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OPSIS

1. In the first chapter, what is a pumped storage scheme
and how it 1s important for the system to solve its pedking
problem is explained vith a typical daily loédrcurVQ. Further
hovw the gystetﬁ reliabllity is improved in comparlson with other
types of generation and intergrid system has been cxplained.

2. In the second chapter the historical developuents of
pumped storage plant from its hgmble beginning in 1882 as a
pumping sta't.ion‘uith reéiproca.‘cing pump to the_ latest plan-
ning of 2000 I£.W. pUmped storage plants with revcrsible
machines has been traced. Farther the two basic types of
pumped storage developments, vizj 1) pure pumped storage ani
i1) mixed type pumped storages has been explainecl. Ilow the
economy of power houss construction effected by three machine
unit and two machine unit with reference to vertical and
horizontal shaft setting has been discussed. The nccossity
of going in for underground power house construction and its
advantages over the other types of power house layouts in case
of pumped storage due to the deeper setting required for
modern large capacity units have also been explained in this
chapter.

3. In the third chgpter, the current developmmt trends
in the pumped storage technology, sterting from the develop-
ment of large statlions with large unit cépacity, larpge under-
ground power house cavern, the latest concept of clucter lay-
out and the development of equipments porticularly the Isogyre

turbine and hone turbine have been discussed. Othor developments




leéding to improvements in the pumped storage opcration like
1) Yback pressure operation for Pelton wheel to reduce the
shaft lenpth
i11) wicket gate operation
41i) improving the thrust bearing and sesl arragncient
1v) direct water cooling for generator motor for better
performance and reduction in slize of the nzchine,and
v) by employing pole changing synchronous nachine to
increase the speed of the pump by 207 so that the
overall efficiency 1is improved
are discussed in detail.

In addition, the various types of starting nmethod adopted
for pumping mode in reversible turbine with their aldvaontages
are described.

4, In the fourtk chapter, the pumped storage development
in some of the advanced countries, like

1) U.8.A., 11) vest Germany, 1iii) Japan

iv) Italy v) UKy vi) U.8.8.R

and other countries has been described.

5. in the :1fth chapter an overall summary of the pumped
gtorage development with reference to improving tho overall
grid stability and tho economy of the gsystem due to its high
flexibility is discussed.

The futurc prospectus in the development of pumped
storage generation like
1) establishing regional grids and.super grids
4i) ueging of tidal power in conjunction with pumped storages

144) using the large condenser cooling water storages

e i e A PR T U



iv) locating underground reservoir and power houses
wvith the upper reservolr in a depression in the
ground level or sea, and
v0 using of sea water as lower stbrage and creating an
upper resermib on a mountain top near thc sea sghore

are also described.

6. In the sixth chapter the economics of the nanped
storage plant with reference to some of the pumpe:? storage
plant now under opecration is explained, The economics of
Kadamparal pumped storage plant in Tamilnedu (Indin), recently
(1973) sanctioned by Planning Commission, is worked out,

7. In the last chapler the importance of such developments
and how future pumped storage plants are plamned in India is
dilscussed. As an exemple the need for such development in

Tamilnadu is explained with a dally load curve.



REVIEY OF ADVANCEMENT IN PUMPED STORAGE HYDRO DEVELOPMENT
CHAPTER I
INTROIUCTORY
WHAT IS PUMPED STORAGE POWER DEVE-
LOPMENT AND WHY IT 1§ xjmcﬁésﬁ 7

1. Basically pumped storage i1s a sort of storing surplus

energy avallable in a power system. During s%adk demand period
the surplus energy vhich will have no tariff value is utili sed

to pump water from a lower basin into an upper reservoir where
it 15 retained as hydro power potential and is utilised for
power generation during pesk demend period and thus to Ssupple~
ment the peeking capacity of the system without any additional
source of energy. Also the energy so generated durin- peak demand
period will carry high tariff value.

2. It will be apparent from the above that therc will be
some loss of energy while pumping water from lower to upper
reservolr and then agaln vhen the power is generated with the
pumped water and so the process will involve losses twice and
overall efficlency in terms of energy may be of the order of
65% to 75% only. Hovever, the surplus energy availablc in the
ayatém during slack demend period has no tariff valuc, In case
surplus energy is avallable from the hydro sources, the water
from the sources will have to be flown down énd utilizgtion of
such surplus energy will involve no aiditional cost. In the case
of nuclear and thermal plants alsgo though they can be shut
down, the boilers will have to be malntained on bank fire even

during absolute closure and, therefore, the saving of fuel



of power (n M.W.

Utitisation

{400

/200

fooo

1

(300 MW.
(Morning peak )

Hydro power -300 MW.

1150 MW.
(Evening ppak)
1050 Mw

800+~
600 Atomic power 300 M.W.
400
Thermal power 400 MW.

o0
] Power Ffrom other states Bom w.

Run l07" the river | 50 MW

4 é 12 18 24

Hours of the day.

(///] Generation from pumped storage plant

Pamp/nj energy from base load .

FIG. I-TYPICAL DAILY LOAD CURVE




vould be only partial. Utilisation of surplus generating capa=-
city in the system will involve only the extra cost of some
fuel and some lubricants etc. which will be smgll as caap ared
to the tariff value of the power generated from the punped
vater durlng peak demand period. Thus insgpite of low efficiency
by consideration of energy, economy of pumped storage dovelop-
ment should be quite favourable in all cgses where surplus
generating capacity may bé avallable in the systes during slae:

demand period.

3+ To make tho plamming of o pumped storage sciicae nore
clear let us consider a typical delly load demand ¢f a system.
dowevery, it is stressed here that a pumped storzpe plant can
be designed as a weekly or seasonal basis also. Lot ¢he power
demiond increase from 6 A.M. and reach the pegk deuacd ot 10.00 4.,
After this let 1t fall to a certain level and agoln by Y% pLlL
let the demand rise in the evening and reach the peak say at
about 6.30 P.li. and again slowly'it drops to the original level
at about midnight. Fig.(1) shows the grophical ropresentation
of the above rise and fall of the power demand by cioons of‘a
cﬁrve termed as daily demand curve or dally load curve.

Let thls systan comprise of the following:

i) Run of the river generation ... 50 1.

11) Powor from neighbouring states .. 50 1l.!7.

1ii) Tthemal 'power ves  HOO el
iv) Atomic pover eas 300 114V,
v) Some hydro power | eos 300 Liate

Total system capacity ... 1100 1i.U4.
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As the power from item (1),(11),(111) and (iv) has to be
utilised contimiously they are marked as base load.

The total base load capacity is therefore equal to 50+50
+400 + 300 = 800 M.u.

It may be seen from the curve,(i) the power denand or
utiligation is less than the avallable power upto 6 A
Slmilarly after 10 P.il. in the evening also demend is less than
the pover available (marked in dotted). Thus this power becomes
surplus to the gystem, since they form the base loai stations.
As already expleined in the previous para letting dovn the
run-of the river water without generating power ic wasting of
energy even though we may not require at that time. Sinilarly
closing down the thermal plant to save some fuel during that
time will not permit saving corresponding to the power cutout.

(11) Let us now c¢onsider the demand between 6 *.1'. in the
morning to 10 P.!'. in the ovening. It is found from the curve
the demand is more than our baso load capoacity. It is assumed
that in this system there are some hydro stations of 300 H.W.
capocity with high head and storages. Due to the linitation of
the run-off and storages let the power generated by these hydro
may be taoken as 'X' K.W. hours, and:';ggc;ed in the curve. Let
the peak demand be 1300 .U, in the morning and 11%0 ..M. in
the ovening. It may be seen that the total capacity of the
cystem is less by 200 H.W. (1300-1100) during morning peck
and less by 100 M.W. in the evening pook denand period
(hatched portion). Hence the systez i1s having peck defieit in

instolled copacity assuming the systen has adequate cnorgy.
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This can be fulfilléd in three ways:

(a) By having hydro stations. This means we rcouire new
vater resources,

(b) 3y having thermal stations. Thic means we require
nore fuel.

(¢) By pumped storage plant of say 200 M.Y.capacity.
This does not rewuire any new water resources. But
will use the Surplus pover available (in thc morning
and night) during the slack.aemand,perio& doseribed
earlier. Let us Say energy required in the ped: demand
period is 75%'01' the enorpgy available as surplus pover.
Then it 1s nov found the 257 extra available as surplus

will teke care of the pumping and gencratin~ losses.

Thus it is clear, hov the adequate capacity of pu.ped
storage plant with reférence to the avaellable surplus encrgy
in thé slack period is put to make good deficit in tie peak
demand. In case the surplus power 1s less than peoi deficit we
may require scme energy schemes in addition to the pumped
storage scheme wvhich will reduce the capacity of the naw~ehergy
scheme to the extent it can utilise the surplus off pook power,

thus reducing the cost and repgular maintcnance of neu scheme.

Nence it 15 shown that pumped storcge scheue is a valugble
asset to the system to make best use of the cnergy available,
vhich otherwise vill go waste.

+. Besides this, the improvement of load fact.r of thomal

plants due to the presence of pumped storage scheue and of
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overall efficiency of the supply system is in itself a decisive
advantace.

5. In a gsystem comprising several large thernal plants
for oxample, addition of a pumped storage scheme to neot expan-
ding demands, not only saves the provision of additional thermal
plant but also saves the fuel such ney plants would consume.

6. The importance as instantaneous reserve nay also be
underlined. On the one hand starting time for punp turvines
are very short i.e. about 70 seconds ané,fbr change over from
pumping to turbining some 150 seconds. On tho otuer ond,
pumped storage project are operated most of the titc at 807
of the full capacity so that in the case of systen breckt down
or other incidents theif output can be increased from 8977 to |
1007 within a fev seconds. In an intercomected systoa pumped
storage therefore constitutes an important reserve wiich camnot

be equalled by any other type of power plant.

7. Further as system demand continuecs to incrcase at a
rapld rate in a developed or heavily industrialised country,
tvo major aspects have to be congidered:

(1) Provision of peaking power at the lovest cost.

(11) Neintenance of system reliability.

Both aro indopendent. This can be ensured by number of
methods as described belows

a) Intergrid comnections

b) Additional basec load steas plant or peokin: cleza plants.

¢) Additional gas turbine pecking units.

d) Additional capacity at the existing hydro stations
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e) Construction of pumped s torage plants.
a) Taking an example in U,5.4. 957 of all generating capacity
is now interconnected at a common frequency. A national relig-
bility council is established for improving the systen relig-
bility with the help of twelve reglonal coordination groups and
vith interconnecting transmi ssion netwoﬁ:(%). But all this
requires a high level of reliance and cooperation betucen the
members. Further, it is costlier and during emergencics or
system dlsturbances one system magy be isolated from the other
vithin few minutes. Such things have happenfed in past, for
example in lew York in 1965 when a major power station broke,
thercby reducing the system frequency very badly, which in
turn isolated other systems to protect thelr equipnent ana
wvith the disastrous result of plunging Nev York city in utter
darkness. When frequency falls intentional scparation is also
possible. such things have happendd in summer 1972 in Tamilnadgz
Grid also. Hence this may not solve the problen enti.r:ely.

b) The time taken for a thermal unit with a stea: turbine to
go on line at full load is about 14 to 2 hours. This is alripht
for an anticipated pesk, but for an emergency this is too long
a period, in which undue demase will occur in the Systen.

Even the most modern machine will teke 30 to 45 minuter.

c) Even for the gas turbine the time taken to po on full
locd 1s about 20 minutes. In addition due to low thorial effi-
ciency and hipgher fuel cost per unit its use is liuited.

d) The hydro station can handle such emergency pecks within
a few minutes but only dravbeek 1s the water thot ipr ueed for
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power generation is lost for ever for the particular hydro

pover gtations.

e) A pumped storage plant has got all the advantagzes of a
hydro-electric station in addition to the water used for gene=
ration can be reused for generation by pumping back to the
original storage alter the emergency is over. Marther, compared
to thermal unit it tekes only about 70 to 90 seconds irom stand-
still to full load and from full pumping mode to full genera-
ting mode about 2§ minutes.

8. In the industrially developed countries the problem
of levelling out diurnal fluctuations in thé electric load is
becozing increasingly urgent due to irreguiar utilicotion of
clectricity at var:!.oga periods during the yeor, weel: or day.
The difference botween the night and mornins load alreagy
apounts to thousands of lMegawatte. U nder present day conditions
in large pouver systems with a very sharp load fluctuptions.,
This probleu is particularly acute for countries vith predomi -
nontly thernal power stations which are 1ll-equipped for such

variable conditions of operation.

The pumped storage plent simultancougly resolves the two
bogic problams in 1évélling out the powsr system load curves
(as shown in para 3) in which powvor stations of oll types must
partiecipate at the same time meeting the pedk demands and
filling the night time 'c:éoughs in the curve. Fig. 2 ond Fig.3
ghow sone of the typical deily load curves of doveloped coun-
tries with large load fluctuationss and how the operation of
pumped s torage has been helg‘ul to them.



9+ In short the advantages as well as the nccessity of

having a pumped storage plant in a gystem 1s as followvs:

1)

ii)

111)
iv)

v)

There 18 no fear of exhausting the source of power
generation, there is practically no limit for fixing
the capacity of pumped storasze plont. The wy in
which large unit capacity and lorge pumped storoge
plants have progressed so far in the last 10 years
have promised a bright future in the coning years and
have brought out the above fact clearly.

In any system where such a large reserve 1s available
at a short notice will mahé the system relinble to
the users of electricity.

It assures an adequate standby in the tine of breckdown.
It can take care of variations in frequency vhiech ig
very important now-a-days. As fall in frecuency of
supply means large scele damage to cophisticcted
modern equipment and breaking avay of neiphbouring
system to protect their equipments ani therchy making
the situation more critical.

Above all as stated in earlier paragraphs its cnergy
is avallable practically at little cost to toko conre
of the charp pesk demand in the system with no appre=

clable loss in its water resources.



CHAPIER II
HISTORICAL REVIEW

1. The 1dea of pumping water into high level rcscrvoire
in order to store cnergy is not new. The first punp for this
purpose of which records are aveilable was instelled ot Zurich
in 1882. This wvas a reciprocating punp. The firet centrifugpgal
pump wvas installed at Luino in Italy in 189%. It bz 79 h.p.
capacity, pumping analnst a head of 210 ft. to an a~tifieial
recervoir, and was used by a spinning moill. Detuccn that date
and 1925 the size of units increased slouly but cic:illy upto
about 50,000 h.p., but no large capacity pumps wverc installed
until the Niederwvartha station near Dresden wazs put iuto opera-
tion in 1928 with two, later four 27,000 h,p. puups ang 30,000
h.p., turbines. Thesc units wvere the fore~-runnerc of o numbor -
of large capacity pumpin: scts bullt in Durope duriii_ the sub-
sequent five years, of which the largest in capacivt‘y ct that
time were the four 36,000 h.p., pumps ut Herdecke stotion in
the Ruhr. More recently a pump of 62,000 h,p., wos “ub into
operation at Providenza in Italy, and units of 85,000 L.p.,
have been completed at Limberg in sustrin. Upto 1951 the deve-
lopnment of pumped storage schemes has been lorgely confined to
Europe and of a total of about 850,000 h.p., of pu.p capacity
installed throughout the world, some 600,000 h.n., ung to be
found in Germany alone. For the most part the remaindc. was
 givided in order of aggregate capacity between Italy, Switzerland,
France, Austrla and the United Stabes. Isolated scheilcs exist
in sweden, Spain and Chile. In U.K. one small ingtrllation of
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230 h.p. built in 1918 on the river Tweed, was the only exemple
of pumped storage until the North of scotlana H.Y..Torrd put
in hand a scheme at Sron lor near Inverary. This couprises a
5000kw horizontal francis turbine gener:tor to which a storage
pump 1s coupled., The toil pond of the Sron lor stotion is also
the regulating head pond of a peak load sgation, Clachan
situated at a lower level. The function of the puw> is to trans-
fer to the main reservoir above Sron lor the natural inflow
into the tail nond which othervise would be wasted vien Clachan
1s not working. Only by 1963, the first large secnle pumped
storage development in U.K., 1.0. Ffestinolg pumped storage
plant in Wales with a capagelty of & x 75 U (300 :I..)) has been
nade.

2+ InU.S.A. the carliest pumped storzze plont in opera~
tion from 1929 is ot Rocky hiver, Gonnecticut, of coocelity
7000 kilowatt. The next highest plant copacity was inctolled
only in 1950 at Buchann, Toxas of capacity 12,000 ku. In 19%6
at Mlwassee, North Carolina, the capacity instalicd was
59,000 kw'??), However, tiis figure rose to 240,000 Itw by the
addition of Lewiston, Niagara pumped storore scheac in Hew York
gystem. In 1967, the pump generating plent capacity in U.S.A.
rogo to 800 K.W. by the construction of luddy Run ot Qeninsylvania.
Tow therc are schemes like Cornwall of 2000 ;".1l. ingiclled

capacity under construction in U.S.A.

