a means 

of establishing a consistent value for a capacity credit that might fairly 

reflect the ability of dedicated storage to meet load demands. A dollar value 

for this credit is determined by multiplying the value of C* by an amount, 
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I reflecting the cost of the conventional generation equipment most likely 

to be displaced, Based on a representative value of $140/kW for gas 

turbine peaking units (See Table 3.3-7), a r·esultant capacity credit for 

the example shown would.be: 

CC = C* · C = 65.8 X 103 · 140 = $9.21 X 106 or $46/kW. 

It should be noted that even though energy displacement from storage occurs 

in several regions, the most likely capacity displacement.is the peaking 

generation units. Very large scale storage systems could be expected to also 

di3plllce !>uu1e higher valued intermediate load capacity, but the value would 

be partially offset by the increased interest during construction of the 

large systems. Thus the 140$/kW was used as a realistic yet conservative 

capacity credit. 

TABLE 3. 3-7. REPRESENTATIVE GENERATING EQUIPMENT COSTS 

GAS TURBINE PEAKING 
LOCATION UNIT CAPITAL COST15 

($/kW) 

Miami 150 

Wash., D.C. 130 

Phoenix 130 

Average 140 
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3.3.5.5 Other Cost Factors 

Operation and Maintenance Costs 

0&1•1 costs may be either 'fixed or variable in nature and both elements may 

be present, depending on the type of storage and the form of operation and · 

maintenance needs. Fixed O&f•1 costs are essentially incurred by virtue of 

ownership of an in-place system regardless of the amount of use. The total 

amount of such fixed costs relate to the storage system power rating or 

may be converted from $/kW/Yr to $/kWh/Yr if a storage discharge rate is 

specified. The variable portion of 0&14 costs are a function of the amount 

of use of a storage system and may be presented in terms of dollars per 

kilowatt hour of discharge energy. In computing storage system benefits, 

the latter must be reduced by the amount of the O&M costs as will be shown 

in break-even computations in the next section. 

Other Generation, Transmission and Distribution Credits 

Transmission and distribution credits for an energy storage system may be 

appropri·ate in certain cases. These credits result from system re-arrange­

ments or alternative planning which allows strategic placement of storage 

units so es to reduce or eliminate the need for larger tie line~. sub­

stations or other high capital cost items. Evaluation of credits for such 

cost reductions is d€·pendent on specific information for cases of interest. 

Only those storage systems which have a relatively small physical size and 

the flexibility of module/generating system interc0nnection to make d.istri­

buted siting practical should receive such credits. Battery systems appear 

to offer the most possibility for distributed siting. It is conceivable 

but less clear that inertial storage systems might also qualify. The amount 

of such credits as discussed by others 21 •24 who have considered this factor 
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ranges from $0- $75 kW·or more. In computing the final adjusted break­

even costs for battery systems, a nominal allowance (45 $/kW) for trans­

mission and distribution credits has been added to indicate the effect that 

this benefit could have on viability. 

An energy storage system could also add value due to shutdown of spinning 

reserve units as a fuel saving measure (but not necessarily as a capital 

cost saving), and for improvement of system reliability and/or voltage con­

trol and stability. Very large combined credits for these and other items 

discussed above hove been projected by some sources 25 . It is recommended 

here, however, that thP. matter of l:red1ts be either made the subject of 

specific evaluations for several actual operating cases or left to the 

discretion of individual utility planning operations when new storage 

systems are actually incorporated in a utility system. 

3.3.5.6. Break-Even Cost Sample Calculation 

Break-even costs resulting from investigations of a dedicated wind/utility 

use of storage are presented in this section. A sample calculation i:s given 

below for pumped·hydro-storage. A 11 Capitalized 11 cost approach is used for 

conveniP.nce in handling Lhe energy and capacity credits while at the same 

time obtaining answers in familiar capital outlay terms.26,27 
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Specific Conditions 

• 10% wind-system penetration (375 MW) 

• 2000 MWh - pumped hydro storage 

• 10 hour cischarge rate 

• 5% inflation rate, g 

• 10% fuel escalation rate, f 

• 30 year system life, n 

• 9% discount rate, r 

• 75% storage efficiency 

• Fixed charge rate, FCR = .18 

• Annual O&M cost, AoM = $1.68 kW of storage power rating/Yr (fixed) 

• Annual Energy Credit, A~ = $1.67 million 

(representative U.S. mean value at 2000 MWh- See Figure 3.3-26). 

• C* = 85 MW (representative mean value@ 2000 t~Wh - See Figure 3.3-28). 

• Year ·2000 start 

• Results in 1976 dollarc;. 
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The first step involves· capitalization of the annual energy credit, AE 

and the annual O&M cost, AOM . This is accomplished by introducing the 

parameters Mg and l~f' the levelizing values for an escalating cost stream, 

· defined as: 

Mg 
r (1 + g) [ (1 + r)" - (1 + g)"l = 

· (1 + r)n -1 J r - g 

and 

Mf = r ( 1 + f) [ p + r)n - (1 + f)"] 
r - f (l+r)n-1 

where 

g = general inflation rate 

f = fuel price escalation rate 

r ;; discount rate 

n = storage system 1 ife, years. 

Note that when f (or g) is equal to r, the levelizing multiplier is: 

= 
n r (l+r)n 
(l+r)n -1 

The capitalized values for AE and AoM become: 

= ( l+f )f) 
. l+g 

_i 
FCR 

A~ (capitalized energy credit based on 
fue 1 savings) . . 

A0~1 (capita 1 i zed O&M costs) 
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where b is the number of ·years from 1976 to the start year and FCR 

is the fixed charge rate applicabl!e to the particular storage system. 

Superscript 11 0 11 refers to values obtained for 75% storage efficiency. A 

correction factor C? adjusts for efficiency other than 75% . (See 
'" 

Figure 3.3-24). 

The break-even cost, ·c8E , adjusted for efficiency effects and the cost 

of money during construction is given by: 

(without credits) 

where the factor CCF accounts for interest during construction and is storage 

syste!ll related. The capacity credit, CC, .and any applicable transmission 

and distribution credits, TDC, are then added to obtain total break-even 

cost, c8E • 

= + CC + TDC 

· Using the input data given, Mf = 3.3746, Mg = 1.7228 and TDC = 0 

for pumped hydro. 

($1,670,000) 

= $95.6 million or $47.81/kWh for 2000 MWh 

1. 7228 
CON = . 18 ($. 168/kWh) = $1.608/kWh 
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C 'I = 1 s i nee .~ = 75% ·and CCF = 1. 4 for pumped hydro storage. 

= 1.0 (47.81) - 1.608 = $33 .00/kWh 
1.4 

capacity credit: 

CC = $140/kW X 85000 kW = $11.9 million 

and 

11,900,000 
= 33.00 + 2,000,000 = $38.95/kWh 

·3.3.6 COST GOALS AND PARAMETRiC ANALYSIS 

3. J. 6. 1 Genera 1 

This section presents the findings of wind/utility storage.analyse~ based 

on the techniques described in the preceding 5ections. The effects of wind 

regime/location; start year, fuel price escalation rate, wind system pene-

tration, storage discharge rate and storage efficiency are presented .in 

terms of break-even capital costs of storage versus storage capacity. Data 

developed from the previously described modeling is specifically translated 

into projected economic results for the following types of energy storage 

systems: 

1. Pumped Hydro 

a. above ground 
b. underground. 

2. Underground Compressed Air 

3. Batteries 

a. lead-acid 
b. advanc:ed 

4. Inertial (Flywheel) 

5. ·Hydrogen 
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For discussion of the implications of these analyses with respect to pre­

ferred storage systems· for dedicated wind system use, reference should be 

ini\de to Section l. l. 

3.3.6.2 factors Affecting Annual Energy Credits 

Effect of location 

The results of the analysis. in terms of annual enersy credits r_esulting 

from energy storage are depicted in Figure 3.3-23. As can be seen from 

the figure, value ranking by location is: 

l. Blue Hi 11 
2. Lubbock 
3. Great Falls 

While the wind generator energy output was slightly greater· for Great Falls than 

for ~ubbock,.this difference was more than offset by load matching effects. The 

difference between these.two locations would have been even more pronounced 

had local costs of generation been used rather than an average, since avai_lability 

of hydro power in the Great Falis area makes it a relatively low cost power 

region28. Nevertheless, the major difference, which g1ves the highest credit 

to Blue Hill, would appear to be the larger amount of wind energy. 

Effect of Penetration 

As can also be seen, the effect of wind system penetration on storage 

energy credit is re 1 at i ve ly sma 11. A saturation effect seems to occur s·.uch 

that with respect to storage, higher penetration may not necessarily yield 

higher credits. The complex_ities of the generation niix and dispatch make 

interpretation of this result difficult. In any case, the energy credit 

variation due to penetration is small. 
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Effect of Discharge Rate 

The 5 hour discharge rate seemed to improve the credit over a ten hour 

rate as indicated in Figure 3.3-23,and this was interpreted as a more 

effective use (cycling) of storage capacity at the 5 hour rate. As expected, 

avera 11 annua 1 energy credit increased with storage capacity but decreased 

on a per-unit-of-storage basis as will be seen in subsequent plots. 

Effect of Storage E~fi ciency 

The computer model was run for several va 1 ues of storage effi dency ranging 

.f~om 60 to 90%. Figure 3.3-24 shows the range of effects on annual energy 

credit for the Blue Hill and Lubbock wind data. 
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A representative mean value for the annual energy credit as a function of 

storage efficiency was used to generate a correction factor for the 

effi cienq effect. This correction factor, denoted as c-r. ,-is defined by: 
( 

C"J = AE I ~ 

where A~ is the annual energy credit at 75% efficiency. Figure 3.3-25 

illustrates C'J'\ versus storage efficiency. 
i 
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3.3.6.3 Correlation of Effects on Annual Energy Credits 

As can be seen from Figure 3.3-23, the further analysis and interpreation 

of the various factors affecting energy storage economics could involve a 

very lar·ge number of variables or .. degrees of freedom 11
• A representative 

mean value approach was evolved in order to simplify and narrow this process 

to manageable proportions and assist in meaningful interpretation of the 

results. Figure 3.3-26 shows the upper and lower bounds of annual energy 

credit as shown in Figure 3.3-23, along with the representative mean value 

that was used in the subsequent analysis on the utility application of 

wind energy storage. 
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The capitalization of the annual energy credit, A~, was discussed in 

Section 3.3.5.6 with the capitalized energy credit (C~) expression 

repeated here as: 

/ \ ( ! l+f 1 ,_ 
A table of the quantity \l+g) Mf for the utility application is 

presented below as a function of start year and fuel escalation rate (f). 

TABLE 3.3-8. ANNUAL ENERGY CREDIT MULTIPLIER - UTILITY APPLICATION 

(l+f f> 
START 

.~ l+g ~ (g = 5%) 
YEAR 

f=5% 6% 7% 8% 9% 10% 

1976 0 1. 7227 1.9504 2.2197 .2. 5159 . 2.9200 3.3746 
1979 3 2.0067 2.3490 2.7378 3.2667 3.8801 
1982 6 2.0645 2.4858 2.9792 3.6544 4:4612 
1985 9 2.1241 2.6306 3.2419 4.0882 5. 1293 
1988 12 2.1854 2.7838 3.5278 4.5734 5.8975 
1991 15 2.2484 2. 9459 3.8389 5.1163 6.7808 
1994 18 2.3133 3.1175 4.1775 5.7235 7.7963 
1997 21 i 2.3780 3.2990 4.5458 6.4029 8.9639 
2000 24 \f' 2.4486 3.4912 4.9467 7. 1629 10.3064 

Storage break.;.even cost computations for all of the storage systems con-

sidered in this study were adjusted to account for the major differences 

in concept-peculiar parameters; such as efficiency, operation and maintenance 

and component replacement requirements. The replacement requirements 

effect is accounted for in. adjusted fixed charge rates (FCR) for the 

affected systems. For a detailed explanation of how FCR was determined, 
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see Volume I Appendices. In addition, the cost of money during construction 

is accounted for through the application of the construction cost factor 

(CCF)21,29. Table 3.3-9 lists the values for CCF ~nd FCR for each of 

the 7 storage systems. 

TABLE 3.3-9. CONSTRUCTION COST FACTORS AND FIXED CHARGE RATES -
UTILITY APPLICATION 

NOMINAL 
STORAGE SYSTEM EXPECTED CCF 

LIFE (YRS) 

Pumped Hydro 50 1.40 
Above-Ground 
Underground 

Underground 
Compressed Air 30 1. 17 

Batteries 10 1.05 
Lead-Acid 
Advanced 

Int:'rtial (Fl.vwheel) 20 1.05 

Hydrogen 20 1.05 

· FCR* 

. 18 

. 18 

.22 

. 19 

.19 

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

3.3.6.4 Estimation of Annual O&M Costs 

The best available data for estimating operation and maintenance costs of 

various storage technologies were used in conjunction with computer model 

results to compute annual O&M costs, AoM . Fixed and/or variable component 

of O&M cost are applicable, depending on the type of storage. For the 
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variable component, the ·energy storage discharge energy was used as the 

basis of estimation according to: 

AoM (vari~ble) = aOM X ASD~ 

where a0M is the variable storage O&M cost in $/kWh of discharge en~rgy 

(See Table 5.3-1 in Volume I) and ASDE is the annual storage discharge 

energy. Again, a representativE. mean val_ue of ASDE, shown in Figure 

3.3-27 was used in the computation of AoM . 
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Table 3.3-10 below lists the. computed annual O&M costs for each of the 

storage systems investtgated at 1000 MWh storage capacity and 10 hour 

discharge rate limit. 

TABLE 3.3-10. ANNUAL STORAGE OPERATION AND MAINTENANCE COSTS (1000 MWh) · 

STORAGE SYSTEM AoM (1976 $/kWh) 

Underground 
Pumped Hydro . 168* 

Above-ground 
Pumped Hydro . 168* 

Underground 
Compressed Air .473 

Lead-Acid 
Batter·ies .043 

Advar.ced Batteries .255 

Inertia 1 (Flywheel) .473 

Hydrogen .240 

.. 

*Fixed Component only (10 hour discharge rate limit) 

· 3.3.6.5 Capacity Credit Effects 

The energy storage capacity credit for the utility application was estimated 

using the expression: 

CC = C* X 140 $/kW 

where C* is the effective ce.paci ty rating of the dedicated storage system 

and $140/kW corresponds to the cost of peaking generation equipment (gas 

turbines). Although some storage systems in specific utility systems may 

displace some higher-valued intermediate capacity, the $140/kW is a conser-

vative but realistic estimate. 
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Figure 3.3-28 ill~strates the variation of C* with storage capacity and 

shc:ws the representative mean value employed in fvrther analyses. 
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3.3.6.6 Capital Cost Comparisons 

4000 

Break-even capital costs and projected system costs were first computed 

for one set of conditions for each of the ~torage types considered in the 

study. This was done in order to provide more insight into the rankings 

based on levelized annual cost (Section 1.1). Adjusted break~even costs 

were computed for 1000 ~Jh of storage capacity, 10 hour discharge rate and 

the extreme economic conditions of 10% fuel price escalation rate and 
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2000 start year. Comparison with system cost estimates is presented in 

Table 3.3-11 which provides a measure of relative economic potential. 

TABLE 3;3-11. BREAK-EVEN COSTS WITH WIND CHARGING COMPARED TO SYSTEM 
COST ESTIMATES - YEAR 2000, 10% FUEL ESCALATION 

BREAK- COST * POTENTIAL 
STORAGE CONCEPT EVEN ESTIMATE 6. VIABILITY 

COST 

Underground Pumped Hydro 547 230 +317 Yes 

Above-Ground Pumped Hydro 547 190 +357 Yes 

Unuerground Compressed Air 591 300 +291 Yes 

Lead-Acid Batteries 585 790 -205 . No 

Advanced Batteries 594 310 +284 Yes 

Inertial Storage (-Flywhee 1) 647 1850 -1203 No 

Hydrogen 411 450 -39 No 

All Costs·in 1976 $/kW 

* Figures include learning curve estimates from Vol. I, Section 5.3.3, 

and reflect most optimistic costs. 

Capacity credit and transmission and distribution credits (where applicable) 

are included in the above data as part of the break-even cost goal. The 

results indicate four systems of potential viabi.lity:· both types of hydro, 

compressed air and advanc~d battert~s. These four, plus lea~-acid batteries 

(due to general interest in this technology) were selected for the detailed 

analysis which follows. The above screening affords maximum opportunity 

for a storage concept to demonstrate economic potential, with cost estimates 
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taken from the year 2000 projected values of Figure 5.3-1. of Volume I. 

A broad range of comparative analyses were made for the five technologies 

of interest·for the utility application: both types of Pump.ed 

Hydro, Underground Compressed air, Lead-acid Batteries and Advanced 

Batteries. · For these cases, break-even costs at a nominal storage 

capacity of 1000 MWh are shown in Table 3.3-12 along with the capitalized 

values of energy credit, O&M, capacity credit, and (where applicable) 

a nominal T&D credit. 

TABLE 3.3-12. BREAK-EVEN COST COMPONENTS 

• 1000 MWh Storage Capacity 
• 10 Hour Discharge Rate Limit 

COST PUMPED UNDERGROUND LEAD-ACID ADVANCED 
($/kW) HYDRO COMPRESSED AIR BATTERIES BATTERIES 

1985 2000 1985 2000 1985 2000 1985 2000 
f=6% f=lO% f=6% f=lO% f=6% f=lO% f=6% f=lO% 

CE 142 689 136 660 103 501 109 527 

COM' 16 16 45 45 3 3 20 20 
.. 

CBE 90 480 78 525 95 474 85 483. 

(no 
credits) 

cc 66 66 66 66 66 66 66 66 

TDC 0 0 0. 0 45 45 45 45 

~E 156 547 144 591 206 586 196 594 

The preceding table is principally useful in showing the relative magnitudes 

of the major f~ctors affecting breakseven cost. It also reveals the dominance 



of the energy credit with future start date and the higher rates of_fuel 

escalation. Differences in results at 5 hour discharge rates v.s. 10 hour 

are treated further in data and discussions which follow. 

Figures 3.3-29 and 3.3-30 show the break-even ·results vs. estimated system 

costs for a nominal 6% escalation case as well as for boundary cases of 

zero differential fuel escalation and a ten percent fuel escalation with a 

year 2000 start. The amount by which the break-even cost exceeds the system 

cost in each reflects the degree of economic viability, if any, for storage 

dedicated to wind system charging. 

An important finding of the break-even analysis is that energy-saving credit 

alone is not sufficient to achieve early viability. There must be some 

form of benefit d~e to displacement of other equipment. Estimates of 

capacity credit have been developed in this study. Values for T&D credits 

as deve1opl:::!ll I.Jy ulhers21.24•25 wcY'c reviewQd and r:t nnminal value of same 

has been added parametrically here to give a better indication of net 

effect of major storage system credits on break-even cost. 

3.3.6.7 Viability Comparison of the Selected Storage Systems 

For the four systems selected for more detailed comparison, Figure 3.3-31 

presents the difference between break-even cost and system cost estimates 

versus storage capacity. A positive value indicates potential viabi·lity 

with the extreme 10%, year 2000 conditions assumed as before. It can be 

seen that pumped hydro storage has the highest potential, although advanced 

batteries are close on a 5 hour basis. Lead-acid batteries do not achieve 
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viability for dedicated uti 1 ity wind system use under the conditions 

assumed here. There are obviously many escalation rate-start year com­

binations under which a given storage system will become economic. Figure 

3.3-32 shows the break-even cost for pumped hydro and underground com­

pressed air storage (which are virtually identical) plotted versus start 

year and fuel price escalation rate. Also shown are current cost estimates. 

