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HYDROELECTRIC POWER IN CALIFORNIA -

1. INTRODﬁCTIONw

Water power occupies a prominent position among the renewablé
and non-renewable indigenous energy resources of Califérnia. The.
state's proximity to the Pacific Ocean and the topographical and
geologic characteristi¢s of its mountain regions have created a
significant water power potential. This fact was recognized during
early power development in California for the first three-phase:
hydroelectric plant, 01d Mill No. 1, built near Redlands in 1893,1
was also the first modern power plant in the state.2 Since then,
hydroelectric power has been widely used in producing electricity in
California. 1In the last few decades, however, the rate of develbpﬁent'
of the hydroelectric potential has been unable to keep pace with the

/

rather explosive increase in electricity demands. As late as 1940,
water power represented about 65 per cent of the installed generating -
capacity inCalifornia.3 By 1950 its relative represéntation was
reduced to 49 perlcent; by 1960 to 21 per cemnt; and by 1970 to 19
per cent.4 By 1976 it stood at approximately 21 per cent of. the total
generating capacity in the st'ateQ5 Nevertheless, currently, hydro-
electric power is sécond only to fossil fueled generation; ‘as a source
of both installed capacity and produced électricity in Califorﬁia.

The relative importance of developed water power in the state
is also evidenced by the fact that as of January.l, 1976 California - °
ranked second among the fifty states in both installed conventional: °
hydroeiectric capacity and corresponding electricity genera;ion.

California's hydrééapacity was 12.6 per cent of U.S. capacity and



produced 12.5 per cent of hydro energy during 1975,6’the last yeér
Before the California dfouéht'began. For éomparisoﬁ, hydroelectric
stations supplied 16 per gent'of the total United States electricity
production in 1975.7 B v | : | &
2. CURRENT STATUS OF HYDROELEGTRIC POWER

-In 1976 there were 242 power piants in California. Of these
plants, 173 were hydroelectric, 60 fossil, 6 geothermal, and 3‘nuc1ear.5
The generating capacity ofvall 173.hydroe1ectric plants‘was_SSQO MWe5
with an averaég électricity output- of 34x109 kWh per énnum.l’é The
hydroelectric capacity‘représentedh24.6-per cent of the toﬁal generating
capacity‘in'California in 1976. Qh the other hand, the average electricity
output comprises 26 per éent and 23 per cent, respectively, of tﬁe_

9 9

electricity produced (130x10” kWh/y) and consumed (150x10° kWh/y)

Anﬁually in California.8’ It should be emphasized, howevef,rthat'of

the total_hydrqelectric capacity, 7200 MWe constitute conventional
capacity, 300 MWe pumped storage capacity, while the remaining IOOO‘MWe
reflect capacity associated with the Califérnia Stage Water Supply
Systgm_whiéh consumes. essentially all its electricify output for its
own functioning. Conseqqently; the state average electricity output
actually‘reflects'production by hydroelectric capacity, excluding

1,5,6 Finaily, the total capacity

that of the Water Supply System.
given above represents maximum nameplate rating. The actual generating _

capability, however, is approximately 12 per cent greater than the

nameplate rating.



The 1?3 hydroelectric plants in California vary in size from- .
a minimum of 0.2 MWe to a'maximgm of 644 MWe.5 .The minimum per plant
electricity production presently worth developing is 25x106 kWh per
year.1 :iny 16 hydroelectric plants, with a total capacity of 87 MWe,
are classified as base-load plants?’withrthe remaining 157 being
considered peak-load plants. The use of hydroelectric capacity 'as
peak-load power increased because of the characteristics of modern
hethods of electric generatibn. vEérlier ﬁydroeiéctric planté were
desigﬁed tduﬁeef the entire demand, having a capacityvfactor of 50“
to 60 per cent and serving as\baée—loéd plénts. in the present system
of joint operation of hydroele;tric and high-capacity-factor fossil,
nuclear, aﬁd:geothefmal plahfs, it pays to incréase thé installed
hydfovgépacity sef?ingﬁtﬁe shorter peaking‘periodév(6 to 8 hours per
day) with load factors of 25 to 30 percent to-better utiliz; the
controlled flow of>water,- Since pért of the installed hydroelectric
capacity has to fémain idle during parts of each year bécauée of the
lack of Wéter, h&droeleétric power 1s now genérally used primarily
to supply peak—loédvdeménd. To change an existing hydroelectric plant
to a‘ﬁéék—i;éd plant requifes only the cost of insﬁalliﬁg ﬁhe‘additional
genérat{ﬁg cépééity, approximatély SiOO to $200_per kWe. If the same
hydroelectfic plént weré maiﬁtaine& as a base-load plaﬁt,vthe additional
capacity\to ﬁeet the peék demands of tﬁé system.would have to be.provided
'by‘a fossil or nuclear fueled plant at a cost pf $500 to $1000 per kWe
installed. The latter option is not only more expensive than the
former, but in addition results in displacing a free and renewable

energy source (water) by a costly and non-renewable fuel (gas, oil



or uranium). Hydroelectric power:therefore must be used to meet peak-
load demands. As a consequenée of the peak-load use of hydroelec#ric
plants, both the installed capacity and the average electricity output
of each such plant have to be specified since the former does not N
necessarily determine the lattér as it would for any othgr t&pe of

power plant, including base-load hydroelectric plants.?

3. FUTURE DEVELOPMENT dF HYDROELECTRIC POWER

The future development éf hydroelectric power in Célifornia can
be anticipated to be charécferistic of hyd;oelectic development
elsewhere:

i. .Rerating existing facilities. - This is accémplisﬁed by
rewinding existing gene:atoré.énd by addiﬁg new turbines and generators
to the facility. Addition of néw turbines‘is.warranted,’however,
only if unuﬁilized water flow existé at a giveﬁ'facility.

ii. Building new facilifies. - This requires thé construction
of new dams which accoh;t for an average of between 50 and 75 per
cent of the total capital investment of any'hydroelectriq plant;

iii. Installing smali hydroplants. - This includes the development
of sites with energy poténtial less than 25x106 kWh/y or alternatively
5 MWe at 60 per cent load factor.’ Aléo included are dams built fof
other purposes such as‘rivef navigation, flood control, irrigation, )

and recreation.

*There is mno special definition of a small hydroplant. In general,
small plants constitute the low head category, i.e., less than 100
foot heads, less than 5 MWe caYacity,'and less than 10,000 acre-feet
of reservoir storage capacity. 1,12



At the present time only options i. and :ii. are being osed5 for

option iii. has received attention only during the ‘last two or three

years. As a result, ample information exists concerning the potential
development of the larger sites (optionsgi. end~ii.) but only limited
data are available for the smaller plants (option-iii:).

Thus far no distinction has been .made between'conventional and-
pumped storage hydroelectric plants. Option i. and predominantly
option ii. apply more to the derelopment-Of pumped storage plants than
does the development of conventiooel plants. Before examining the
potential development of conventional and pumped storage hydroelectric

cepacityvin the state, two general -comments concerning such development

in California are in order.