3. In U.E.8.R. until 1970 thorc was no developuont, the
first pumped storoge 1s Riev pumped storage plant with g capa~
city of (6 x 34.6 M) 200 IN.v.commissioned 4in 1970. There has
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been a great awekening now and large scole planning in thou-

sands of liegawatts capacity is going ahead in U.S.S8.H.

4, To-day the plaonning ang the construction of a mumber
of large capacity pumped storage station is a characteristic
of expending modern ¢lectrical power supply systetls. As an
example experts in the U.S.A. vho in 1998, were hardly prepa-
red to think of possible pumped storage schemes heve now at
the dosign stage more than 19000 M.Y. 0 be commiscioned by
1980 in the areas of Nev York, New Jersey, Peninsgylvonia and

850 On.

5. Historically there are two main bagic types of pumped
storage development, In the first the water is pumned frou a
1w1wﬂrmwmu‘MiMoammiwdswmm'mamM%
a head 'H'. This water 15 later used to generate encrgy vhen
floving in the reverse direction from B to A, over tic same
gross head 'lt. Because of the friction losszes tho nuliping
head will on the averaze be greater than the generating heads
level variations in the two reservolrs have also to be congl-
dered. This type of pumped storage development is often called
pure pumped storage schemes.(35) such schemes usually have the
poucr house and lower reservolr in the existing river or'ldke.
Tor the upper storage nearest hill top is chosen vhichk gives
the shortest wvater conductor gystem. Hill top reservoirs are
usually constructed by choping up the hill top and congtruc-
ting a ring bund or embankment to store the adequate water
necessary for the punped storage operation eg. Taum Saul.

P.S.P+y ludington P.8.P. of UsBeAey Vianden 1 znd II of



-2

Luxombourg, Ronkhausen P.S.P. of West Germany, Revin P.S5.P.
of France, Turlough Hill P.S.P. of Ireland and Cemlouprh P.S.P
of U.K. etc.

In the second type of pumped storagc clther head agvaile .
able for pover generation or the quantity of water avollable
for power generation are larger than the punping hcad or pumped
wvater to offset the losses in the pumping cycle then it is
called Mixed Pumped Storare Schene. Earlier versions ore mostly
of this type i.e. water from a water course having lot of flow
is pumped to a high level reservoir with opr vithout its natural
catchunent and for power generation the water is drowm frou tho
high level reservoir to a powor station loca;é:! suit~Jdly at a
far low level than the pumping stations lovel to naln uore
head for power pgeneration. Earlier types of thic arc Zound in
most of the countries. iven in India e.;. in Rundah Tlydro
Flectric Project in Tauilnadu copious waber from g sireom
belov upper Bhawani reservoir is pumped into it pnd pover is
gencrated in four powerhouses located on the other side of
the mountain utilising a head of more then 5000 ft. Dut such

schemes are generally called as pumping schenes,

6. In a pumped stox;age version, thougi separatopunp
and turbdbine with separate motor and gonerator arc ucod, the
vater for pumping and gencration is dravm through the saue
conduit. As the technology advanced thrco machine arrongement
developed in place of the four machine arrangement,nicntioned
above. Single pgenerator-motor replaced separate pelerator and

separate motor. Therefore, the most usual layout of Humped
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storage plent comprises a turbine with a generator and a )
pump coupled together on one shaft, the gencrator opcratiﬁg as
a synchronous motor also for driving the pump. Genecrally the
shaft 1s horizontal but vertical shaft arran ements verc also
adopted wvhere there were considerable fluctuationg in tallrace
level, in order to avold excessive suction hezd on the pump.
With vertical shaft units the punp is always on the hottom with
the turbine in the middle and generator above it. In the hori-
zontal arrancement cenerator motor may be botween tie turbine
and the pump just like any other hydro electric plcat, the
turbine adopted 1s Francis turbine for head upto 359 mcires
and above that pelton wheel. As the turbinc technolo v progressed,
Franclis turbines limiting head gradually improved .3 now

even for a head of 700 meters Irancis turbine is bela; thoupht
of. For example, the hiphest head upto which it has '.con used
is 672 m at Rosshag P.S.S. in Austria. liowcver, acove this
pelton wheel alone is adopted.

In the meanwhile there were developments poinc oa to
combine turbine and pump also into one unit with a view to
improve the economy of pump storage development. Such mpehines
are intende& to generate power when driven in one direction
and to pump in an amother direction, hence it is also called
Reversible turblne. A saving in cost of cbout 11" wvas possible
over separate pump and separate turbine. /n overall saving of
2677 was posglble as shown below (based on an cstinoted cost
of units working in Poland)$7®



FIG. 4 - SECTION THROUGH A PUMPED-STORAGE PLANT
SHOWING (IN DOTTED LINES D THE EXTRA PLANT &
INCREASED CIVIL WORKS THAT WOULD HAVE BEEN
NEEDED IF SEPARATE PUMPS HAD BEENINSTALLED

TWO & THREE MACHINE ARRANGEMENT.
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a. . | Unit
o, bauipment and works. Reversiblc  .hrce machine

, LYpe.

1. liechonical plant. 6ost 909
2. TFlectrical Power plant. o e
3, Constructlonal works 9 1257
Total 10073 1263

Tirure 4 brings out the extraplant and civil works ¢iat would

have been needed if scparate pump and turbine had been installed.

First reversible hydramlic machine was sold 0 e installed
at the Baldencyree power station in Gerpany in 1931. Tue
machine which has given trouble-irse service for nore than W
years was desligned and mgnufactured by the Sviss {iri Dscher-
Wyss. The machine has the followlng characceristics. /o turbine
it developed 1500 U.P. under s head of 9 motre ot o diccharge
of 15 cum. per second with an efficiency of 90,%. As o pump
it is capable of delivering 8 cu.n/sec agoinst a hord of almost
9 m. at an efficicncy of 787 and at on input pover of 1800 h.p®),
These were followed by two larger rcversible turbine punps
installed in Brazll manufsctured by J.M.Voith (A Cerwan fim)
and wag placed in service in 1939, the otihcr was ol iLcerican
vanmufacturer - Allls Chalmers agnd was pleced in cerviee in
19m(27). Subscquent extensive research ond developueat work
on this» type of turbine by fncrican hydraulic tupbiac industry
have produced designs of economical machines havin: pood perfore

mance characteristics. The development of the reversible pump



FIG. 5- REVERSIBLE PUMP TURBINES FOR VALDECANAS, SPAIN
TURBINE OUTPUT 110,000 B.H.P. HEAD 240 FT. PUMP
INPUT 82,000 TO 100,000 B.H.P HEAD 164 TO 238 FT.
150 R.P.M.

DERIAZ TYPE REVERSIBLE PUMP TURBINES WITH
CONVENTIONAL SPIRAL CASING FOR VALDECANAS,
SPAIN. COURTESY.ENGLISH ELECTRIC CO.D
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turbine has greatly extended the field of economic dovelopment
of puuped storage projects beccuse of the substantial saving

in the cost of hydrculic machinery ete. Loter in 1950, 11/8 Allis
Chalmers put out an efficient type of revorsible unit znd some
of these units vere installed in FlatIron P.8.P., Colorados
Mwassee in South Carclina. The recent tests performed by
Jepanese engincers have provdd the capabllities of these rever-
sible mechines as 500 metres. Table I gives come of tho impor-

tent Francis and reversible turbines in the world.

7. The puup turbine technology has further developed and
for lower hoads the "Deriaz Reversible punp turbine®(Iig.S5)
instclled at the Sir Adam Beck pumped storage stations at
I'logara Falls is capable ¢f working under partial lozds
(1.c. partial head ond partisl discharge). Iurther they ean
be started as puip direct on line, Friction losses for Deriaz
runners vhen spinning are very wmall as the runner blodes over-
lap each other.(3h’ 35, 40)

8. Hovever, for higher heads the main disadvanta~e with
reversible machine is that it will run in one direction as
turbine and in another opposite direction as pump. ilcico cong-
tant rosearch is being carried out to desgign an uni-dlirectional
roversible machine. Some of the developuents in this direction
are Isogyre pump turbine (Fig.9) and Hone turbinc (11 _.10).
They aro deseribed in the next chapter in detoil.

9. Alonzuith the advaccment in equipnment for punped storaje

development, thc power housSe arran-ement are also chansing



(@) Vianden /-IX Luxombourg (b) Sackingen W. germany
arca = as0m* area= 670 m*

9% joo MW (F.S.) hor. 278 m. 4x90 mw (F.S. )hor 4oom.

1974

4——33-5'_1

=
54'(7I ;r L S 1]
(c) Coo-Trois pornts Belgium (d) Weldeck 1 W. Germany
area = 760 m*2 area =1390 m*
EX 144MW (R.T) Ver. 270 m. 2x22omMWw (Fs.) Ver. 329m.

FIG. 6 - EXAMPLES OF RECENT PUMPED STORAGE CAVERNS
SHOWING THE STEADILY INCREASING SPANS BEING
' ACHIEVED
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radically. From surface pover station it has grown to shaft
type pover house. The developments are also mostly influenced
by the vertical shaft settings for the two and threc maochine
arran-ciient as against the conventional horizontal shaft
gsetting adopted in the past. Bach has got its own advantages
and disadvantages, but as the head incereases the pusp requires
deeper setting and that means deeper excavation and the vertical
arranzement enables the lower setting of the punp mochineries
without much difficulty. This has favoured the development of
shaft type and underground typec construction for jpuuped storage
plants. Table II gives the setting depth adopted for scuc of
the pumped storage plant. |

As there is liuitation of depth even for a shaft type
of arrangement the option for underground power housc location
gradually increased alongwith the incresse in thc opcrating
head. Due to the development in the mining technolory it is
now casy to construct an underground pumped stora-eo station
of greater spans. Fig. 6 shows the pgrowth of underground power
house cgverns adopted for pumped storage plants. Further it
hag the folloving a&vantages.(hg)
1) The rreatest flexibility in locating the pover house
so that the water conductor systen 1is the shortest.
i1) Underground locations exclude disturbance of slope
stability vhich is probable vhen running penstocks
along the ground particularly on steep slopes and

bad geologlc condition if prevailing.



-17-0

111) Reduces costly conduit installations to a rinimum
vhen operating at a high head. Such underground con-
duit system to the underground power house improves
the operating conditions of the pumped storage sta-
tion by reducing the hydraulic losses and providing
better conditions for machine rcpulation. Further
such arrangement saves a large amount of steel
required for penstock and tunnel lining and thereby
lowvers the capital investment.

iv) On account of dlfficult operating conditions of unit
in turbine mode vibrations may occur in thc acenstocks
which cennot be foreseen. The undersround version
completely excludes such vibrations.

v) Construction of the underground station is independent
of climatic conditions and con procecd at tho ssme
rate throushout the year, wvhich shortens thec cong-
truction time particularly in a region with a severs

climate.

10. By 1990, in all those highly developed countries
1ike U.S.A., Japan, U.K., and West Germany about 207 of all
gonerating capacities wlll consist of flexible electrical
Plonts. These ercatec conditions for reliable gnd cconomical

development of power systems.

Table III gives some of the important pumped storage
stations in the worlid.



CHAPTER IIT

CURRENT DEVELOPMEIT TRENDS

1. Fast increasing developzent of electrical energy from
conventional fuels or nuclear soulces has greatly widened the
scope of hydro-electric pover potential by pumped storaze for
supplementation of generation during pesk period even in those

reglons where there are preetically no hydro power sources.

Ruclear units in common with larger conventional thermal
units can be used most efficiently under conditions of conti-
nuous operation. Off-peak power from such units can be used
to operate pump-turbines as described earlier and the hydro
power derived from the same units in the reversible operation
becomes agvailable for use during periods of pesk demeng.

Examples of such stetions are given beloyw.

UK. 1) The 300 I'.4. Foyers pumped storage stotion
operates in conjunction with 120 If.y.Hunterstan ‘3¢ nuclear
pover station.(25)
| 11) The 360 !M.W. Ffestinoi~ pumped storaze station
built in conjunction with nearby Trewsfynydd nuclear station.(al* )

U.8.A. The Keovee Toxaway power systen brinrs ‘;;ogether
hydro-electric, reversiblc pumped storage and nucloar thermal
systcas in a unique combingtion., It has the world's larmest
nucloar station i.e. Oconee nuclear station of copacity 2658 .V,

for supplying base 3.oad¢(38)
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2. Thc above tromd of operating pumped storape stations
vith the development of larger themmal and muclear unite and
fapid gtouth in the interconnection of utility systcn has
resulted in the installation of larger capacity for pumped
storage statlons and consequent lover costs per kilowatt. In
@Germany, the recently constructed pumped storase plonts with
high capacity and larger units prove that rood reculis for
solving the pealking problem at the lowest cost per lilowatt
and highest efficiency is possible. Therefore the plouming for
pumped storage project dovelopment for the solution of future
power problems should be imaglnative by undertakin- lorne copa-
ceity units in conjunction with lerge capacity thernol aond
nuclear units, as they offer better prospects technically and
economically.(zg) The trends towards larger capacity pumped
storage developnent is borne out by the folloving stab&ments(aa)s

In 1950, the largest pumped storase installation was &9 if.u.
but by 1960 the largest pumped stora-e instnllation was 225 Ml.H.
and by 1970 the largest pumped storage installation was 1000 1i.H.
in operation and 3000 M.W. being planned.

Some of the large pumped storage plants now under conse-
truction throughout the world is listed below. l'ost of them

are of reversible type.(u1)



S N:me of the station. Country. Station eapacity
1. Northfield P.S.P. U.S.A. 1000
2. Blenheim P.S.P. | UsSeAs 1000
3. Lago Delio P.S.P. Italy 1040
%. Sintoyone P.5.P. Japan 1150
5« Tumut- IT P.S.P. Mstralia 1500
6. Castalc P.8.P. UeSaA. 1500
7. lLudington P,S.P, UuSahin 2000

Capacity of individual unit is also increasing ang some

instances are listed below:

a1 flead TUnit capacity
mo’ Namne of the station. Country utilised of each
* . ) mgehine(i1.W)

1. Taum Sauk P.S.P. UsSehe 263 20k

2. HNumappara P.S.P. Japan 478 230

3. Kisewma P.S.P. J'apan 220 21"0

)‘i‘o Ludington P.S5.P. : U-saﬂv 110 3“’3

5, Racoon lountain P.S.P. UuSehe 317 382

All of them are of reversidble turbine type.



has pointed out that though the pumping efficiency increases
wvith specific speed upto a certain linmit 1e,2750, the purpose
of reduction in cost will not be achieved as higher gpeed will
effect the cavitation factor 's ' (sigma) which will increaso
oxponentially with "Ns", and also may necessitate stronger

members for guide and stay vanes.

u; Owing to the demand for larger machine sets with the
bichest possible speed, pover houses hgve bcon arron_cd lowver
and lower below the water level of the lower reservoir in order
to give high intake pressures. In the case of Erzhoncen punped
storage plant, west Germany, this lod to the decisn of a cloged
frame work structure vhich was piven an earthfill to inprove
the stability. Hence it can bz classified as an underpground
power plant constructed in an open pit. At Ronkhenscn tho now
shaft type of construction was employed. Here thc two nachines
are accommodated in a circular shaft of 30 m. dizictcr. Other
examples are Vianden II, Luxambourg,‘Fbyers punpel storage
plant in U.K.