Thus, if the escalation rate is 8%, pumped hydro reaches viability by about 

1981 but at 7% escalation would not be viable until 1990. The reader can 

test viability against any estimates of system cost, escalation rate and 

start year. Figure 3.3-33 is a similar chart for advanced batteries. 

It should be pointed out that the break-even results of Figure 3.3-32 

are those for pumped hydro. The compressed air break-even curves very 

nearly coincide with those for pumped hydro; therefore, it was convenient 

to show the system costs for both concepts on one plot. 

3.3.6.8 Optimum Storage Size 

The optimum s i z.e of energy storage is determined by finding the maximum 

difference between break-even value and total syster;1 cost. Table 3.3-13 

below shows the process for advanced batteries (5 hour) at the 10%, year 

2000 condition. 
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TABLE 3.3-13. S_TORAGE SIZE OPTIMIZATION VALUES- ADVANCED 'BATTERIES (5 HR) 

STORAGE BREAK-EVEN SYSTEI~ SAVmGS TOTAL 
SIZE COST COST CAPITALIZER 

( fw1Wh) $/kWh) ($/kWh) {$/kWh) SAVINGS {lO $ 

500 76.4 44 32.4 16.2 

1000 . 63.9 
; 

19.9 19.9* 

1500 56.1- ! 12.1 .18.2 
; 

2000 50.6 v 6.6 13.2 

*Optimum 

The above data is shown graphically in Figure 3.3-34, along with similar 

curves for underground compressed air and pumped hydro. Note that the 

better economics of pumped hydro seen ·in Figure 3. 3-31 are reflected in a 

larger capacity when the system is optimized. 

As .fuel price escalation rate increases and the start year is moved out 

further in time, storage economics obviously improve. This results in a 

steady increase in the optimum storage_ size. The effect is illustrated in 

Figure 3.3-35 for pumped hydro storage. For example, at 9% fuel escalation 

about 800 f~Wh ·is optimum for a 1985 start, but at year 2000 this has almost 

doub 1 ed to 1 500 f~Wh. 

3-71 



~ 20 
z 
0 ....... 
....J 
....J 
....... 

15 

~ 10 
(/') 
1-
~ 5 
u 

• YEAR 2000 START-I 
1 10% FUEL ESCALATION.~! 
1 5% INFLATION J 

ADVANCED 
BAT'fERI ES 

I 5 HR DISCHARGE RATE LIMIT 

~ 0 ...__ ___ ~........_ ____ ___... _____ ......__,_. ___ __j 

~ 0 1000 2000 3000 4000 
> 
(/') 

w · STORAGE CAPACITY (MWh) 
(.!' 

~ 40 
1-
(/') 

c 30 
UJ 
1-

~ 20 
'J 
0 
0:: 
0.. 

c 10 
z 
c( 

UNDERGROUND COMPRESSED AIR 

---......... 

1 10 HOUR DISCHARGE -~~ 
z 
UJ 
> 

RATE LIMIT ~ 
0 ......_ ______ .1 ____________ _._ ____ ___. 

UJ 
I 

:::..:: 
c( 
UJ 
0:: 
CQ 60 
z 
UJ 
UJ 

~ 50 
UJ 
CQ 

. ~. 40 
z 
UJ 

ffi 30 ..._ 
LL.. 
....... 
e::l 20 

10 

0 

0 1 000 2000 3000 4000 . 

STORAGE CAPACITY (MWh) 

PUf~PED HYDRO 

1 10 HOUR DISCHARGE RATE L H1IT . 

0 1000 200011 3000 4000 

STORAGE CAPACITY ( f~Wh) 

FIGURE 3.3-34. OPTIMUM (ECONOMIC) SYSTH1 SIZES FOR SELECTED ENERGY 
STORAGE MEHiODS, WIND EI~ERGY CONVERSION, UTILITY APPLICA. 

3-72 



2500 

2000 

.c 
~ 1500 -
>-..... ..... 
u 
c( 
0.. 
c( 
(..) 

Ll.l 1000 
(.!:J 

~ 
0 ..... 
V) 

::::: 
:::::> 
::: ...... 500 ..... 
0.. 
0 

1975 

PUMPED HYDRO 

.. 
• 10 HOUR DISCHARGE RATE LIMIT 

/ 
/ 

1980 1985 1990 
START YEAR 

1995 

FUEL PRICE 
ESCALATION RATE 

10% 

9% 

8% 

7% 

2000 

FIGURE 3.3-35. IMPACT OF START YEAR AND FUEL PRICE ESCALATION ON 
OPTIMUM ENERGY STORAGE SYSTEM CAPACITY, WIND ENERGY 
CONVERSION, UTILITY APPLICATION 



3.3.7 UTILITY SYSTEM PLANNING ANALYSIS 

This section contains the analysis and results of a case study performed 

using a Monthly Energy Production Simulation program for a large utility 

pool. The overall purpose of this analysis was to determine the worth of 

energy storage based on a full scale utility planning simulation in which 

the generation mix effects and loss of load probabilities could be calcu­

lated. The results were used as a point of comparison with other data 

obtained during the overall energy storage study and also as a means of 

obtaining answers to other specific questions including energy source fore­

casting and load management effects. This case study was performed by 

General Electric Company•s Electric Utility Systems Engineering Department, 

Schenectady, N.Y., in cooperation with GE-Advanced Energy Programs, Valley 

Forge, Pa. The case selected is based on projected conditions of load, 

generation mix and other factors for the New England Power Pool in the year 

1995. It should be noted that generally available information was used in 

this analysis and no inference is jntended that the conditions postulated 

will in fact occur in the manner described. Dr. H. G. Stoll, A. L. Desell, 

and L. L. Iovinelli of GE-EUSED were the principal investigators for this 

work. 
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POTENTIAL ENHANCEMENTS Of. STORAGE GENERATION TO WECS: A CASE STUDY 
OF NEW ENGlAND POWER POOL IN 1995. 

1.0 GENERAL 

The specific objective of this study was to evaluate the benefits of storage 

to WECS on the New England Power Pool System. System representative data .was 

gathered from Federal Power Commission reports.· The WECS output character­

istics of Boston, Massachusetts were developed by GE-Advanced Energy Programs. 

These characteristics were integrated into a power system analysis to determine 

the potential value of WECS and several storage devices. 

2.0 STUDY METHODOLOGY 

ThP. Mnnthly Productiuu S·tmulatlon and Single Area Reliability Programs have 

been modified to accept as input an hourly representation of WECS. This 

hourly incorporation of WECS enhances the utility power system simulation 

package. This model is illustrated in Figure 3.3.7-1. 
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FIGURE 3.3.7-1 STUDY 1\NALYS'IS TOOLS 
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The chronological hour by hour power output of the WECS energy devices 

(obtained from GE-Valley Forge in this case) was input into the Monthly 

Production Simulation Program along with the utility load and capacity 

model. The utility/pool model is a chronological hour by hour description 

of the electricity demand of the utility/pool. The capacity model is a 

description of the capacity characteristics of the·utility/pool including, 

capacity of units,.fuel-type, forced and scheduled outage rates and heat 

rates. Also, input into the program is the WECS penetration and the amount 

of conventional capacity displacement as a result of the WECS penetration. 

The results of the Monthly Production Simulation are a monthly and annual 

projection of the operating expenses of the utility for a given WECS pene-

tration and corresponding conventional capacity displacement. 

The Single Area Reliability Program performs an evaluation of the number 

of hours of expected shortage of·capacity (LOLP) for a given penetration 

of WECS and correspu11uing conventional r.npacit.Y substitution. 

/ 

The results of the production simulation {operating $) can be combined 

with the capital costs of the capacity displaced by WECS for an economic 

analysis of the breakeven costs of the WECS and storage. 

These two programs also have the capability to n'iodel system storage plants 

on an hour by hour basis, such as pumped storage hydro. This capability 

can be exploited when studying the applicability of storage systems with 

WECS. Activities of the storage device over typical weeks can be printed to 

illustrate the role of the storage device. 
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2.1 ILLUSTRAFION OF STUDY ANALYSIS 

This section will illustrate how the models in Figure 3.3.7-1 may be 

utilized in evaluating the benefits of system storage in coordination 

with WECS. 

Step 1. Base Case - No WECS. The power system is simulated in the hori-

zon year, say 2000, wit.hout any penetration of WECS. The system mix is ad­

justed to an economic mix of generation types; nuclear, coal, gas turbine, 

combined cycle, and storage. The reliability for the system is measured 

(LOLP = .1 days/year). The levelized annual operating$ of the power sys­

tem re~ults 1n $3UU million. 

Step 2. 10% WECS Penetration, 0% Additional Storage. Since additional 

capacity is added to the system, 1n the form of 10% WECS penetration (for 

example 1000 MW), the system would be more reliable than the Base Case 

(i.e., .005 days/year LOLP). Since this is more reliable than the target 

criteria of . 1 days/year LOLP, conventional capacity can be displaced. The 

choices of displacement capacity would be based on the utilities experience. 

This displaced capacity could be nuclear, coal, combined cycle, or gas tur­

bine. Or, the displaced capacity could be a combination of all of these 

types. For this example, consider only the case of nuclear and gas turbine 

units being displaced. 

Step 2A. Gas Turbine Displacement Only. In this step, gas turbine capacity 

is removed from the system until the system LOLP increases to the target 

level of . 1 day/year (this may actually require 2 or 3 computer simulations 

of the Single Area Reliability Program to evaluate this MW quantity uf gas 
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turbines to be displaced). Suppose this answer is 500 MW of gas turbines. 

The power system is then simulated using the complete analysis capability 

of Figure 3.3.7-1. The levelized production cost result is $250 million. 

The breakeven cost is evaluated as that capital cost of the WECS such that 

the production and investment charges are indifferent between the base case 

and the Step 2A case. Suppose the capital cost of the gas turbines are 

150 $KW. The breakeven cost of the WECS is then (assuming 18% fixed charge 

rate): 

$390 = $250- . 18*(. 150)*500 + BEWECS * . 18 

Then BE = 353 $/kW 
WECS 

Step 28. Gas Turbine-Nuclear Displacement. In this step rather than dis­

placing 500 MW of only gas turbines, 200 MW of nuclear units are displaced 

und 360 MW of aac; turhines are displaced. .(The actual amount of gas tur- · 

bines displaced 1s evaluated using· the Single Area Reliability Program and 

reducing gas turbines until the LOLP of .1 days/year is achieved). The 

levelized power system production cost is $260 million. 

The breakeven cost is then computed as (assume nuclear units have a capital 

cost of 600 KW): 

$300 = $260- . 18*(. 150*350 + .600*200) + BEWECS * :18 

Then BEWECS = 395 $/KW 
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Step 2C. Gas Turbine-Nuclear Displacement. In this case more nuclear 

generation is displaced ~nd another breakev~n cost of WECS is computed. For 

example, 400 MW of nuclear and 200 MW of gas turbine. Suppose the break-

· even cost is 300 $/kW. 

Step 20. Evaluation of Optimal Displacement. The three breakeven costs 

corresponding to the three capacity displacements can be graphed as is 

illustrated in Figure 3.3.7-2. 

BREAK EVEN 
COST 

400 

300 

$/KW 200 

100 

NUCLEAR 0 
GAS TURBINE 50 

TOTAL 50 

20 40 
35 20 
55 60 

% CAPACITY DISPLACEMENT . 

FIGURE 3.3.7-2 CAPACITY DISPLACEMENT RESULT 

The point at which the maximum occurs is the optimal capacity displacement 

at a 10% WECS penetration. A greater MW amount of nuclear than gas turbines 

must be displaced to maintain -the identical system reliability. Thus a 

greater total percent capacity displacement as more nuclear is chosen. 

it~. 10% WECS Penetration, 3% (of System Capacity) Additional Storage 
5 Hour Reservo1r Storage. 

In this case, the WECS are added as in Step 2 and also storage capacity is 

added. The same capacity displacement analysis similar to Step 2A, 28, 2C 
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and 20 is performed. This is illustrated in Figure 3.3.7-3 for two values 

of storage plant capital cost. 

WECS 
13REAKEVEN 
COST 
$/KW 

400 

300 

200 

100 

NUCLEAR 0 
GAS TURDINE 50 

TO'£AL 50 

COST· 

20 40 
35 20 
55 60 

% CAPACITY DISPLACEMENT 

FIGURE 3.3.7-3 WECS BREAKEVEN COST WITH STORAGE 

COST 

The breakeven value of storage can be computed by using the maximum value qf 

the WECS breakeven cost in Figur~ 3.3.7-3 and plotting the result versus the 

capital cost of Lin:~ storage devirf'. This is illustrated in Figure 3.3.7-4. 

400 
BREAKEVEN NO STORAGE 

WECS 300 BREAKEVEN HITH STORAGE 
BREAKEVEN 
COST 
$/KW 200 

100 

200 400 600 
STORAGE COS'l' · $ /Krl 

FIGURE 3.3.7-4 STORAGE BREAKEVEN VALUE CALCULATION 
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Also plotted on Figure 3.3.7-4 is the breakeven cost of WECS with no stor­

age (Step 28). The breakeven value for storage of 300 $/KW results when 

the two curves intersect. 

Also from Figure 3.3.7-4, the added value of storage can be computed~ The 

added value of storage is defined to be the difference between the break­

even cost and the actual equipment cost of storage. In this example, if 

the actual equipment cost were 250 $/KW, the added value of storage would 

be. 300 - 250 = 50 $/KW. 

The siruuldt1on Ot storage devices can be performed in two ways; (1) storage 

dedicated to the WECS output, (2) power system wide storage. In dedica~ed 

storage, the power operation of the storage device and reservoir manage-

ment is performed using only the energy from the WECS. Thus, if the WECS 

devices are not operative, then the storage plant will not recharge. On 

the other hand, system storage operates regardless of the WECS. In general, 

a storage device operated on a power system basis will be of greater value 

to the utility and, therefore, have a higher breakeven cost. 

3.0 POWER SYSTEM DATA 

Plant Costs ($/KVl Including Escalation & AFDC) 

(1980)· 1995 Escalation 
$/KW $/K\Y %/YR 

Nuclear 850 1767 5 
Coal.with Scrubber 700 1455 5 
Gas Turbine 190. 395 5 
Combined Cycle 400 831 5 
Pumped Hydro 300* 623 5 

* Note 70% efficiency of the PSH cycle 
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Fixed Charge Rate 18.0% 
Present Worth· Rate 10.0% 

Fuel Costs ¢/MBTU ¢/MBTU 
(1980) (19S$) 

Nuclear 75 176 
·Coal 170 401 

Residual Oil 270 641 
Distill.ed Oil 300 722 

Operation and r1aintenance Costs 

Nuclear 
Coal with Scrubber 
Oil 
Gas Turbine 
Combined Cycle 
Pumped Hydro 

1980 
$/KW/YR 

15 
25 
13 

3 
10 

1 

Availability of New Plants 
(Accounting for Immaturity) 

1995 
$/KW/YR 

31 
32 
27 

6 
21 
2. 

Average Availability 

Nuclear 
coal s lec1H1 
Gas Turbine 
Combined Cycle 
Pumped Storage 
Oil Steam 

Peak Load 

Peak Load IvlW 

Load Factor%. 

LOLP 6 HOURS/YEAR 

1980" 

16850 
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68 
73 
88 
86 
98 
78 

1995 

37000 

61.2 

Escalation 
%/YR 

6 
6 
6 
6 

Escalation 
%/YR 

5 
5 
5 
5 
5 
5 

Growth Rate 
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4.0 NEW ENGLAND GENERATION ADDITION PLANS 

New England Power Pool currently (end of 1975) has the following generating 

units on the power system. 

·oil Combined 
Nuclear Coal G.T. Steam Hydro Cycle Total 

3460 485 . 1715 11025 2910 25 19595 

The projected additions out to 1988 are listed below (''Data on Coordinated 

Regional Bulk Power Supply Programs 11
, Northeast Power Coordinating Council, 

Apri 1 1977)'. 

76 
77 
78 
79 
80 
81 
02 
83 
84 
85 
86 
87 
88 
·capa­
bility 
Total 
1988 

Nuclear Coal 

830 

1150 
1150 

2380 

3450 

1150 

13570 485 

Gas Oil Combined 
Turbine St.eam Hydro Cycle 

960 
96 

600 

12 270 
205 75 

75 
147 

1920 12681 2922 452 

In developing the base case, consideration must be given to the amount of 

capacity that can be added from now until the horizon year, 1995. Lead time 

requirements of base load generation is a primary consideration. For nuclear 

units, which are the most economic units in NEPOOL, the lead time is approxi­

mately 10 to 11 years. Thus, the soonest a new nuclear unit could be placed 



in service, if decided upon today, would be 1988 and thereafter. Conse-

quently, the maximum MW of nuclear capacity addition from 1988 to 1995 

could be computed as 

Peak Load 1995 = 37000 
Peak Load 1987 = 25695 

Load Grow·th = 11304 

Max. Nuclear Additions = Load Growth x Reserve Level 
1987 - 1995 

= 11304 X 1.30 = 14,695 

The maximum nuclear capacity 1n 1995 is approximately 

14695 + 13570 = 38265 MW 

5.0 DETERMINATION OF THE OPTIMAL GENERATION EXPANSION THROUGH 1995 

5.1 INITIAL BASE CASE 

The composition of the generating system in 1995 is assumed to be based upon 

minlm1z1ny the power 5upply costs subject to the constraint that the system 

reliability measure, LOLP=2.5 days/year, is achieved. To determine the opt1-

mal composition requires that economic studies be made for various types of 

generation additions. In NEPOOL, these types would be nuclear, gas turbine 

and pumped storage hydro (PSH). Other types of generation additions were 

not considered largely because they would not be economic in NEPOOL or that 

their use would not be consistent with the national energy policy of re­

ducing oil consumption. 

As a basis upon which to proceed, one generation addition plan was postulated. 

In 1995 this plan had the following characteristics: 
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1995 Capacity (MW) 

Nuclear 
Coal 
Oil steam 
Gas Turbine 
Combined Cycle 
PSH 
Pondage Hydro 

25694 
337 

12194 
4635 

500 
2600 
1350 

1.995 LOLP = 2.81 Days/Year 

1995 Production Costs 

Fuel $5656.05 MTLLION 
O&M $1187.41 MILLION 
TOTAL $6843.471 MILLION 

5.2 ECONOMIC EVALUATIONS 

Generation equipment has a life of 30 to 50 years. Thus, an economic 

evaluation cannot be made entirely upon 1 year of economic evaluation. 

Rather, the evaluation should be made over several years. One method for 

accounting for the several year evaluation requirement is to compute a 

levelized annual cost that correctly factors into account inflation and 

present worthing. 

ConsidP.r the matter of production costs. If one were to assume inflation 

increased at 6% per year and all costs were present worthed at 10% per 

year, a $1.00 production cost in 1995 would escalate in subsequent years 

as illustrated below. 
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5 Year Inflation and Present Worth Example 

Cumulative 
95 96 97 98 99 Total 

Prod. Cost 1.00 1.06 1.12 1.19 1.26 

Present Worth 
Factor l. 00 .91 .83 .75 .68 4.17 

Present Vlorth 
4.64 Prod. Cost 1.00 .96 .93 .89 .86 

A levelized production cost is defined as that single·production cost 

number which if it applied over the entire 5 year period would yield the 

same cumulative present worth total as the actual year by year present 

worth total. For the example above, the 5 year levelized production cost 

is 

4.64/4.17 = $1.11 

Intuitively, the levelized value is near the average of the yearly pro­

duction cost values, but with a slight bias toward the ecu·ly yeur~ as a 

result of the present worthing. 