First, the best sites for conventional hydroelectric power production

have already been.developed. The . term, .""best sites', is-applied to

locations with the highest water flow for a given installed capacity

of essentially conventional (natural streamflow) type. ‘Such development

is clearly the product of economics.: For any given number of sites,
those with the highest kWh firm output per cost of installed capacity
are, other factors being equal, the most profitable and hence the
ones to be developed first. -These other factors include capacity
investment per MWe of installed capacity, operating costs per KWh
of generated electricity, and maintenance costs per kWh of generated
electrlclty. Additional economic 1seues of hydroelectrlc oower
development w111 be cons1dered later in thls oaper. At this po1nt,
however, 1t is suff1c1ent to mentlon‘that any further development

of water power might have ceased almost completely by this time were



it not for the dramatic increases in the priceé of fossil fuels in
general and oil in particular that have occurred since 1970. While fuel
oilkcpsts have more than tripled between 1970 and 1976, hydroelectric
costs increased by only 50 per cent,lo.w

Second, future hydroelectric development is related to restric-
tions imposed by law on'poﬁential sites. In 1968, the Congress enacted
| Public Law 90-542, the Fedgral Wild and Scenic Rivers Ac;t,A6 which
precludes‘tﬁe hydroelectric-development of.certain sites in California.l
In addition; the State of California pa;séd SB 107 in 1972, creating
the California Wild and Scenic Rivers Act which exludes additionai
sites from developtne‘nt.l Both the federal and state acts preclude
either the further deVeIOpmenf of partially developed sites or any
development whatsoever of undeveloped éites. It is'important to note
that certain of these excluded-from-development sité; in California
constitute a significant portion of the estimated coriventional potential
development of hydroelectric power in the state.l’6'

In the following two sections the potential development of
conventional and pumped storage hydroelectric powef will be examined
éeparately, since these two types of Qater power utilization are quite

different in the way they operate and function within the general

utilities system.

4. CONVENTIONAL POiENTIAL DEVELOPMENT
Conventional hydroelectric power is derived from natural stfeam—

flow alone. In most instances, available reservoir storage capacity

regulates natural streamflow for better utilization of the water,

either diurnally or seasonally. Such regulation of the streamflow



does not alter its energy content. Instead, it provides better shifts'
in time usage andvthus increaSes the capability for meeting po;er
peak demands. | |

The potential development of.hydroelectrlc power:from natural
streamflow has been e#amined by tvo studies concerning the future
development of conventional water power.in Californlai“ The first
and most recent report (1976) was prepared by the Federal Power

Commission (FPC).  The second study was issued by the California

" Department of Water Resources (DWR).

According to the FPC study 44 per cent of the conventional hydro-
electric capaclty of the state of California has already been developed

This capac1ty amounts to 7200 MWe with an average annual output of

‘34x109 kWh. The remalnlng undeveloped capaclty totals 9300 MWe with

9

an average annual electr1c1ty generatlon of 27 6x10 kWh The

undeveloped potentlal of 9300 MWe does not 1nc1ude the capac1ty of
sites whose development is precluded by the Federal Wlld and Scen1c

Rivers Act or any other federal act. Furthermore, this total potential

N

is distributed over 167 sites ranging from 5 MWe to 1015 MWe, with

the except1on of one site which is rated at 1 6 MWe. However, the
Callfornla DWR estimates that the total potent1al of undeveloped
hydroelectrlc energy is 31x109 kWh per annum. Accordlng to the DWR
study, only 12, 5x109 kWh/y could be actually developed; the remalnlng

9

18.5x10”7 kWh/y be1ng excluded by e1ther federal or state acts. In

addltlon, the same study prOJects that 9 7x109 kWh/y out of the

* : . . s . . .
As of October 1, 1977 the Federal Power Commission ceased to exist as
an independent agency and became part of the Department of Energy.
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12.5x10° kWh/y could be developed within 15 years (1990). The report

? xwn/y, at 5356 Mwe.

estimates the capacity, corresponding to the 9.7x10
The first observation to be made in comparing the correspduding'

numbers in the two studies is that the FPC and the California DWR

give quite different estimates of the potential development of water

power in the state. Part of the discrenancy is due to the exclusion

in the DWR study of a number of sites whose development is precluded

only by state acts and which sites are, therefore, included in the

FPC study. However, the most significant fectorAcontributing to

this variance is the lower DWR estimate of the potent1a1 development

capac1ty.fcr almost every 31te. There 1is no apparent'reason for the.

variation other than the possibility that the two agencies used different

methoeciogiee in making their estimates. Howeuer, eeveral errors exiet

in the DWR study's.presentation of the instalied canacitiesvof elready

develcped sites. Consequently it can be essumed that tne FPC study

estimates;.which are'summarized in Appendix A, are more reliable than

those of the DﬁR etudy. Adjusting the FPC estimates to account for

the capacity end energy of the sites whose development is restricted

by the California’Wild and Scenic Rivers Act, the potential for development

of hydroelectrlc capac1ty is reduced from 9300 MWe to 7900 MWe and

the generated energy from 27. 6x109 kWh/y to: 23x109 kWh, as is shown

in Appendlx A. Thus, the maximum non-restr1cted by—law development

of convent10na1 hydroelectrlc capaclty stands at 7900 MWe with an

9 kWh/y. It must be emphasized, however,

electricity output of 23x10
that all these estimates include only development by building new

dams. There exists also the possibility of rerating existing facilities.



In 1977 the U.S. Army Corps of Engineers conducted a sfddy on the

hydroelectric power potential at existing davms."12 The étudyrconéidered

three ways of improving the capacity of existing dams over 5 MWe:

installing new turbines and generators or rewihdihg éxiéting geﬁefaiors
at existing hydroelectric dams, enlarging exiSting hydropoﬁer déms
with expansion potential, and fitting existing non-hydroelectric dams
with turbines and géﬁefators; The studf concluded thaf rerating exiéting
hydroplants would yield 656'MWé with an output of 3.1x109 kWh/y; expanding
existing hydropower dams would yield 970 MWe with an output of‘3.3xb109
kWh/y; and utilization of non-hydroelectric déms for power prodUchéh‘iq
would add 500 MWe with an output of 2.3x10° kWh/y. Rerating of 'eé{i‘st'i‘hg
dams with;capacity'gfeater than 5 MW can therefore contribute 2120‘MWe:
with an electric output of.8.6x109 kWh/y. No significant environmental’
restrictions to.this development are anticipated gince dams already'
exist in all §ites under consideration.

As élreédy staféd‘thefe are no studies concerning the potential
developmént of small h&droelectric sités in California although there
is a comprehensivevstudy applying to other states.12 The Army Corps
of Enginéers presently is systematically'surveying possible sites’
of small hydroeieétrié'plant deveiopméﬁt thfoughéut the United States,

13 It is theré->

in order to refine the results of the previous:study.
fore quite certain that within a year or two a more accurate estimate

of the small hj&roélectric plant potedtiél of California will become

available.L
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Nevertheless, at this time a rough estimate can be made of ‘the
-potential of small water power plénté, based on existing information.
In 1976, the California Department of Water Resources‘(DWR).conducted
a preliminary mail survey of generation potential at hydroeleétric
sites with an annual energy potential of less than‘25x106 kWh/y{lé
Only 8 of the 81 water agencies contacted responded. Approximately
210 MWe of capacity at 47 sites were identified with a generéting
potential of about 1x109_kWh/y. About 40 per cent of the 47 sites
were located at existing dams used.curfently for other-than-power-
production purposes or completely abandoned. The rest referred to
run-o ff-the-river power through pipelines. Therefore, regarding the
above results for 10 per cent qf the contacted agencies as a statistical
'sample,_the a?erage small hydroelectric.plant potential of the state
‘is calculated to be 2100 MWe at 470 sites with an electricity output

of 10x109

kWh/y. These results for the potential of small hydroeléctric
plantgﬂin California appear to be of the right Qrder'of magnitude.
According'to the 1977 Army Corps of Engineers study, there are 1007

dams in California with height less than 100 feet and storage less

than 10,000 acre-feet. An average capacity of 2 MWe per dam at 60

9 kWh/y output.