5. Howvever underground layout significantly riinates the
problem of deeper setting accompanying the high specific speeds.
A better understanding of rock mechanics now periits the
excavation of large cavities in relatively inadequatc rocks,

The provision of suitable anchoring allows the roct itself to

be used as a supporting arch e.g. one of the larpgest underground
olectric plant in the U.S.A. as well as the world's laorgest
pure pumped storape plant is 1000 M.4. - Northfield Iountain
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3+ In viev of such large capacity units the cost of machine
as well aos powerhouse and other eivil works incronces. The size
and cost of tho rotating machinery and the powerhouge con be
reduced by increasing the specific specd. Improvenment in cavie
tation performance is éonsidered to be the key to cehicve
furthor increase in rotational speed. Hence the rccont trends
have been towards high specific specd for a given gplication
to take advantage of cost reduction associnted witha reduced

machine size,

One method of gescribing the relationship betuccea rated
heads and specific speeds for hydraulic achine is o foctor'!
called X = %Isﬁo'g. “his factor has beon used for somoctime in
the hydraulic turbine industry with 'ls! defincd as turbine

specific speed.(61)

In 1950 's the francis turbines for projects in T.C.A.
vere being built with a 'K' volue of about 1330 (ueiric units)
as general practice. This number resulted from an c.pherical
tabulation of urdts in operation that had_shown 1ittle tendency
to cavitate. The current deslign practlece is to select francis
turbine and pump turbine speed between 'K' valucs of 1680 and
2530, deponding on the project characteristics. In {licce casos
additional sutmergence of the units is necessary. In this
connection a paper entitled "Selection of Roversiblc Pump
Turbdine specific spceds" by W.G.thippon (Allils Chaluiers,U.S.A)
presented in the I.AJH.R. 8ixth Symposiun held in Ione in
September 1972 is worth noting(1). In this paper the author
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has pointed out that though thc pumping efficiency increases
vith speeific speed upto a certain limit 1e.2750, the purpose
of reduction in cost will not be achieved as higher speed will
effect the cavitation factor 's ' (sigma) which will increase
exponentially with "Ns", and also may necossitate stronger

members for guide and stay vanes.

L, Owing to the demand for larger machine sets with the
bichest possible speed, power houses have been arron_ed lover
ond lowver below the water level of the lower reserveir in order
to give high intake pressures. In the case of Erzh-ucon punpecd
storage plant, wvest Germany, this led to the desisn of a closged
frane vork structure which was given an eprthfill to inprove
the stability. Hence it can be clasesified as an underoround
pover plant constructed in an open pit. At Ronkhanscn the now
shaft type of construction was employed. Here the two 11ochines
are accommodated in a circular shaft of 30 m. dimicter. Other
examples are Vianden II, Luxambourg, .I&'byers pumpel storage
plant in U.X.

5. However underground layout significantly nii~ates the
problem of deeper setting accompanying the high specific speeds.
A better understanding of rock mechanics nov perults the
excavation of large cavities in relatively inadequatc rocks,

The provision of sultable anchoring allows the rock itself to

be used as a supporting arch e.g. one of the largest underground
electric plant in the U.S.A. as well as the world's largest
pure pumped storape plant is 1000 H.W. - Northfield lountain

—
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unit recently constructed in Massachusetts. The underpround
powcrhouge 1s of size 100 m x 21 m x 47 m high oand ic unlined

vith merely shortcrete on a wire mesh for the roof ai‘ch(63) .

In addltion to the freecdom of selection of hydramlic
machines and the possibility of obtaining the neccssary depth
relative to the lowest level in the lower pool an underground

power house has lot of other advantages as describel carlier.

Some of the large underground pumped storzge Hiants in
the vorld under operation, under construction and under plann-

ing are listed belov.

sl Name of station Station gize of lemarks

No. and head deve- Country  copacity  tho cavern
loped, Clat) Gi:) ,

1.  Vianden-I(278 m) Luxembourg 9x100 = 900 33017230 1964
2. Shintoyne(230 m) Japan 5%230 = 1190 10=2.:%6 1973
3. Lago Delio(732m) Italy 8x125% = 1000 136:21x58 1972
Y. Forthfield

(250 m) UeSude Lx250 = 1000 100z21x47 1972
5 Bear Swamp Under
(235 m) UsSaAe 2x300 = 600 6925247 g;:nstmc»
. on.
6. Racoon Mountain
(317 m) U.8sA, Lz382 = 1528 "
7. Cornwall(35% m) U.S.A. 8x250 = 2000 "
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1f the statement is closely studied it will bc found that
the size of cavern is not increasing or decreasins with reference
to gencrating capacity. The reason is thisg, in the first example
for the Vianden I, as it was constructed in 1964 when the
confidence in reversible machine was not much, threc mochine
unit with conventlonal hoxr gontal setting was adoptod.
Therefore for nine units and the three machine arrenze:ent has
nade the cavern usdnly long though the height and the width is '
reduced. For lago Delio P.S.S5.since vertical arran 'c:ent was
adopted the ¢avern length is reduced to two thirdc. ¢ depth
1s howgver, more because it is a high head three uccline unit
with vertical arrancoment. HoWever, by having lerse capacity
unit, which also reduces the nunmber of unites for tho coue ins-
talled cgpacity, vith vertical, two machine arran;c.cit the
size of the civern will reduce considerably. Ior encole
Ilorthfleld pumped storage plant with Lx25 ::.'7. (1000 . 1)) has
only one third of the length for the Vianden I pover houce.
Hence the latest trend 1s to adopt larger capaeitiy rcversible
units in vertical arrangmuent to reiuce the overzll cost of
the pumped storaze plant as well as to have the mini. u. cuble

capacity per kilowatt of instnlled capacity.

6. It follovs from the previous paras that tho increased
cost of a surfaco power house bocouse of decp subkmorgeonce tends
to swing the economic choice between above agnd bolov ground

installations towards the underground type.



FIG7 - PLAN AT THE CENTRELINE OF THE DISTRIBUTORS
CLUSTER LAYOUT

Emergency ladder fo tramsformer gallery

FIG. 8- CLUSTER LAYOUT ALTERNATIVE
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lovever where geologlcal conditions are not fovourable
for an underground powerhouse, a pumped storage project is
encumbered with the high cost of a surface type poworhouse.
Under the above clrcumstances a new concept in the povar house
layout named as "The cluster layout" deseribed by lr. J.G.
Patrick 1n an article entitled "The cluster Layout -~ a new

concept for pumped storaset, 1s vorth studying.

The cluster layout is based on pgrouping the units together
rathor than placing them in line as in the conventionzl powver
station arrangement. The 7rouping of units permite o new app-

roach to the design of a power house stmcturm(ao)

a) furface Applicntion

The installation of a generating unit in a saalt or pit
is olready explainedin the case of Viandea and Ronkihriisen
plant in Europe. However, in this layout installatlo:. of a
nunber of tinits in a slingle circular shaft deceribed in the
artlcle offers significant advantages over conventiocnal layouts.
The Fig. 7 shows the plan of a cluster tysc power houce, housing
four reversible units with a total generating capacity of 1000
.. at 1000 ft. hexd.

The power house structure itself is formed by a circular
exca\ration; wvhich is concrote lined and provided with floors
to house the required electrical and mechanical ecuipucats.
So the entire structure is below ground level near tho shore
line of the lower reservoir, the visual impact of the power

house on the landscape 1s substantially lees than thot of a
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c nventional surface type powerhouse. The only features vigible

are the top deck, the gantry crane and the transfomors.

Further advantases of the concrete shell construction
for this type of layout are:
1) Mini.um cracking and hence Practically no lezkage
2) has smaller volume and consequently less uplift
3) can be located further into the hill side thercby
reducing the power tunnel length.

A feasib¥lity study madd by the aunthor showed %act o
specific construction cost saving of spproxiustely 4,75
million (This comprises ° 2.85 liillion saving in powver house
cost .plus £ 1.9 million reduction in the cost of steel lined
power tunnel), could be achieved by the adoption of cluster
layout instead of a surface power house of sonc cnpacity-i‘e.
1000 li.W. and 1000 ft head.

b) Underground Application

The apparent structural ang economic advantacoes of the
cluster type surface power house (1.e, in » deop chioft) has
led to the consideration of the concept in an underpground
location against the conventional underground poverhouse of g

long, straight sided chember with an arch roof.

An underground cluster powsr houge (fig. 8) containing
four units would be a eylinderical shaped chamber with a domed
roof, an inhorently more effictent shape for an underzround
cavity from the stond point of space utilisation ol gtructural

strength. In effect the clugter arrangement oiniuisos the gize
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of the cavity and results in a shape better adopted to with;
stand the rock stress. The ordentation of the cluster concept
vith 1ts eircular cavity and domed roof is influenced less by
rock jointing thereby always permitting an in line orrongement
of the water condults and consequently minimum total condult
length.

A comparison was made of the rock stresses which could be
expected to occur around the excavated chember for the conven=~
tional powver house and the cluster powor house. For the case
of equal vertical and horizontal initial stress in the rock,
for the conventional power house the maxicun campression was
computed to be 16,800 1lbs/sq.in. and for the cluster power house
it was10,600 1bs/sq.in. The magnitude of stress alonc the walls
and around the roof is also substantially less for 4he cluster
layout.

7. Development of Pump-turbine mechinerieg

Development of reversible turbine-pump units has been

responsible for the current \fillip in punmped gstorare develop-
ment gince 1t has greatly improved the economics of such dev-
elopment, Present day development is mostly confined to the
ran’e of such units. therefore attention throughout the worla
is concentrated on more and more advancement in this type of
cquipment wvith a view to cover grecter range both in respect
of head and unit capacity and also to improve efficicncy to
the maxinum,

Tegts are being successfully performed in Joyan on a 230

1.4, unit with a head of 500 m employinpg a single st:_e pump.



Theoretical investigations have already been carried out into
punped storage at higher heads. In order to reduce tho sube
mergence it becomes necessary at high heads to employ multi-
stage pump turbines with fixed or adjustable guide vonoes. As

per the article in Escher wyss news(36), it is found that two
stage pumpe turbine with adjusteble guide vane is advantageous,
since in a pump turbine with fized guide vane it can be operated
at one point at a particular head, whilst a machinc wvith adjus-
table gulde vane in both 8tages can operate over o wide range

at pood efficiencies.

In addition to the limitation of hecas for francic as well
as rcversible turbine (which no doubt will icprove 1. conming
years) they have certain other problems alsc. For crainle the
point of maximun efficlency for twpbine ani for susp do not
coincide tut occur at different speeds or alteractivaly at
glven speed different runners are reaquircd for the catie maximum
efficiency for punp and turbine. This alternailive vos achieved
in "Tominaga Pumped Storage Scheme" (Japan) runner by uge of
an guxiliary runner housed within the.body of the magln runner
and carrying extensions to the rumnner blades. For puwp running
the auxilliary runner is moved downwards by an 0il servouotor
so that tho extension register with the main bledes, this
being equivalent to increasing the dlaneter of tho rumner. For
turﬁine gperetion the auxiliary runner ic reiced so that the

blade extensions are withdrawn.(ée)

Another problem with reversible puup turbine is the

change over from pumping tO turbine operction weanc o chgn-e
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in the direction of rotation. This does not, howsvor, result
in serious delays since the stream of water changes 1ts direc
tion of flow very quickly vhen pump is shut down and then
drives the machine set. For Rodund II (Austrin) pumped storage
scheno to be commisaioned'in 1975 as per the desicns and tests
carried out the reversible unit picks up full load seneration
from full load pumping in 80 seconds.

The process of reversing is more complicatod fori change~
over turbine operation to pumping. For this it is neecssary
to brake the machine set to stand still ang re-start it. The
total chance over time is approximately 50 scconds %.c. 8 ninutes
a condition vhich means the load caonnot bs token inctentaneously.
llovever, for some unit at Austriz the changeover tine from
full turbine load to full pump load is only 250 sdeonds i.e.
4 minutes.

To overcous this problem a new type of nuip turbine ealled
Isogyre pump turbine has veen developed by Chamilles,miss!ﬁI
Currently one set of 10 Il.W. has been erccted and 1ir under
operation in Roblel pumped storage plant Switzerlaui., It uses
a hoad of %00 m, and the cost is only slightly higicr than a
roversible unit. They have also another order for 5% it for
%75 m head, spoed 1000 R.P... for Handock ITI power otgbion,
Suitzerland. Hone turbine is also belng developed Lo golving

the same problem,
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a) lgogyre Puup Turbine (Fiz.9)

The 1sogyre pump turbine has this in common with the
conentional reversible pump turbine that it fulfills Loth
purposes i.e. the samec operates both as pump and an turbi:ia,
but apart from this it hag very little else in corion ith
the reversible pump turbine.,(33)

An outstanding fe-ture of the leogyre nump tuzid.io 1s that
the dlrection of rotation of the machine remains tho coie
whether 1t operates as a pump or as a turcine henee ¢he name
isogyre. The switch over from the pump operation to turvine
operation and vice versa is consequently obtoined with the
naximum ease, and in the minimum of time., On a wortin~ model
of this tested in Charmilles Laboratory, Geneva, 1% Gaics
approximately 30 seconds to chanjeover from full lorid turbine
operation to full load pump operation and vice versn. ma
it is felt even in repular machine it should not trliec nore
than between one and three minutes. Another inportont feature
of the Isogyre pump turbine is that no speclal provision necd
be made to start up the unit as a pumn since the mochine is
invariably run upto speed as a turbine ang synchormniced with

the supply system and then changed over to Lwap operstion.

The isogyre pump turbine comprises basically an indepdnd-
ent turbine runner, an independent pump impeller arronged side
by slde on the sane shaft in the centre of a spiral casing
common to both rumner and impeller. Around the turbine runner
is arranged a conventional movable guide vancs, disctribator

and a stay rins, vhereas around the pump impeller is arranged
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a conventional diffuser (guide wheol) with stationary vanes.

The machine 1s moreover provided with two gleeve valves one of

vadch 1s located on the turbine end between the runner ang the

spiral casing and the other on the pump end between the impe-

ller and the spiral caging. These valves operate independently

of each other and serve to isolate and umrater the inpellcer

wvhen the machine operates as a turbine or imversely to isol te

and unwater the runner when the machine oporates as a.pump‘.<33)

These design facullaritiecs conduce to the following dise

tinctive features:

1)

i1)

S8ince the turbine runner is complotely indepcadent

of the pump impeller each is doci ned to couply
exactly with the conditlons required of ity not only
as regards the oporating heads (which are seiorally
not the same on account of friction losses in the pipe
lines) but also as regards the output end and the rate
of flow; thore is no necessity to comproriise between
pump efficiency and turbine efficiency, as in the
case 0of reversible mechine with & single runner and
therefore maxinum efficiency is obtalnablc for both
the modes of operation,

The fact that the turbine dlscharge is not bund to
the pump dlscharge can improvo consldorably the ovorall
cconony of a ghheme, especially whon the puzping
pericds are longer than the generating periods as is

frequently the case.
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111) As the turbine end is provided with a conventional
adjustable guide vane apparatus, mtomatic loadg,
speed ani load regulation ig obtainable as with any
conventional turbine while the unit is gceacrating |
power, whence improved efficiency at partisl load
and a reduction of the wvear of the runner due to
cavitation are secured. On thev pump end the giffuser
is provided with stationary vancs ani the donher of
excessive vibration during pump operation igs thercby
obviated.

b) Hone Turbine (Fig.10)

In the I.A.H.DQ, sixth symposium held at Rome in September
1972(1) the development of Hone turbine vhich were reculte of
researches carrled out by the renowmed turbine desi nors
Prof. Hiroslav lechleba and Ing.V.Hosnecdle (llosnedle Tce Bleba
Patent) was dlscussed. An experimental Hone type nums turbine
unit will be instclled by 1977, in the pumpea storar~e pover

station at Porazska Pothyadiin Czechoslovakia for a head of
150 m and an output oi 30 iI.iJ.“)

The development of this turbine was also saic o5 that
of Isogyre turbines to overcone thie problem of two dlrections

in the reversible turbino mentioned carlier.

The None turbine has 1ts main ghaft flange comnccted to
a semi-spherical driving chember having a conjoint runner and
impeller mounted on a shaft passing across the driving chaaber.
The runner ond impeller set can be rotated about the shaft by

a servo motor to bring elther the runner or impeller oppogite
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to the distributor, while the other is hidden in the driving
chamber. Cuide vancs a e of the swing through types. All other
parts of the machine, the gpeed ring vith its reinforcing
blades, draft tube, spiral casing are of standard design and

perform the same function as with the conventional nachines,

¢) Improvement for the high head operation
o%g pumped storare plant -

It is well known in the cagse of vertical purped storage

units using separate pelton turbine and multi-stage pumps
(Terinary units) for very high heads exceeding 530 ni, the
overall length of combined turbine and punp shafts is generally
very large. This 18 due to the fact that while the Yelton
runner has to be installed cbove the maximurn tollwvater level,
the pump impellers have to be installed nuch below the minimum
tall wvater level for safety against cavitation. Tuyr exarple
the shaft length of the ternary units at Lorco Dalio(.dip.12)

and gt.Florino, Italy have lengths of the order of 40~5 metres.
With a viev to avoid the excessive shaft lengths it conse-
queht increases in cost of machinery and civil works as well

as accompanying operational difficultieg iike vibrations ete
and éxtra maintenance, "Back Pressure Operation for Jelton
Turbine" (Fi:. 14), has been experimented for enabling the
Pelton wheel to be installed below the tallwater levol with

a reduced shaft length. Compressed air in tho runner housing
dopresses the water level low enough so that it will not
disturb the turbine efficiency.
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A feu straight generation plants of this type have been
in existence, working under bock pressure in cxcentional
conditions of level in the downstreem of Lago Delic and St.
Fiorano for brief periods under relatively small tallwater
depth. In a paper presented in the I.A.H.R. symposium held
at Rome in 1972 by Mr. Oresto Ceravolo of "ASGEI'-F-TOSI" Italy
and others it was concluded from the experimental studles
carried out by him that the possibility of safe ani trouble-
free operation of ternary units under baclk pressure was
realisable without any significant offect on efficloney. The
value of alr consumption obtained from model tests are stepped
upto the prototype keeping in view the uncertainty of scale
effect in the air wvater flow. One problen ig of designing the
runner housing structure to withstand high internal »ressure
especlially dufing tranglents. It 1s expected thot boek pressure
operation of ternary units will help to eliminate long shaft
lengths required otherwise, in the future mlpgh head installations.