While 5 years was a good levelizing period for the above example, utilities 

will generally use a longer period of time. Utility practice ranges from a 

10 year levelizing period to a 20 and 30 year period. While one might think 

that since the generation equipment has an expected. 1 ife of 40 years," a 

levelizing period of 40 years should be used. The thinking behind using a 

levelizing period less than the physical plant life in making economic evalua­

tions is founded upon several arguments. Two of these are discussed as 

fallows: 
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(1} Levelizing over a l~ng period (40 year~} may lead to an alternative 

which does not payoff, or crossover, with competing alternatives 

~ntil after 30 years. In this period, many of the economic pro­

jections made in justifying this long range decision may not be 

realized. Thus, one could make a decision which, if conditions are 

adverse, lead to an alternative never being economic. 

(2} Expanding further upon argument 1, a decision which does not payoff 

for 30 years means that the added costs of that alternative in the 

near term will be borne by today's electric consumer. If a similar 

deci5ion is mdde the next year, and the year after and so on, as is 

the case with a growing electric utility, it may be that ·the ulti­

mate payoffs are always continued to.be pushed out 30 years. Hence, 

what might look like a 30 year payoff i~ the case of 1 decision,· 

actually may be a continually ·deferred payoff that is never achieved 

in the dynamic case of.an expanding electric utility. 

In this study, a 15 year levelizing period was chosen to represent an 

average of the utility industry practices. 

In this case, the levelizing factor is 1.49. 

5.3 BASE CASE OPTIMAL GENERATION EXPANSION 

Several alternative generation expansion cases were made from the initial 

base case, described in 5.1. Table 3.3.7-1 presents the results. There­

sults are presented relative to the initial base case. The costs are 

summarized in the last column. The first item is the levelized (15 year} 
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production cost. The second and third items are the levelized i~vestment 

charges associated with the change in capacity from the base case. The 

last item for each case is the total decision cost. 

In Case 2, nuclear generation is added and gas turbines are removed. This· 

case shows a marked improvement over the initial. base case. 

In Cases 3 and 4, variations were made in the nuclear - PSH composition. 

These results illustrate that nuclear generation is more economi~ than PSH 

in the region of the initial base case. 

In Case 5, the sensitivity PSH and gas turbines were examined. 

In Cases 6 and 7, the additiori of nuclear and subtraction of gas tu~bines was 

further examined as an extension of Case 2 since Case 2 showed a marked econo­

mic gradient toward greater nuclear composition. Comparison of Cases 2, 6 

and 7 reveal that the optimal nuclear - gas turhine tradeoff is with Case 6. 

On the basis of these simulations, it·can be concluded that the base case 

from which all WECS storage cases should be run from is Case 6. It is the 

case with the lowest· economic cost. Furthermore, this case doesn't vio­

late any nuclear construction constraints. Even though it does not lie 

exactly at the optimal point in the minimum cost~ be~ause a slight gradient 

exists for substituting PSH for gas turbines, on a practical basis the 

difference in cost between Case 6 and the mathematical exact optimal will 

be very small. 
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TABLE 3·.3.7-1. RESULTS SUMMARY 

Description of I\1W Capacity 
# Case Nuclear G.T. PSH Item Costs 

1 Initial Base 25694 4635 2600 Prod Cost 10196.8 

2 Add 1150 Nuclear 26844 3735 2600 Prod Cost 9782.1 
Subtract 900 GT Nuclear Inv .365.8 

GT Inv -64.0 

To·tal 10083.9 

3 Subtract 1150 Nuc 24549 4635 3400 Prod Cost 10629.8 
Add 800'PSH Nuclear Jnv -365.8 

PSH Inv 119.4 

Total 10383.5 

4 Add 1150 Nuclear 26844 4'635 1800 Prod Cost 9855.6 
Subtract 800 PSH Nuclear Inv 365.8 

PSH Inv 119.4 

Total 10102.0 

5 Add 1000 PSH 25694 3535 3600 Prod Cost 10143.9 
.Subtract 1100 GT PSH Inv 149.3 

GT Inv -71.0 

Total 10221.1 

6 Add 2300 Nuclear 27994 2835 2600 Prod Cost 9435.3 
Subtract: 1800 GT Nuc Inv 731.6 

GT Inv -128.6 

Total 10038.9 

7 Add 3450 Nuclear 29144 2035 2600 Prod Cost 9131.8 
Subtract 2600 GT Nuc Iny 109'7.3 

GT Inv -185.0 

Total 10044.1 
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6.0 CONCLUSION 

Several alternative generatidn plans have been examined in the process 

of determining the base case generating composition of NEPOOL in the. 

horiz"on year 1995. The base case was chosen as the economic optimal con­

sidering nuclear, gas turbines and PSH generating types. 

7.0 RESULTS AND ANALYSIS 

The base case of the simulated New England Power Pool was described in 

Section 3. The composition of the 1995 power system is: 

Pumped 
Oil Coal Gas Pond age Storage 

Nuclear Steam Steam Turbines Hydro Hydro 

MW Capacity 27994 12681 485 2835 1350 

Capacity Fac;:tor % 66 28 53 3 40 

The 15 year levelized production costs are $9435 mil-
lion/year. 

7.1 SYSTEM CHARACTERISTICS OF WECS 

Figure 3.3.7-5 illustrates the average power output of the WECS units (2937 

·units of 1.5 MW per unit) during the month of December. The net electric 

load demand is also illustrated on the figure for comparison. As can be 

seen the WECS output has a rather uniform output throughout the day whereas 

the electric load peaks during the daytime hours.. A storage schedule would 

attempt to utilize the nighttime, off peak, energy as energy into the stor-

age device and thereby retrieve this stored energy during the day. This 

characteristic is also illustrated in the figure by the dashed line. Thus, 

on a daily ·basis, the WECS device can be utilized for several hours to store 

energy. 
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7.2 DEDICATED VERSUS SYSTEM STORAGE 

The simulation of storage devices can be performed in two ways: (1) 

storage dedicated to the WECS output and (2) power system wide storage. 

In dedicated storage, th~ storage device cannot operate unless the WECS d~vice 

has supplied energy to it. 

In system storage, the storage device may receive energy from either the 

WECS device or any other generating unit on the power system. This added 

flexibility renders system storage of greater value to the utility. How­

ever, since WECS are not deterministic devices whose output can be accurately 

predicted several days to a week ahead of time, WECS present some difficulties 

from system storage reservoir management viewpoint. In these system stor-

age simulations of this study it was assumed that either (1) no weekly 

reservoir management advance planning would include consideration of WECS 

or (2) perfect weekly forecasting and advance planning of WECS. Neither 

these two cases are entirely accurate, but they do tend to bound the problem. 

Realistically, weather projections can be made one or two days in advance 

with some accuracy. Longer weather projections up to 1 week are needed, 

however, for storage reservoir planning. In the case of no forecasting of 

WECS, if WECS energy were available during an hour, the energy would be 

utilized for storage at the expense of some other type of energy, such as 

nuclear. For example, the reservoir's management plan would be developed 

assuming no WECS. Suppose as a result of this plan nuclear generation was 

to supply 1000 MWHR between 1 AM and 2 AM on Tuesday, May 5th. If the WECS 

output during this hour were 500 MWHR, the storage plan would be adjusted so 

that 500 MWHR of WECS and 500 MWHR of nuclear energy supplied the storage 
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device. Furthermore, it was assumed that the storage device would have 

adequate storage capability to supply power during the peak load demand 

periods in the event that it was called upon to do so for system re­

liability purposes. 

Figure 3.3.7-6 illustrates the differences between dedicated storage. 

7.3 WECS ANALYSIS 

Power system simulations were performed for the case of WECS with storage. 

Jhe WECS capacity addition can lead to conventional capacity displacement 

of nw:-lear units, yds turbines or both. An economic analysis can be per­

formed to evaluate which is more economic to the utility. The optimal type 

of capacity displaced will also lead to the largest breakeven value of WECS. 

In this study a 10% penetration of WECS was assumed (2937 units of 1.~ MW). 

Both nuclear and gas turbine capacity displacement was examined. The amount 

of capacity displaced was determined so as to maintain the same level of 

system reliability as the base case, in hours/year LOLP. Since nucleat' units 

are generally added in integral sizes of 1150 MW, sometimes both nuclear and 

gas Lurbine capacity may be displaced, the gas turbine capacity being used 

to 11 trim11 about the integral nuclear unit size. 

The results of this analysis indicilted Lhat ·the capacity displac'ement could 

be either 1150 MW nuclear and 132 MW of gas Lurbine or 910 MW gas turbine. 

(The reason that more nuclear capacity is displaced is because its effective 

capability in % of nameplate is less than that of gas turbines largely be­

cause its availability is less.) 
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The capacity credit for -~JECS is thus: 

WECS Capacity Displacement in % 

Gas Turbine 

Displacement 

21% 

Nuclear 

Displacement 

29% 

The breakeven cost is illustrated in Figure 3.3.7-7. Displacing nuclear 

capacity is slightly better than gas turbines. The breakeven cost is 

characterized into two components, fuel and capacity. The fuel components 

1ftesult rrum needing to burn 1ess expensive fuel when WECS are installed . 

The capacity component arises from needing less conventional capacity when 

WECS are installed. The fuels saved as a result of the WECS additions are 

presented in the bottom section of Figure 3.3.7-7. The fuels saved are 

characterized in barrels of equivalent oil per year per KW of installed 

WECS. In NEPP, physical oil savings are a large contribution . 

Since nuclear capacity was most economically displaced, subsequent work was 

based upon WECS capacity displacing nuclear generation. When storaqe is 

added to the power system additional benefits beyond that of WECS result. 

The $/KW breakeven cost of the storage device can be calculated along with 

the types of fuels saved. 

Figure 3.3.7-8 presents the breakeven cost of slurage for four applications . 

In the first application 1000 MW of PSH is added to the system (10,000 MWHR 

@ 60% efficiency) in which there is no WECS and 1100 MW of gas turbines are 

displaced by the PSH. The objective of this simulation is to determine the 
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breakeven cost of incremental system storage and thereby serve as a yard­

stick upon which to measure the value of storage when WECS is in the system. 

The breakeven cost is 375 $/KW (1980 $) . The fuel savings component re­

sults largely from the oil savings and the capacity savings component from 

the 1100 MW gas turbine displacement. 

The second application of storage is that 1000 MW dedicated to the WECS out­

put. Since the storage device performance is tied to the WECS outage, the 

capacity savings is small (500 MW of gas turbine displacement). · Similarly, 

the fuel savings is small. Consequently, the breakeven cost, or value of 

storage, is 195 $/KW, which is significantly less than the 375 $/KW incre­

mental value of storage with WECS. 

The third application of storage is that of 1000 MW of system storage with 

the WECS with no weekly forecasting of WECS output. In this case the value 

of storage with WECS is very nearly equal to the incremental value of system 

storage. 

The fourth application of storage is that of 1000 MW of system storage with 

WECS considering perfect forecasting of WECS output one week in advance. In 

this case, the value of storage with WECS is greater than the incremental 

value of storagP.. This is largely a result of being able to plan and most 

economically utilize the WECS output during the night to store energy. The 

increased value is largely attributable to increased fuel oil savings. 

Conclusions drawn from these results are: 
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1. Operating storage in a dedicated manner can lead to a significant econo­

mic penalty. 

2. The value of system storage is not significantly different in the case 

of no.weekly forec~sting of WECS than the value (cost) of system 

storage with no WECS. 

3. The value of system storag~ in the case of perfect weekly forecasting 

of WECS is greater than the value (cost) of the storage device. Thus 

in the case of perfect weekly forecasting of WECS output, storage can 

enhance the value of the WECS device. 

8.0 OVERALL CASE STUDY CONCLUSIONS FOR WECS .WITH ENERGY STORAGE 

On the basis of the simulations conducted for New England Power Pool in 1995, 

the following conclusions were obtained 

·Operating storage in a dedicated manner with WECS can lead to a 

significant economic penalty. 

There is a significant potential to improve the value ,of system stor­

age in WECS applications by accurate weekly forecasti~g of WECS output. 

Storage has a greater potential appli~ation with WECS than with PVCS. 

This is because PVCS energy is available d~ring the time of the utility 

peak. In this sense, PVCS approximately follows the utility load 

demand. (The PVCS analysis is presented in Volume II of this study report). 
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3.4 ~~ALYSIS AND PROJECTION OF 
RESIDENTIAL STORAGE SYSTEM COST GOALS 

3. 4. 1 ENERGY MANAGE ME IH 

The residential application differs from the previously discussed utility 

case in several significant aspects. The power flow is in one direction; 

however, it feeds the house load directly rather than a power system grid. 

The utility is the backup energy source. Figure·3.4-l schematically depicts 

system operation. 

UTILITY BACKUP 

WIND 
EtiERGY 

.GENERATION 
-

SlUAAGI::. 

LOAD 

POWER 
LEVEL 
(kW) WIND 

GENERATION 

12 MN 12 N 

FIGURE 3.4-1. WIND ENERGY CONVERSION WITH DEDICATED STORAGE 

12 MN. 

The storage operationa.l strategy is quite simple. When the wind turbine 

generator (WTG) output exceeds the load demand, the excess energy is put into 

storage and subsequently drawn out when the load exceeds lfrG output. When the 

sum of WTG output and storage cannot meet the load, the utility backup is 

called upon. Figure 3.4-1 shows non-coincident WTG output and load peaks 
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typical of many residential wind applications. For this situation, the role 

of energy storage is to accumulate the excess mid-day wind energy and dis­

pense it during the late afternoon -.early evening load peaks. Although 

these are typical wind output and load patterns, it should be noted that wide 

variations occur. An important option, not considered in this study, is 

utility 11 feedback 11
, in which excess wind energy is fed back to the utility 

grid and credited at some pre-determined rate. This is an area which has been 

'covered in other studies 15 and should be considered as an alternative to on-

site energy storage. 
' 

3.4.2 WIND ENERGY AVAILABILITY AND CONVERSION 

The wind patterns described in Section 3.3.2 apply to the residential appli­

cations of wind energy as well as. the utility applications. Wind data for 

the residential analysis was taken from Sandia-supplied tapes for three 

locations - Great Falls, Montana, Blue Hill , Massachusetts, and Lubbock, Texas. 

A 10 kW wind generator system was selected for performance analysis using 

the wind velocities recorded for the above sites. Design characteristics 

for the basic wind generator system were derived from related prior workl •12 

and are presented in Table 3.4-1. 
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TABLE 3.4-1. 10 kW WIND GENERATOR SYSTEM CHARACTERISTICS 

Rated Power 

Design Velocity 

Generator 

Rotor 

Rotor Diameter 

Rotor Axis Height 

Cut.;.-in Velocity 

Rated Velocity 

Cut-out Velocity 

Annual Energy Production 
(dL destgn velocity) 

DESIGN VALUES 

10 kW 

5.36 m/s (12 MPH) 

Synchronous, 60 Hz 
1 phase, 1800 RPM, 120/240 vac 

2 blade, 150.5 RPM 

9.28 m (30 ft) 

19.9 m (65 ft) 

3.56 m/s (1.96 MPH) 

7.49 m/s (16.75 MPH) 

15.01 m/s (33.58 MPH) 

36.4 X 103 kWh 

Figure 3.4-2 presents the 10 kW WTG performance in terms of its kilowatt 

output versus wind velocity. 
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Combining the above performance curve with the wind tape data for each 

site yields hour by hour WTG output for 8760 hours or one year of projected 

operation. Table 3.4-2 presents the total annual output for the three 

residential locations. 
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TABLE 3.4-2. 10 kW WIND TURBINE ANNUAC ENERGY OUTPUT 

LOCATION ANNUAL OUTPUT 
(kl'lh) 

Great Fa 11 s, MT 32,522 

BlueHill,MA 38,733 

Lubbock, TX 34,747 

Obviously,the portion of the above energy that can be supplied directly to 

the load is a function of the absolute magnitude of the load and its phasing 

with WTG output. 

I 3. 4. 3 LOAD DEMANDS 

The residential loads wer·e selected from those established for representat1ve 

c1t1es dunng a pr1or study for NASA-Lew1s. 16_,'3n The loads are assoc1ated w1th 

an all-electric single family residence and include space heating/cooling, 

hot water heating and diversified house loads. The diversified load compon-

ent included lighting, appliances and other miscellaneous household equipment. 

The hot water heating load pertains to representative domestic requirements. 

In order to simplify the analyses, both the diversified and hot water heating 

loads are assumed to have a fixed profile over the entire year. The soace 

heati:ng and cooling loads, which are clearly location sensitive, are computed 

separately on an hourly basis using the Building Transient Thermal Load (BTTL) 

program of reference 1. This program considers loads produced by: conduction 

heat losses/gains, infiltration losses/gains, internal sensible and latent 
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heat gains from occupants, electrical appliances, showers qnd solar heat 

gains through windows. A standard residence area of 169 m2 (1819 ft2) 

was used for a 11 sites. Conversion from thernia 1 to e 1 ectri ca 1 demand is 

based on the heat pump coefficient of performance treated as a function of 

outside ambient temperature. 

The three major·residential load components described above are summed to 

form the total load for each residential storage analysis. 

Figures 3.4-3, .3.4-4 and 3.4-5 show typical profiles for the three components 

of the residential load model. Table 3.4-3 lists the actual total combined 

loads for the three locations examined in this study. 

TABU. 3.4-3 RESIDENTIAL ANNUAL LOADS 

ANNUAL ANNUAL DIVERSIFIED HOT WATER TOTAL 
LOCATION HEATING COOLING HOUSE HEATING ANNUAL 

LOAD LOAD LOAD LOAD LOAD 

Great Fa 11 s, MT 19,944 312 7,6b!:> 5,110 33,031 

B 1 ue Hi 11 , MA 8,790 1 '180 l 1 22,745 

Lubbock, TX 2,344 6' 178 21 ,297 

All Values in kWh 
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3.4.4 GENERATION AND LOAD MATCHING WITHOUT· STORAGE 

A baseline no-storage case was computed initially for each residential 

location. The hour-by-hour tapes of wind turbine output and total r.esidence 

e 1 ectri·ca 1 demands were compared by computer program to determine what 

portion of the WTG output could be supplied direct to the load. Excess WTG 

energy and required utility makeup energy were also computed and summed for the 

full 8760 hours. Results are presented in Table 3.4-4. 

TARLE 3. 4·· 4. RESIDENT lAL LOAD f4ATCHING 
10 kW WTG - NO STORAGE 

LOCATION DEMAND WTG 
OUTPUT 

Great Fa 11 s 33,031 32,522 

Blue Hill 22,745 38,733 

Lubbock 21,297 34,747 

All values in kWh. 

WTG 
UTILIZED 

15,588 

15,065 

12,873 

3.4.5 GENERATIOi~ AND LOAD MATCHING INCORPORATING STORAGE 

WTG PURCHASED 
EXCESS ENERGY 

16,934 17,443 

23,688 7,680 

21,874 8,424 

The next step in the analysis was the addition of energy storage to use excess 

WTG energy to offset the remaining purchased electrical energy shown in 

Table 3.4.:.4. Storage was added in 12 kilowdtt hour capacity increments and 

an hour-by-hour computer analysis performed as in the no storage case. System 

operational strategy is as follows: 
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l. WTG output is supplied directly to the load when it can 

be used. 

2. When WTG output exceeds the load, excess is put into storage. 

When storage is full (completely charged),excess WTG output 

is dissipated. 

3. When WTG output is less than the house load, storage output is used, 

v1ithin the constraints of the discharge rate limit and the. minimum 

allowable state of charge. 

4. When total load cannot be met with WTG output and/or storage output, 

utility makeup is permitted. 