per cent load factor could yield 1000 MWe with 5x10
In addition, déring the last 25 years about 20,000 earth dams have
been built onvCalifornia farms and more areAbeing built each year.
Although their original function in most cases was water storage,
today more and more of these dams are being used by the farmers for

irrigation, flood control, and even recreational purposes.15 If all

20,000 dams were also utilized for power pfoduction and if each of
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those sites coﬁld yield on the average 100 kWe™ a total capacity of
2000 MWe could be obtained. Assuming, furthermore, an average load
factor of 60 per cent, a total electricity output of 10.5x109 kWh
per year could be generated. No one expects, naturally, that all
20,000 dams can be used for power production, but depending on its
size, each dam could produce power from 100 kWe to a few MWe.

All these simpliStic calculations are not intended to establisﬁ

the magnitude of the small hydroelectric plant potential for the state

but rather to emphasize the fact that small hydroelectric plants can

generate amounts of electricity comparable to that expected for remaining-
to-be developed large plants in the state.. The technology for developing

11,16 Furthermore,

small hydroelectric plants is well established.
the generated’electricity could be either fed directly into the grid,
or uééd to meéf the energy demands‘of local consumers. The factors
whiéh.wiil determine the more preferable option are: (i) The magnitude
of demand of energy in the vicinity of the small hydroelectric plant
(low or high load factor) and (ii) the distance of the plant from

the nearest grid system (transmission of electricity). Generally,
lower load factors (less than 20-30%) and longer transmission
distances (more than 10-20 miles at 40 kV) favor local usage of the’

generated electricity. Electricity generatéd in rural areas for

local usage can accommodate household needs and also will meet various

The standard hydropower formula P = QHe/11.8 with P = 100kW and

e = 0,9 yields Q*H = 1300 (£ft3/sec x ft.), i.e., for a height of

h = 20 ft, a streamflow Q = 65 ft3/sec is required to produce

100 kW. Although 100 kW is an assumed capacity, it is reasonable

on the basis of the typical numerical values required for the height
and flow rate of the water.

~
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agro-industrial demands that develop from local farming operations.
The only obstacle to the dévelopment of_thesé small hydroelectric
plants may come from cost-benefit considerations:

Before the oil price rise in 1974, many small hydroelectric plants
with capacity generally less than 10 MWe were being retired.- At the ‘ y
same time, larger plénts continued to expand and new dams were built.
While the total generating capacity increésed by 50% from 1965 to
1975, the number of plants decreased by 5 per cent.lo

An insight as to why large hydroelectric.sites are being preferen-
tially developed can.be gained by an examination of the capital investment
in the various hydroelectric plants in California and, in the entire
~ United States compared with tﬁeir respective electricity generation'
costs, as cited in the most recent (1975) pertinent federal Power

10

Commission report. Three conclusions‘may be drawn from an analysis
of the data cited (Appendix C). (i) The capital investment for a
hydroelectric plant, expressed in dollars per kW, appears to be:
independent of the total size (kWe) of the plant. (ii) The cost of

‘electricity production (maintenance and operating costs only),
expressed in mills per kWh, also appears not to be statistically.
correlated to the size of the hydroelectric plant. However, this
cost drops as the size of the plant increages. For example, the »

average cost drops by a factor of 10 as the'plant capacity'increases

from 10 MWe to 2000 MWe, approximately the range of capacities

considered in the FPC report.lo(iii) The cabital'invesfment cost

(capital amortization) in mills per kWh varies from slightly to several

_ times larger than the cost of production (maintenance and operating

*
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costs only). Nevertheless, the total generation cost (capital investment

" and production costs combined) is much less than the corresponding

- figure for thermal (fossil and nuclear) plants.18

It is well known that thermal pIanfs operate more efficiently
with lower generation costs per unit of electricity produced under
a constant load factdf.‘ This characteristic of thermal plants combined
with the three conclusions relating'to hydroelectric plants -explains
why the prevailing trend is to use hydroelectric plants (conventional
as well as pumped storage) for peaking pufposes. Larger and larger
hydroelectric plénts are being built to match their thermal counter-
parts'ahd'alsb to serve primarily as capacity displacement systems,
fuel displacéement being secondary as long as low fuel prices prevail.
It might be concluded in view.of the foregoing discussion that
the development of small hydrpelectric.plants is réther'ﬁnlikely;
Nevertheless, two arguments can be madé supporting the economic
feasibility of small plant development. First, the skyrocketing
prices of fossil and nuclear fuels since 1974 make any hydroelectric
development relatively competitive. Extensive studies on a case by
case basis would be necessary‘to establish thg firm gapacity and energy
displacgment, as wellvas the secondary energy displacement by small
hydroelectric plan;s, In general; as the cost of fossilifugl gengra;eq

electricity increases, the "opportunity cost" for new hydroelectric

development to replace thermal generation also increases, making
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S . ‘ s K
hydroelectric generation more and more competitive. Consequently,

fuel (oil or gas) displacement alone will eventually make small hydfo—

electric generation competitive, depending on the rate.of price increase

of fossil fuels in the future. Secondly, the capital investment for
the development of small hydroelectric facilitieg can be minimized
and equipment costs reduced substantially by mass production of’the
appropriate small hydroelectric plant 5uib turbiﬁe—generato; units11
in the United States. Furthermore, the capital invesfment for such
small hydroeléctric plants can be diminished by at least a factor

of two if these plants could be deyelopgd at already exisfing dams.
~Based on information provided in the 1975 FPC report,10 the following
distribution of general expenditures associated Qith the gonstructioﬁ

of a hydroelectric plant can be derived:

1. Land and Land Rights - 0.18
2. Stfuctures and Improvements ' 0.14
3. Reservoirs, Dams and Waterways 0.52
4. Equipment Costs o 0.25
5. Roads, Railroads and Bridges 0.01

Therefore, construction of a small hydrolectric plant at a site where
the dam exists would reqﬁire an investment as little as one quarter

f. .
and not more than one half of that for a completely undéveloped site.

It is plausible that the relatively low capital investment for such

*At present, California electric utilities are offering prices as
low as 14 mills per kWh to pay the opportunity cost. This price
is estimated to be less than half of the oil displacement value of
hydrolectric energy in the early 1980's.
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a small hydroplant may offset the relatively lower benefit derived

from its operation.19

The above distribution of the capital investment also explains

. . why it is important to rerate large hydroelectric facilities and build

on larger remaining-feasible sites. However, it is also important that
relatively smaller facilities be developed and that adequate financial
incentives be provided for such development. Between 20x109 kWh/y

and 40x109

‘kWh/y of conventional hydroelectric generation can be added
to the current California hydroelectric production level by the end

of the century, probably reaching the limit of conventional development

in the state.