8, Further modifications and minor inprovements

As Pump -turbine

a) In a paper presented by Mr. P.Schipitales (Austria) in
the Rome Symposium he has concluded from certain stujles
made by him that efficlency of reversible machine can be
improved substantially by a slight change in the shape of the
leading and trailing edges of the runner bdlades.

b) Advances in mechanical design features towards maximi sing
unit reliability are best typified by the changes in wicket
gate linkage reflected in the most recent pump turbines being
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designed for installations in the U.S.a.(®7)
Fourtecn pump turbines currently in design provides

for individual gate servo motor instead of the troditional
gate lever. /shear pin link design with a magsive gate opera-
ting ring ahd twvo large motors. Advantages are

1) Individual gate control is possible

11) Eccentric pins or adjusting links arc not required
ii11) since ocach servo motor is desirned for a pre-determined

force there 1s no risk of pgate mechanisn being over

loaded in the ovent of gate becoming jommocd.

c) As 1t is becoming increasingly difficult to obtain sound
castings of large velpghts at reasonable prices and within the
desired delivery time, the technique nov adopted for the
manufacture of turbine components by forgings ond slate steel
instead of steel castings as it is now possible throuph auto-
mated and very efficient welding process.(61)

d) In reversible machines, the thrust and puide bearings
have to be designed for both directions of rotation particularly
during pumping, to reduce the stgrting 1oad on tho notor, the
thrust bearing is jacked with high pressure oil to reduce the

surface friction.

From the tests conducted in the laboratory anl subse-
quently in the site, the phenomenon of oil film foration,
mechanical and themal distortions of the pads, and tempera-
tures during starting, steady operation and stopping were
.observed and nieasured. Tests confirmed the criticel conditions

of the lubrications occuring during the starting and stopping.
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md to wvithstand the conditions during the starting and stop-
ping oil injection gystem on the thrust bearings werc reco-

mmended .

@) High head and high speed francis type reversible pump
turbines havé brought new and severe conditions of seal service,
requiring in addition capacity to withstand and retain high
alr pressure during spimming or pump starting (in the draft
tube depressed condition)'(1)

Senl operation difficulty particularly air loss
was experienced in the Cruchan Pumped storapge plont machines
in Scotland. Complete failure was reported aftcr £900 hours

of operation.

Mr. T.R.M11lar (U.K.) in his paper presented in the Rome
symposiun has reported the development of a new arial desipn
seal ugsing continuouns, unbroken angled foces with face load
adjusting springs relative to hydraulic force, vhich overcomes
these problems of circumferential seals and has proved.
superior to the conventional deslgn. The improved .cals are
expected to prove satisfactory on the @ruchan power house units
and an optimistic estimate of the 1life of seal before a ‘
replacement is as high as 24,000 hours.

f) The development of machineries for a head of 900 m
have confirmed that the use of multi-stage reversible turbine
punpe reduces the cost considerably. Alternative susgestions
discugsed in the Rome gymposium was $0 use one rcversible

machine in series with a single stage pumps. In turbine opera-
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tion only the reversible machine will function while pumping
operation will be performed by both machine in series.’V

It vas also declded in the gymposium that wiile ovalua-
ting the opcration of hydraulic macﬁines in transiont regimeg
special attention is to be given to resonant phenomenon in
pressure conduits which if not taken into account can result

.~ in a considerable under estimation of the desipgn loads.

B, Generator-Motor

a) For generator-motor a system study performed by the T.V.A.
deterzined that a unit with a lower then normal iacrtia cons-
tont and with a sultablec reactance could be used. Cost studles
based on these parameters led to the solcction of ¢ unit vith
direct water cooling in the stator coils and in the rotor
winaing. (&)

tthen a study was made for a particular machinc with
direct water cooling versus air cooled unit it was found effi~
cleney 1s increased considerably and the direct cooling,has
resulted in a considerably lower and more unifom temperature
distribution in the machine parts less thermal expansion of
the stator wvinding resulting in larger insulation life and
nost importantly a reduction in size and welpght. The direct
cooling method 18 adopted for Racoon ljountaints 382 IL. V.
generator-motor and this has resulted in a considorably smaller

size machine with resultant cconomy alround.

Obviously the rellability of the cooling wator system
is of particular importance and therefore all circulating

pumps and heat exchanrers are dunlicated.
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b) Because of reversible features of the pumped storage units,
the ventilations must be positive in elther direction of rotae
tion. Instead of radial fans which were used formerly were
not suffiecient at present separate blouvers are being congle
derod not only to provide positive ventilation but also to
reduce windage loss of the machine. This is adopted for the
Fairi‘ield pumped gtorage plant (496 il.tf.) of U.&.A.(éﬂ

c¢) In pumped storage scheme uging reversible machineg opti-
mum hydranlic efficiency is obtained vhen for the sane head,
the speed of the pump is made about 207 higher than that of
the turbine, This 1s possible if sultuble pole chrucing syn-
chronous machine is employed. Compared with that of a machine
having only one speed pole changing synchronous nccline are
very interesting in the event that the pump or turbine head
is liable to vary, opart from the fact that the full pressure
head range can often not be utilised with a sinclc speed for
hydraulic reasons.(cavitation) It is possible with two speeds
to achieve an increase of 2.6 in the hydraulic cfficiency.‘
At Ova Spin pumped storage station-Switzerlani (where the
variation in head is between 205 m to 70 m) this tyse has
been in use since 1968, Such types of ngchines cre ordered
for the following pumped storage plonts also:

1) Jukla Pumped storage schome - loryay (40 W)

11) Malta Obemtuffe-mustria (variation in head 198 m to 63 m)




B -
D
D
- D
“ \
\ \
\
\ \

¢

[

( "\ main station crand; =
A‘: h' T ¥ I | | [J‘ i

4.00mm E— 101009

LTI

! L, ‘%‘ ‘%:Venﬂ/afmn plant
10100 1 — ‘490 Ykl

kﬁ J

FIG. I3- A CROSS SECTION THROUGH ONE OF THE REVERSIBLE
SETS IN THE POWERHOUSE VERTICAL ARRANGEMENT
WITH PONY MOTOR

C AMLOUGH

iy Governor/ gauge board

e Cooling- water Fump

P. 5. 5. (U.K.D




-39-

9. %ecgnt Trends in the pifferent starting
Methods o pump-turbine maehineries

M fferent starting methods in vogue are as follows:

i) Starting with a pony motor

11) Starting with an auxiliary turbine

ii1) Back to back starting by another set

iv) Asyncronous starting with reduced or full voltage(a)

The first two methods were adopted in the carlier version
of reversible machines. The pony motor storting is used to
reduce the opposing torque when the machine is started in the
pumping mode with water blown down by compressed air. The
capacity of the pony motor is about 5 to 102 of uain nmachine.
For Cruchan pumped storage plant, U.K(77) the pony motor is
a 3.3 KV sliip rihg induction machine wound for a synchronous
speed of 600 R.P.!‘. and is controlled by a liguid starter.

It can bring the 100 M.W. set upto speed in less than 5 minutes.
To start a set for generating it takes 2 minutes, vhereas for
the punping mode it takes about 8% minutes as it involves
additional operations like biowing down the water in the pu}np
turbine, starting the pony motor, priming the turbine, opening
and locking the puide vanes etc. The 230 M.U.(i.0. 2 X 115)
Camloupgh pumped storage scheme, U.K. now under construction
has been desirned for pony motor starting only. Fig. 18 shows
the Camlough underground power station vith pony notor arrange-
nent. Though this method of starting 1s nov considered outmoded
still it is being used in some countries because of its simp-
licity. Howevery, in U.S8.A., Germpny this method is now not
adopted as it involves addltional cost for the pony motor
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and aleo will not be able to cope up the emergencics, parti=-
cularly for the larger capacity machines now under developinent
and operation. For the same reason the sccond method of stare

ting is not generally adopted.

The current trend is to ajopt the back to bac: starting,
agynchronous starting and static frequency convertor method

of starting.

111) Back to back starting
This 1s possible when there arc more than onc umdt in

the pumped storage plant as one will drive the othoer and then
that unit which drives will also work. In Ludington punped
storage plant, U.S.A. (6 x 312 W) there are six units¢19),

In this the above method of starting is adopted. Umlt F'o.1 and
6 will gerve as driving units. Unit I will start uait 2 and

3 and unit 6 will start unit 4 and 5 for puuping rode as 1

and 6 will senerate powor for rotating the others as pumps.
After that 1 and 6 will start pumping by reans of ©.o pony
motor equipped on the top of them. Estimated tiue to get all
the six units to pumping mode from standstill is 43 nminutes.

This method is aJ_.so adopted for Kadauparai pumpod storage
schome, Tamilnadu,India (4 x 100 1Y), hovever inciced of pony
motors 1t will have static frequenecy convertor for starting
the driving unit.

iv} Asynchronous starting

The recently commissioned Vianden IT puuped storage plant

of Luxambox%; vith a capacity of 1x230 iVA (reveraible unit) is



.

at present one of the largest units to be started agynchro-

noualy.(Z)

The outstonding advantage of this typc of starting
1s not only 1its simplicity but also its econony, norticularly
very suitable for when fast starting is require:d, The starting
onorgy vwhich during asynchronous acceleration is conVerted

into heat in the rotor 1s considerably less with pertial fre-
cuency starting than with normal asynchronous starting. Conse-
quantly the problem of thermal stress on tho rotor is vertially
eliminated.

Static Frequency Starting

The use of static starting systen for pultiple pumped
storage unit is a new application. The first suci: systoms is
adopted for the Racoon ilountain pumped storage plant.(hx382 M)
U.5.8. %", wnore 1t will be used to start individually the
four generator motors. The static device will also be used to

brake the units to zero specd on shutdown.

For Kadamparal pumped storage in Tardlnadun tho static
frequency starting will be used as a second mode of starting
the pump in addition to the back to back starting. The equip~
ment 1s being manufactured by Brown Boverd, Switzerland.

ith the increased acceptance of pump starting methods
other than pony motor starting and the use of stotic excita-
tion systems instead of the traditional rotating erciters, a

much more compact unit design has novw been develoned.

Further the needfor the upper guide besarings on pumped
turbines was frequently dictated by pony motors wounted

tomesa delnrs eraviacmadionin wmsedosoan . VS Y e [ I
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above the starting motor, and the permanent magnet generators
located on the top. All these will increase the sise and cost
of the machine.(61)

The advance to-date in pump-turbine ang generator motor
arrangement 1s perhaps best typified by a coaparicon between
the 220 1i.W. units that have been in opcration at Touw Sauk,
U.5.Ay sinee 1964 and the 400 ji.v.urits currently Lcing ihge
talled at Racoon ilountain in 1975, Though the hydraulic machines
appear very similar, the generator-motor asseanblics differ

significantly.(61)

In future it is expected that public utilitles will adopt
very close coupled pump turbine and generator notor with the
‘tbruat bearing supported on the head cover. Thus by bringing
the clectrical machine as close to the hydraulic nzeidne as
possible through the use of one piece cheft has bees found

more economical than using traditiongl arrangerient .

Thus after a review of pumped storage technology for the
past 20 years it con be sald with assurance that there ig no
longer significant A& fferences in the efficiencics between

separate pump and turbine deslgn and reversiblc PUZID turbinesSG1)



1. A brief study of the pumped storage development in some
advanced countries will b quite informative ns to hov this
type of energy development hag figured in their progress.

1) U.5:A.
2. It is well known that amongst the highly inMstrialised

countries in the world, U.S.A., stonds foreuo st, Technological
and industrial development has been slmply phenoncnol. Its

rapld load growth has given impetus to the oxpancion of aystem
generation through large steem eleetric installatioaas they
provide relatively low cost energy uben operating at high plant
factors to supply base load. Meanwhllo because of 1tg reliagbi-
1ity, availability at short notice ond its ability to repulate
for system load control its hydro capacity has shifted 1its
position in the dally load curve from serving as a major resource
to providing pesking capacity. To match this trend of complew
menting large thermal unltg by hydro peaking, the size of its
plants are novlonger limited by the hydrology of a stream ag
related to nomal losd curve of system, but rather by the pesking
capabllities which can be developed in coordination with the
other purposes of the project. wWhile congliderin: future hydro
power development, great potential of pumped storage development
as an ideal source of peaking power to supplement the rapid
grovth in thermal generation has been'raalised.

As already pointed out in U.S‘A., the first application

of pumped storage power de#elopment vas in 1928 wvith a cgpacity
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of 7 M.Us TL11 1950 its total installed copacity was only 30 H.W.
However, after the ammouncement of an efficient tyse of rever-
sible machine to function both as a pump and turbine by

#M/8 Allis Chalmers in 1950 there was a spurt in the growth of
the pumped storage plants, By 1972 its total inctnllcd cagpa-
city of pumped storage plant grew to 400 I'.!l. And now with
the préjects under construction, by 1977 another 10,000 M.W.
will be alded by pumped storage installation, nll with rever-
sible turbines only. According to latect U.CQ.Feferpl Power
Commission Surveys installed pumped stor-re capccity in the
U.S.A. igs projected to be 70,060 M4 Dy 1990 compaed with
LLOO 1.4, at the end of 1972.(61) In a1l its punped stornge
development U.S.A. has been pdopting only reversiblo machines

as they are more economical.

3. In U.8.A. most of 1ts earlier pumped storc :c plants
arc either semi outdoor or outdoor tyve so as to reduce the
 cost as well as time for construction e,g. Lewlcton pumped
storage plant, Smithmountain pumpged storupe plont, and Taum Sauk
pumped storage plant.

The Ludington pumped stor:ge plant of 6 x 312 i!.l/. now
under operation 1s also of semi outdoor type only. The latest
trend is to locate the pumped storage plant in unterrround
cavern as discussed earlier due to various reacoiac porticularly
for environmental reasons. Cornwall pumped storzge plont of

2000 l.¥W. has to be located semi underground and the Bear Swamp
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project of 2 x 300 M.W. is to be located und.rground only for

the above reason.

4. Some of the latest pumped storage plants under opera=-
tion and construction are briefly described below:
1) Ludington pumped storage plant - 6 x 312 ...
(Largest pure pumped storage plant)
11) Bear Swamp Pumped storage plant - 2 % 300 Il.U.
(Underground pumped storage project)
1i1) Hyatt~Thennqélito pumped storage plant - (Tandenm
operation of two pumped storage plantc)

1) Ludinpgton pumped storage project (U.f.A.) (6x312 i5.4)
The Ludington pumped storage plant has an inctolled capa-

city of 1872 M.Y. The upper reservoir with 53,000 acre ft. is
formed by a 6 mile long earthfill dam with a sandwich type
asphalt facing. The gix pénstocké are encagsed in concrete,
under the embankment, and buried in silty sand on the slope.
At the intake structure the gates are suspended by hoists which
:1low for fast emergency closure. A prestressed, prccast cone
crete baffle wall serves as vortex suppressor and ice barrier.
The intake apron with splitter walls isgs an energy d&issipator
for the pumped wator cnergy. The power house constructed on
clay 1s protected by a break water and two jettics because
loke Michigan, one of the five great lokes, serves as the

lover reservoir.

lajor consideration has been given to the project appea-
rance for it is located in a recreationsl area. The power house

is the soml outdoor type and is conventional in design except
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that 1t is bearing entirely on clay and therefore it reguires
a heavily reinforced substructure. Its size 15 160 m x 52 m x
32.0 m ht. The maximun generating capacity is 1072 :'.V. The
six Hps 312 M.\, reversible turbines operating uncer a head

of abou&ﬁgc ft» 1s remotely operated and are sterted in pump -
ing mode by the synchronous back to back method rnd peny motor,
special consideration has been given to the punp turbines angd
the generator motors being the largest yet built, oth in
their capacity eand thelr size. Hitchi, Jopan is monufacturing
the pump turbines.