Inherent in the above strategy is the assumption that purchased electrical 

energy has a constant value throughout the day. Under several proposed peak 

load and time of day pricing sch~Liules this would no longer be true, thus 

making some alternative storage operational strategy more economic. Such 

an alternate strategy might include utility off-peak charging if the rate 

differential was substantial~ 

Table 3.4-5 presents a sample hour-by-hour computer run using the four part 

operational strategy given above. Most of the column headings are self­

explanatory. SOC is storage state-of-charge representing the decimal fraction 

of total storage capacity (24 kl~h for the sample case) charged and available 

at any given time. Minimum allowable state of charge (SOC) 1s .1, while 

only at the maximum SOC of 1.0. can excess WTG energy be dissipated. This 
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occurs at hours 10, 14 and 15 of day 1 in the example case. Conversion 

and power handling equipment efficiencies of .95 are assumed for charging 

and discharging of storage, in addition to the variable storage efficiency 

(.75 in the sample case). The AUX PWR column represents purchased utility 

energy, which is summed for the 8760 hour run, with results as shown in 

Table 3.4-6. 

TABLE 3.4-6. SUPPLEMENTAL UTILITY ENERGY REQUIRED· WITH 
RESIDENTIAL ENERGY STORAGE ADDED TO 

WIND GENERATOR SYSTEM 

STORAGE SIZE WIND SITE LOCATION 

kWh GREAT FALLS BLUE HILL 

0 17,443 7,680 

12 14,886 5,314 

24 13,916 4,333 

48 12,722 3,221 

72 11 ;972 2,587 

All values in kWh 

LUBBOCK 

8,424 

5,665 

4,765 

3,881 

3,374 

Subtraction of purchased utility energy using storage, from the quantity 

required \'lith no storage yields the savings in kl~h due to energy storage: 
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TABLE 3.4-7 REDUCTION IN RESIDENTIAL ANNUAL ENERGY CONSUMPTION 
DUE TO.STORAGE 

WIND SITE LOCATION 
STORAGE SIZE 

(kWh) GREAT FALLS BLUE HILL LUBBOCK 

12 2557 2366 2759 

24 3527 3347 3659 

48 4721 4459 4543 

72 5471 5093 5050 

All values in kWh 

The above data is presented graphically in figure 3.4-6, which indicates the 

narrow range of energy displacement over the various sites. 
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A representative mean energy displacement curve was constructed from the indi-

vidual site data for use in the further, more detailed analysis that follows. 

This representative mean is shown in figure 3.4-7. 
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FIGURE 3.4-7. REPRESF.NTATI\IF. ~·1EAN RF.SIDHITJ/\L ENERGY DISPLACEMENT 
DUE TO STORAGE 

3. 4. 6 COST GOALS AND PARAI~ETRIC ANALYSIS 

The numerics requfred to carry out the residential cost goal.evaluati._on are 

explained and the results presented in this section. The types of.storage 

~ystems to be compared include: lead-acid batteries, advanced batteries, 

72 

inertial (flywheel), and pneumatic storage. The selection of these candidates· 

for residential use was discussed in Section 1.2 and in Volume I of this report. 
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It should be noted here~ however, that the selection of these systems for 

further analysis is not indicative of a final recommendation for their 

IJSe, but merely a further step in their assessment. · The immediate purpose 

here is to applj the results-of the computer modeling to these specific 

concepts. 

3.4.6.1 Determination of Energy Storage .. Break-Even Costs 

The break:-even cost for residential e·nergy storage systems was determined by 

finding the difference between the capitalized annual displaced energy 

credit nnrt r.n pita 1 i zed O&M co5 ts. The uvt:!ra 11 procedure for determining 

the break-even cost consisted of the following steps: 

1. Selection of the storage system, WTG size, location and storage 

capacity. 

2. Determination of the WTG annua 1 energy performance with 

and without storage. 

3. Determination of the annual displaced energy credit due to addition 

of storage, using average cost of electricity. 

4. ·Determination of the capitalized displaced energy credit, accounting 

for the effects of storage efficiency. 

5. An estimate of the capitalized O&M r.osts for subtraction from th0. 

step 4 result. 

6. Comparison of storage system br!"!uke,_~en c:ost from st.~p 5 ~rtHh projected 

actual or estimated system costs. 
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The first two steps above were discussed in the previous section;- discussion 

of the remaining steps· follows. 

3.4.6.2 Cost of Electricity 

The principal economic benefit associated with addition of residential 

storage t~wind conversion systems is a reduction in the cost of purchased 

electricity. Recent residential electricity price data for the three selected 

wind sites and the U.S. as a whole is presented in Table 3.4-8. The United 

States average value of 4¢/kWh was used in subsequent analysis and corresponds 

closely to the average of the prices at the three wind sites. Analysis 

was also performed at several electricity price escalation rates. 

TABLE 3.4-8. REPRESF.NTATIVE RANGE OF RESIDENTIAL 
ELECTRIC ENERGY COSTS 

LOCATION 

Blue Hill, ~~A 

Great fa 11 s, MT 

Lubbock, TX 

U.S. Avera~e 

3.4.6.3 Di~pjpr.ed r;p~rgy Credit 

CUNSUM~J< CO~T OF' 
ELECTRICITY (1/kWh)28 

5.0 

2.5 

3.5 

4.0 

An annual displaced energy credit for energy storage at 75% storage efficiency, 
0 Ar:, is determined by multiplying the annual energy di~placement by the cost 
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of electricity. Using the mean energy displacement as presented in Figure 

3.4-7 and the 1976 national average residential price of electricity (4¢/kWh) 

the ·A~ versus storage capacity curve of Figure 3.4-8 is readily computed. 
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Electricity price escalation beyond 197n is account0.d for by computinq Me' the 

levelizing value of an escalating cost stream: 25,~7 
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where 

r (1 + e) 
r - e 

r = discount rate 

r(l + r)n - (1 + e)nl 
! n ~ 
i_ (1 + r) -1 .J 

e = annual electricity price escalation rate 

n = storage system life - years 

(1) 

The discount rate, r, for the homeowner is assumed to be the after-tax 

cost of a 9%. ]oan to an individual in a 20% incremental tax bracket, which. 

can be shown to be 7.2%. Using the capital recovery factor (CRF) or mortgage 

rate equation: 
r ( 1 + r )n CRF = - -
(l+r)n -1 

(2) 

and adding en additional 2.5% annually for taxes and insurance, annual 

fixed charges can be expressed as n percent of the initial investment. 

This percent or fixed charge rate (FCR) is presented below versus n, the 

storage sy~tcm life. 

TABLE 3.4-9. RESIDENTIAL FIXED CHARGE RATES 

~ SYSTEM L.IFE (n), YRS 

10 

20 

30 

FIXED CHARGE RATE (FCR) 

. 17 

. 12 

. 10 
________________________ .!'------------------------
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An adjustment was made to the fixed charge ·rate in the case of battery 

storage to account for a 20 year system 1 ife, but with battery replacement 

at 10 years with 30 percent salvage value. An equivalent 20 year fixed 

charge rate was computed at . 15 and used in battery break-even cost 

computations. 

Equating fixed charges. to energy savings for a start year 6 years from 

1976 gives: 

! { 0 
( l + g) FCR • · ( 1 + c) Me AE 

where CE = capitalized energy credit 

g = general inflation rate 

. 0 
'and, solving forCE: 

= (1 + e ~ b 
1 + g ) 

M· e· 

A table of the quantity is presented at the end of this 

section. 

Up to this point, energy displacement and credits have been evaluated for 

75% storage efficiency. For storage systems with efficiencies other than 

75%, a correction factor, Cq~ was determined, ~Jhich yielrl~ a capitalized 

energy credit: 

(4) 
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Figure 3.4-9 presents the results of computer runs evaluating the effect 

of storage efficiency on energy displacement. 
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The data of Figure 3.4-9 was used to construct a curve of c,_,, the efficiency 

correction factor, versus storage efficiency. This is shown in Figure 

3.4-10. 
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FIGURE 3.4-10. RESIDENTIAL STORAGE EFFICIENCY CORRECTION FACTOR 

Energy Credit Multiplier 

Presented below is a table of the energy credit multipliers for use in 

computing break-even costs at various escalation rates and points in time. 

Energy Credit = [1 + •/ \1 + g 
1976 Savings 
Fixed Charge Rate 
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TABLE 3 . 4- 10. 

YEAR 

1976 

1982 

1985 

1988 

1994 

2000 

/1 + e\b 
ENERGY CREDIT MULTIPLIER · 
RESIDENTIAL APPLICATION \ 1 + g) 

e ~ ELECTRICITY PRICE ESCALATION RATE 

5% 6% 7% 8% 9% 

1. 5532 1. 7071 1. 8802 2.0749 2.2942 

1. 8071 2.1056 2.4570 2.8711 

1. 8592 2.2282 2.6736 3. 2119 

1. 9128 2.3579 2.9094 3.5931 ' 

2.0247 2.6406 3.4452 4.4967 

\II 2. 1432 2.9'571 4.0796 5. 6275 

r = . 072, g = .05 

3.4.6.4 Oper.~tion and l~aintenance Costs 

10% 

2.5413 

3.3595 

3.8627 

4.4412 

5. 8711 

7.7614 

The annual operation and maintenance cost, AoM , is storage system related 

and estimated according to the expression: 

= aOM X ASDE (5) 

where 

a0M = variable storage O&M costs in $/kWh of discharge energy 

ASDE = annual storage discharge energy 

AoM for various types of storage is computed from cost data given in Volume I, 

Table 5.3-2, and the energy displacement values shown in Figure 3.4-7. 
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A minimum ctnnual O&r~ cost of $15 was set, corresponding to a minimum type 

residential service check to be performed by a local service organization. 

The annual O&M cost is capitalized in an analogous manner to the·energy 

savings capitalization: 

CoM = _!ig__ 
FCR A oM ( 6) 

where 

CoM = capitalized O&M costs 

Mg = levelizer for a cost stream escalating at the general 

inflation rate (same form as MP previously described). 

3.4.6.5 Break-Even Cost 

The break-even cost for the residential storage system is the difference 

between the capitalized energy credit and the capitalized O&M cost: 

c 
BE 

= c 
E 

c 
OM 

(7) 

A sample break-even cost computation for lead-acid battery storage is 

presented below. 

Specific Conditions 

e 10 kW WTG 

• 24 kWh capacity - lead-acid battery 

~ 2 hour discharge rate limit 

e · 5% inflation rate, g 

o 10% electricity price escalation rate, e 

o 20 year systern 1 ife, n 
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• 7.2% discount rate, r 

• 70% (lead-acid battery) storage. efficiency 

• Fixed charge rate, FCR = .15 

• Variable O&M cost rate, a0M = $.0005/kWh 

• Annual energy displacement = 3503 kWh (mean value)'; ASDE = 3687 kWh (inean value) 

• Start year - 2000 

• Results in 1976 dollars 

The energy credit A~ then becomes: 

A~ = .04 (3503) = $140.12 

From equation (1), Me = 2.5413 and the capitalized energy credit, C~ 

becomes from equation (3): 

= ( 140. 12) = $7250 

f 
The efficiency correction factor, c-, .for lead-acid batteri-es (70% efficiency) 

is .986 frcm Figure 3.4-10. Therefore, the corrected energy credit becomes from 

equation (4): 
CE = .986 (7250) = $7149 

The annual O&M cost, AoM , obtained from equation (5) is: 

Aor~ = • ooo5 ( 3687) = $1.84 

which is ·less than $15.00. Therefore, AOM is set equal to $15. 

Mg = 1. 5532 
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and the capitalized 0&~1 cost, c0M , becomes from equation (6): 

1. 5532 = .15 (15) = $155 

The resulting break-even cost from equation (7) is then: 

or 

CBE = 714g - 155 = $6994 

6994 
24 = $291.4/kWh of stor~gP capacity 

Storage system breakeven costs were computed, using the above methodology, 

for electricity price escalation· ~qual to general inflation (5%}, for 

a 1985 start year with 6% escalation (1% over inflation}, and at an extreme 

for 10% electricity price escalation with a year 2000 start. Results 

are tabulated in Table 3.4-11 for the four residential technologies analyzed. 
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TABLE J. 4-11. STORAGE BREAKE.VEN COSTS - RESIDENTIAL APPLICATION 

ADVANCED BATTERIES LEAD-ACID BATTERIES 

kWh 5%'. '6%-1985 10%-2000 5% 6%-1985 10%-2000 
' 

12 75 93 429 74 9l 423 

24 54 66 296 53 65 291 

48 36 44 . 195 36 44 192 

72 28 34 149 28 34 147 

FL nJHEEL PNEUMATIC 

kWh 5% 6%-1985 10%-2000 5% 6%-1985 10%-2000 

12 97 119 547 91 113 521 

24 67 82 375 65 80 359 

l!.O 44 54 246 44 54 237' 

72 34 41 188 34 41 181 

All values in $/kWh of storage capacity 

Differences in efficiency, O&M costs and FCR combine to create a separation 

in the breakeven costs for each concept. By themselves these breakeven costs 

do not indicate the desirability of a particular concept. 

A comparison of breakeven costs versus storage cost projections is presented 

for batteries in Figure 3.4-11. The nominal case of 6% electricity price 
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. escalation and 1985 start year shows marginal viability for advanced 

batteries at about 12 kWh capacity and a price of 92 $/kWh. At year 2000 

with 10% escalation, both types of batteries show breakeven costs greater 

than system cost estimates, and would therefore offer economic viability 

under these conditions. Flywheel and pneumatic energy storage breakeven costs 

are shown:in Figure 3.4-12. Note that neither demonstrate viability until 

the 10%, 2000 case. System cost estimates shown on the figures are taken from 

Table 5.3-2 of Volume I of this study report. These were selected as repre­

sentative for the respectiVe technologies, based on currently available in­

formation. With cost data continually changing, the format of the charts was 

made such that the reader could easily use updated cost estimates as they 

become available. 

There are obviously many start year - escalation rate combinations that 

will achieve economic viability for a given storage system. Figure 3.4-13 

shows battery storage system breakeven costs versus start year and 

electricity price escalation rate. Cost estimates for lead-acid and advanced 

batteries are overlaid as dashed lines. At 8% escalation, the figure shows 

advanced batteries becoming economic in 1983, while at 7% viability is 

delayed until about 1992. The reader can use any source for system cost 

estimates and electricity price projections and test viability with this 

chart. Figure 3.4-14 is a similar chart for flywheel and pneumatic storage. 

Note that only at very high 9 and 10% escalation rates is economy achie\ed. 
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3.4.6.5 Storage Capacity Optimization 

When viability is achieved, the optimum storage size is determined by the 

maximum c~pitalized ~avings. Fur example, advanced batteries·at year 2000, 

10% escalation give the following data: 
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TABLE 3.4-12. VALUES FOR OPTIMUM STORAGE DETE-RMINATION 

. 
STORAGE SIZE CBE :_$' COST ! $ SAVINGS:' $ TOTAL 

(kWh) · .. kWh,. . kWh I kWh, CAP IT ALI ZED 
SAVINGS,r· 

12 429 92 337 4044 

24 296 204 4896 

48 195 103 4944* 
'V 

72 149 57 4104 

* OPTIMUM 

A general trend shown by this residential storage analysis is that optimum 

capacities greater than about 24 kWh require extreme economic conditions. 

12 to 24 kWh capacity appears to repr~sent the best size range for residential 

storage. As storage costs drop and electricity price escalation rises, the 

optimum amo11nt nf·stora~e will increase with time. 

3.4.6.6 Wind System Enhancement 

Once storage is available at a cost below its breakeven value, the cost 

difference can be reflected in an increased allowable price for the basic 

wind turbine generator system. Another perspective is that the total wind 

plus storage system has a breakeven value. As cost of storage is lowered, 

WTG cost can rise and still meet total system breakeven. Figure 3.4-15 shows 

this effect for three increasingly severe economic conditions. At 1985. with 

6% escalation, 24 kWh of 20 $/kWh storage increases WTG allowable cost from 

$81J/kW to over 900 $/kW. The potential for system economic enhancement 

increases with escalation rate and start year delay. 
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3. 5 ANALYSIS AND PROJECTION OF INTERf'<1EDIATE 
WIND SYSTEM COST GOALS 

3.5.1 ENERGY MANAGEMENT 

The intermediate size applications for wind energy conversion and energy 

storage cover a very broad range. Individual industrial plants offer one. 

possibility but require specific analyses which are not necessarily broadly 

representative. After due consideration of candidate applications defined 

in a recent study of overall wind energy conversion,12 it \'las decided that 

consideration of a complex typical of a shopping center or cluster of small 

businesses might be most useful for purposes of this study. The energy 

management/energy storage problem can be seen to have two significant aspects: 

1. The need to meet some portion of the total load demand with 

wind or wind plus storage in order to reduce the overall . 

energy cost of electricity. 

2. The need to reduce the costs of electricity based on the 

power d~mt~.rHi rate portion of typi ca 1 rate schedules. 

Because of the variability of the wind and precision of dispatch planning 

for stored energy that would be involved, Item 2 was found to require special 

analyses which would involve assumptions of uncertain value. More 

spe~ifically. the ability to limit power demand charges to some predetermined 

level by use of stored energy requires that storage ou~put be 100% reliably 

available on call. Since this criteria could not be met witn wind-dedicated 

storage charging (within reasonable storage size limits), Item 2 was 

eliminated from further con~.ideration; however, the economics and potential 

value of peak reductions and lo.ad leveling with storage are discussed in 

Section 3.7. 
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In the case of Item 1, the availability of.wind conversion energy at times of 

light load demands can be made more attractive by use of storage which ~ccepts 

excess generation and saves the wind energy until needed. The improvement 

(reduction in utility energy use) resulting from the use of storage was 

analyzed for selected conditions of load and wind power output. As in the 

residential case, a one way power flow to the load was assumed, with the 

uitlity providing a net 11 t·1ake-Up 11 to fully meet the actual load demands. 

3. 5. 2 WIND ENERGY AVAILABIILITY AND CONVERSION 

The prP.vious discuGGion in Sectiu11 3.3.2.1 pertaining to wind energy pat­

terns and wind turbine output applies to the Intermediate case alsc. A 500 

kW wind turbine was used as the basic wind conversion system. Its principal 

characteristics are shown in Table 3.5-1. Power output versus wind velocity 

TABLE 3.5-1. 500 kW WIND GENERATOR SYSTEM CHARACTERISTICS 

Rated Power 

Design Wind Velocity 

Generatur Parameters 

Rotor 

Rotor Diameter 

Rotor Ax1s Height 

Wind Velocities: 
Cut- in 
Rated 
Cut-out 

Annual Energy Production(Design) 
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DESIGN VALUES 

500 kW 

5.36 m/s (12 MPH) 

Synchronous, 500 kW, 4160 VAC, 
60 Hz, 3-Phase, 1800 RPM 

2 Blade, 29.3 RPM 

55.29 m (181 ft) 

42.9. m (141 ft) 

3.55 m/s (7.94 MPH) 
7.32 m/s (16.37 MPH) 
15.7 m/s (35.12 MPH) 

1. 86 X 10 6 kWh 



is presented in Figure 3.5-1~ This performance curve, in conjunction wtth 

Sandia-supplied weather tapes, was used to compute the hour-by-hour WTG 

power output. Annual totals for the two wind site locations analyzed were 

found to be: 

500 
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FIGURE 3. 5-1. 500 kW WTG POWER OUTPUT VERSUS WIND VELOCITY 

3.5.3. LOAD DEMANDS 

A daily load pattern was assumed as showr i~ Figure 3.5-2. Several levels 

of P, the maximum demand, were investigated in the analysis. This maximum 

load was assumed to occur from 10 A.M. to 10 P.M. daily and drop to 25% of 

3-134 



- p - :,_ - - - - - - - -r-------,--------. 
~ 
-~ 

c 

~ 
~ 
c 
<C 
0 
....J 

• 25P 1---___;-------J 

I I I I 

M 
I I 

N 

TIME OF DAY-

I 
I 

~I 
I 
I 

I I I I 1 _1_ 1 _I I 

M 

FiGURE 3.5-2. ASSUMED LOAD PROFILE FOR INTERMEDIATE APPLICATION 

peak value the remainder of the time, thus reflecting an 11 idealized 11 load 

curve for a shopping center or commercial complex. Table 3.5-2 presents 

annual energy demand as a fun~tion of the maximum power demand. 