5. PUMPED:STORACE POTENTIAL DEVELOPMENT
Pumped stofage hydfoelectric power is derived during peak load
periods by u;inngater which has been pumped from a lower to an upper
reservoir during off-peak periods. There are two major categories
of pumped storage plan;s: |
(a) Pure typé faqilities whiph produce power only froﬁ wéter
that has beén previously pumped to an upper reserﬁoir.
(b) Cqmbined typé facilities which utilize both pumped water
and natufal é#reémflow for the production of péwer.
All of Califorﬂia's 300 Mngof pumped storage capacity is of.the
combined type.. Becausg the use of puﬁpéd sforage devglopment is still
rather limited, only 4 per éent of the net generating hydroeléctric

capacity of California is of that type. If the Water Supply System

‘capacity, most of which is of pumped storage type, is also included,

there is a relative contribution of 13 per cent. Nationwide, on the

»
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other hand, the respective participation of pumped storage is little

better, about 15 fer cent.6 The small propdrtion of pumped storage

to the total hydroelectric development is due to its lafe introduction

into the electricity production system. The reasons for such late

arrival were economic rather than technological in nature. As long

as a relatively large amount of undeveloped conventional hydropower

existed, there was no need for developing pumped storage which is

costlier in terms of both capital investment and cost of pfoduction

for a plant of the same installed capacity.10 However, as the best

conventional sites were developed it became more cost-benefit advanta-

geous to develop one large pumped storage facility instead of several

smaller conventional plants. Therefore, it can be anticipated -that

the relative significance of pumped storage wili incfease.iﬁ the future.
The San Francisco Regional dffice of the Federal Powér Commissioﬁ,

in a 1975 study covering the state of California and the Pacific South-.

west,20 estimated a total California potential of 144,206 MWe at 56

sites. However, it only considered éites whose capacity exceeded

1000 MWe. Pumped storage facilities with capacity 1ower‘thaﬁ‘1600 MWe

were not deemed economicailyAfeasiblebfor deQelopment. In addition,

it was felt that the number of sites had to be kept within réésonable

limits. All sites were seleéted with a minimum head of 700 feet to

reduce‘water storagg requiremenﬁs and, consequéntly, the area of

inundated land. Also, éll siteé were chosen with the horizontal distance

between upper andAlower ;eservoirs lesé than 15 times the head. C;re

~ was taken that all sites weré not within the boundaries of areas whose

development is restricted by any law whatsoever. Consequently, the
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cited number of 144,200 MWe excluded all sites whose development is
precluded by federal and state law. A capacity of 7,700 MWe, within

the Eel River Basin, is precludea.from development by state act until
1984 at which,fime the Department of Water Resources is to report

the need for developing that area to the Legislature. If the Eel
River Basin development is permanently restricted, the maximum pumped
storage capacity will be reduced to 136,500 MWe. Finally, consideration
was also given to the environmental impact of transmission to and

from those sites.

‘Although it-is not known how accurately the aforementioned capaciky
describes the pumped storage potential of the state,vit probably
represents an upper limit of such development for any real de?elopment
of pumped storage would never exceed the cited numbers. This prediction.
is based on the fact that the stqdy_itself was the product of a detailed
topographic and geologic map examination,‘of all possible locations‘
within the state, but did not include any on-site inspection. Factors
which may restrict the development of any of these 56 sites include:

‘1. Geologic characteristics of the site.

2. Distance of pumped storage facility from load center and

pumping energy source.

3. Possible adverse effects on wildlife.‘

‘However, the study did not consider sites with a potential capacity
less than 1000 MWe. Inclusion of these sites could congeivably
outweigh possible elimination of the larger sites for any of the
reasons mentioned above. It is questionable, however, that development

of smaller, pure pumped storage facilities is feasible in terms of
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cost-benefit analyses, given that all the much laréer_sites are still
undeveloped. ' Furthermore, the 56 'sites were selected for having the
lowest unit costs ($/kW) among all possible locations following
relative cost eyaluation based on reconnaissance-gype information.
Fof each site of potential pumped storage development used in

the FPC stﬁdy,’the usable storage, as well as the upper and lower
reservoir drawdown, has been estimated. On the basis of>this information
the average surface area of both the upper and lower reservoirs for
each site can be then calculated approximately, as shown in Appendix B.
Thus, if\only.thoée sites whose upper aﬁd'lower reservoirs dé nbt’exceeq
1000 acres eéch are considered,'a capacity of 125,500 MWe (119,400 MWe
without #he Eel River pbtentiéi) is obtained. 'If the maximum upper -
6f‘iower reservoirbarea is reduced ﬁo 400 acres each péfvsite é.capacity
of 97,600 MWe (91,500 MWe éxcludi&g potential of the Eel River Basin)
is obtained.

' Althoughbthe expected electricity output is nof given in the
1975 FPC report, it can be calculatéd from tge-given head and hydraulic

capacity for each site (Appendix B). The output is found to be 650x10°

kWh per year. This output is reduced to 615x109

kWh per year if the
Eel River Basin is excluded. If the area of each of the upper reservoirs

is less than 1000 acres and the area of each lower reservoir is less

? kWh/y or 415x109

than 400 acres, an butput of 570x10 kWh/y results
respectively. In the calculation, an overall conversion efficiency
of 85 per cent was used and a daiiy 12 hour operation for each site

throughout the year was assumed.

Il
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To obtain the distribution of the maximum pumped storage pgtential
versus the'site capacity‘and ;he number of sites, Table 1 has been
constructed using the data of the relevant FPC report of 1975. Note
that most of the 144,206‘MWe:is con;entrated in locations'With cépacitiés
between 1000 MWe and 3000 MWe (about 477%) and that the maximum individuél_
plant capacity stands at 7800 MWe. | |

Having reviewed the potential development of pumped storage
capacity, it would be instructive to study also the possible functions.
as well as the mode of operation of this capacity within the electric
grid. Although peak-load utilization of pumped storage will be retained,
it also will be extended to the intermediate load if relatively substantial
capacity is developed and incorporated into the system. Furthermére,_
puhpédvstofagé may be used for the storage of renewable but intermittenf
energy resougégs;. For example, if wind,ﬂﬁhose potential in California
is considered to be very large, is to conf;ibﬁte‘gébéﬁangiailfVfo'M
the power supply of the state, an appropriate storage system is
necessary.13’21 Although hydro-storage is the obvious first choice,
conventional hydroelectric capacity in the state cannot exceed
15,000 MWe. Therefore, wind capa;ities of the order of 40,000 MWe,
as some scenarios predict for the California energy supply and demand,22
would require use of pumped storége as well. Néverthéless, not only
wind but also thermal, nuclear and possibly solar generatea‘electricity
will have to compete for the same available conventional or pumped
hydro-storage capacity. If nothing else, the huge pumped storage

potential of the state will facilitate the development of the wind

and solar energy resources of California. The relative locations
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~

Table 1. Distribution of total potential puﬁpéd storage capacity
versus site capacity and number of sites..