The station will operate on a weekly cycle.(19)
11) 3ear Swamp Pumggg storage project (2 x 300 !i.'L)

In this, the enviromment was considered an integral part
~ of the overall project not only from the very inception of
conceptual desipgn, but also to the final delincation of the
individual features and detalled designs, including puidelines

for the implementation of construction.

Some of the attractive aspects of this particular location
for the project was 4

1) proxinity to an existing transmission system.

2) avallability of a natural depression obove tho secor

field river valley for locating the upper storage.

The main power house with an installed copacity of 600 1.V
1s currently under construction and will be located underground
on a direct line between the upper and lower rescrvoirs. The
size of the cavern 1s 69 m x 29 m x 48 m height. It w1l have

two reversible units of 300 i.Y. each operatin” under a maximum




head of about 235 m. The station is capable of pencrating 600
1t.4. for 5 hours and requires 6.5 hours of punpin: to reple-

nish the upper reservoir.(e)

ii11) Hyatt-Thermalito Power Complex

The Hyatt-Thermalito Power complex, a facility of the
California Water Project has a combined dependablc copacity of
725 M.il. for the two power plants. Hyatt power plont is an under-
ground plant of Oraville dam with three conventional unitg and
three reversible units of total generating capocity equal to
678 1.4, The water from the units are let inte thr lover storage
formed by Thermalito Diversion dam downstream. Fraa the diver-
sion dam the water 1s drawn into another forebay by a(2.9 mile) 44m.
long power channel. The Thermalito pumped storage »lont located
below the forebay 1s a surface type pover station uvith a total
installed capacity of 419 M.'!. at a head Oé‘;(f)r% f£). It vill have
three reversible units and the water 1s let doun into an after
bay .

The special tests conducted to verffy the opcration of
the two power plants vorking in tandem for the penerating and
pumplng mode under every condition of overload werc found to

be satisfactory. (J.of P.D.of RSCE Nov.'73 p. 405).

5. lmltipurpose power development bringing tosether H.E.
reversible pumped storape and nuclear themal sycto: has also
been adopted in some of its projects e.g. Keowee-Toxaway

power system. (38)
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6. In West Germany, the generations and dirstribution of
electric supply is vested with private utiliticrs. “ence to be
more remunerative they hai located their hydro as well as coal
based themsgl plants nearest to the onergy sourcec. 'oanwhile
they realised the adventages of pumped storare dovelomment
which can be constructed for lamger capacity without mmy fear
of exhausting the resources. Hence they started the pioneer
development 1in pumped storage power generation. "y 1930, théir
Herdecke pumped storage plant started functionin-~ <di{h 132 1.0
of Installed capacity utilising a head of 155 n. Y 19%3 insta-
1led capacity in pﬁmped.storage plant rose to 65 :(.:M, and
by 1968 it became 2000 ii.Y/. Ronkhausen with 2 = 70 ...l. in 1969
vas the first pumped storage plant to have reversible turbines.
Before 1969, all the other stations had scparate nunp 8,
generators and turbines of the horizontal or vertical type.
Unlike in U,.S.A. and Japan revergible turbine has not made

much progress here.

vost of the pumped storapge schenes are of pure pumped
storage type vhere natural flov is not needed. Fonce out of
its 19 pumped storage stations, 14 have hill top, ortificial
upper storages with mostly ring shaped enclosures. Its upper
storages are kept as large as possible for allowing pumping

operations during wegk-end glso.
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7. Such reservoirs have been useful for later cxpansion
of pumped storage generation also e.g.
1) Vienden II (1 x 200 M.W.) constructed in 1923 in
Luxembourg near Vianden I of 1964
11) valdeck IT (2 x 220 }i.¥.) constructed in 197+ near
Waldeck I of 1933.

A brief description of the above two pumped storage plants
are riven below:
1) Vianden I1T

Vianden I was constructed in the years 1959 to 1964.
Since the upper reservolr has no natural wvater inflov the
installatlon operates as a pure pumped storage station with
operation en daily reversing closed cycle..At Viandon I,
there are nine conventional pumped storage sets vith horigontal
shafts, the unit capacity of which is 100 Ili.1. in gencrator
operation and 70 il.¥. in pumping operation. The wschine hall
vag constructed under ground at a position wherec the distance

from the two reservoirs is shortest.

fince the time the Vianden I was planned the peak demand
increased considerably especially due t0 increase in the number
of tolovision sets ond thus reducing the pumping hours. lence
an cxtension of the instellation by adding a tenth mochine was
considered, gsince no extension in the underpground was possible,
the erccetion of a separate power station was plonned. Flg.1s
shows the relative locations of both the power houses ang the
upper reservolr. As against conventional horizontal machine

adopted in Vianden I, it has one unit of vertical reversible.
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punp turbine set of 200 li,W. using a head of 291 m vaen opera-
ting as generator ani 215 M.W. as a pump. The new punp turbine
with its ouxiliarlies will be located in a cylindrical shaft

22.20 internal dlameter end 50 m deep, right beside the lower

reservolr (Fi-. 1%).

The sh&ft type of construction was preferred nainly for
economic reasons. Important advantares ore improve: aecessibi-
lity and favourable hydramlic conditionsg by shortening of the

tallrace tunnel.

tlhen Vianden I was constructed in 1963, thc luropean
manufacturers had insufficient experience with roversible machine
and hence thoy adopted conventional units with ceparate pump
and turbine due to the shorter starting ond reversing tige
vhich vas very much needed in its case as Viandon ic primarily
a pedt load and frequency regulating plant for the Coman Grid.
However, by 1973, with the advancement in pump-turivine techno-
logy and by adopting the asynchronous method of ctorting for
Vianden II with 200 M.W. Generating capacity a switch over time
of 4} minutes from turbine operation to pumping opcration is
possible ag agalnst 2 to 3 minutes for 100 17.U7. umits of
Vianden 1(71). Thus a higher copacity roversiblce unit wvas ins-
talled et an ec nomical cost practicolly without any loss in
ite operational efficiency.

i1) Yaldeck II
Similar expansion of existing pumped storage utility has

been carried out for wWaldeck I built betueen 1929 and 1932.
108835
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The main ajvantage of the location was that it offcred develop-
ment of a 330 m head between a suitable site for the upper
reservolr ang the laldeck I.. lower reservoir which could be
easily enlarged to serve Waldeck II. b'The reservolrs wvere only
1.4 ko apart. Waldeck I is a surface power house with four
conventional horizontal units of total capacity cqual to 140 M.u.
The Waldeck IT now mearing completion will have two vertical
units of three machine type of total capacity equal to Wi0 i.W
(2 x 220 M) . The machines will be located inside an under-
ground cgvern of size 106 m x 3% m x 5% n helight. As a deep
setting of 50 m below tail water were required for such large\
units of 220 .., the power house has to be loccied in an
,undergrcun-d cavern with vertical axls units. Unlilc Vianden II
it w11l have three mact;ine arran ement with turbine on the

top to reduce the helght with generator-motor in thec middle

and pump at the bottom,.Rig. 6(d). There is also o future
proposal tol construct Waldeck III pumped storage plont with
another 2 x 220 M.W. cgpacity. How itself a separatc upper
storage for Waldeck II and III has been constructed, however
for lower reservolr as already stated the exlsting reservoir

will be enlarged for Waldeck IT and ITT.(7H

The expansion of existing pumped storage plonis with
further units near about has incressed the operational effi-

ciency of the pumped storage generation with maxirun ceconony .

(111) JAPAN
8. The flrst pimped storage power station in Jepan was

constructed in 1933 vhen a multistage pump directly coupled
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to a motor (with a capacity of 3.75 M.W. and a punjsing head

of 668 m) was adddd to Oguchigawa No.3 powver plant so as to
store the surplus energy produced by hydramlic power plants

in the rich water season. This station and the Ikojirigawa
scheme were the only plants constructed until 1951, when
IMmazaoéxmlma y & mgdem type of Etaltliaon wlth an installed capa-
city of 43,6 li.W. was commlssioned. This plaont is cquipped
vith two sets of horizontal tandem type machines i.c. hori-
zontal shaft generator motor coupled to two stage puips and

franels turbines,

The first reversible pump turbine was erccted in 1959
at Omorigawa (1 x 12 ii.W.), Thereafter in gll their new pumped
storage plants in operation as well as in congtruction they
have been adopting only reversible units. 7111 4959 its total
punped storage capaclty was only 67 L.Y. Once the odvantage o
reversible b.nits was reallsed, the developiient in its pumped
storage genération grew from paltry 67 ii.%, to 3500 !..Y. by
1970 and with the schemes under construction it will become
10,000 if.W. by 1978 (83, S4). Just as in U.S.A. here also the
trend 1s for constructing larger plants with lorg.r revergible
units. The largest reversible unit now under orection is 3
units of 310 1.¥. of Okutataragi pumped storage ple;mt(l'}*) and
L units of 320 if.u. for Shintskasegawa puuped storace plant.
I'ost of its pumped storage stations opercte in conjunction with

downstrean hydro electric statians(us) .

Along with the world trend, Japan has also contributed

towards the developments in pumped storase plant, “iey have
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been cont-inously trying to increase the oporating head for
reversible turbine. For Numgppara pumped storage of Janan

they have successfully tested the 230 M.Y.unlt for on opera-
ting head of 500 m, Now they are desipgning a reversible turbine
of 315 M.W. capacity for a head of 621 n for a Yuroslovian
pumped storage plant (Y.r.July 1975). They have nonufactured
and supplied the large capacity reversible unit of 312 1l.4.

for Ludigton pumped storage plant, U.S.A.

9. Underground pumped storage plants are videly adopted
in Japan for the main reason that it can be located in any
convenient position in the hydraullc circuit. A large negative
suction head can be provided in pumped storage stacion. As in
Jopan the islands are in volcanic zone the rock is wegk and
hence the underground chamber is almost invariably to be con~

crete walled and roofed.

An example of large underground pumped storcoge plant
nov nearing completion is Shitoyne pumped storape plont of
1190 K.W. capacity. Its five vertical reversibloc units of each
230 M.Y. will be operating under a maximum head of 240 m and
are located inglde a cavern of size 10 m x 22 n x %6 m helght.
Transformers are located in a separate cpovern. Fipg. 10 shows
the eross gection through tho underground machine Lioll and
the transformer gallery. For starting in pumping node, two of
the units vill be started by synchronous method an’ the rest
of the three by pony motors of 20 li.V. capacity‘(53’83)
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iv) ITALY

10. The first pumped storoge plant of 30 1i,'. conven=-
tional unit with separate impulse turbine and pulip came into
operation in 1940. T111 1963 its total pumped storage capacity
vas only 532 il,W. As its load demand grew with larpge fluctua-
tions between maximuu ani minimum demand to the tune of %000
i2o%% (as in 1963), Italy has decided to go in for pumpeé
storage plants in a big way to satisfy its peask dezand as
technical or economic means adopted for load lovelling and
peak reduction were not quite effective. Dy 197%, with the
schenes under construction it will increase its Jained storage

capacity by 3500 l.V.

As most of its pumped storage plants are of ia head
type, they have to install only three machine type 1.0, gene-
rator motor, separate impulse turbine and separate multistage
pumps. As the impulse wheel hgs to be kept above marinum water
level and the pump has to be kept at a low level the length
of shaft is of the order of ¥ - 50 m. Mith a view o avoid
excessive shaft lengths now they are experimentin: with"Back
Pressure operation for Pelton wheel "as described clready in
Chapter III. |

11. The largest underground pumped storage plant of 1000
iiell. capacity now under construction in Italy 1s Lepo pelio
pumped storage plant. It has the most ideal conditious for a
pumped storage development. One thing for its upper ond lover
stor-ges 1t has got two big natural lakes viz Lao Jolio and
Lago Hagglora. Secondly for the 730 m heai avallable the length
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of water conductor system is the shortest i.e. about 1500 m.
Fig. 17 shows the general layout of the Lago Delio pumped
storage plant. It will have 8 units of 125 i{.4. eoch housed
in an underground cavern‘of size 196 m x 21 w x %8 m height.
Compared to Vianden I wherethe lenpgth of cgvern ic 330 m for
900 !l.W. capacity. Underground arranzezent was agopted due to
the presence of fissures and intercalation near the sarface.
The present loc-tion is moved 90 m towards the wounisin to

avoid such faults.

One important aspect in this schemc is the ordering of
machineries to different manufacturers so as to enesurgge the

development in this field.

v) UNITED KINGDOM

12. Due to abundant coal availability in the country, in
U.K.electrical system is predominently thermal. Tho noak varia-
tions is generally taken care of by old thernal vlcnt and small
hydro stations. However, on account of the universcl recogri -
tlon of the merlts of pumped storage and great technological
advances in that fleld, U.K.also started to take interest.

13+« Ffestinoig pumped storage plant with % units of 90 M.u.
1s the first large plant to be commissioned in 1963.(2%) As
olready stated in Chapter III, this station is coniscioned to
operate in conjunction with nearby Trawsfyndd nuclear station.
It was expected to save £ 200,000/annum to Centrol  loctricity
Generating Board. But in its first year of operation cven

before the nuclear station was commi ssioned it goved £ 500,000(25)
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This 18 because it was originally plamed to work for 1500
hours pumping and 1000 hours generating per annum. “Zut in 1963
the plant actually worked for 3174 hours pumping and 2593
hours generating thus the time utilisation factor was 77.27
agalnst the planned utilisation factor of 28,57. This has been
due in large measure to the unexpectedly hipgh degrcc of flexiw
bility of the plant which has made it worthuhile -0 resort to
pumping even during brief day time Lull ani to call on ~enera-
tinz capacity for such phenomeng as the evening tclovigion pesk.
Automatic starting both for pumping and generatin- has contri-
buted to this flexibility but in addition rodifiecciio.s have
been made to the method of running the machine on coinning

rcserve.

1%, The first reversidle pumped storcse plent of Bx400 HeWe
capacity came into operation in 1966. At that time oncluding
U.S5.A.y the 100 M.¥. unit of Cruchan pumped storage plant was
the largest under operation in the whole of Furcpc. A storage
dam across a streau 1s utilised for upper stora.e zz:ad.' Jor
lower storage a natural leoke 'Loch Awe! #is utiliced. The four
machines are located inside an underground cgvern of size 90'm
X 23 m x 36 m helght due to a deeper setting nccessiboted for
i1ts operating head of 367 m for its pumps. Iip. 13 cilovws the
general layout of the Cruchan pumped storage plant, As already
described in Chepter III, pony motors are cuployed for starte

ing the mzchine in pumping mode.

15. Foyer's wvith 2 x 150 M.¥. reversible turbino is now

officially commissioned for operation from April 1975. It uses



the exlsting Lekes, Loch Mohr and Loch Ness for its upper
and lower storages. Due to deeper setting reé_uirea for its
150 m operating head for pumps, the two reversiblc machines
are located inside two vertical shafts of 50 m deep md 19 m
dlameter with concrete lined.

16. The two large pumped storage schemes now under active
planning are:
1) Loch Sloy with & x 300 H.W. capacity, and

ii) Dinorwic pumped storage plant near ;lorth 'Jalcs of
8 x 225 l.4. copacity.

It has since been realised that larger unit capacity for pumped
storage plants was found to be more economicol for the size

of power house required.
Vi) U‘StSOE.

17. U.S.S.R's interest in the pumped storage plont is
very recent. In a number of conferences convened for solving
the peaking problem, the importance of pumped stor:ge develop-
ment vas accepted by everyone. It was also agreed that the
capacity of the plant should be commensurate with the capacity
of the power system and should ensure an opti:mal siructure
of thelr generating capacity. Number of probable loc.tions
were studied and discussed in the scientific congress held in
1972 in the city of Erevan,Armenian 8.9.3. In wiich 125
speclallist from all over U.8.S.R. attended(és).

18. The first pumped storage plant to be commissioned in
1970 1s Kiev pumped storage plant of 200 eWecapacity. The
plant generates for 3 hours producing more than 6 M unlts per
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day. During the off peak night hours, the reversible unit
operates for 7 hours filling up the upper reservoir. During
the mnaining hours all units operate as a synchronous con-
vdenser.(%) Actually there are six units totallings 2295 l.W.of
this only three are reversible pumping units with a capacity
equal to 120 il.Y. i.e. (40 x 3). All the three werc put into

gservice by lovember 1971. The maximun head utilicel is about
65 n. [r’6 1‘*‘3961“‘(3)]

The power house is of the gemi-underpground typc with low
mgehine roort and removable roof cover. The units nre serviced

by a 280 ton gantry crane.