TABLE 3.5-2. ANNUAL LOADS - INTERMEDIATE APPLICATION 

PEAK. LOAD DEMAND, P ( kH) MNUAL LOAD (MWh) 

200 1,095 

250 1,369 

300 1 ,643 
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The range of loads which could be matched to the intermediate size WTG is 

clearly very large, and this load - WTG relationship is somewhat analogous 

to 11 penetration 11 as defined for the utility case. The sizing reflected by 

Table 3.5-2 is prim«rily one of convenience for the purpose of analysis. 

In many intermediate applications, clusters or multiple 500 kW WTG units 

would be appropriate. Ten to twenty such WTG units, for example, would 

be a reasonable number to serve a very large facility having a similar 

load profile. A very large suburban shopping center, for example, could 

be expected to require total energy inputs in the order of 5-6 MW, and 

20 .x 106 MWh/year. Having already dealt with multiple units in the utility 

case, it was deemed of greater interest here to investigate the effects 

of a different type of load pattern and rate structure. 

3. 5. 4 GENERATIOI~ AND LOAD I~ATCHING WITHOUT STORAGE 

Baseline no-storage cases were computed for each location and the range 

of total lonrl demands. The hour-by-hour tapes of wind turbine output and 

electrical demand were matched by computer program to determine what port1ull 

of WTG output could be supplied directly to the load. Excess WTG energy 

and required utility makeup power were also comput<?:d and summed for the 

full 8760 hours. Results are shown in Table 3.5-3. 
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TABLE 3.5-3. INTERMEDIATE LOAD MATCHING WITH A 500 kW WTG-NO STORAGE 

PEAK LOAD WTG ENERGY 
UTILITY 

LOCATION EXCESS WTG PURCHASED 
(kW) UTILIZED(MWh) ENERGY (~1Wh) ENERGY ( ~1Wh) 

Lubbock,TX 200 700.6 1082.0 394.4 

250 839.0 943.7 529.8 

300 962.4 820.2 680.1 

Blue Hill ,MA 200 758.4 1234.2 336.6 

250 906.0 1086.6 462.8. 

30U 1042.3 950.3 600.2 

3. 5. 5 ·GENERATION AND LOAD f-1ATCHING INCORPORATING STORAGE 

Further analysis consisted of adding incremental storage quantities in order 

to u~e wind turbine excess energy to further offset purchased electrical 

energy. Hour-by-hour modeling was performed for a full year. System 

operational strategy was similar to that for the residence (Section 3.4.5) 

with one exception ... Tn the intermediate Cdse, a one-hour delay in 

changing from the utility.power back to WTG power was introduced in order 

to avoid excessive switching and also to provide an operational sequence 

adaptable.to equipment already available or conceptually defined. 

Kesults of the computer analysis are presented in Table 3. 5-4 in terms 

of uti1ity purchased electricity. Subtraction from the baseline no storage 

case yields the quantity of purchased electricity saved due to energy 

storage. Results are shown in Table 3.5-5. 
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TABLE 3. 5-4. PURCHASED UTILITY ENERGY WITH INTERf~EDIATE WIND SYSTEM 
ENERGY STORAGE 

·LUBBOCK, TX BLUE HILL, MA 
STORAGE 

SIZE LOAD DEI-1AN D ( kW) LOAD DEMAND (kW) 
(kWh) 

200 250 300 200 250 

0 394.4 529.8 680.1 366.6 462.8 
500 277.6 414.3 564.4 247.7 371.8 

1000 229.7 365.4 523.3 201.2 324.0 
1500 197.2 325. 1 480.8 164.8 282.5 
2000 171..7 298.4 447.3 136.9 250.2 
3000 141.3 256.0 403.1 95.2 202.8 
4000 121.9 235.4 378.8 69.0 167.7" 

PURCHASED ENERGY IN MWh 

TABLE 3.5-5, ANNUAL ENERGY DISPLACEMENT DUE TO ENERGY STORAGE 

LUBBOCK, TX BLUE HILL, MA 
STORAGE 
SJ?F LOAD DEl~ AND ( kW) LOAD DEMAND (kW) 
(kWh) 

200 250 300 200 250 

500 116.8 115.5 115.7 88.9 91.0 
1000 164.7 . 164.4 156.8 135.4 138.8 
1500 197.2 204.7 199.3 171.8 180.3 
2000 222.7 231.4 .232.8 199.7 212.6 
3000 253.1 273.8 277.0 241.4 260.0 
4000 272.5 294.4 301.3 267.6 295.1 

ENERGY DISPLACEMENT VALUES IN MWh 
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300 . 

600.2 
512.2 
463.8 
420.4 
387.9 
335.4 

. 294.7. 

300 

88.0 
136.4 
179.8 
212.3 
264.8 
305.5 



The stored energy displacement (energy savings due to storage) of Table 

3.5-5 are presented graphically in Figure 3.5-3 which shows that peak load 

demand has little effect except at. the larger storage sizes. The plotted 

data extremes produce a representative mean curve as shown in Figure 3.5-4. 

This mean was used in the detailed analysis of Section 3.5.6 which follows: 
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3.5.6 COST GOALS AND PARAMETRIC ANALYSIS 

Candidate energy storage concepts selected for further cost goal deter­

mination for use with wind energy systems in intermediate applicat.ions include: 

1. Pumped Hydro 

a. Above ground 
b. Underground 

2. Underground Compressed Air 

3. Batteries 

a. Lead-acid 
b. Advanced 

4. Inertial (Flywheel) 

5. Hydrogen 
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Several of these storage systems are applicable only to very large scale 

intermediate applications. Included in this category are pumped hydro and 

underground compressed air storage which, in addition, have 'highly site­

specific requirements. 

The numerics required to carry out the intermediate cost goal evaluation 

are explained and the results presented in detail in this section. 

3.5.6. 1 Determination of Energy Storage Break-Even Costs· 

The break-even cost for intermediate energy storage systems was determined 

by finding the difference between the capitalized annual displaced energy 

credit and capitalized O&M costs divided by a factor accounting for the cos't 

of money during construction. The procedure for determining the break-even 

cost consisted of the following steps: 

1. Selection of the storage system, WTG size, location and 

storage capacity. 

2. Determination of the WTG annual energy performance with and 

without storage. 

3. Determination of the annual displaced energy credit for the 

addition of storage, using the cost of electricity for the 

location of interest. 

4. Determination of the capitalized displaced energy credit, 

accounting for the effects of storage efficiency. 

5. An estimate of the capitalized 0&1•1 costs for subtraction 

from the Step 4 result. 
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6. Application of a construction cost facior (CCF) to account 

for interest during the construction phase, where applicable. 

7. Comparison of the storage system break-even cost with projected 

actual or estimated system costs. 

Steps 1 and 2 were discussed in the previous section; Steps 4 through 6 

are included in the following sections. 

3.5.6.2 Cost of Electricity 

Intermediate size commercial and industrial applications typically have 

utility rate schedules with both an energy (kilowatt hour) and a power 

demand (kW) component. Energy storage employed with a wind conversion 

system can only reduce the energy component and, under typical declining 

block rate structures, only the lower valued blocks of energy. The reason 

for this is that the variability of the wind reduces the probability of 

always llavi ng stored enPrgy to 1 imi t the kW demand peak, and thereby 

assure a lower power demand rate. Also, W'ith respect to the energy demand 

component, the wind/storage combination acts, in effect, to reduce the 

need for energy which, if purchased from the utility, would have been billed 

at the lower end of the rate structure. 1976 cost data of the Federal Power 

Commission 27 show an average national price of about 4¢/k~Jh for industrial 

electricity in the consumption range of this application. Due to the non­

elimination of demand charges and the declining block structures, 2¢/kWh 

electricity was assumed for the value of the incremental energy displaced by 

storage. It is, of course, recognized that strong Congressional action is 

underway which might eliminate the declining block structure. When this 
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occurs, the value of stored energy will be dramatically increased and 

would generally show dollar results per kWh similar to residential values. 

Further discussion on the effects of rate structures on storage economics 

will be found in Section 3.7. 

3.5.6.3 Displaced Energy Credit 

The annual displaced energy credit at 75% storage efficiency, A~, is given 

by: 

A~ = C. 0. E. X ANNUAL ENERGY STORAGE DISPLACEt~ENT (1) 

where 

C:.O.E. ;; Co!:;t of Clecti'idty 

Using the values from the mean energy storage displacement curve of Figure 
0 3.5-4 and the assumed 2¢/kWh value of energy saved, the AE versus storage 

capacity curve of Figu·re 3.5-:-5 results: 

ow 
c:( 

• { = 75% 

1000 

·------
REPRESEiHAT IVE 

MEAN VALUE 

. 2000 3000 4000 
STORAGE CAPACITY (kWh) 

FIGURE. 3. 5-5. MEAN ENERGY CREDIT VERSUS STORAGE CAPACITY- INTERMEDIATE 
APPLICATION 
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0 Determination of the capitalized value, CE, of this energy credit wJs 

accomplished in the same general manner as for the residential appli-

cation (Section 3.4.6.3), thus: 

where 

= 
r 1 + e \ & t 1 + g) 

Me 
FCR 

C = capitalized energy credit, $ 

e = electricity price escalation rate 

g = general inflation rate 

[ = years from 1976 to start 

Me = energy savings multiplier 

FCR = fixed charge rate 

(2) 

Principal differences from the .residential case are in r, the discount rate 

and FCR the fixed charge rate. An after tax cost of capital of 10 percent 

was useu ror the di~count rate in intermediate applications. The fixed 

charge rate must be on a before-tax basis in order to account for the tax 

deductibility of energy. The FCR's for various storage system lifetimes 

are given below: 

TABLE 3.5-6. INTERMEDIATE FIXED CHARGE RATES 

SYSTEM LIFE FCR 

10 YEAR .27 
20 .23 
30 .22 
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In the case of battery systems, which were assumed to require 10 year re­

placement of the batteries only, with 30 percent salvage value, an 

equivalent 30 year fixed charge rate of .26 was computed. 

The energy savings derived up to this point assumed 75 percent storage 

efficiency. For storage systems with efficiencies other than 75 percent, 

a correction factor, c, was applied with the capitalized energy credit 

becoming: 

X ( 3) 

Ftgure 3.5-6 presents the results of computer runs evaluating the effect 

of storage efficiency. on annual energy displacement due to storage use. 

Figure 3.5-6 also gives the related dollar value of the annua.l energy 

credit for different storage efficiencies. 
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The energy credit data shown ·in the curve of Figure 3. 5-6 was used to 

ca 1 cul ate the efficiency cor recti on factor, C~: , for intermediate 
. ' 

applications. This result is shown in .Figure 3.5-7 below: 

1.1 

1.0 .. 

c? = _i_ 
.9 A~ 

~-u 

.8 -

STORAGE EFFICIENCY (%) 

FIGURE 3.5-7. STORAGE EFFICIENCY CORRECTION FACTOR­
INTERMEDIATE APPLICATION 

Energy Credit Multiplier 

Presented below, for reader convenience, are values of the ener·gy credit 

multiplier, C: ~)'Me, as used in the·energy credit equation at the 

start of this section. 
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ll + e\6 
TABLE 3.5-7. ENERGY CREDIT MULTIPLIER ~· + gj ~1e-

I IHE RI•1ED lATE APPLICATION 

ELECTRICITY PRICE ESCALATION RATE (e) 
YEAR 

5% 6% 7% 8% 9% 

1976 1. 6759 1.8858 2. 1330 2.4249 2.7710 
1982 

1 
1. 9962 2.3886 2. 8715 3,4678 

1985 2.0538 2. 5277 3:1247 3.8794 
1988 2. 1130 2.6750 3.4002 4.3399 
1994 2.2366 2.9956 4.0264 5.4312 
2000 2.3675 3.3547 4.7678 6. 7971 

r = . 1, g = .os 

3.5.6.4 Operation and Maintenance Costs 

10% 

3. 1824 
4.2070 
4. 8371 
5.5615 
7. 3521 
9.7192 

The annual operation and maintenance cost, AOM , is storage system related 

and was estirnated according to the expression: 

X ASDE (4) 

where 

a0M = variable storage O&M cost in $/kWh of discharge energy 

ASDE = annual storage discharge energy 

Table 3.5-8 below lists the computed.O&t~ costs at.a storage capacity of 

10.00 kWh for each of the intermediate size candidate storage systems 

investigated. 
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TABLE 3. 5-8. ANNUAL ENERGY STORAGE OPERATION AND MAINTENANCE COSTS -
WIND SYSTEfv1 STORAGE CHARGING 

STORAGE SYSTEM AOM (1976 $/kWh)* 

Underground Pumped Hydro . 168 . 

Above Ground Pumped Hydro .168 

Underground Compressed Air 1. 180 

Lead-Acid Batteries .106 

Advanced Batteries .636 

Inertia 1 (Flywheel) 1.180 

Hydrogen . 601 

* 1000 k~Jh 

The capitalized value, c0M , is then: 

COM = F~~ Aor,l (5) 

where Mg . is the general inflation multiplier discussed in Sect1on 3.4.6.4. 

3. 5. 6. 5 Break-Even Cost 

The break-even cost goals for an intermediate application reflect the 

difference between the capitalized values of energy credit and O&M cost as 

adjusted by a storage system related factor to account for interest during 

construction.21,28 

= (6) 
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where CBE =·break-even storage 

CCF = construction cost factor 

The construction cost factor was taken in a range from· 1.05 for short lead­

time systems, such as batteries, to 1.4 for pumped hydro systems. Table 

3.5-9 lists the construction cost.factors and fixed charge rates for the 

storage systems considered for intermediate application. 

TABLE 3. 5-9. CONSTRUCTION COST FACTORS AND FIXED CHARGE RATES -
INTERMEIHATE APPL.ICAT ION 

STORAGE SYSTEr~ LIFE (YRS) CCF 

1. Pumped Hydro 50 1.40 

2. Underground 30 1. 17 
Compressed Air 

3. Batteries 10 1.05 

4. Inertia 1. ( Flywhee 1) 20 1.05 

5. Hydrogen 20 1.05 

FCR 

. 22 

.22 

.26 

.23 

. 23 

A sample break-even·cost calculation is presented below for lead-acid 

battery storage. 

3-149 



Specific Conditions 

1 250 kW load power demand 
• 1000 kWh storage capacity - lead-acid batteries 

·• 2 hour discharge rate limit 
1 5% inflation. rate, g 
1 10% electricity price escalation rate, e 
1 30 year system life, n 
1 10% discount rate, r 
1 70% storage efficiency 
1 Fixed Charge Rate (FCR) = .26 
• Variable O&M rate (~oM ) = $.0005/kWh 
1 Annual Energy" Displacement = 150 lv1Wh (mean value) 
1 ASDE = 212 MWh (mean value) 
1 Start year 2000 
1 Results in 1976 dollars 

From equ~tion (1) 

A~ = .02 (150,000) = $3,000. 

From equation (2) and Table 3.5-7 

.. 
co 
E 

= 9. 7192 
.26 . (3,000) = $112,145 

The~ etfi t1 ency t.:uf'recti on factor for lPild-aci d batteries (70% effi dency), 

obtained from Figure 3.5-7 is: 

c··- = .97 
1 

Therefore, fr.om equation (3) 

c = .97 (112,145) = $108,780 
E 

The annual O&M cost from equation (4) is 

AOM = .0005 (212,000) = $106 
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From equation (5) and Table 3.5-7 

= 1' 6759 (106) = $683 .26 

From Table 3.5-9: CCF (lead-acid batteries) = 1.05 and the break-even 

cost is obtained from equation (6) as: 

= 
108,780- 683 

l. 05 = $102,949 

or $102.9/kWh of storage capacity 

3.5.6.6 Capital Cost Comparisons 

Table 3.5-10 shows the results of the computation of break-even capital 

costs and comparison with projected system costs for one set of conditions 

for all of the stora~e methods considered in this portion of the study, 

without regard to the assessment of suitability for use with wind energy 

conversion. ·This comparison was made in order to provide more insight 

into the original rankings based on levelized annual cost. The results of 

these viability computations are discussed further in Section 1. 1. 

Break-even costs were computed at 1000 kWh of stor·age capati ty and a 

storage system duty cycle of ten hours. The extreme economic conditions 

of 10% fuel price escalation rate and a year 2000 start which were also 

used, provide a maximum opportunity within the overall economic groundrules 

used in the study, for any particular conce~t to demonstrate a 

potential for viability. 
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TABLE 3. 5-10. BREAK-EVEN COSTS COt~PARED WITH SYSTEM COST ESTIMATES 
FOR YEAR 2000, 10% FUEL ESCALATION, WIND SYSTEM 
CHARGING - INTERf4EDJATE APPLICATION 

BREAK-
STORAGE CONCEPT EVEN COST 6 - CAPITAL ESTIMATE 

COST 

Underground Pumped Hydro 98 23 +75 

Above-Ground Pumped Hydro 98 19 +79 

Underground Compressed Air 107 34 +73 

Lead-Acid Batteries 103 140 -37 

Advanced Batteries 103 67 +36 

Inertial Storage ( Flywhee 1) 119 217 -98 

Hydrogen 92 45 +~7 

All Costs in 1976 $/kWh 

PCHENTIAL 
VIABILITY 

Yes 

Yes 

Yes 

No 

Yes 

No 

Yes 

The results listed 1n Table 3.5-10 indicate five gtorage mPthnds of potential 

viability for the intermediate application in a dedicated storage mode of 

operation: both types of pumped hydro, underground compressed air, ad­

vanced batteries, and hydrogen. The first four, plus lead-acid batteries 

(due to wide-spread interest) were selected for further detailed economic analysis. 

Using the methodology outlined previously, storage system break-even costs 

for these concepts as a function of storage capacity were computed for (1) 

electricity price escalation equal to general inflation (5%). (2) a 1985 

start year with 6% escalation (1% over inflation), and (3) the extreme of a 

year 2000 start with a 10% electricity price escalation rate. The resulting 
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cost goals provide values for a nominal case and upper and l.ower bounds. 

A comparison of these break-even costs, with each of the four storage 

system cost projections overlaid, is presented in Figure 3.5-8. The nominal 

case of 6% electricity price escalation and a 1985 start year shows: 

(1) viability for pumped hydro at storage capacities of less than 1000 kWh 

assuming a projected cost of $19/kWh and (2) a possibility of marginal 

v.iability for underground compressed air at storage capacities of less than 

500 kWh at a projected cost of $34/kWh. Projected costs for both battery 

systems must be significantly reduced in order to obtain viability in. the 

nominal case. At yp~r 2000 with 10% esc~ldLion, advanced batteries indicate 

viability for storage capacities of less than 2500 kWh at a projected cost 

of $67/kWh and lead-acid batteries indicate marginal viability at storage 

ca~acities of 500 kWh or less assuming a cost of $140/kWh. The system cost 

projections represented as dashed lines on the figure are taken from 

Volume I of this study report. As· in the utility and residential appli­

cations, these costs for the intermediate case were selected as represen­

tative of the. respective technologies based on information currently 

available. The system cost projection used for lead-acid batteri~s was 

obtained from data anti consultation supplied by C&D Batteries, while the 

cost projection for the remaining technologies were taken at the utility 

values in the absence of suitable information to permit meaningful scaling. 

Due to the fact that much of the cost data is subject to continued change, 

the format of Figure 3.5-8 was structured to facilitate the application of 

updated cost information as it becomes available. 

For a given storage system, there exists a range of start year-escalation rate 

combinations that will result in economic viability. Pumped hydro and 
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compressed air storage ·break-even costs for several escalation rates 

are presented as a function of start year in Figure 3.5-9 for a nominal 

storage capacity of 1000 kWh. Projected sys·tem costs are overlayed as 

. dashed lines. ·At 6% escalation, it is ~een that pumped hydro (above 

ground) becomes viable around 1982 for dedicated wind energy storage. 