Site " " - Number of Total ‘Potential :
Capacity (MW) Sites ' Capacity (MW) ~
1000 - 1900 26 . 36,000 : ‘ . »
2000 - 2900 _ 13. ' 31,600 |
3000 - .3900. -1 . 24,000
4000 - 4900 - ; 4 - 16,900
5000 - 5000 - - B 4 , | 21,200
6000 - 6900 - 1 ' 6,700
7000 - 7900 o 1 : 7,800
8000 - L 0 ' - 0

Total 56 sites 144,200 MWe
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of energy demand centers, pumped storage sites and incidence of
wind, which possibly may be the first intermittent resource to be.

developed in terms of current technological feasibility and economic

~ competitiveness, will determine the method of wind-pumped storage

interconnections.* Thus, there could be direct‘storage‘df &ind-into
the‘pumped hydro-facilities from which electricity would be drawn‘
depending on the demand. "There could also be direct integrationibf
wind with the4grid and storage of any excess$ eleétricity into the.
pumped hydro-system; or, most probably, a combination of bqth extremes.
The modes of.operation of pumped storage facilities will be dictated'
to a great extent by the chafacte§istics of the'ldéa requirements

of the grid, the generating capacity and eéondﬁics of‘0pe£ation of

the pumped storage, and the gehefatiﬁgvcap;;ity ofﬁothe?gpypes of
poWer piénts in fhe systeﬁ. The usefulness of é.pumpéd.storage;§6wer
plan; to replace peak-load capacify is greatly enhanced‘if its édmping
operation can take plaée, not only durfng the regular weekday nigﬁt
periods, bqt also during the weekend. However, such an operatioﬂ
ent#ils larger reservoir capacity3. In'thell975 FPC study example

of such mode of operation (Fig. 1), a typical weekly utility systém
load curve'iévgiven, along with the weekly fluctuation of the level

of the upper reservoir. It is assumed that in the electrical utility

*The first Federally sponsored wind system has been intermittently
in operation at Clayton, N.M. since Jan. 1978. Rated nominally at
200 kW it constitutes 2.5% of the existing capacity although it can
supply, when in operation, up to 15% of the town's total power load
during off-peak periods. Its output is fed directly into the local
grid with no provision for storage so that it is operated as a_fuel-
displacement system only (zero capacity-displacement system).2
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system under consideration pumped storage is utilized with reservoirs
sufficiéntly large to provide full power generation 8 hours each
weekday. It is also assumed that the upper reservoir is drawn down
gradually over five days and refilled through limited pumping during
night periods and the weekend. The choice of operating mode--daily
cycle versus weekly cycle——is a tradeoff between larger reservoirs,

on the one hand, and higher overall capacity installed in the system,

on the other.

6. 'POTENTIAL PROBLEMS‘IN.HYDRO POWER DEVELOPMENT
Two problems which eit@er impederor restrict the potentiél devel-
opment of Eydro-power have already Been‘discussed; One is ecoﬁomics;
the other, various federal and state acts. A number of additional
problems are also assodiated with the development.of watef poﬁer.
The abundance of watervor, rather, the extenf of its availability forf
power geﬁération is one such problem. Another involvés effegté of
hydro-power development‘in_the bio;pEere. Both éroblem aréas hé?é
an impact on hydroelecfric generation. |
Water availability i; the determining fagtor of hydr;electrié
developﬁen;. However, it affecfs development of conQentionai‘éna(
pumped sto;agé facilities in diffgrent ways: Since conventional.
development depends on the egisteqce of natural water flowlénly, it
is relatively easy to determine where sqch facilities may be developed.
Pumped storage develqpmeﬁt; on the other ﬁand, may depend én the
availability, through rainfall and possible subsequent runoff, of

sufficient amount of water to fill one of the reservoirs. Thus, one

must determine whether or not the storage water requirements of the
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maximum pumped storage potential of California are within the limita-
tions imposed by the natural rainfall in the state. From the relevant
data on pumped storage in the 1975 FPC study the usable water storage
associated with the 144,200 MWe capacity can be estimated as

20 This required water storage includes

approximately l.90x106 éc—ft.
also the dead storage, the fraction of water not circulating between
the upper and lo&er reservoirs of each plant. The FPC study assumed
a minimum dead storage of 2000 ac-ft. for each reservoir ét any site.
However, there are additional water requirements for each site. These.
are causeé by losses due to evapdration and seepage.
E;aporation losses take place throﬁgh the surface of the stored
watér aﬁd depeﬁd, not only on the surfacé area of the reservoirs,
but aisé.on the temperature, theAﬁumidity, an& the intensity of wind
in the afea sﬁrr0unding each site.v.ASSuming a t;tal surface areé of
100x103 acres for;the enfire.projected pumpedvstorage capacity (see
Appendix B) and considering ah averége evapdfation rate of 3 feet pef
year,24 a loss due fo evaporation equai to 300x103 ac~-ft per annum
is obtained.
'Séepage losses depeﬁd on the geological structure of the ground
where a reservoif is.located. If is estimated that losses due to
seeﬁage constitu£e about 5 per cent ofrthe stored water. Therefore, ) A
seepage loss in this casé.would aﬁount to 100x103 ac-ft per year.
The total water requirement for the 144,200 MWe of maximum
potential'is then 1.900x106 éc?ft, wifh an annual replenishmént'rate
6 5 6

of 0.400x10° ac-ft. The average rainfall in California is 200x10

ac-ft per annum while the annual runoff is 70.8x106 ac-ft and the
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annual net demand is 31x106 ac—ft.z.5 Obviouély, evén if the entire
water storage 6f all pumped étorage facilities had to:be suﬁpiied
anew every year there wouldvbe no bﬁrden on the watér suéply of thé
state. o | J - .i,
Although'the magnitude of the aVailéble water resources éf the
state does notvposé any restrictions on the development of its hydro~
electric potential, it should not be forgoften fhat the;fluctuétion
of water sﬁppl& annuallyris erratic in'behévior; for the rangé of
rainfall is 30 to 50 per éent above and below the Aean.in regfons
of medium précipitafion.such as California.26 In genéral the drier
a region ié,>thé largerrthe deviation of its annual rainfall from
its mean. Suéh widevvariations in annual rainfall ﬁay hévé sighificant
impacts on the operation ofvconventional facilities,27 but probably
much less on thaf of pﬁmped storage sites.
The second major potential probiem in the devélopment of hydrb—
power, the effects of hydroelectric deQelopment on the gnvironmeﬁt,
can be bq£h goo& andvbad; On the positive side, in additioﬁbfo péwer
generation, one can inclﬁde igems suéh as thé creation of new lakés,
flood~control,.water quélity.control, increased water suppiy; irriéation,
reservoif fisheries, navigation; and recreation. Moredvéf the poésible |
expansioﬁvof.vegetatiﬁn--ndtably forests-—into arid or semi-arid areés
adjaceﬁt to thevartifiéial lakes created primarily by pumped storage
could yieid ;uﬁstantia1>quéntitié§ of biomass for energ?lor materials
production. ‘On the negative s;de, one caﬁ'ﬁévé inﬁndatién of iénd,'

reduction in wildlife habitat, damage to stream fisheries, elimination

of free-flowing streams, and population displacement in some areas.
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Hydroelectric facilities are generally more environmentally.
attractive thec thermal power generating plants in terms of oower
generation. As far as the possible negetive effects on the enjironment
are concerned, one must observe that these apply only to the development
‘of new sites. 1In the case of conventional hydroelectric development,
rerating of existingAfacilities or building of small plants would
have minimal effect oo the environment.