19. Zagorsk pumped storage scheme near Moscow of 1200
.. capacity 1s largest pumped storage scheme under cong-
truction.(@*) Just like Japan, the pumped storage cxtensions
has been adopted for an existing Tata H.Z.plant of 17m head
with 2 x 27 li.U. reversible machine.(é?) |

vii) OTHER COUNTRIES
20. Switzerland, France, Belgium, Austria hove also

nunber of pumped storage schemes under operation., The highest
head pumped 'storage plant under operation is in tyitcdérland.

In France, the largest pumped storage plant under o>rcration

1s The Revin with an instslled capacity of 820 1.."). Ior upper
storage a ring of embankment over a flat hill serves the purpose.
The lower storaze 1s created by constructing a da: ncross La
Faux river. The 4 x 200 M.Y. vertical roversible unit works

under a head of 250 m and located inside an underground cavern
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of size M4 m x 17 m xz 30 m height. The tronsforiers are
located on the surface. To start the mackines in the punmping
mode 15 M.U. pony motors with dewaterihg systom using comp-
ressecd . alr is adopted. It 1s estimated to cost aboui 450
miliion Frane or550 I per Kw of installed capacity i.c. about
fss 800/~ k.w. which is quite economical.(Pierre .. crard,
WePlov. 1972 p. u11>(85). In DBelgium the mojor pwmwed storage
plant under operation is the Coo-Trois Ponts of 6 x L& .U,
capacity. In the draft tubo flsp type gates are inss-lleds’ T
iiotor driven cooling fan, modified umbrélla design (thrust
and guide bearing above rotor) and three nacidncs cre connected
to one draff tube are some of the fcatures of the plcnt. The
Belgilum grid visualises pumping operation not only ot night
but also during the mld~day lunch period when off ped: power
1s avallable. Such pumping operation is not uncommon in Europe
as lunch breek (and in West Cermany even mid mornin. coffee
break) are sinmultaneous throughout the country. rolaond among
East Buropean countries has constructed its first puméed storage
plant Zydowo of 150 M.W(3 x 50) capacity utiliging 2 hoad of
obout 80 m. It has three reversible units. Poromt:azher pumped
storage plant of 500 il.W. (4x125 MY) using & hend of 432 m g
currently under construction. It will hpve an undersround power

house. There are three more stations under planninc,

Several other countries are also scriously ploaning for
pumped storage plants in view of its usefulness as pedking
machine. This holds good for India ,1s0.



CHAPTER YV

OQVERALL SUMMERI SATION OF PUNPED STORAGE
\'J IT_AND FUTURE PROSPECTS

1+ Under present day conditions uninterrupted oupply of
elcctricity, reliabllity of supply i.e., adequate standby,
ninimum loss to the economy in the event of fallure, high
flexibility of power system, supply frequency and voltage have
become vital for industrial development and even daily life.
Serious. consequences of fallure in New York in 1965, where
there is a high level of electrification should be an aye
opener to future powver system planners. The ccononic effiéien~
cy of a pumped storage plant must therofore be congidered in
conjunction with the power supply economics of the country
as a vhole or in relation to a sufficiontly larpe cloctric
supply regien.(se)

2« It 15 now universally recognized that pumpel storage
schemes are ideally suited to cope up vith varying needs of
a transmission system supplying energy in industrialized
countries. Very often such systems receive the bull of the
energy from. coal or o4l fired thermal stations or nuclear power
plants, vhich supply the base loads but are uneconomicagl ‘
vhen required to supply pesk loads of short duration.(hg)

3+ As one of the speakers at the Scicentific Technieal
Conference held in 1972 in the city of Erevan, Armenian S.S.R
pointed out the wide spread construction of punped storage
plant in practically in all the industrially developed coune
tries of the world (Austria) England, West Germany, Luxambourg,
the U.8.A., France and Japanf demonstrates thelr hich power
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economic effectivensss, whon operating as part of pover syst-
ems having the appropriate capacity. A hipghly valuable charac-
teristics of pumped storage plant is filling of the nipght
gaps in the daily and weekly load graphs, with a correspon-
ding increase in the minimum load on thermal and nuclear
pover plants, vhich improves the conditions governing their
operation and the utilisstion of their equipment znd at the
same time reduces the operating costs substantiallv. This
characteristics of pumped storage plant is often not taken
into account in the economic analysis. In comporison with
peaking themmal electric plants pumped storage plont always
ensures a saving in fuel. The capacity of the pumped storage
plant should be commensurate with the capacity of the power
systems and should ensure an optimal structure of thcir gene-

rating capacities.

Location and size of a pumped storage plant are deter-
mined on one hand by the natural conditiong, @nd on the other
hand by the distance from the consumption ¢entre and from
the maln source of pumping energy as well as by the specific
conditions in the supply area.

4. when choosing and laying out a pumped storase plant
one should always endeavour to utilise the hipghest possible
head and the shortest possible water conductor systom from |

the upper to the lower reservoim(za)

tith the development of interconnections betycen the
individuel supply systems, the averapge distance of the source
of the pumping e¢nergy became less important than the distance
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betwveen the pumped storage station and the load centre.
Because of the development of E.H.V. transmission ond the
large capacity of the machine the nearness of pumpad storage
plant to tho load centre i1s also further relaxed.

5+« The growth of nuclear plant 111l lead to an increase
of night energy which can best be utiiised by punped storage
installations. Further it is expected for thegse plants the
varliable fuel costs will be lower than for conventional
thermal plants.(”)

Secondly owing to the low fuel 'costs a higher utilisa-
tion will be sought for muelear plante so thata daily shuat-
down of conventional themmzl generating statlon will become
more frequent. This is because in thoe absence of a suitable
peaking statlon, the less efficlent conventional thermal
plant has to operate as a low load factor pesking station and
thereby it may necessitate shut down during off peak hours.
This once agein favours the construction of pumped storage
plant which is very efficient as a low load factor station
for pegking purpose and thus permit the better utiligsation
of conventional thermmal plonts as a base load in tho grig.

In rccont years the construction of pany of the purmed storage
plonts in conjunction with nuclear power plent and their effi-
cient operation has confimed the validity of the sbove state=
ment beyond doubt. Further recent trend is to construct multi-
pxirpoee pover development or mixed pover developuent which

brings together hyiro electrie, pumped storage and miclear
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thermal systems in a unique combinations. Such combinations

reduce the overall cost by 10 to 11¢.(62)

6. Going back to the growth of pumped sﬁorage plant
until fifties the development was slugglsh, but after the
devclopment of reversible unit i.e. one single unit to work
as turbine in one direction and as pumped in another direce
tion, the growth has become phenomenal. The econony of pumped
storage plants with these reversible units increaced because
of smaller units and smaller power house btuilding, whatevef
problem arose from this vere also solved by entlmsiostic
manufacturers ell over the world. Since the greatest disadvan-
tage was two opposite directions for each operation, different
methods of starting for pumping mode are developed ond also
other unidirectionsl turbines like Isogyre and lione turbine
are being developed. However, they are still in their initial
stages and in future this davélapment may eldtinate the dis-
advantage of two directional motion. similarly for lower hea&s
"Deriaz" machine is developed, this is a reversible unlt to

work efficiently even under partial load.

7. Before 1950, the maximum operating head for a francis
turbine was about 290 to 260 m. During these twenty-five years.
the turbine technology has advagnced so much thpt for a conven-
tional unit with separate pump and turbine, the marinum head
for the francis turbine has risen upto 670 m. Similorly in
the case of reversible turbine, an operating head of about

500 m has already been achieved in the case of 230 .W.unit



of lumapara putped storage plents in Japan. As per the latest
informmation available (in W.P. July 1975), Toshiba, Japan ig
currently designing a reversible turbine of 315 li.!'.copacity
for an operating head of 621 m. for a Yugoslavian puzped
gtorage plant. As informed by Mr, Perrie of France in his
report in the Rome Symposium, the development of ncchines for
a head of 900 m with multi-stage reversible turbine pump may
reduce the cost considerably in future. (Hy.Te . Aur.73).

8. An ideal location for a pumped storage plont for
economical development will be the avallabllity of a head
“between 300 m - 400 m and suitable reservoir stora~cs for
upper and lower closeby. If natural lakes of suitcble capacity
1s avallable it will further enhance the economics of the
scheme, One such example 1s the Lago Delio pumped storage plant
of Italy with 1000 M.W. capacity. Here a head of 7% u, was
-possible'bo develop between two natural lgkes, Lago Dello
(as upper storage) and Lage Magglor e (as lower storoge) which
vere only 1700 m gpart. Another example ig Foyers of 300 M.Y
(U.K.) capacity using two natural lakes Loch Mohr ondl Loch nesa,
However, in most of the cases, at least for lower storage
an existing natural lake or 'storages of another projcct down-
stream are made use of to reduce the cost of pumped storage
plant to a certain extent. In such casos to create the necesséry
upper storage either a valley with o dam geross it or the
bill top with a ring bund (.aftcrchoping up the top to have
sufficient cepacity) 1s adopted. Examples of such developments
are Cruchan with 400 M.W. (U.K.) capacity and Ludington with
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1872 Mo (U.S.A) capacity respectively.

Earlier it was widely believed,‘semi underground lagyout
would be cheaper in cost and quicker in construction. Most
of the pumped storage plants and hydro stations constructed
in U.S.A.y Japan, U.5.5.R. and Germany are of this type.
However, with the increase in the headg of pumped storage
plant the setting of the turbine has to be deeper than the
minimum water level of the lowor storage. Upto a certain depth
1.e. 50 m or go cylinderical shaft type arrangenent is adope
ted and beyond that under ground power house is cencrally
preferred,‘nue to the tremendous increase in the development
of high head pumped storage plant, now more than % under-
ground pumped storage pkants are in operation and construce
tion. In addition to the feasibility of deeper setting in the
underground arrangemenﬁ there are alsc other advantares stated
already in Chaopter IT. Among these the most importont one is
the greatest flexibility in locating the power housc so that
the water conductor system 1s the shortest. It also improves
- the operating conditions by reducing the hydraulic losses.

As reported by Mr. Savin in an article the underground loca-
tion ylelds upto 307 saving in the cogt of pumped storace
plants.(63)

9, Compared to the working of Pfrestinoig pumped storage
plant (U.X.) commissonei in 1963(2“), vhere against o plant
utilisation factor of 28.57 the actual time utiliscation factor
was 77.27. The latest avallability factor for sonc f the
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important stations are given below:
1. Cabln Creek Pumped storage plant(Usa)
2. Hivassee (USA)
3. Bhiroyema (Japan)
%. Hatangl (Japan)
5. Yaglsawa (Japan)
6. Lewiston (USA)
7. Taum Sank (USA)
8. Smith Mountain (USA)
9. Valdecongs (Spain)

For gmith Mountain, the availability factor was reduced
because of two very serious accidents to one of the machines.
Tho generally hipgh avallability factor indicates o high dégree
of reliability of these reversible hydro units ags has been

97.7 %
987

98.37
974

95.67
oL.63
92475

- 806.87

79.5

typical vith conventional hydro units for many years.(Sﬂ

10. summing up the advantages of a pumped storase plant

in a nutshell will be:

1) Load factor will be improved, thus overall cost

of production per unit is reduced.

1i) More energy will be produced without corresponding

increase in the quantity of fuel consumed; wvhemee

a saving of total fuel resources

111) Possible to avold overloading existing long distance
trensmission lines during peck pericd by judicious

locating of pumped storare plant.

iv) Overall stability of the network is inproved.
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v) Yo water loss as same water can be used ggain ang
again.

vi) With different tariff for peak gnd off-pock energy
it 1s finanecially profitable also.

FUTURE. _PROSPECTS

1. Due to the phenomenal industrial growth world over,
demand for electricity has outstripped the production.
Development of nuclear pouwer has also not yet been sble to
match with the demand. However, it is hoped it 1ill come to
our rescue in future yecars. Coal reserves are goin: Jmm and
their production is also affected nov and then by Holitical
or other reasons, Simllarly the oil rescrves have oifected
the industry so much by the middle east erisis. Furtiher these
fossil fuel reserves are also more and more used for the
production of synthetic material.®?)

Becauge of the above uncertain position in the world
regarding reliable and cheap source of pover the only alter-
native left is to exploit water power which also is slowly
being exhausted. In this context pumped storape devclopment
vhich provides for hydro power for peasking purpoces using
the same water agaln ond agaln may greatly help the situation.

As already described in previous chapters due to the
conslderable economy affected by large pumped storazc plants
for working in conjunction with large thermmal and muclear

plants, the supply position throughout the world will be
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stabllised to some estent. Within next twenty years it is
expected that the capacity of pumped storage plont wll
easily exceed 20%.0f the overall installed generasting capa-
city. I't will provide a valuable measure of system flexi-
bility imen so much will otherwlse depend on very lorge fos-
sil fired fuel unitg. Hence in the coming years a position
wvill be reached vhen in the absence of an acceptablc alter-
native decisive trend will be in favour of puﬁpcd storage

development.

In future, planning of large thermal plants wich fossil
fuel will have to be restricted due to its fucl belng better
utlilised for producing synthetic materials for the community.
For example, even in Britaln where there is zbundani coal
reserve it 1s predicted that atleast. %07 of its national
generating capacity will be from nuclear sources by the end

of this century.

Hence 1t may be concluded that in near future o rational
cémbination of highly economical nuckear electric plants wikh
gpeclal peaking or semi peagking pumped storage plonts only
can assure an economical gnd at the sgme time reliable power

supply to the consumers,

2. In view of the above in coming years, development of
pumped s torage equipments and other methods to devclon the
scope of pumped storage plants has to be explored.
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cioplo one becouse the eentral Covernmant 1o dircetly respon-
gible for the dcovelopment of aleetric pomr.(%)

3« In the following paras, some of the futurc dovelop-
wonts in puzped storogo contemploted by cono of the cngineors
vorld over is desceribod:

1) In an article titled "Inteprotion of Pupcd otoroge
vith Tidol Power" by Thomds L.Shoy (Tol.) /T%‘%;gual
to utilisc the tidal variations of Qo rwvea “stuary
noar Drigtol, U... for tidal nowzn od oo o 4t
by puupncd gtoresa schewmwa) I &4n v T oo
follous:

“ho cchoe vap eacmdned on ti~ oSl o7 owor
storsge ot a rave of 3500 !4l fop goven Louweg during
the ni~ht from wvideh an cutsut of 3800 ' . '« Lt nosgible
once again for 12 hours seriod rin~. oveis 2oy L.e,
for thisc roto of storsge by nisht ma aorac:luatoly
equal enorgy content in on averaze contriliiucd by the
tides in a 24 hour peried.(lm The sche: o ozovidoo
for storing tidal cnergy at wedterds plco olaee the
oporations would be reduced. And thds oot idal
enorgy 10 olco gvalleble for prosraccivo ::“:T’.cmo 0o
roquired along the following woc: dAcyo.

Concidaring the ratoes and cnerpy voluce An 197
1dth an interest rato of 127 end ceomortie ot 1life

of 50 yeoars tho cost/benofit retio 11l Lo obout 1311

OF ROORKEE
RRARY UNWERSHTY
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11) In another article titled, "Condenser Cooling and

i11)

punped storage reservoirs" by Eli Setchovich, he has
discussed how best the large quantity of water
required for future large thermal plants for condenser
cooling could be uced for developing punpcl storage
pewer.(21) _
The project contemplates using man £ad0 innondment
of condenser cooling water of a thermal plont as a

lover storage for a 750 i1.UY. punped stornge plant.

It ic also shown that this will support znpreciable

thermmal copaclities, nuclear or fossil fucled. Sueh
intensive use of bodies of water may also reeult in
additional benefits that scerues from the joint uti-
lisation of szme facilities. Other advonto~es are
joint utilisation of some of the plant ecuinment eg.

e Joint suitchyard andegu site availabllity of inex-
pengive off peak ﬁumping pover with the alded adven-
tage of lov transmission costs. However, other problems
such as the operating mode of thermal plont, pﬁmping
and generating mode of pumped storage hos to be studled
and coordinated with the circulating wotcr system.