-At 7% escalation, pumped hydro would be economically viable at the 

present time for dedicated systems, while compressed air will not reach 

viability until after the year 2000. In contrast, compressed air reaches 

viJbility by 1982 at 9% escalation and becomes economic by 1988 at 8% 

escalation. This figure affords the reader an opportunity to test via­

bility of these. storage systems using any source for projected costs. 

Figure 3.5-10 is a similar· chart for battery storage. Note that only at 

very high (9 and 10%) escalation rates is economy achieved for advanced 

batteries. 
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3..5.6.7 Storage Capacity Optimization 

The optimum storage capacity for the intermediate case was determined 

in a manner analogous to the residential application, by maximizing the 

capitalized savings when viability is achi:eved. As an example, Table 

3.5-11 presents cost data as a function of storage size for advanced 

batteries at year 2000 and 10% escalation. 

TABLE 3.5-11. OPTIMUM STORAGE SIZE FOR ADVANCED BATTERIES­
INTERMEDIATE APPLICATION 

(year 2000, 10% escalation) 

STORAGE CBE COST SAVINGS 
SIZE 
(kWh) ($/kWh) ($/kWh) ($/kWh) 

250 175 67 108 
500 140 

1 
73 

1000 103 36 
1500 86 19 
2000 7"~ 7 

* OPTIMUM 

TOTAL 
CAPITALIZED 

SAVINGS 
($) 

27 ,000 * 
36,500 
36,000 
28,500 
14,000 

As seen from the table, the optimum economic situation for advanced 

batteries occurs at the relatively small c~pacity of 500 kWh. even when 

computed at the extreme economic conditions of this example. Obviously, 

as storage costs drop and electricity price escalation rates increase, .the 

optimum storage size will increase with time. 
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3. 6. EFFECTS OF MULTIPLE-SOURCE CHARGING AND WIND FORECASTING 

The use of energy storage to improve the va 1 ue and usability of wind­

generated energy has been treated in depth in previous sections on the 

basi5 of a direct tie of the storage device to the wind source for storage 

charging. As shown, this results in a certain value being realized 'from 

the addition of storage capacity to the wind syste.m. It is possible, 

however, to define alternative concepts in which the storage system is in 

reality shared by and made available to all of the generating units in the 

utility system. This method was defined for study purposes as "multiple 

source charging". It offers a means of compensating for the low energy 

cap tun:~ un days of low wind when wind-dedicated storage caul d not be fully · 

charged. This concept is evaluated further in the remainder of this 

section, along with the implications of having varying degrees of prjor 

knowledge of wind energy availability through forecasting. 

·3.6.1 UTILITY SYSTEM ENERGY ALLOCATION 

Two key factors concerning wi·nd energy use in a utility grid need to be 

kept in mind: 

1 .. Presence of energy storage is not a pre-requisite for the 

use of wind energy in a utility system .. 

'• 

2. Wind energy at any point in time has a value which corresponds 

with the incremental cost of the energy which it displaces. 

As a result of the above, wind energy may be considered as merely another 

source ·of generation in the overall utility grid. Storage capacity which 

the wind could not charge due to low wind output is brought into operation 

by the rest of the grid providing off.:.peak charging energy. (igure 3.6-1 

111 us trates the process. 
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FIGURE 3.6-1. THE ROLE OF UTILITY ~1AKE-UP IN MULTIPLE SOURCE CHARGING 

The left hand side of the diagram shows the nonnal situation in which a 

wind-plus storage system provides both a direct load contribution and a 

stored energy contribution. In the right hand portion of the diagram,. a 

depleted storage system is depicted along with lesser direct and stored 

€·nergy contr-Ibutions. With alternate or multiple source charging, the 

difference would be made up by the total grid capacity. The 11rnlt l:ase 

occurs when storage cannot be charged at all by the wind system due to low 

output. In this case, multiple source and utility only off-peak charging 

become equivalent. Any wind energy present under these conditions may be 

used immediately as available and becomes part of the total utility 

generation capability, even though the timing of its a\:ail ability may be 

unsuited to off-peak charging. Since the entire utility may potentially 

contribute to the storage charging requirement, the benefits of more 

predictable charging cycles will be realized and better storage capacity 

utilization (more energy cycles) will occur. 
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3. 6. 2 MODEL FOR MULTIPLE SOURCE CHARGING 

The operating strategy for this situation is based on the following ground­

rules: 

1. Storage discharge will only occur to displace load of quality 

C or higher. 

2. Storage wi 11 be charged with the energy difference bebJeen the 

system load and the strata D (lowest value) generation capacity. 

3. The storage system SOC is managed on a daily basis to provide 

a near optimum displacement. nf the highest quali Ly energy. To 

this end, the program logic determines daily, that value of 

system load which is required to drive the SOC to its pre-determined 

minimum value for each day. 

The system 11 811 load tape was processed by the computer model on an hour­

by-hour basis for 8760 hours and the re.sults tabulated. Table 3.6-1 shows 

a typical data page from this computer run. 

3.·6. 3 COST GOALS AND PARAMETRIC TRADE-OJ-~S 

The results of model data ~uns are shown in Figure 3;6-2 for a wide range 

of storage capacities. A comparison of the above energy savings for wind 

system dedicated storage is shown in Figure 3.6-3. The improvP.n results 

from system wide charging over dedicated charging are evident, with em 

improvement in the order of 3:1. 
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GROSS 
SYSTEM 

B 
LO'D 
DE~AND 

MON DAY HR (MW) 
3 60 1 1 501. 
3 60 2 1433. 
3 60 3 1382. 
3 60 4 1374. 
3 60 5 1404. 
3 60 6 1 52 2. 
3 60 7 1 727. 
:s· 60 8 1999. 
3 60 9 2Z'3. 
3 60 10 2351. 
3 60 11 2 384. 
3 60 1 2 2 373. 
3 60 13 2362. 
3 60 1 4 2351. 
3 60 1 5 2 320. 
3 60 16 2280. 
3 60 1 7 2249. 
3 60 18 2396. 
3 60 19 2621. 
3 60 20 2653. 
3 60 21 2 5 51. 
3 60 22 2373. 
3 60 23 2122. 
3 60 24 1871. 
3 61 1 1 668. 
3 61 2 1 54 6. 
3 61 3 1484. 
l 61 4 1453. 
3 61 s 1481. 
3 61 6 1580. 
3 61 7 1792. 
3 61 8 2067. 
3 61 9 2258. 
3 61 10 2346. 
l 61 , l ~() '· 
3 61 1 2 2329. 
3 61 13 2321. 
3 61 14 2 318. 
3 61 1 5 . 2312. 
3 61 16 2280. 
3 61 1 7 2243. 
3 61 18 2371. 
3 61 19 25 72. 
3 61 20 2609. 
3 61 21 2 51 o. 
3 61 22 2356. 
3 61 23 2129. 
3 61 24 1 856. 
3 62 1 1663. 
3 62 2 1 '552. 
3 62 3 1470. 
j 62 4 1 4 51. 

TABLE 3. 6-.1. SA~1PLE COMPUTER OliTPUT FOR UTILITY/MULTIPLE 
SOURCE STORAGE CHARGING 

1000 ~Mh STORAGE CAPACITY 

NET 
SYSTEM STORAGE STATUS 

TOTAL e· CHARGE/ DISPLACED .OENERATJON 
WTG LOAD TOTAL DISCHARGE A B c D 

OUTPUT DEMAND LOSSES soc POWER 
(IIW) (MW) (MW) (MW) (MW) (MW) (MW) (MW) 
o. 1711.53 10.53 0.696 200.00 o. o. o. o. 
o. 16,3.53 10.53 o. 8' 6. 200.00 o. o. o. o. 
o. 1592.53 10.53 0.996 200.00 o. o. o. o. 
o. 1379.17 0.26 1.000 4.91 o. o. o. o. 
o. 1404.00 o. 1.000 o. o. o. o. o. 
o. 1522.00 o. 1. 000 o. o. o. o. o. 
o. 1727.00 o. 1. 000 o. o. o. o. o. 
o. 1999 .• 00 o. 1.000 o. o. o. o. o. 
o. 224l.OO o. 1.00') o. o. o • o. o. 
o. 2329.00 . 1 • 16 0.977 -23.16 o. 22.00 o. o. 
o. 2329.00 2.89 0.919 -57.89 o. ss.oo o. o. 
o. 2329.00 2.32 0.87:5 -46.32 o. 44.00 o. o. 
o. 2329.00 1. 74 0.838 -34.74 o. 33.00 o. o. 
o. 2329.00 1 • 16 0.815 -23.16 o. 22.00 o. o. 
o. 2320.00 o. 0.815 o. o. o. o. o. 
o. 2?80.00 o. 0.815 o. o. o. o. o. 
o. 2249.00 o. 0.815 o. o. o. o. o. 
o. 23?9.00 3.53 0.744 -70.53 o. 67.00 o. o. 
o. 2431.00 10.00. 0.544 -2oo.oo 121.00 69.00 . o. o. 
o. 2463.00 10.00 0.344 -2oo.oo 153.00 37 .oo o. o. 
o. 2361~00 10.00 0.144 -2oo.oo 51.00 139.00 o. o. 
o. 2331.00 2.21 0.100 -44.21 o. 42.00 o. o. 
o. 2122.00 o. 0.100 o. o. o. o. o. 
o. 1900.00 1.0 0. 1 21 27.55 o. o. o. o. 
o. 1878.53 10.53 0. 2 71 200.00 o. o. o. o. 
o. 1756.53 10.53 o. 421 200.00 o. o. o. o. 
o. 1694.53 10.53 o. 5 71 200.00 o. o. o. o. 
o. 1663.53 10.53 o. 721 200.00 o. o. o. o. 
o. 1691.53 1 o. 53 o. 8 71 200.00 o. o. o. o •. 
o. 1761.53 9.08 1.000 172.45 o. o. o. o. 
o. 1792.00 o. 1.000 o. o. o. o. o. 
o. 2067.00 o. 1.000 o. o. o. o. o. 
o. 2.258.00 o. 1 .ooo o. o. o. o. o. 
o. 2303.00 2.2i> 0.955 -45.26 o. 4 :s.oo o. o. 
o. ~303.00 LO'i 0.119.4 -~1,05 o. 58.00 o. o. 
o. 2303.00 1.37 0.866 -27.3 7 o. i6.00 o. o. 
o. 2303.00 0.95 0.847 -18.95 o. 18.00 o. o. 
o. 230 3.00 0.79 0.832 -15.79 o. 15 .oo o. o. 
o • 2303.00 0.47 0.822 -9.4 7 o. 9.00 o. o. 
o. 2280.00 o. 0.822 o. o. o. o. o. o. 224 3.00 o. o. 822 o. o. o. o. o. 
o. 230~.00 ::;.511 0.751 -71.58 o. 68.00 o. o. 
o. 2382.00 10.00 o. 5 51 -200.00 72.00 , 8 .oo o. o. 
o. 2419.00 10.00 o. 3 51 . -zoo. oo 109.00 81.00 o. o. 
o. 2320.00 10.00 0. 1 51 -200.00 10.00 180.00. o. o. 
o. 2308.00 2. 53 0.100 -50.53 o. 48.00 o. o. 
o. 2129.00 o. 0.100 o. o. o. o. o. 
o. 1 90Q .oo 2.20 0.131 41.80 o. o. o. o. o. 1873.53 10.53 0.281 200.00 o. o. o. o. 
o. 1762.53 10.53 0.431 200.00 o. o. o. o. 
o. 1680.5) 10.53 o. 5!11 200.00 o. o. o. o. 
o. 1661.53 10.53 o. 731 200.00 o. o. o. (J. 
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Storage system break-even costs were computed in the same manner as described 

previously with one exception. Capacity credit was taken at a full 

$140/kW, which accounts for the full availability of stored energy on 

demand. This credit was established on the basis of the improved availa­

bility of stored energy under the conditions described. The capacity credit 

assumes displacement of peaking units only (Gas Turbines). Figures 3.6-4 

and 3.6-5 present the results of break-even cost computations at 5 hour and 

10 hour di~charge rates respectively, along with present storage system 

cost estimates. The improved storage economics are readily apparent. At 

the nominal case of 6% fuel price escalation rate and a 1985 start, all 

storage systems except lead-acid batteries showed some degree of viability. 

By or prior to year 2000 the latter also shows viability. The more com­

petitive position of batteries at 5 hours vs. 10 hours is also evident. 

Figures 3.6-6 and 3.6-7 present break-even cost vs. start year and fuel 

price escalation rate for lead-acid batteries. This portrayal more clearly 

displ~y~ the tim~ frQmP of potential viability for lead-acid batteries. 

It may be noted that at 9% escalation, viability for a 5 hour battery occurs 

by 1984 while a 10 hour battery would take ten years longer to show 

viability under the same economic conditions. These charts may be used to 

test approximate viability for any start year, fuel price escalation rate 

and storage system cost. The reader is cautioned, however, against thinking 

of these results as having pinpoint accuracy since numerous assumptions are 

required in the analysis. Further, it is conceivable that system costs 

shown will vary and will also very possibly continue to drop with technology 

advances. Hence, these values should be considered as indicative of 

ranges ~ +10%. 
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3.6.4 EFFECTS OF WIND FORECASTING 

Forecasting must necessarily involve not only prediction of wind conditions 

and the resultant WTG output, but other factors which affect a utility 

~ystem•s load demand. The objective of t~is area of investigation was to 

·consider the impact on resultant energy values with the presence of such 

knowledge. 

3.6.4.1 Storage D·ispatch with lQO% Forecasting Accuracy 

This condition would require perfect knowledge of the wind availability and 

load demand for some period of time prior to commitment of storage discharge 

tu n1eet the 'load. The further in advance, obviously the more perfect the 

planned dispatch results. Because the previous utility-only charging 

case accomplished short term (up to 24 hours) management of the state of 

change values in the model, this case was taken as the standard for com­

parison with more random logic alternatives. 

3.6.4.2 Storage Dispatch without Forecasting 

Whereas it appears reasonable to_ assume some degree of weather forecasting 

ability based on current weather. prediction technology~ and probably an· 

even higher ctegree of utility load forecasting, based on historical as. well 

as real time data, the question then becomes: What should the operating 

strategy be if the forecast fails? '1 Failure 11 was herein defined as either 

non-availability of u fot·ecast, or a near real-time set of events contrary 

to the forecast. Use ·of some operat1 ona 1 dispatch strategy different from 

the normal or planned s·trategy with good forecasting present appeared to be 

indicated.. Accordingly, several alternative strategies were explored. 
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Selection of Alternative Operational Strategies 

The selection of a good operational strategy for storage utilization is a 

difficult task in itself and appears to merit further investigation beyond 

the scope of this study. Factors affecting.the strategy choice include such 

iterns as knowledge of system load characteristics, equipment.in service, 

short term load trends, storage capacity (if any) and status,. seasonal 

factors and for wind systems, nonmal output levels and penetration. It was 

deemed unlikely that an operator could cope with all of.these in real time; 

therefore, one or more standby operational modes for s.torage dispatch 

would be necessary if the normal mode was disrupted by lack of usual fore­

cast data. 

The task of selecting alternative strategies was simplified for study 

purposes by examining the gain in values as a unit of energy is moved from 

one load strata to another (Refer to Figure 3.3-20 for one illustration 

uf the strata concept)._ Table 3.6-2 as presented previously in Section 

3.3. 1.2 is helpful here also, as it gives the dollar saving~ provided by 

charging 1 kilowatt hour of storage capacity at one level and discharging 

to a higher valued level for a utility system 11 B" type load and costs of 

generation as in Figure 3.3-20. 
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TABLE 3.6-2. SAVINGS PER CHARGE/DISCHARGE CYCLE IN $1/kWh 

DISCHARGE LEVEL 

A B c D 

A 

_J B -.0006 
~ 
:> 
~ 
_J 

~ c +.0121 +.0055 
~ 
~ 
~· :c 
~ D +.0223 +.0157 +.0062 

Two basic storage strategies of advantage can be identified by examining 

the above table: 

1. Charge from Card D levels- discharge to A and B levels only. 

(C level discharge not permitted due to the possibility of 

charging at that level. 

2. Charge from D level only - discharge to A, B and C levels. 

Trial computational runs indicated that operational strategy 2 (above) was 

best for the utility load characteristics selected for study. This result 

appeared to be a function of the base load (level D) charging capacity 

available. (In this case quite large over a wide range of storage capacity). 

As storage size was increased to the point where level D was inadequate for 

charging, it was also observed that a large portion of the potential level 

A and B displacement had already taken place; therefore, little additional 

benefit was gained by level C charging . 
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Once the basic strategy ~as established, several variations of discharge 

priorities were tried for a representative week of system operation. 

Table 3.6-3 shows a representative computation table for these analyses: 

HOUR 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

TABLE 3.6-3 STORAGE DISPATCH OPTION ANALYSIS 

Option 3-Day 6 (Typical)* 

UT IL lTV LOAD 
DEMANDS BY STRATA 

(MW) 
A B c D STORED soc 

(EXCESS) ENERGY 
(MWh) 

349 200 .250 
489 200 .400 
541 200 . 550' 
559 200 .700 
552 200 .850 
506 200 1.000 
371 - 1.000 

39 - 1.000 
246 - 1.000 

55 300 ' - 1.000 
125 300 - 1. 000 

7 150 300 -7.37 .993 
26 150 300 -27.37 .965 
41 150 300 -43. 16 .922 
17 150 ~;00' -175.79 .746 

125 300 -131. 58 . 615 
98 300 -103.16 . 512 

123 300 -129.47 .382 
84 150 300 -200.0 . 182 

127 150 300 -82.11 . 1000 
28 150 300 - I 7 300 - I 

71 - ~ 254 -

* 1000 MWh Storage Capacity 
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STORAGE ENERGY 
DELIVERED TO 

LOAD (MWh) 
A B c 

7 
26 
41 
17 150 

125 
98 

123 
84 106 
78 

253 602 

D 



The value of the stored energy discharge was found to be $14,558 for the 

example shown, whereas if the match had been perfect, the value would have 

been $15,066. 

The discharge options examined are shown in Table 3.6-4, along with total 

results for the representative week. 

TABLE 3. 6-4. ALTERNATIVE DISCHARGE OPTIONS Aim RESULTS OF 7 DAY USE 

7 DAY S/\V ING5 % ~1AX. 
STORAGE OTSCHARGE STRATCGY ( HoR}{~E TO SAVINGS 

1. Discharge to cost of generation strata 
A or B only, whenever they occur; 75,767 87.7 
Weekend discharge to A, B, or C 
without priority 

2. No discharge until hour 11. Once 79,521 92.0 
strata A demand appears, discharge 
only to A until it disappears, then 
discharge to level B. Weekend dis-
charge as in 1 (above). 

3. Discharge to strata A only until hour 79,786 92.4 
15, then to strata 1\ and 0. Weekend 
discharge to A, B or C as they occur. 

4. Same as l, but dicharge to load 80,961 93.7 
strata C permitted from hour 22 on. 

5. Discharge to exactly meet load 86,390 100.0 
demands in order of highest pr-iority, 
(Le., 11 A11 first). (This option 
requires 100% kncwledge of net load ' demands). 
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The first four strategies above are based on knowledge of load character­

istics which a uti·lity system dispatcher could be expected to have. In 
. -

addition, it is highly probable that other knowledge such as the previous 

day·~ load demands or the rate of ~ncrease of load demand could be em­

ployed to further improve the utilization and in turn, the resultant 

value of storage. 