This is true because reratlng ex1st1ng facilities requlres no
additional dams, waterways, or reserv01r.constructlon. Small plant
develop@eot, oecause of tﬁeir size and—;in many instances--the prior
existence ofbdams, is not expected to produce any significantAchahges
in the env1ronment.l Pumped storage, on thevother hand, can cause
substantlal environmental changes since all the deoelopment will take
place at sites which are presently undeveloped. Prior to any new
deQelopment, of course, an environmental assessmeot of the proposed
project ﬁust be conducted by the appropriate state or federal
authorities. These studles can minimize or mltlgate adverse effects
‘on the enviropment. At the same time, exploitatlon of beneficial
environmental effects can be considered. fast experience 'in the
development of hydroelectric power indicates that whenever careful
planning was employed before and during such development, the results.
were ootstanding in improving the quality of the environment. The
development of the Tennessee Valley Authority (TVA) is an example'
where, 1n addition to power generation, the devastation of residential
and 1ndustrlal areas by flood has on occasion been avoided, the

" transportation of goods has been facilitated, and the agricultural
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production of the land has been significantly incréased.zst‘On-the-
other hénd, the building of the Aswan Dam in Egypt--where, evidently,
power generation was the primary planning factor--has had devastatingly
negative effects’on.the ecology of the area by depriving the land
of valuable silt'éna destroying fish productioh.29

It therefore becomes clear that in any development, as long as
the oneness of man and natural resources is recognized, both mankind.
and nature will benefit. In that respéqt, any abgriori dbjéction
to.ﬁydroelecfric pbwér development is unfounded and contrary to the

best interests of both nature and mankind.

7. CONCLUSIONS ‘

In the previous sections thé hydroelectric potential of Califorqi;
was examined and the problems related to the developmeﬁ; of that |
potential reviewed. In this section, previousvresuits will be.éﬁmqarized
and conclusions statedvconcgrning‘future significance of hydro powef,

Conventional hydroelectric power developmenp is expected to é&a
between 0.2 and 0.4 quads# (20x109 to 40x109 kWh) per year>to tﬁé v
current hydroelectric supply of 0.3 quads. The upper 1imit of 6.4
quads appears to be close to thé maximum remgining—to—be-deve1oped
hydroelectric potential in the state, thus bringing thg Califérnia
total potential to 0.7 quads. Fu;thermore2bit is anticipateﬁ‘that
within the next 20 years at least half of that qndeveloéed cogyentional

potential will be or can become cost-benefit favorable for development.

*
Since in this work all the numbers in kWh refer to electricity,
a conversion factor of 10,000 Btu/kWh is used here to obtain the
equivalent thermal energy in quads.



-28-

‘This projection is based on currently.prevailing trends in the prices
of fossil and nuclear fuels. These trends are expected to continue

for the rest of this century.

| The pumped storage potential of the state has an upper 1imit

of 6.5 quads, ali undevelopéd. Since the pumped storage potential
represents an enérgy storage rather than net energy producing potential,
it must be coupled with other energy resourcés such as wind or solar
-energy. It is anticipated that development ofvthe pumped storage
potential of the state wiil follow simultaneoué and parallel development
of other renewable resources, nptably wind. Consequently,_no time
table of pumped storage development can be projected. Relatively

small development, less than 0.3 aﬁé even 0.15 quads, or 7,000 and
3;066 ﬁ&e.respec;ively, of'pumped stdragé associated with the water
éupply{ éﬁd fossil and nuclear power generation probably will continue
thrbﬁgﬁout thé rémaindef of this century. The attendant water and

land requiféments for the full develofmeﬁt of the 6.5 quads of the °
pumpédvstorage potential, estiﬁéted to be less than 2x106 ac-ft and

100x10°

acres respectivéiy, do'hot posé any strain on the natural

resources of the stéte since tﬁey constitute only 1.0 per cent of

the annual rainfall and 0.1 per cent of the land of California.
Finaily, hydroélecfric dévelopment entails, in most cases, changes

in the environment. -Tﬁeée.changes may have disastrous effects on

the eco1ogica1 system if taken lightly. Past experience, however,

has pfoven that responsibie study, planning, and execution of any

hydroelectric project always leads to results beneficial to both nature

and humanity.
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Barring the possibility of .a rather revolutiohary breakthrough
in the development of entirely new energy sources, hydroelectric power

9

in California could supply ultimately 0.7 quads (70x10° kWh/y) of

conventional generation and 6.5 quads (650x109

kWh/y) of pumped
storage, the IéﬁterAprobébly béing associated with the wind energy
resources of the state.
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APPENDIX A

Analysis of Conventional Capacity in California

In order to determine the maximum dgve10pment,ofgconventional
hydroelectric pdtentiai in Célifqrnia, it is first necessary to
estimate ‘the maximum potential for éach fiver basin in the state,
using data from the 1976 FPC study.,6 which takes into aCcount.all
federal law restrictions. The hydfdglectric potential for sites
festrictéd by étate-iawl-is then,subs;raqtgd“from this‘estimate.
This provides the maximum hydroelectrical potential for sites
restricted by neithef federal or state laws. Restfictive federal
laws are detailed in the Federal Wild aﬁd Scenic Rivers Act.

State restrictive laws include the California Wild and Scenié¢ Rivers
Act, as well as moratoria locally imposed by the voters (thé Mad
River.Basin réstriéfion, for example). All sites considered here -
have potential capécity of at least 5 MWe and consequently do not
include any "small" hydroflants. The sites considered have totally
 undeveloped potential (no dam currently existing). Detailed results

of this analysis are given in Table A. h

o
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APPENDIX B

Analysis of Pumped Storage Capacity in California

- For each of the 56 sites of pumped storage hydroelectric capacity
in California both the head (ft) and the hydraulic capacity (cfs) are
given in the 1975 FPC étﬁdy.zo Consequently the;geherated_electricity.

at each of these sites can be calculated from the standard formula

where E is the eléctriéal energy in kWh/y, H is the head in ft; Q is
' the-hydraulic capacity in cfs (éubié feet per second), t is the time'
per:§ear in hours during which the plant generates electricity, and
é;;is the éfficiency coefficienf for cbnveftiﬁg thgukinepicvggergy

of ghe félling water in;o electricity. Here a 12 houf daily operaﬁion

has been considered with a corresponding

t = 12h x 365 days/yearv= 4380 hly .

» Furthermore an overall conversion efficiency of € = 0.85 has been
éssumed.

The results are given in Table B. In order to minimize the length
- of that table the results belongingvto sites within distin?t_riyer
basins have béen.gtoupeé togeiher.'~A1§o,'wheneYe; apprqpriate{ ol
adjacent1y 16cated Basiﬁsvhavé’been combinea; ‘Such gfoppiﬁg, however,
does not neceSsafily imply tﬁat a11~poteﬁtia1 pumped storage sites

are directly- associated with major rivers but rather that appropriate’

\
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geological and topographical formations for such deQelopment exist
within those river basins.
The total area in acres which would be covered by water by both .
the upper and lower reservoirs has also been estimated. For each
of the 56 sites the 1975 FPC study20 gives the usable storage (ac-ft)
and the drawdown (ft) of both thé upper and lower rééervoirs. Using
this data, the maximuﬁ sur face area can be reasonably well estimated
by assuming a triangular cross—secfion for each reservoir with a drawdown
in excess of 10 feet. Ten feet is the minimum drawdown assumed in |
our calculation whicﬁ uséd a rectangular cross-section. Thé surface

area A is given then by:
A = 3V/D

where V is the volﬁme (storage)vof wafer an& D is,thé maximum depth.
for each reServoif. The thus calculated surface area is essentiglly
an upper limit for thé feal surface area since this formula for computing
A normally overestimates the surféée area for a fixed and known reservoir

depth.
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APPENDIX C

Economic Analysis of Hydroelectric Power Generationm

The total cost of electficity genefatioﬁ in a hydrdeléctfic'plaht
or, for that matter, any other ﬁbwer plant, is the sum of two independent
components: capital cost (cost of amortization of the capital investment
over the life-expectancy of the plant) and production cost (annual
operation and maintenéncg expenditures).