In another paper presented by J.G.unrnock and D.C.
willett in the synposium on Hydro Electric pumped
storage in Athens in 1972, titled "Underground
Reservolrs for high head Pujped storage stations,"

attention was focussed on a new concept of npumped
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storage development that is independent of natural
.bopography . (73’ 79)

It provides convenient locations to sult powver system
needs and may provide golutions which are less likely to
involve environmental constraints. It will prove cconomi cally
feaslble, provided the maximum head capability of a single

runner pump turb;.ne can be applied to a two stage deovelopmenta

The scheme in brief 1s to use any low lying 1oiec or even
sea as the upper reservoir and blasting a cavern de¢ in
underground for use as the lower reservoir. Mege 19 chows
the detalls of the scheme. This would nmewn numpcd ctorage
plant operation almost anywhere not just where nature degl gned
1t. A development of 1000 m hezd is found to have potential
advantage over 450 m which was previously thought of. Becanse
higher head reduces the slze of vater passages required for
generating and pumping but however, increase in the length
of penstock and complex generating equipment incronces the
cost. The author has shown by working out the coSt for under
ground pumped storage project with a head of 1000 © will become
competetive with surface schemes in the 500 n range, cites
for wvhich are increasingly difficult to locate and devolop.
The lower reservoir will be generally in the form of a series
of interconnected tunnels of size 20 m width ang 30 m height.
To have an idea, the quantity of excavetion (11 million m3)
for a 3000 MW station will be approximately five tines the
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quantity of excavation for the 5225 M.W. Underground powver
house for Churchil hydro electric plent in Canada.

In another article by Hr. Savinw” a further develop-
ment of pumped storage plant with underground lower reservolrs
discussed vas the use of special power centres or povor islmis
in the sea with underground pumped storage plant as well ag
nuclear electric plants. He has worked out the capital cost
of such a proposal as & 60 to & 130/}{{1 compzred to a conven.
tional pumped storage plant of £ 90 to & 130/KY. 7?he offec-
tiveness of theso plants is increased by locating them near
the power consuming centre. The author has stated that in»
U.5.A. a project is being developed for an under water nuclear
clectric plent of 1000 ii.U. capaclty located on the bottom
of the ocean at a depth of 75 m and at a distance of 40 km.
from the coast. such a n&clee'zr electric plant could Do succe-

ssfully combined with en under water pumped storase slant.

Further, design reconngisance work is being corried
out for a pumped storage plant of this type with 1009 M.u.
capacity in North wWest, New Jersey, U.S.A. The penstocks will
be instdlled in the shaft of (size 3.7 m x 6 m and lined wvith
concrete) an iron ore mine., The power house will be located
deen bensath the surface. The upper reservolir will be the
setJing pond (area of about 60 ha) of a cireculating plant and
the lower reservoir will consist of abandoned mine crxeavation

whose volume will be increased by driving severasl additional
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tunnels in the lover part. The cost of additional works are
estimated at 250 million dollars (Le. gbout Bs. 200 crores)
and the construction work 1s scheduled for completion by
the middle of 1980.

iv) In anothor interesting article by ‘l‘ajib Yoghinoto,
(Japan) (86) ‘titled, "The Atashika sea VWater Punped Storaze
project", he outlines a project for using sea wotcr as lower
reservoir and creating an upper reservolr on a uocuntaln top

near the sea shore.

In Japan almost all the rivers have becen devcloped for
hydro power and it 18 increasingly dfficult to find sites
vhere high enough head and much water can be utiliscd.

In general, this situation has madc it easy to construct
pumped étorage stationg and for this typo of plont, there are
still many valleys gvailable in Japan for developmoat. The
only drawback ic most of these valleys are inhabitcd sinee
olden times. Hence it will poge problems.

Hence he has proposed a scheme at Atashika viere the
upper reservolr will be located at about L5 Im. fron the
c0ast line. A 131 m high rockfill dom will store 49 uillion m3
of seca water vhile pumping and later uged for gonorctlon using
a head of about 470 m in an underground powverhousc uwith 8
reversible units of each 250 !1.Y. capacity (total 2000 ii.W).
A nuclear power station 1s also sbhedulcd close to this area,

which is an added advantage for the pumped storage station.
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The project would be successful tut for the enviromental

pollution caused by the sea water stored in the upper reservoir.

Now large scale, technical investigations ore baing
carried out by M/S Chubu: Electric Co., Japan,(who are plan-
ning this)for,

1) Adverse effects on plant growth in the noiphbouring

area,

1i) mntifouling painting

111) to overcome marine growth on the tunnel wolls

iv) speclal materials for pump turbincs

v) discharging of taj.lrace waters into the cco and its

effect on coastal fisheries

vi) dinfluence of large quaatities of. salt wabtcer stored
in the reservoir on surrounding plant, animel and
coastal climate etc.

Hence necessity may bring in futurc many core such surpe
rises wvhich we may not even imagine at preseat for the deve~

lopment of pumped storcge plants.



CHAPTER VI
ECONOMICS

1. Bafore going into the economics of a pumped storage

scheme the salient features may again be reccpitulated.

the
a.8ince there is energy loss both inxprocesa of pumping

and generation, the efficiency of energy conversion by the
pumped storage scheme is approximately 707. Towever, the
efficlencles of latest machines have improved to as much as

8077 and hence this will minimise the energy loss.

b. The main and the only task of pumped storage plant
is meeting the sharpest and shortest system pecl: loads for
wvhich purpose peak hydro electric scheme or thomial power
plant employing steam or gas turbincs can be uced or even

nuclear power plent with various rosults.

¢. It 15 known that the pumped storage plont has loy
direct operating cost, and high energy output. lowover, the
specific capital outlay for a pumped storage plont is greater
than that for a thermal plant employing gas turiine units,
vhereas the economics of the higher flexibility of pumped
storage units can be evaluated only arbitrarily.(ss)

d. The locatlion of the pumped storase plent is not
always near the load centre which affects the cost of power

transmission and cost of power generated by the above plant.

2. In an article written by E.J.K.Chapman in tater Pover
1963 he had made a comparison of a mized system in which a
load growth in 12 years 1s satisfied with the addition of more



thermal plant, more nuclear plant and little for hydro and

no additional for a pumped storage plant with snother slter-
native vith everything same except that increcase in themal

15 reduced to half and the reduction 1s added to pumped storage
plant and hydro plent. It wag shown that by having increased
pumped storage capacity the average load factor of tho thermal
Plant is improved by 507 and thowe was o congiderable saving
in the production cost. He has shown that the saving is asg

much as £ 2.5 id1lion over the former arrangemont.“a)

3. However to have bettor concept in the worliing of
pumped gtorage plant, the value of spocific soving or over-
consumption of fuel (fucl expenditure) wvhore ho pumped gto-
rage plant is placed in operation in conparlcon with the
olternative (replaced) projects fop developnent of poaking
sources in the power gystem is to be determincd, Either a
sharp peaking hydro electric project or a gas tubbine electric
plant nay be considered as an alternative,

Such a study was made for united power system of Horth
Hesat, U.S.S.R.ws) with the help of an eeconomic ifathematic
model. Studies included different alternatives of the initial
power economic information of the wglon, high opecific capacity
of nucloar plant and different levels of manedveratility of
the thermmal electric units of the pover system.

The analysis indicated that in o1l the situations exam~
ined, the fuel effect of pumped storage plant is a positive
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quantity, that is when pumped storage plants arc used there
1s a definite saving of fuel in the power system.

The energy for recharging the pumped storace plant is
derdved partially from themmal electric plents, operating
wvith fuel oil or with coal in the different syctenms of
the reglon. Because of the interconnected systeng, if there
1s no pumped storage plant the surplus energy {roa one system
vith dlsplace any other thermal electric plant oporated either
by oil or coal. When the pumped storahe plants cre put into
operation then power station 1«::1.1.1 operate vith a smaller
ieduction of this load during the nirht hours.

In this article the cost of pumping has been worked
out as ... 0.+5-0.50 Kopec’/unit ang the pencration cost
at 707 efficiency as 0.,65-0.7 Kopect/unit.

In case the pumping pover 18 from the sane gystem wvith
high capacity nuclear plant, the pumping cost will be ....
0.3 to 0.35 Kapect/units and generating cost at 703 efficiency
0.45 to 0.5 Kopect/unit,

In'all the cases examined, the energy fron the pumped
storage plant replaces the peaking energy from gas-turbine
electric plants as well as from the thermmal elcetric plants.
The goneration cost of such energy works out t6 1.3-0.9 Kopect/unit
and the main importance lies in the fact of total savings in
fuel cost. The value of fuel eoffect expressed in terms of
fuel consumption or fuel saved will be about 0.2-0.3 tons/l.W.
or 0,13-0.20 Kg/unit.
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With the inerease in the installed capacity the value
of fuel effect decreases to a certain extent i.e. from 6.5
rubles/kw for an 800 MW to 5.3 rubles/kvw for 1600 M.W.

%. The energy to be stored is produced at stations
thich are more efficient than those working on the part of
the load-duration curve which would be tsken over by the
storage plant. This results in a saving of fuel. But as alre-
ady discussed there is a considerable energy loss on conver-

sion, which may be called the pumping loss.

‘The thermal plant which the storage projcct displaces
has a flexed component of fuel consumption which represents
banking or other standby losses. Pumped storazc has no such
fixed loss, and this represents a sgving in its favour.
Furthermore, 1t is to be expected that operation and mainte-
nance costs should be lower for the storage plont than for

the alternative steam plant.

On account of these varlous considerations, some of which
are adverse and others are favourable to pumped storage, it
18 not normally sufficient to study only ﬁhe econonics of
the storage project. To be certain of the ultinate effect
of introdueing a low load factor storage plont dependent on
thermal power, it 1s necessary to study tuo alternative
systems, one with and one without the pumped storare insta-
llation, in considerable detall and over a long »nerlod of
time, say 25 years. The success with which this can be done
depends on ability to forecast the treng in the price of coal,
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The anmial improvement in efficiency of stezm plent, and
the rate of system loai growth., It also depends on assump -
tions vhich have to be made as to the life of stoan plent
before it is removed from service as obsolete, thc effi-
ciancy'and incremental cost of operation and maintenance of
the steam plant which can be used to supply the pumping
energy and the proportion of the total fuel costs which are
regarded as fixed end incrementsl respectively uvith coal
cost at M. 70/-tone fixed charges may roughly workout to

s 120/~ per K.W. and running cost may work out 3 palse por
unit.

A study indicates, however, that initially after intro=
duction of the storage plant the overall fuel consumption
of the system will be increased, btut this increase will be
reduced with passage of time until there may become a very
small saving., This 18 due to the effect of retarded improve-
ment of steam plant efficiency lessening as the capacity of
the storage plant becomes a smaller proportion of the total
on the system.

Though it is necesséry to analyse the individual compo=
nents of the total anmual cost, both with and without pumped
storage, to be certain vhat is the maximun capital cost of a
gtorage installation vhich is economically acceptable, 1t
may be concluded that if thevcapital cost 1s less than the
cost of a ney gteam plant 1t is certain to give an overall
advantage. In such a study the effect of trangmission must be

considered, as the comparisan will be effected if the storage
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plant is remote from where the output can be absorbed.

There may well be cases vhen the ratio of the cost of
providing off-peak and peak load thermal encrgy is of the
order of two thirds which is similar to the overall effi-
ciency of the storage plent. Hence if the storoge project is
to show a surplus of revernue ovor expendlture the revenue
from sale of the kilowatt capacity must exceed thec remalning
amnual costs of the gtorage plant, i.e. the cgpital charges
and the operation, maintenance and adminstrative costs. If
the storage scheme can be constructed for a capiﬁal cost
which 1s no greater than that of an equivalent stean plant,
the amnual cost will be in favour of pumped storare since
the depreclation rate and the operation and maintenance costs

of such a plant will be lover.

5. Gost of a particular scheme (Fig. 21)
The following exemple is the actual projocct now being

taken up for construction in Tamilnadu,India. It 1s named as
Kadamparal streem which is a tributary to Aliyar river,

vhich in turn forms part of the Parambikulem-Aliyar Project
complex. The scheme envisages a single pumping stage between
the upper Aliyar loke already formed under Parcabikulam-
Aliyar Scheme as lower storage reservoir and another new
reservolr as upper storage across Kademparal stream. The
mean gross hecad obtainable would be about W00 n. The project
15 based on an installed cgpacity of W00 li.U.{ '%x100 M)
wlth vertical generator motor and pump-turbines.
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a) The plant 1s designed to op'érate at full load for
% to 6 hours during morning and evening peak periods. During
off pesk period i.e. between nipght 10 P.M. and carly morning
6 A.i. 1t will pump for about 7 to 9 hours replacing the water
used for power generation during 'peak hours. Morimum powor

dravn 1s 120 M.W. for each of the four units.(87)

A brief report of the Kadamparai pumped storaje scheme
is enclosed at the end. Flg. 21 gives the profile and plant
].Q'y'cutm

The full load flow during genocration = 180 cumecs

»

+ « The dally storage required = 150 x 6 x 3600

10
= 3.2 nillion n3
Storage as per scheme report = 7 million it

However, this has been since increaged to 30 million 83

for Varims reasons as explained in reference(87).

The capital outlgy on the project as sanctioned hy
planning commission in Febdb., 1973, is &, 3512 ldhs.

The necessity or need for taking up a 400 il.V.pumped
storage scheome in Tamllnadu is also explained in the next

chapter.

Presently the financial aspect of the Kpdamnaral pumped
storage scheme is worked out in the followulng poges.

b) Interest and depreciotion
The estimated cost of the schene is B, 3512 lskhs and
1t is epproximately made up as follovs:
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I. Dam, and assoclated vork like
diversion flumes, water conductor

fss 1500 lekh

system, bulldings roads stc.
i.00 B39

it

II. Povwer gtation plant and

transformer etc.

i

[3.2012 lakh 1.e.
75

Interest is caleulated at 6 per ennum (i.o. in 71-72
rate) and depreciation charges worked out on a minking fund
basis alse at 6 interest taking the limes of the above
two category of vork as 80 years and 35 years rcspcctively.
Since the most common mothod of allowing for the omortiza-
tion of the permanent works 1s to meke unifom onnuol payments
into. a sbnking fund which 15 assumed t0 accumulote at comp-
ound 1ntarest..1‘he amount of the annual payuents 1s deter-
mined so that at the end of the perlod of amoritisation the
values of the fund equal to the original capitol.

Taking into acecount the liveg for the two classes, the
percentage figures used 1n assesging the recpective sinking

‘i‘und payments on a 65 interest is as given belcaw-(‘?'?) (p.?d Vo.III)

Item I, Civil wrks ~ 80 years eveves 0,097
Item II. Electiical ang

mechanical caquip~
mentsw - 35 y@&rs- . sasmwe 0090,“;

« « Total annual sinking fund payment will be
It@lﬁ 1- “3:10;09;3 l;'ﬁtlit AL I A 000387%

Item IX 57/'3 30.9053 PR toves 0-?%3&‘4\
0.551 22

or Say 0.6
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+ . Interest ani depreciation teken
for working out 18 ...eiveveee 6,67

¢) Annugl Running expenses

Generally this will be 13 of the capital cost compri-
sing cost of storesee. 0.03%, salaries and wvazes for opera-
tion 0.377, Maintenance end rephirs .. 0.407 and general
management ‘expenses 0.207. Aiso this will work out approxi=-
mately B. 8/« to B, 10/~ per kilowatt of installed capaclity.
For the present calculation it 1s taken as !’:; 9/~ per kilowatt.

d) Hence to clarify the feasibility of a pumned storage
scheme, the detalls of Kadamparai pumped storns-e ong its

revenue return is furnished below.

KADAMP PUMPED STORAGE SCHFME (Fip.21)

Installed capaeity ... & = 100 M.W.(400000 Ri).
1) The statioh will generate for 6 hourc 400 M.y.
giving relief to the pesk demand of the grii. |
2) The statlon will utilise surplus enerry avellable in
the grid for pumping watcr for B hours during off pesk hours
between 10 P.il. to 6 A.M. The mazimum copacity is 12034
= 480 M.W, s0 thot if enough energy is avallablc Wen in
6 hours it can pumpe up the required quentity for peck genera-

tion.
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Generation Mode

No. of hours of generation in a

gear taking 300 days of working 6 x 300

1800 hours.

i}

[

.« Nd. of units generatgd with 400 M.y.

veo MOOOOva 1800
10

million units

= 720 million units.
Energy generéted from its free flow
in a 904 year. = 80 million units

L]

. . Total generation = 800 million units in a year.

Pumping Mode

No. of hours for pumping in a

Year taking 300 days of working

t

8 x 300
2400 hours.

Similarly the energy required for pumping in a year

400000 x 2400
108

960 million units

t

il

The scheme was sanctioned by Planning Comnission,
Govermment of India in February 1973. The estimates and per-
centage return gives below are based on 1971-72 figure.

Date |
1. Estimated cost of the project .... M. 3512 lakhs
2. Cost of energy sold v 12 ps/unit

3. The incremental value of fuel
burnt in thermmal plant. | cee 345 p/unit



4. The apnumddinterest @ 6% + depreciation
at 0.6% and operation & maintenance

Charges at Bs. 9/*15-1‘1’. ) ‘19035’265 lakhs

Cost of pumping energy = 960 x 386 X 3.5
, - 100

= e 336 lakhs.
...Tot;al cost for generating
800 million units 3, 336 « Is. 269
= M. 601
Or say s, 600 lc:hs
,.. Cost of generation per unit

600 x 10° z 10°
800 x 10°
= 7-5 p/unit‘

it

i

Since there is no difference in tariff for neak energy
end off peak energy it is sold only at 12 ps/uit.