3. 6. 4. 3 Interpretation of Results 

As the data in Table 3.6-3 shows, the achievable energy savings values for 

the week closely approach the maximum value with 100% daily knowledge of 

the load. · If the basic storage charge logic (#2) identified from Table 

3.6-1 is coupled with any one of the dispatch options analyzed above, the 

range of results falls within about 12% of those obtained with approximately 

iOO% forecasting of the wind/load combination. This indicates, in essence, 

that any good operational strategy ~oupled with unded1cated or multi­

source storage charging can give effective results without forecasting. 

Since some degree of wind/load forecasting can be expectcdt the gap between 

actual and maximum possible savings will be still narrower. A 11 50% 

forecasting .. accuracy as considered fn the original task becomes somewhat 

of a moot point under these conditions. Furthermore, there are a 

multitude of strategy possibilities for achieving results falling between 

0-100% forecasting. 

The presence of wind energy generation in the utility system is compatible 

.with the results shown since charging of the energy storage system is still 

done with excess base load ene-rgy whether or not the excess is the result 

of wind-supplied energy. When wind energy is present, it has the 
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effect- of lowering the demand on other generating units and stored 

energy would be dispatched accordingly. Unpredictable short term changes 

such as a late afternoon wind gust could cause a slight loss in stored 

energy value for the day if the wind system were displacing a high per­

centage of strata A and B energy, thereby causing the storage system not 

·to.be fuily discharged that day. In the normal situation, wind con­

ditions would likely be anticipated adequately on an hour-by-hour basis to 

allow efficient and complete dispatch of stored energy. 

One final note of caution may be appropriate. Although less than perfect 

torecasting might appear to lie between the extremes identified here, in 

actuality, adherence to operational modes based on an incorrect forecast 

could produce worse results than having no forecast at all. An example 

would be the discharge of storage to a low value level of the load strata 

in anticipation of a predicted high WTG output during a peak load time. 

When the wind energy fails to materialize under these ~onditions, expensive 

peaking equipment must be used. With no forecast at all, use of a specific 

operational strategy, similar to those discussed previously, would very 

. likely have assured an adequate stored energy reserve to meet the peak 

demand. 
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3.7 VALUE OF TRANSIENT SMOOTHING 

3.7.1 OBJECTIVE OF INVESTIGATION 

The principal purpose of study investigations in this area was to determine 

the value attributable to smoothing of transient wind conversion system out­

put via energy storage. 11 Value 11 was considered in terms of technical 

necessity as well as economic impact. 

3.7.2 DESCRIPTION OF THE SMOOTHING PROBLEM 

The variability of wind energy conversion system output is well known and en­

compasses rather large swings in instantaneous power output. The need and/or 

benefit of smoothing this output has at least two aspects of particular 

interest: 

1. The technical need to limit output power variations in order not 

to disrupt the magnitude and/or synchronism of the power flow to 

an assigned· load or a jointly fed power grid. 

2. The potential for economic improvement in value of the wind ~ystem 

output if smoothing were accomplished by energy storage. 

In addressing these issues, it is necessary to distinguish between outputs 

devoted to single loads and those contributing to a larger network. The 

characteristics of each of these situations are discussed in the following 

section. 
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3.7.3 EFFECT OF GENERATION AND LOAD RELATIONSHIPS 

3.7.3.1 Single Loads with a Single Generating Source 

For the case of single loads served by single wind turbine generators, the 

requirement for energy storage is largely dependent on the requirements 

of the specific type or types of load to be served. Some loads for specific 

applications of wind power are 11 interruptible 11 by their nature. Two possible 

examples are the pumping of water for reservoir storage or irrigation pur­

poses, and resistive heating loads. In the water pumping example, the con­

stancy of flow rate may be of lesser significance than the total quantity of 

water pumped over a specified time span. Consequently, the principal require­

ment resulting from wind output fluctuations would be selection of pump motors 

and contactor devices rated for this type of duty. Other inquiries m~de during 

the study (Section 2), have indicated that selection of equipment with such 

ratings is feasible. 

In the resistance heating example, no power input regulation would be re­

quired as long as specified voltage limits were not exceeded. Power varia­

bility could affect thermostatic duty cycles, and the need for back-up, but 

the integrated heating output of the WECS over a given period of time would 

be identical for the same total energy input. 

Unfortunately, however, most of the electrical equipment encountered in 

diversified loads is designed to produce acceptable result~ when operating 

within narrow ·limits of power, voltage and frequency (the latter in the case 

of ac loads). This fact necessitates that some form of power conditioner 
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be used in conjunction with the generating source in order to match it to 

the load. 

One straightforward method for ~atching the source to the load is to simply 

overdesign the source and then by use of series or shunt regulating techni·ques, 

discard a certain percentage of the source power so that the delivered power 

exactly matches the load demand. When the source power falls below the de­

mand, the supply is simply interrupted until the generator (source} can once· 

again provide an adequate output level. This method has been used on numerous 

occasions for simple, photovoltaic-powered satellites where interruptions in 

operation can be tolerated while the satellite is shadowed in passing behind 

the earth. Systems of this type are generally energy-wasteful due to over­

sizing of the power source, and as indicated, operation of load devices is 

severely limited. 

A second method for matching a single source and load would be to introduce 

energy storage. lhe regulatluu dldr·ifcteri!tics of the !;torage devic~ mtty hP. 

adequate in some cases for the needs of the loads being served, so that, in 

addition to absorbing excess power from the source, the power is also available 

to the load at compatible voltage levels. With this approach, the load is 

still served during temporary periods of no generation. The character of 

the load again determines whether storage is required. The amount of storage 

capacity is determinable based on specification of the time which loa.ds must 

be carried should source power be interrupted. 

The general functioning of load dedicated systems may be considered further, 

based on the overall relationships shown in Figure 3.7~1. 
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... WTG . LOAD 
~ 

~ 

STORAGE 

l 
( 

I 
1 GENERATOR LIMIT 

CHARGE LOAD 

WIND VELOCITY 

FIGURE 3.7-1 LOAD DEDICATED SYSTEMS 

Load demands can be met only up to the output rating of the wind turbine · 

(assuming normal overload protection). Further, if a de WTG system happened 

to be in.use rather than ac, an inverter would be required (not shown), which 

would also limit the system output accordinq to its rating. Any load require-

ments, including starting transients, which exceed WTG system capabilities 

would be met by the utility back-up. If no back-up were present, the WTG 

system would have to be of a larger rating or arrangements made to drop 

excessive loads. Thus, although the storage system might be adequate in 
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itself, other restrictions in the system, such as· the presence of an inverter 

or the arrangement of switching devices may limit the transient smoothing 

capability of the storage system. 

Considering transients associated with generation rather than load demands~ 

the lower portion of Figure 3.7-1 indicates the situation for a wind tur­

bine system. The generator element of the rotor/generator system is rated 

at some specified wind velocity. At high velocity, steps must be taken to 

assure that the turbine power output does not increase, since otherwise the. 

generator rating will be exceeded. Note that energy storage placed down­

stream of the generator would be ineffective in absorbing the higher rotor 

output because of the generator limitations. Alternative strategies for 

handling excessive wind velocity include modifying the aerodynamic perform­

ance by adjusting rotor blade pitch and by allowing the rotor speed to in-

crease with a commensurate increase in the rotor kinetic energy. The latter 

approach is only applicable to de or non-synchronous ac generation. 

Within the range of WTG capabilities, sudden increases or decreases in output 

must be considered. As WTG size is increased, the rotational inertia of the 

WTG smoothes some of these variations with increased effectivity. In studies 

performed on a 100 kW WTG system in Germany*, it was found that typical varia­

tions of + 30% in instantaneous power output occurred. If the measurement time 

intervals were increased to 6 minutes, the average range of power exc~rsions 

were found to be only + 6%. A five-to-one reduction in power level fluctuation 

was thereby found possible using storage capacity sufficient to carry the load 

* Hutter, U., 11 Eine Windturbine mit 34m Rotor-Durchmesser, 11 DFL-Mitteilungen, 
No. 8, 1968. 
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for only 6 minutes. 

Figure 3.7-2 shows a U.S. Weather Bureau wind velocity trace for Boston, MA 

which reveals representative wind velocity variations which would produce 

comparable power output fluctuations. Based on the above information it would 

appear that without considering specific individual load or load device 

ratings, only a very short-time energy storage capacity need be considered for 

reducing WTG output power variations to a reasonable level. Beyond a nominal 

range of 5-15 minutes, the choice of storage size, therefore, becomes more a 

function of conservative design or the desire to store energy solely for the 

value it might have at a later time. 

The cost of 10 minutes of storage capacity at 100 kW output rating and $70 k\~ 

+ $40/kWh would, therefore, be $7,667. The value of this storage in terms 
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of increased annual energy displacement would vary widely but could not be 

expected to justify the expense. Consequently, the value must be judged on 

the basis of whether the expected load requirements could be met without 

storage (via utility back-up or other means). If not, then the cost of this 

relatively small amount of storage capacity becomes an intrinsic and in­

separable part of the wind conversion system cost, and must be designed into 

the system. The question of storage then becomes a specific design issue and 

should be resolved for individual applications, rather than generalized. 

3.7.3.2 Multiple Loads with Multiple Generation Units 

For distributed generation and load systems, the situation may be depicted as 

in Figure 3.7-3. 

GENERATORS LOADS 

+ ~ 1 

- 1 J 
2 

2 

3 

GRID t 
; _ _,"""_s_v~-~_tA:--R~-N-ou_s--J 

I 

GRID 

WTG ROTOR GENERATOR ATRANSFORMATION l 
FIGURE 3.7-3 MULTIPLE UNIT SYSTEMS WITH DISTRIBUTED LOADS 
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The effect of fluctuations in the output power of any one WTG unit is level­

ized at the grid since the transient wind conditions at all locations in a 

dispersed array are not likely to be the same at any particular time. The 

fluctuations in total output may, therefore, be considered self-smoothing to 

a certain extent. Spinning reserve or general system storage would be used to 

modify the resultant total power supplied by the utility system to its loads. 

Investigations of. gust effects in such a system were conducted in a recent 

* system study , and it was concluded that the presence of downstream energy 

storage was not technically adequate as a means of transient smoothing. 

Variable, but synchronized ac output is inserted directly into the grid. The 

variable wind power is handled by the elastic coupling of the generator and 

utility grid up to the rated limit of power transfer. If this limit is ex-

ceeded because of a wind gust, the power flow is interrupted by the synchroni­

zing relay thereby preventing possible damage to the generator. Other controls 

at the WTG are then enabled which will prevent overspeed by modifying the 

rotor aerodynamic characteristics through pitch control. Synchronism must 

subsequently be re-acquired. As noted earlier for the dedicated load case, 

any use of energy storage for transient smoothing purposes would be limited 

by the basic generator rating. 

Since the grid system can function without storage being required solely be­

cause of use of WTG • s, va 1 ue from storage can only be attributed .to benefits 

from delayed energy use. This benefit has been previously analyzed (Section 3.1). 

It should be noted that if energy storage is used in this type of distributed 

* 11 System Dynamics·of Multi-Unit Wind Energy Conversion System Application .. , 
General Electric Co.~ ERDA Contract E(49-18)-2332, 1977. 
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system, ttre storage capacity selected will in all probability be larger than 

that which would have been selected to provide smoothing in any case. Thus 

both benefits will be realized, although no economic benefit is deemed attri­

butable to the smoothing. 

In case of de WTG output, a converter is used and variable speed wind turbine 

operation is possible since the WTG rotor is non-synchronous with the utility 

grid power frequency. In this case, the WTG rotor can kinetically store the 

energy of wind gusts. 

Figure 3.7-4 shows the relationships and the energy transfer behavior. The 

latter is explained as follows: 

t 
0::: 
LLJ 
3 
0 
a.. 

PITCH 
CONTROL 

ROTOR GENERATOR CONVERTER TRANSFORMATION 

LOAD 

.-..c WIND VELOCITY 
v3 

ROTOR SPEED .... 
FIGURE 3.7-4 WIND CONVERSION SYSTEM USING DC GENERATION 

3-184 

GRID 



Each curve shows the dependence of shaft power on rotor speed for a given 

value of wind velocity. Though the curves are only representational, their 

basic shapes are consistent with expected behavior. For a specific wind 

velocity, no power is generated at zero rotor speed nor at the maximum free­

wheeling speed. The maximum power is generated at some intermediate rotor 

speed between these extremes. Point (1) represents a nominal operating 

condition at the load and rotor speed shown for a wind velocity of v1. The 

load is established by the dispatch controls of the DC/AC converter. 

Assume there is a sudden change in wind velocity to V2. The rotor inertia 

does not permit a sudden change in rotor speed and therefore thP npP.rating 

poi~t shifts to point (2). Assuming no change in the load, the power differ­

ence between points (2) and (1) must then be applied to increasing the rotor 

kinetic energy. As the rotor speed increases, the power difference narrows 

until finally equilibrium is reached at point (3). With a negative gust, 

a reverse action takes place with kinetic energy used to sustain the load. 

It is clear that many alternative strategies could be used to operate the DC 

wind generator. Changes in load, blade pitch, and generator excitation re­

present several possibilities. Regardl~ss of the method, the previous ex­

ample indicates the degree of operational flexibility provided by inherent 

inertial energy storage of the WTG. 

Through several examples, the above discussion provides a perspective on the 

transient smoothing capability of storage used with wind enerqy conversion 

systems. The economic benefit provided by the transient smoothing capability 

of energy storage is marginal at best. The examples indicate that for certain 
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cases the consequence of not using energy storage is fully acceptable in 

terms of the resultirig transient behavior. In other cases, storage may be 

a necessary adjunct for assuring technical performance. However, in these 

latter cases it was not possible to identify a clear economic benefit, per 

se, associated with short-term transient smoothing. On the other hand, the 

long-term benefits of energy storage are beyond question as established 

previously in an earlier section. 

3.7.4 SPECIAL CASE- POTENTIAL VALUE OF SMOOTHING FOR INTERMEDIATE APPLICATIONS 

Output smoothing from energy storage can substantially enhance the value of 

energy from a wind energy system under many existing and proposed utility 

rate schedules. The basic objective of the storage smoothing in this case is 

to alter the purchased electricity versus time of day profile to one which 

is less expensive for the utility to supply and for which the utility is there­

fore able to offer preferential rates. 

Figure 3.7-5 presents the Philadelphia Electric Company industrial rate 

schedule applicable to the Valley Forge General Electric facility. This 

schedule puts a strong premium on load leveling as does the Georgia Power 

Company schedule, also shown. For example, a Philadelphia customer with a 

maximum demand of 1000 kW, using 360,000 kWh in a month would pay a monthly 

bill of $8961 for an average energy price of $.025 p~r kWh. For a perfectly 

level load of 500 kW, for 720 hours, the same 360,000 kWh would cost only 

$6616, dropping the average energy price to $.018 per kWh. 
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RATE PO PRI~1ARY-DISTRIBUTION POWER 

Availability 

Untransformed ele~tric service from the primary supply lines o: the 
Company's distribution system where the Customer installs, owns, and main­
tains, any transforming, switching and other receiving equipment required. 
However standard primary service is not available in areas 1~here the dis­
tri~ution voltage has been changed to 13 kV unless the Customer was served 
with standard primary service prior to the conversion of the area to 13 kV. 

Current Characteristics. 

Standard primary service. 

Monthly Rate Table 
Capacity Charge Prices: Per KW of billing demand: 

$4.07 per kW for the f1 rs t 50 HI 
$2.11 " " " " excess over 50 kW 

Energy Charge Prices: 
2.40¢ per kWh for the first 150 hrs use of billing demand 

but not less than 5,000 kWh. 
1.60¢ per kWh for the next 150 hrs use of billing demand 
1.16¢ " " " " additional use. 

State Tax Adjustment Clause and Fuel Adjustment Clause apply to this rate. 

• Ph lldth:!l1Jh1a t.lecttH: Company 

MONTHLY RATE • ENERGY CHARGE INC-LUDING DEMAND CHARGE: 

First 25 K\o.'il or less .................... @ 
Next 75 KWH ............................. @ 
Next 1 ,400 KWH . . . . . . . . . . . . . . . . . . . . . . . . . . @ 
Next· 8,500 KWH .................•........ @ 
Next 199,000 KWH ........................ @ 
Over 200,000 KWH . . . . . . . . . . . . . . . . . . . . . . . . @ 

All consumption in excess of 
200 KWH per KW of Demand, 
which is also in excess of 

$3.05 
7.00¢ per 
5.10¢ per 
4.33¢ per 
3.00¢ per 
2.50¢ per 

KWH 
K~/H 

KWH 
Kim 
KWH 

1000 KWH .............. ; ................. @ .. .. .. .. • 0.86¢ per KWH 

All consumption in excess of 
400 K~/H per KW of Demand, 
which is also in excess of 
2000 KWH ................................. @ .. .. .. .. • 0.62¢ per KWH 

Minimum Monthly Bill: 

A. $3.05 per meter plus $3.05 per KW of Demand in excess of 5·KW. 

B. Athletic Field Lighting: $12.00 per meter for lighted athletic 
fields, provided service is limited to the field lighting equip­
ment itself and such incidental load as may be required to operate 
coincidental.ly w.ith field 1 ightiny eq•Jiprnent. 

FUEL ADJUSTMENT: 

The amount calculated at the above rate is subject to increase or 
decrease under the provisions of tt.2! Company's ruel Adjustment Rider, 
Schedule "PA-l". 

1 Georgia Power Company 

FIGURE 3.7-5 TYPICAL INDUSTRIAL ELECTRIC RATE SCHEDULES 
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Addition of a wind energy conversion system (WECS) to an application with 

a previously level load will reduce the total electric bill but, if peaks 

are not reduced also, the energy supplied will be worth only the lowest 

price increment- $.0116/kWh in the Philadelphia Electric rate schedule. 

This is easily shown by assuming a 500 kW WECS with capacity factor of .35 

is added to the level load plant and computing the old and new electric bills: 

Monthly WECS output= .35 (24)(30)(500) = 126,000 kWh 

.New electric demand = 360,000 - 126,000 = 234,000 

Maximum demand = 500 kW (with and without WECS) 

Pricing Blocks = 150 x 500 = 75,000 kWh 

OLD BILL NEW BILL 

4.07 X 50 $ 203.50 4.07 (50) 

+2.17 X 450 976.50 +2 .17 X 450 

+75,000 X .024 1800.00 +75,000 X .024 

+75,000 X .016 1200.00 +75,000 X .016 

+210,000 X .0116 2436.00 +84,000 X .0116 

TOTAL $6616.00 TOTAL 

$ 203.50 

976.50 

1800.00 

1200.00 

974.40 

$5154.40 

The savings of $1461 .60 divided by WECS contribution of 126,000 kWh yield 

$.0116/kWh for the WECS energy value which is also evident from comparison 

of the two bills. 

Now suppose energy storage is added such that the WECS output is smoothed to 
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a constant 150 kW. Energy delivery is reduced to 108,000 kWh (150x30x24) 

due to storage inefficiency, but maximum utility demand has been reduced 

to 350 kW. This makes the billing blocks 52,500 kW~ and the bill is 

reduced to: 

4.07 (50} $ 203.50 

+2.17 (300} 651.00 

+52,500 ( .024) 1260.00 

+52,500 (. 016) 840.00 

+147,000 ( .0116) 1705.20 

TOTAL BILl .. WTTH 
STORAGE $4659.70 

Thus storage has provided a savings of $494.70 per month over the savings 

from the WECS alone. Capitalization of this savings will yield the storage 

break-even cost. Assuming a fixed charge rate (FCR) of .22,system life of 

30 years and fuel price escalation of 5%, or zero differential to the base­

line inflation rate, the break-even cost is: 

= CostsE 

where Mf = 

CostsE = 

Mf x annual savings 
FCR 

fuel price multiplier (1.6759 for 5%, 30 years) 

1.6759(12)(494.70) = $45,222 
.22 

Storage requirements to completely level the output of a 500 kW WECS may 

prove quite large for certain regions. A combination of energy storage and 

load management techniques may offer the most economic solution. Philadelphia 

Electric is one of many utilities encouraging load management for high energy 
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consuming industrial or commercial users. 'To thi~ end they offer consulting 

services and low night rates in addition to the load leveling incentive in­

herent in their basic structure. 