According to the'FPC',10 the capital investment for a hydroelectric
plant can be subdivided into 5 categories as follows:

1. Land and land rights

Q.U‘Stfﬁétureé and improvements

" 3. Reservoirs, dams, and waterways

4. Equipﬁent costs

‘5. Roads, railroads, and bridges

It would seem natﬁral to expect that the dependence of the capital
investment in.dollars per kW ($/kW) versus the total plaﬁt capacity
in kW is dictated more or less by‘the economi es ofiécalé} However,
close examination of the capital expenditures of various projects,
as given by FPC,10 reveals that such dependence is almost nonexistent,
due evidentiyﬂto the uniqueness of each hydroelectric plant.

T6 illustrate the lack of dependence of the economies of scale
on the‘c;bital investment of hydroelecffic'plaﬁts; a typical year is
considered and the characteristics of all plants that began operation
in that yeér are examined. This selection is made simply to minimize
the impact of inflation on capital investment. Thus, 1958 is chosen

as a typical year. The characteristics of all plants that started



-36-

10 It can be

their operation in that yeér are given in Table C-1.
noted from this table that 5 of the 13 plangs listed are located in
California-—the 1argest number of hydroeiectric plants to start operation
within the same year in' the history of the stéte. The fact that 10 ”
piants are located in western states is of some significance in this

analysis because it could minimize the impact of varying construction

costs from one section of the country to another. A linear fit of

the data on capital investment ($/kW) versus installed capacity in

Table C-1, plotted also in Fig. C-1, gives the regression formula
y = 239.88 - 0.019x

with x in MWe, y in $/kW. The corresponding correlation coefficient
is r = 0.055. Next, the same data are fitted with a power curve since

the economies of scale are generally represented by a similar curve.

Thus we obtain

y = 281.06 (x 0-0482)

with x in MWe, y in $/kW. The correlation coefficient is now r =.0.126.
These results indicate that the capital investment for a hydroelectric
plant has hardly any dependenée on its installed capacity.

Produétion expenses generally consist of operating expenses and
maintenance expenses. In the case of hydroelectric power genération,
10- W

these expenses can be further subdivided, according to the FPC,

as follows:
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1. Operating expenses

a. Operation, supervision, and engineéring

b. Water for power

c. Hydraulic expenses

d. Electric expenses

e. Miscellaneous hydrau}ic power geqer?tion expenses

‘f. Rents
2. Maintenance expenses

a. -Maintenance, supervisiqn, and engineering

"b. Maintenance of structures

¢. Maintenance of'reservoirs,-déms, and wqtefways

d. Maintenance of.éleqtrig plant,l |

e, Maintenance of miscellaneous hyd#aulic plant
These subcategories do not contribute qually to fhe total proauctiOn
costs. Examination of the production costs cited by thé FPC10 reveals
that operating costs generally exceed maintenancé costs; -Electric
expenses, hydraulic expenses, and supervision and engineering; in
order of relative ipporganCe? are by far ;he most ﬁredominant components
of operating costs. By contfast, only maintenance supervision and
engineering and maintenance of electric plant are significant cost
contributing subcategories of overall maintenance expenses; Considering
now the depenaence of generation costs in m?lls/kWh~on the installed
capacity of the plant, it can.easily be established that, on the average,
operation costs fall by a factor of 10 as iﬁstalléd capacity varies

10

from 10 MWe to 2000 MWe. The dispersion about the average, however,

is very large. To demonstrate this point, let us examine once more
y g p ’
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the data of Table C-1 (and these data are plotted in Fig. C-2), - A power

curve fit of these data yields

y = 4462 (x0013 “ - "

with y in mills/kWﬁ, x in MWe. The éorrelgtioﬁ coefficient is r = 0.73.
This value is less than significant, even étAthe 1% level. Thus, if
there is a correlation between production costs and installed capacity,
it is ndt strong. Furthermore, if our examination is not restricted

to those plants which began initial opénabiqn in 1958 but,.instead,
consider all the plants listed in the i9ZS;FPC study, a negligible

correlation r 5-10-2

to 10—3 is again obtained. On the basis of these
results, the difference between dependence of,éapital,costs.vegsué

plant capacity and production costs versus plant capacity can be
“deteérmined. If one -is using a statistically large sample in studying
production costs versus plant capacity, it can be expected that, on

the average, the largér plant would have lower electricityAptoducgion_
costs. On a one-to-one basis, however, nothing.can be pfedictéd before-
hand and-only a case-by-case study can determine both capital costs

and production costs.

Next, the contribution of the capital investment amortization

on the price of generated eiectricityAis examined. _Let us consider .
again. the data:in Table C-1. An amortization tiﬁe_interval of 50 years,
a typical lease period of hydroelecfric dams by the Federal Power
Commission, is assumed. It should be noted, however, that the life
expectancy of dams, reservoirs, and'waterwaysvfar-exceeds 50 years.

Furthermore, a discount rate of 67 is uséd, a rate which is probably
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higher than that charged for federally-built projects subsequently

30 Our calculations will therefore yield annual

leased to utilities.
capital investment costé»higﬁer than those currently preQéiling.
Nevertheless, it would be iﬂStrﬁctive to know how their ievel compares
to those éf pfodugﬁion costs, particularly now that smaller projects
may be deveioped'by private parties with no federal subsidies. The
following'capital recovery factor .

114D - _ 0.06(1+0.06)%

CRF 2 2
(1+i)"-1 (1+0.06)°% - 1

= 0.06344

has.beenAﬁse&1to:éa1cﬁ1ate the annﬁél'bfincipal and interest ﬁéyments.
The results afe éi?enfiﬁ Tablé C—Z; together with applicable information
fromiiabiéicfi, dsingfonce'ag;iﬁ:ﬁafa'fér the year 1958. A sﬁhdy

of the 1as£ three>columns ofvfaﬁle C-2 clearly indicates that‘%he

cost of gépi;éllié geﬁerally several times the cost of production
(maintenégce.gnd bﬁeration). 6n‘tﬁé,othé€ hand, the total coéﬁ of
generati;; for hydroéiectric power is several times lower than the
similar cést»férlthermal ﬁbwer;lg even if we take into consideration

the more;éhaﬁ;256z inéréase iﬁ the iﬁplicit price deflator frqm 1958

to the present time.3.l



*uo139npoag jo 3s0) + [eITde) 3o 380D = UOTIBIBUIY JO meOw

Ct(umi ooﬁv uotrjeIdUIH .::<\Aoo~wv juawisaau] (eirde) =
T g0l X C(MW) A31oede) X (#4/$) "aul 1831de)