Storage also has load leveling value for intermediate applications without 

WECS present. Assume a commercial operation with an electric demand of 

1000 kW from 8 AM to 4 PM and 200 kW for the remaining 16 hours per day. 

Total demand is 336,000 kWh per month and the PE rate schedule will yield a 

monthly electric bill of $8,682.60. Now suppose storage were added to pro­

duce a level load. At .75 efficiency, 3840 kWh of storage would produce a 

level demand of 520 kW fr.om the utility. Charging energy would be 16 hours 

x 320 kW or 5120 kWh, which is reduced to 3,840 available due to the .75 

efficiency. Discharging for 8 hours gives 480 kW which, added to the 520 kW 

utility supply gives the 1000 kW daytime requirement. Computation of an 

electric bill for a 520 kW constant demand yields $6876.84 per month for a 

savings of $1805.76. Capitalizing as before: 

CostBE = 1 . 6 7 59 ( 12 H 1805. 7 6) 
.22 

= $165,069.45 

on a kWh basis: 

( k~h)BE = 165.069.45 = $42.99 $ 
3840 kWh 

This is a conservative value and will be greater for higher fuel escalation 

rates and delayed start year. For example, at 70% fuel escalation rate and 

1990 start, the above break-even value increases to $71 .26/kWh. 
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The value of storage employed in this mannet is highly susc~ptible to 

utility rate structure changes. One rate structure change that is now 

underway and will likely continue, is time-of-day or peak load pricing. 

This would alter the storage operational strategy and very likely change 

the economic storage size. Peak load pricing might also extend the bene­

fits of load leveling to the residential sector, which now has little 

incentive in present rate structures. 
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ABBREVIATIONS 
AND 

SYMBOLS 

A 

ac 

AC 

A/C 

AH 

a om 

AoM 
ASDE 

BE 

bhp 

Btu 

c 

CsE 
cc 

CE 

CCF 

APPENDIX A 

GLOSSARY M~D DEFINITIONS 

MEANING 

Ampere 

Alternating current 

Levelized Annual Cost 

Air Conditioning 

Annual Energy c~4edit (dollar savings 
due to storage) 

Ampere - hour 

O&M Cost per kWh of storage discharge energy 

Annual O&M Cost 

Annual storage discharge energy 

Ann_ual Worth (dollar saving from hase 
system plus storage) · 

Break-Even 

Brake horsepower 

British Thermal Unit 

Capitalized (or capital) cost 

Degrees Celsius 

Break-even capital cost 

CapacHy credit 

Capitalized· energy credit 

Construction cost factor 

Efficiency correction factor 

Cost·of electricity 
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ABBREVIATIONS 
AND 

SYMBOLS 

CoM 
CRF 

C* 

~ 

de 

e 

Elll 

f 

FCR 

gc:l. 

g 

gpm 

h 

H 

H2 

hp 

HV 

Hz 

kV 

kW 

kWh 

A-2 

MEANING 

Capitalized value of O&M Costs 

Capital recovery factor 

Effective carrying capacity, MW 

De·l ta, 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 escalat-Ion 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 

Ki 1 0\'latt-hour 



ABBREVIATIONS 
AND 

SYMBOLS 

M· 

m 

f~PH 

m/s 

MW 

MVA 

MWe 

t41h 

n 

~ 

0 

p 

PF 

Psi 

Psig 

e 
R 

r 

R/C G/T 

RPM 

SCF 

sec 

SG 

SIC G/T 

soc 
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MEANING 

Mu1tiplier for an escalating cost stream 

Meter 

Miles per hour 

Meter per second 

Megawatt 

Megavolt ampere 

Megawatt-electric 

Megawatt hour 

Life (system) year5 

Efficiency 

Phase (electric power) 

Power 

Power factor 

Pressure, pounds per square inch 

Pressure, pounds per square inch-gauge 

Air density, value of 

Risk factor 

Discount rate 

Regenerative Cycle - gas turbine 

Revolutions per minute 

Standard cubic foot 

Second (:time) 

Specific gravity 

Simple cycle - gas turbine 

State of charge 



ABBREVIATIONS 
AND . 

SYMBOLS 

STAG 

t 

T 

v 

v 

w 

MEANING 

Combined cycle steam and gas turbine system 
{GE Trademark) · 
time {or temperature) 

Torque {lb. ft.) 

Velocity, linear 

Volt 

Watt 

Any value taken at 75% efficiency 
{superscript z~ro) 
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ACRONYMS 

AEP 

ASME 

BEST 

BOP 

BTTL 

CVT 

DECP 

EUSED 

IEEE 

LOLP 

MPS 

O&M 

PPS 

PSH 

PV 

PVCS 

SA 

T&D 

WECS 

lt.'TG 

MEANING 

Advanced Energy Programs, 
General Electric Company 

America~ 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) 

Base load 

Breakeven Cost 

Bus 

Capacity Credit 

Capital Costs 

Capitalized Value 

Capacity Factor 

Cell 

Concentration Ratio 

Converter 

Cost Goa 1 

Cut-in Velocity 

Cut-out Velocity 

- Quantity of energy replaced by PVCS, WE( 
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 output at rated power 
for some period of time (usually a year). 

· The sma.llP.st electro-chemical unit 
in a battery energy system. 

- The factor by which basic insolation 
is multiplied or 11 Concentrated11 by a 
given type of PV/solar array. 

- A class of devices for performing 
DC/AC power conversion or 11 inversion 11

• 

- 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 WTG 
terminates power generation. 

A-6 

• 



Dedicated Storage 

Discharge/Charge Rate 

Diversified Load 

Duty Cycle 

Effective Carrying Capacity 

Escalation Rate 

Forced Outage Rate 

Heat Rate 

Insolation 

Intermcdi~te Application 

Levelized Annual Cost 

- 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 pow.er 
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 commodi 1:y) i ru:.n~dses 1 n 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 soiar 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 
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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 

Off-Peak 

Peaking Units 

Penetration 

Shunt Regulator 

Start Y~ar 

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 ~pecific 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 
conmodity (such as fuel) are identical. 
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Conversion Factors 

Unit/Quantity . 

Solar cell area, ~ 

Langley 

m/s 

Multiplying Factor 

.114 

3.68 

2.237 
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Converted/Equivalent 
Unit/Quantity 

PV output, kW · 
{@ 60°C and 1 kW/m2 
normal insolation) 

Btu/ft2 

MPH 
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TABLE B-1. WIND ENERGY CONVERSION SYSTEM STORAGE CHARGING -
UTILITY APPLICATION 

(LUBBOCK, TX, WIND DATA, ·1 = 75%) 

STORAGE ANNUAL Ei~ERGY DISPLACEMENT (MWh) 0 

CAPACITY 
c· Eow ASDE 

(MWh) (MW) COST A B c D (MIIh) (t•IWh) 
Rl'r.TMI' 

10% PENETRATION 

u 0 49,804 182,552 329,716 445,639 - -

L. DISCHARGE RATE LIMIT • ~HR. I 
250 50 58,786 192,166 334,50D 411,097 23,380 '25,113 
500 100 65,302 202,056 339,629 379,283 44,915 48,243 

I DISCHARGE RATE LIMIT = 10 ~-R·l 

250 25 56,682 192,117 335,905 412,203 22,632 24,310 
500 50 62,185 200,874 342,208 381 ,824 43,195 46,396 

lOOC 100 69,925 216.111 355,226 328,645 79,190 85,059 
2000 200 77,856 238,211 381,268 245,805 135,263 145,288 
400(1 400 82,057 261,146 430,302 133,273 211,433 227,103 

I DISCHARGE RATE Llf41T = 15 HR. I 
375 25 57,454 .194,767 339,825 401,355 29,974 32,196 
750 50 63,241 205,532 349,452 362,681 56,153 60,314 

1500 100 71,326 223,033 367,955 297,543 100,242 107,672 
300(1 200 79,160 247,400 403,951 196,791 168,439 180,923 
6000 4CO 82,507 265,767 463,512 76,717 249,714 268,222 

20% PENETRATION 

0 0 f.1,412 ' 236,044 586,956 1,13l;Olo - -

I DISCHARGE RATE LIMIT 2 5 HR. I 
2000 400 91,390 298,769 661,703 883,624 167;450 179,859 
4000 800 97,901 323,4 71 734,460 730,019 271 ,420 29],537 

I UISCHAR~E RATE LI141T = 10 HR .. , 

500 50 72,376 253,221 602',921 1,065,848 44,106 47,375 
1000 100 80,352 268,356 620,491 1,005,747 84,787 91,071 
2000 2CO 89,512 292.375 659,456 899,164 156,931 168,562 
4000 400 96.771 311!,617 730,102 745,300 261,078 200,427 

30% PENETRATION 
, .. , ..... _ 

I 
... - -~ 

10 HR. I DISCHARGE RATE LIMIT = 

o· 0 67,297 260,045 721,466 1,974,324 - -
1000 100 85,909 291,342 756,361 1,849 ,03,6 84,804 91,090 

B-1 

Ao· w Ao 
E 

(MM$) (MM$) 

11.219 -

11.585 .366 
11.904 .685 

11.547 .328 
1Ul33 .614 
12.303 1.084 
12.952 1.733 
13.663 2.444 

11 . 62S .406 
11 . 967 .748 
12.509 1.290 
13.246 2.02i 
13.928 2.709 

18.764 -

20.776 2.012 
~1.695 2.931 

19. 349 .585 
19.848 1.084 
20.626 1.862 
21.513 2.808 

24 .'728 -
25.797 1.069. 



TABLE B-2. WIND ENERGY CONVERSION SYSTEM STORAGE CHARGING -
UTILITY APPLICATION 

(BLUE HILL, MA, WIND DATA, r, ( = 75%) 

STORAGE ANNUAL ENERGY DISPLACn1ENT (Ml~h) 
0 

CAPACITY c EDw ASDE 
(Mwh) (1-IW) COST A B c D (MWh) (~1Wh) 

REGIME 

10% PENETRATION 

0 0 72,093· 205,524 359,986 505,824 - -

I DISCHARGE RATE LIMIT = 5 HR. I 
125 25 76,440 211 ,406 362,069 487,635 12,312 13,224 
250 50 80,089 217,237 364,303 470,329 24,026 25,806 
500 100 85,858 228,253 369,147 438,323 45,655 49,038 

1000 200 93,787 247,213 381,985 379,249 85,382 91,710 
2000 400 103,055 275,377 ~11.216 279,580 152,045 163,313 
4000 800 109,944 303,964 460,778 151 ,471 237,083 254,653 

I DISCHARGE RATE LIMIT = 10 HR. I 
250 25 78,564 216,565 365,982 471,025 23,508 25,250 
500 50 83,713 226,6i8 371,964 439,582 44,692 48,003 

1000 100 91,994 244,130 384,906 381,900 33,427 89,610 
2000 200 102,178 272,071 412,264 284,156 148,910 159,946 
40CO 400 109,863 304,042 460,740 151,532 237,042 254,609 

I DISCHARGE RI.TE LIMIT = 15 HR. I 
375 25 79,745 219,570 369,663 459,249 31,375 33,699 
750 50 f;5,820 232,093 3.79. 227 417,340 59,537 63,949 

1500 100 95,164 253,623 398,856 341 ,964 110,040 118,195 
3(100 200 105,236 285,772 435,"308 224,114 188,713 202,699 
6000 4(.0 111 '1:ZJ 315.097 496,191 78,859 284,808 305,916 

20% PENETRATION 

I DISCHARGE RATE LIIHT = 10 HR. I 
0 0 ll9,487 283,03') 641,633 1,272,696 - -

500 50 99,176 3f.~.570 656,770 1 ,208,022 43,357 46,571 
1000 100 106,588 316,761 673,028 1,149,991 82,218 88,312 
2000 ?.00 116,293 340,475 707,919 1,047,832 150,528 161,686 
4000 400 123,939 375,660 777,689 879,003 263,129 282,632 

30% PENETRAT!Of4 

I DISCHARGE RATE LIMIT = 5 HR. I 
0 0 96,339 

I 
319,875 799,416 2,214,653 - -

4000 BP.O 128,933 412,235 948,703 1,804,543 274,241 294,566 

B-2 

Ao 
w 

. Ao 
E 

(MM$) (~1M$) 

12.965 -

13.159 .194 
13.339 .374 
13.657 .692 
14.184 1.219 
14.967 2.002 
15.813 2.848 

13.305 .340 
13.600 .635 
14"114 l. 149 
14.904 1.939 
15.812 2. 847 

13.395 ;430 
13.768 .803 
14.401 1.436 
15.300 2.335 
16.195 3.230 

21.836 -
22.407 .571 
22.884 1.048 
23.641 1.805 
24.716 2.880 

•. 
28.811 -
31.720 2.909 

• 



OJ 
I 

V.:• 

• 
STORAGE 
CJ!Sl ACIT'f 

(MWh) 

l 
0 

125 
250 
500 

1000 
2000 
4000 

I 
0 

250 
5(;0 

10()0 
4000 

I 
0 

375 
750 

1500 
4000 

TABLE B-3. WIND ENERGY CONVERSION SYSTEM STO,~GE CHARGING -
UTILITY APPLICATION 

(GREAT FALLS, MT, WIND DATA, ? = 75%) 

ANNUAL ENERGY DISPLACEMENT (MWh) 0 
c EDw 

(MW) COST A 1:1 c u (MWh) 
REGIME 

10% PENETRATION 

DISCHARGE RATE LIMIT = 10 HP.. I 
0 30,692 120,202 131 ,021 188,445 -

12.5 33,749 126,020 132,597 172,964 10;451 
25 36,254 131,375 134,341 158,742 20,055 
50 40,113 141 ,086 138,080 133,0'73 37,364 

100 45,192 156,179 145,364 92,258 64,820 
200 48,602 173,187 158,349 42,535 98,223 
4GO 49,044 182,061 170 '164 11 ,,:;so 119,354 . 

20% PENETRATION 

DISCHARGE RATE LIM:T = 1 D HR .. I 
0 35,119 156,123 279,686 469 ,79•) -

25 40,050 166,895 285,705 437,403 21,722 
50 43,577 176,821 291,811 408,23(t 41 ,281 

100 48,532 193,686 305,208 355,68~ 76,498 
400 55,778 239,767 373,627 172,31 ~ 198,244 

30% PENETRATION 

DISCHARGE RATE LIMIT = 10 HR. I 
0 36,996 168,212 344,784 861 ,086 -

37.5 42,461 183,794 353,670 814,924 30,933 
75 47.761 198,027 362,956 773,358 58,752 

t 
150 52,982 219,792 385,064 699,900 107,846 
400 57,788 256,295 452,207 536,581 216,298 

ASDE 
Ao 
w 

Ao 
E 

(MWH) (MM$) (fo:M$) 

- 5.839 -
11 ,226 6.001 . 162 
21 ,541 6.146 . .307 
40,133 6.396 . 55i 
69,625 6. 774 .935 

105,502 7.175 1.336 
128,201 7.384 1. 545 

- 9.743 -
23,332 10.044 .301 
44,340 10.303 .560 
82,168 10.737 ::.994 

212,937 11.955 2.212 

- 12.539 -
33,224 12.962 .423 
63,106 13.319 .780 

115,838 13.879 1.340 
232,328 14.895 2.356 



• 

TABLE B-4. UTiliTY /MULTIPLE SOURCE STORAGE CHARGING 

EFFICIENCY - 75% 

STORAGE ANIIUAL ENERGY GENERATED {MWh) EDu c CP.PACITY {MW) COST {MWh) (MWh) REGIME A B c D 

SYSTE{~ B 142,507 523,480 1,767,495 15,406,271 -

I DISCHARGE RATE LIMIT = 5 HR. j 
125 25 126,412 511 ,362 1, 758,169 15,461,731 37,539 
250 50 112,603 497,419 1,748,784 15,516,596 74,676 
500 100 90,616 465,447 1,730,434 15,623,424 146,985 

1000 2(•0 64,138 391,114 1 ,694,173 15,825,931 234,057 
2000 400 50,776 268,692 1,609,405 16,151,769 504,609 
4000 800 50,383 239,065 1,519,977 16,328,238 624,057 

: 

I DISCHARGE RATE UMJT = 10 HR.. I 
125 12.5 133,229 513,819 1,760,587 15,444,457 28,547 
250 25 124,655 503,776 1,753,701 15,482,135 51,350 
500 50 110,062 482,256 1,740,108 15,555,571 101 ,053 

1000 100 87,022 437,473 1,714,090 15,694,208 194,897 
2000 200 61,896 349,501 1,660,626 15,940,283 361 ,459 
4000 400 50,666 245,547 1,538,468 16,290,927 598,801 

I DISCHARGE RPTE LIMIT = 15 H~. I 
375 25 124,455 501,339 1,751,972 15,488,585 55,716 
750 50 109, 7S3 477,777 1,736,166 15,568,407 109,746 

1500 100 86,955 430,335 1,704,095 15,719,618 212,097 
3000 200 61 ,896 344,225 1,632,812 15,989,169 394,549 
6000 400 50,666 243,209 1,480,845 16,379,510 658,762 

SYSTEM B' 59,204 314,884 813,179 7,473,757 -
I 

I DISCHARGE RATE LIMIT = 10 1R. I 
125 12.5 51,1:.83 303,878 807,250 7,509,591 24,256 
250 25 45,145 292,345 801,793 7,543,761 47,384 
500 50 36,285 269,085 791,511 7,607,291 90,386 

1000 100 ,:5",947 226,203 771 ,061 7,716,128 164,056 
2000 200 22,589_ 18),384 731,693 7,845,467 251,601 
4000 400 22,589 174,972 685,874 7,922,632 303,832 

I 

ASDE 
Ao 
E 

{MWh) {MM$) 

- -

39 ,515 .583 
78,606 1.145 

154,721 2.206 
299,008 4.102 
531,167 6.710 
656,902 7.663 

27,207 .385 
54,053 . 761 

106,376 1.477 
205,155 2.797 
380,484 4.965 
630,317 7.456 

58,648 . 811 
115,522 1. 572 
223,259 2.961 
415,315 5·.2oo 
693,433 7.813 

- -

25,532 . 358 
49,878 .695 
95 '143 1.308 

172,690 2.292 
264,843 3 .. 260 
319,824 3.612 



TYP. 
STORAGE SITE 
CHP.RGING 

WTG LUBBOCK, TX 

WTG BLUE HILL,MA 

BASE LOAD 
SYSTEM B 

TABLE B-5. EFFICIENCY EFFECTS (1000 MWh STORAGE CAPACITY, 
10 HOUR DISCHARGE RATE LIMIT) 

"1 ANNUAL ENERGY DISPLACEMENT (r·1~!h) 

t%) COST A 8 c D 
REGIME 

l 10% PENETRATION I 
60 68,489 213,472 353,389 310,315 
75 69,925 216,111 355,226 328,645 
90 70,789 217,949 356,043 343,811 

60 91,502 242,176 382,614 359,670 
75 91,994 244,130 3t:4,906 381 ,900 
9·J 92,248 245,225 3E6,048 399,488 

60 90,903 454,724 1 ,72•),285 15,715,728 
75 87,022 437,473 1,714,090 15.694,208 
9C· 84,026 420,479 1,708,171 . 15,678,116 

Egw Ao 
E 

(MWh) (MM$) 

73,278 .885 
79,190 1.084 
82,709 1.224 

78,629 .969 
83,427 1.149 
85,918 1. 270 

167,570 2.149 
194,897 2.797 
220,806 3.387 