(umi/sT1TW) Te3ITded jJo 380D,
(901$) 3Iudwisaaul aWu«nmon
. *1-D '91qel Wolde

se° ¢ $€°0 00°¢ 906 L€ z16L A7 (*3118D) 204
_ 20°¢ L0 $9°¢C 059752 0°€19 0 s€l (*3118D) SEEH
vZ g €0 26T 688° LT 1°509 8°601 (*31180) Z "ON noqraE)
Mw 10°€ 65°0 8T qowhm ) v 022 0°9¢ (-3711eD) Aa1reA 3308
_ gee 62°0 $0°¢ %6501 %022 z°L6 - (*3T18D) T °ON Yo1Pd
- 1 - - w11 0°9¢ (VAL) weyaeayp
%$°0 LLeo Leee L6T°62 S 16% 8 s¢€l (VAL) T1TH 193ud)
69 L£°0 Yy 682755 e 0° %0z ("useM) T "ON 33Ims
e 98°0 94y S6e° L1 1°(%2 '8¢ (*8210) %104 Yy3oN
T 1671 0 671 000" Z1 1°€16 008 .(*8210) °O uyor ‘@1kog
AR 81°0 461 ow% €2 [-106' 0°216 ("A°N) SSOW 312qo0Y
%02 1€°0 gLl cﬁw.oﬁ 8°18¢ 0°8% | (*3UOK) PUBIYS0H
6T 210 81 9c8°89 9 1962 7°09¢ (ouep1) 291umo1g

;zw\mﬂﬁﬂe /s ;3;Vwﬁﬂqf R . A - :
pIOTITIFND UOTIMBOIL LTI fendes  puorseasudd Suuy 2y oeding B N que1d

350D 1509 350D : : )

+(8¢61) uorierado [e1ITul jo IEdl swes 2yl Yiw °"S°n oyl cq

sjue(d D113021201pAkYy 3O 350D uoileisuad [eI0L °7-D 2IqEL

oy



Ll

REFERENCES

Hydroelectric Energy Potential in California, California Department

of Water Resources, Bulletin No. 194 (1974).

M. McLaren, The Rise of the Electrical Industry during the Nine-

teenth Century (Princeton University Press, Princeton, 1943); i

110,000 Volt transmission line in Southern California," Elec. Wd.

Vol. 20, p. 76 (1892).

Directory of Electric Utilities in the United States, Federal

Power Commission (1940).

Statistics of the Electric Utilities in the United States, Privately

~ Owned, 1950 (also, 1960 and 1970 editions); Statistics of the

Electric Utilities in the United States, Publicly Owned, 1950 (also,

1960 and 1970 editions), Federal Power Commission.

California Energy Trends and Choices, Vol. 7, "Power Plant Siting,"
Biennial Report of the State Energy Commission (1977).

Hydrolectric Power Resources of the”United_States, Federal Power

Commission (Washington, D. C., 1976).

D. E. Kash et al., Our Energy Future, Oklahoma University Press

(Nortdn, 1976).

J. Sathaye et al., Analysis of the California Energy Industry,

Lawrence Berkeley Laboratory, Berkeley, Califormia, LBL-5928

(1977).

H. Thirring, Energy for Man (Harper Colophon, New York, 1976),

pp. 236-237.



10.

11.

12.

13.

14,

15.

16.

17.

18.

19.

20.

45~

Hydroelectric Plant Construction Cost and Annual Production

‘Expenses, 19th annual supplement, Federal Power Commission
(1976).
H. S. Keésler, "Power from the Stfeams," Solar Age, pp. 16-19 (1978).

Estimate of National Hydroelectric Power Potential at Existing

" Dams, Institute for Water Resources, Corps of Engineers (1977).

v

W. D. Metz, "Energy Sforage and "Solar Power: - An-Exaggerated Prdb1em,"
Science 200, 1472 (1978).

Small Hydroelectric Sites Survey, Preliminary Office Report,

California Department of Water Resources (1976).

R. Saundérs, "Water," in Energy'Priﬁér:h7Solaf, Wind and Biofuels,

R. Merrill and T. Gage, Eds. (Delta Pubiishing, Néw York, 1978),
pp. 100-119. ' R
D. Christiansen, "Water over the Dam," SRectrum‘li,:(Z),'31 (IEEE,

February 1977); D. Christiansen, "'Universal Solvent':or”Universal

Problem," SBéEtrum 14, (6), 27 (IEEE, June 1977). '

R. Turvey and D. Anderson, Electricity Economics’ (Johns Hopkins‘

ARV

University Press, Baltimore 1977), pp. 151-187.

Steam-Electric Plant Construction Cost and Annual Production

Exvenges, Federal Power Coﬁmission, 27th Annual Suppiemenf (1974).
H. B. Brainerd, "Water, Water Everywhere,' Spectrum lé, (95, 24
(IEEE, éeptemﬁé; 1977); J. S. Krikorian, "Analyiihé Small Hydro,"
Spectrum 14, (11) 16 (IEEE, November 1977). f

Potential Pumped Storage Projects in the Pacific Soﬁth%est,

Federal Power Commission, Bureau of Power (1975).



21.

22,

23.

24.

25.°

26.

27.

28.

29.

30'

31.

This
U.S.

46—

E. Kahn, Re11ab111ty of Wind Power from D1spersed Sites:

A Pre11m1nary Assessment, Lawrence Berkeley Laboratory, Berkeley,

Calif., LBL-6869 (1978).

P. Craig et al., Distributed Energy Systems in California's Future,

Lawrence Berkeley Laboratory, Berkeley, Calif., LBL-6831 (1978)

T. W. Reddoch and J. W. Klein, "No ill winds for New Mex1co utility,"

Spectrum 16, (3), pp. 57-61 (IEEE, March 1979).

J. J. Geraghty, D. W. Miller, F. Van der Leeden, and F. L. Troise,

Water Atlas of the United States (Water Information Center,

New York, 1973) p. 13.

The California Water Plan-—-Outlook in 1974, California Department
of Water Resources, Bulletin No. 194-74 (1974).

Hydroelectric Engineering Practice, ed. J. G. Brown, p. 7

(Blackie & Son Ltd., London, 1964).

P. Berenson et al., Effects of the Drought on California

Electricity Supply and Demand, Lawrence Berkeley Laboratory,

Berkeley, Cal1f., LBL—6356 (1977).

D. E. Lilienthal, T.V.A.: Democracy on the March (Harper, New York,

1944).

D. S. Haiacy, Jr., Earth, Water, Wind & Sun '(Harper, New York,
1977) p. 48. ‘

Stanton R. Smith, private communication (Sept. 1978).

R. J. Gordon, Macroeconomics, Appendix B, Little, Brown, and

Company, Boston (1978).

work has been supported by the Energy Technology Division of the
Department of Energy under Contract No. W-7405-ENG-48.

i

&



%

This report was done with support from the
Department of Energy. Any conclusions or opinions
expressed in this report represent solely those of the
author(s) and not necessarily those of The Regents of
the University of California, the Lawrence Berkeley
Laboratory or the Department of Energy. _

Reference to a company or product name does

" not imply approval or recommendation of the

product by the University of California or the U.S.
Department of Energy to the exclusion of others that
may be suitable.




TECHNICAL INFORMATION DEPARTMENT
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