-

« » Revenue by selling 800 million units

= 800 6,2

10
= . 960 lekhs.
.'. Net revemie after deducting pumping
charges, interest, operation and

maintenance charges, dopreclation etc.

B 960 - s, 600 = . 360 lakhs
... Percentage of return on the capitsal
outlay of &5, 3512 1akhs = 360 x 100 x 107
3512 z 107

H]

10 .25¢
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The statement I showing the percentage of return after
third year of operation also confims this (statement enclosed).
And cost per kllowatt of installed capacity

- F\Jo 878 aOO/K l‘f
40 x 10

e) Thus, the scheme is highly remmnerative cven though
higher charges are not adopted for peak enorgy cuvplied to
the consumers. Secondly the pumping energy ta:ca during off
peak hours is absorbed usefully by this sche.c ihlch other-
wise will go waste to some extent. Thirdly no ncu thermal
or hydro plant will be needed, particularly if themal plant
is replaced in its place, then fuel charges and operation

and maintengnce charges will increase the overhcad charges.

6. By way of conclusion, a graph given in an article

. by Mr. Jeonms Cotillon, titled "The evolution 214 pattern
of hydro stations in France", is reproduced in "1;.20. This
shows a comparison betwcen the total cepltaliccl cost
(investment cost plus annual operating capitaliced cost) of

thermal, gas turbine and pumped storage peakinf capaclty.

The example chosen for pumped storage plant is Montezic
pumped storage plant of 790 M.W. (3 x 250 111) capacity opera-
ting under a head of 410 m and now undar construction in
France. From the curve it may be seen that the conitalilsed
cost for energy generated by pumped storage plant is the
lowost of the three alternative coneldered, o.g. let usg

compare the capitalised cost for an yearly outnut of
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say 1000 kwh for all the three alternatives.

81 Type of generation. Capitali sed

No. | cost (1970) in Francs(
1. Pumped storage plant. 929
2. Gas turbine 1089
3+ Conventional themmal 1300

(French) 'F' Franc = Re.1.80 ppnrorimately)

Hence he has finally coneluded that it is for better
to install a pumped storage station whero good gites are
evellable than thermal or gas turbine for pea: energy supply.



CHAPTER VII
IMPORTANCE AND PROSPECTS OF SUCH DEVELOPHENTS T1 INDIA

1. The progress and progperity of a country to-day depends
largely upon the quantity of energy it can deveiop and utilise.
Mmongst all formg of energy, elactriéity will continue to be
the most sought after on account of its casy tronomission and
more conveneint use. Level of its consumption in any country or
region wvill continue to be an 1nd§x of 1ts procperity. Per cppita
congumption of electricity in India is yet very low only about
2 to 39 of that im developed countries. Therefore development
of all possible electrical resources in the most beneficially

coordinated manney i1s imperative for the proaress of our country.

2. Our main resources for power generation acc coal and
vater. It is estimated that our cogl deposits is cbout 80,000
million tons and our amual consumntion is about 80 nillion tons.
By the end of Fifth Five Year Plan this may increass to 135
million tons. However, in this respect we have sufficient reserve
for cometime to come, Regarding oil wve are having only one-thir 4
of our amnual requirement of 23 million tons. Thig moy improve
in coming years by nevw exploration vhich are promising.
Regarding water our hydro resources are canable of generating
41,160 M.W. OFf this so far (March 197%) only 6970 " .''« has bcen
utlilised. This shovs we haove enough rocources to dovelon but
duc to various reasong, greater dovelopuent could not be

possible yef.?
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3. As the industrial development proceeds, we dll dbe
using more and more of electrical power for the industires.
tith larger conﬁected loads, the peaking problca will accen- ,
tuate and also there will be surplus encrgy wvhich will create
a problem for efficient working of the ﬁiants. Hence planning
has to be directed to development of pumped storage alongwith
exploitation of new hydro resources. Ministry of energy is
already contemplating embarking upon pumped storage development
in a big vay. This 18 the correct approach as alons with large
thermal stations or Nuclear stations, lorge capocity pumped
storage plants will render the former more officicnt both in
respect of economy and operational efficiency. There may be
gsome good sites for pumped storage plant which shculd not be

lost by constructing small cepacity hydro power stotlons.

4, some of the pumped storage schenes wvhich vore sanct-
ioned by Planning Commission for construction arc as follovs:

1) Kadamparal - Tamilnadu - 4% x 100 i

11)  Kadana - Gujarat - L x GO M .

111) Nagarjunasagar,Andhra Pradesh - 2 x 62 i’ initially

iv) Jayekavadi, 1 x12Lu |

Hoad proposed to be utilised at Kadumparai is obout the
scne as at Cruchan pumped storage plant (U.K). Accordingly 1ts
dosign 1s also more or locs similar to it. It hoc short vater
conductor system. The existing upper Aliyar rescuovolr for Aliyar

power hougse (1 x 60 l.W) will serve as lover storcrc.
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It vill contribtute 400 M.W. of peck power for about 6
hours (including morning and evening pesk) by 1980-81, vhen
the peak demand for Tamilnadu may go up to 3000-3500 Ii,i. at
the present load growth of 12} per ammum.

How the project 1s under construction and thc dam excava-
tion for the upper reservolr having a storage of about 30
million 143 has been started. Importance and necessity of this
project has been explained subsequently.

5. In an article written by Mr. G.K.lMathur in 1966, a
mixed pumped storage plant at Ramganga has been conecelveq,
alongwith a nuclear plant and a large multi-pursose reservoir.
The proposal is quite attractive. The ingtalled copacity pro-
posed 15 2 x 200 M.W. (reversible unmit). Maxinun head is about
106.8 m. Deriaz type of reversible unit is proposel. India has
lot of scope for developing such mixed type pumped storage plant
along with its multipurpose irrigation schemes. Jogarjunasagar
pumped storage plant and Kadang pumped storage plant are two
such examples, and it is learnt D.¥.$. arc also plamming such |

schemes.

6. Témilnadu is particularly power starved. Itg chief
sourcé of powver 15 from lignite near Neyeveli and water resources.
It 1s estimated that about 2000 miliion tong of lirzmite may be
avallable., Hith the latest modification sbout 6.7 —illion tons
will be mirmed per year aznd used for power penerction at Heyvell

with 1ts 600 I.\. capacity. The other najor thorogl ctation is
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at Ennore with a capacity of 450 .U nearing connletion,
Further new thermal station with g capacity of -2 x 200 M.v.

is provided at Tuticorin and the Kalpekkam Atomic Plant under
construction vill add about 470 M.W. (2 % 235) within about
Vth Five Year Plan. With all these the thormal povor may be
about 1700 M.Y. At present the capacity ig about 1030 M.\.

Its hydro resources are almost exhausted i.e. out of 3080 1w
of hydro developed ih southern grid comprising (Tamilnadu,
Andhra Pradesh, Kerala and Karnateka), Tamlilnadu has developed
about 1224 M,W. There are also some hydro plantc under plan-

ning and construction.

The total capecity may be around 1200 IL.Y. only. 'Hth
1237 load growth its peot demand will reach about 3500 .4.
by 1980~81. To fulfil such a grouth of demand the project
under planning arc not sufficient. Since more thon 507 of
its installed capacity of 229% M.W. is from hydro, there will
be lot of variation in generation due to Yagaries of monsoon.
To have a firm generation footing more mnd more of thermal
statlons and nuclear stations should be tzken up. Ior example
the 2000 M.W. second mine cut at Neyvell ani 1200 li."esecond
Atomic plant should be taken up immediately. As the output of
these plants will came only after scven to ten yecrs the cong-
truction and planning should be started now itscll. When such
huge thermal and muclear plants come in opcration, fupther
pumped storage schemes will be nceded to moke use of offpeak
surplus pover and add to the peaking capacity of the gria

without any extra fuel. There are two or three pumned storage
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schemes with high head under planning. Since Tamilnadu and all
its neighbourling states are inter-connected, cuch plants will
be useful for the whole gr:;.d to take up fluctuations. More and
more of pumped storage plants shouid cone into oporation along
with large thermal/‘atomic pover plants for developing our
industries. '

7. Tamilnadu Grid %d its need for
Kadamparai Pumped Storage Schemo
7.1. At the time of independence in 1947, thore were
three hydro stations, Pykara, Papanasan angd liettur and eme
thermal station at Madras city having a total inst:lled capa~
city of only 139 !.%. By 1957 it rose to 256 }',\/. ulth the
addition of loyar H.E.station, Madural thermal plont and exten-
sions to Pyskara and to Papanasan. However betucc: 1057 to
1967 the growth of electricity in Tamilnadu was moro rapid.
In Tamilnadu the major hydro electric ond thernal cchenes were
as follows(by 1967):
I) Bydro Electric Schemes
1) Periyar I and II stage MO .M.

11) Kundah H.E.Scheme I & II
and IIT stage %2§ 1.\,

1ii1) Parambikulam H.%.schene 185 tiL..
iv) Kodayar H.E.schene 100 1.n
11) Thermal Schemeg
1) ©Extension to basin Bridpge pover houce 30 H,4.
4i) Emore thermal scheme 340 el

1i11) Neyvell thermal station 600 M.W.
(Central schmmo)
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From 256 M.W. of installed capacity in 1957, the system
capacity rose to 1470 M.Y. by 1967. By 1974+ the installed capa-
city in Temllnadu rose to 225% M.W. of this hydro contrimtes
more than 507 i.e. 1224 M,Y. The balance thermal power is 1030
MeWs (1) Ennore - 340 M.¥W. (i1) Neyvell ~ 600 Il.'!. (1ii) Bagin
Bridge power house -~ 90 l.W.

By 1978-79 the three hydro stations (169 1i.11), one pumped
storage station Ist stage (200 W) Themmal station ot Ennore
and Tuticorin and Kalpakkam Atomic plant ist undit (439 M)
wlll add /245 1.4, and the total installed capocity will rise
to 3499 or say 3500 lf.W. Further planning to utilige the cheap
hydro potential is progressing. In addition larpe cmpocity ther-
mal and atomic plents of capacity more than 1000 :.)s ecch are
also under plaonning. Alrealy two more pumped storafe schemes,
totalling 200 M.Y. are under planning. As per our »Hlwmning
vithin 10 years there will be 600 1i.1/. of install! capacity
for pumped storage scheme for better utillisation of the large
thermal developments like

i) Enmnore

i1) DNeyveli

1ii) Tuticorin

iv) Kalpakkam Atomic plant
v) HNeyvelli IInd MHaln cut
vi) sSecond Atomice plant

all totalling to more than 4500 i{.W. A statement choulng the
gchemes under planning as in 1975 is atteched at the end.

-
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For planning Kadamparai pumped storage sbhle a study
of the grid capacity and demand for the coming years of
1978~79 and 1980-81 was made in C.W. & P.C. hydro Electric
plamning directorate. The highest peak of 1972 considered
for study at that time was 1275 M.Y. A;t 127 load growth
by 1978-79, this peak demand is expected o bocome 2590 M.H.
A dally load curve for 1998-79 (non-irri-ation season) with
a peak load of 2590 li.W. (morning pecks) and 2380 N,/

(for evening peak) was prepared, assunlng also the same

pattern as that for 1972 for hourly demand.

The Fiz. 22, shows the typiczl dolly lood curve for
197879,

The stuciy tokes into account the following:

1) As the period considered is non-irrisction season,
most of the irrigation controlled stations i1l not be gvai-
lable for power generation. However, during irrigation season
they will be generating at base load stations with the
shutdown of some of the units of thermal stotions like,

Neyveli, Emnore and Basin Bridge for overhaulinc.

1i1) The maximum capacity of themal stokion less the
consumption of auxiliaries /ot mf?jzgozsothcir oM uce _
(esge Neyveld - thoush generates 600 11.17. onlr about L50 Hu
alone 18 expected to be riven to Tonilnadu rrid) is considered.
fince there are number of units in a Thernel ctotion, smallest
unit capacity for overhauling is considercd ot this time,
so that most of the large units are available for base

load gencration.
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IIL) By 1978-39, it is expected that the first wait of Atomic
p}ant at Kalpekkam may be able to spare 300 H.lU/. 0 Pgnmilnadu
€rid, and Tuticorin thermal statiqn may also glve about 300 Iy
to the grigd.

1) During non-irrigation season, such of those high head
hydro stations given below with large storapges ani not cont-
rolled by Irrigation will be available for taking care of the
dally load fluctuations e.pg.

1) Xundah I,1I,IIX and IV stage 535 el

2) Pykara-Moyar 106 11.:0.
3) Aliyar 60 1.1
L) Kédayar,P.H.I and IX 100 ..
5) suruliyar 39 il.i,
6) Hellithorai 50 .U,
7) Servalar 20 i

- 906 or Soy 910 li.i.
Less 107 for auxdliarics
The capacity avallable = 820 ."..
The total energy avallable from 820 1.4
baged on the storage etc. is (as fron

cieide

previous experiences) = 9.3

L

The totol base load capacity of the grid
1) Thermal station of THER 710 1.0,
11) Neyveli _ W50 (.Y,
111) Atomic plant 300 H.u,

A
I
% bt 1570 }1:"0
I
I
X

iv) Base hydro 110 M.il.
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The total energy avallable from 1570 H.W. = 37.68 i.4,

« « The total energy avallable from the

hydre and from base thermal = 9.33
372.68
L7 .01 mae
The total energy required as per the
curve 46,18 n.wa,

L

« » Surplus energy availsble = 0.83 m.u.

However, from the daily demand curve it was ostimated
that even though 37.68 m.u w11l be available froan the Base
thermal capacity we will be able to use only 36.00 m.u. as
porer demand is less than our base capacity between 10 P.l.
in the night and 5.30 A.i. in the morning, thus about 1.68

m.u, wj-ll be"’c ane Surplu Se

Secondly from 5.30 ..ll. to night 10 P.l'. thérc are vi;ie
fluctuations in the demand, the demand increases from 1570 M.4
to 2590 M.¥, in about 2% hours i.e. the copacity rcouired to '
neet this peak demand is 2590 = 1570 = 1020 M.i%

Against this the hydro capacity available is only 820 My
.'. Our system capacity for peasking will be less by 200 ii.Y.

in 1978-79.

The total energy for the curve fcr the day = 46.18 m.u.

0f this the energy utilisable fron Basc stotions

less the surplus = 86.00 n.u

(37.68 - 1.68 = 86.00)
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... The e nergy required for the area above the base.
= 46.18
(~)36.00
10.18 m.u.
As olready stated the energy copability of 82.3 Iletfe
hydro is... 9.33 m.u.
... ghortage of energy for this period of the day
. | | 0.85 m.u,
» » Between 5.30 AJM. to 10 P.lM., in addition o poak
deficit of 200 lM.V., the energy shortosc 1lll be
= 0,89 n.u,
Howaver, it 1s obscrved that there vill be sumolus energr

to the tune of 1.68 m.u. available during off pod: Zmurs.

Henco the best method will be to utilise ¢iec surplus
cnergy avallable in the grid during off pcak hours for satis-
fying the peak deflcit in capacity and energy in the grid.

The Kaqamparai pumped storage schene is plz:tnn_cd only for
such contingency. Its capacity is fixed as 2 x 100 .4,
initially and then increased by another 2 x 100 ll.il. thug
totalling to 40O Il

Assuning by 1978-79 we are able to install 230 ;" U.
(ac orders for the machineries 1.e, reversiblc unit has already
been placed with 1i/S BHEL/Dhopal and being monufcciured by
Ii/S Boving (U.K.) 1t will help the prid as follouc:



(1)

(11)

Thus
Tamilnadn
of gystenm

QG-

Its 200 il.¥. pumps will work for eicht hours to pump
about 3 million cubic metre of water to o lgh level
storage 1.e. Kadamparal reservoir with 30 nillion
cubic metre capacity, consuming an energy of 1.60 m.u
from the surplus eneggy of 1.68 m.u. availabile in

the grid during off peak hours.

During peak demand period in morning oand evening it
can contritute 200 li.W. of generating copacity for

slx hours with a total energy contribution of 1.20 m.u.
against an energy deficit of 0.85 m.u. in the grid.

the planning of Xadamparal pumped storose schene in
vill be a standing example for optinw: utilisation

capncities and at the same time satisfying the load

growth in the country.



KADAI'PARAT PUIPED STORAGE HYDRO ELECTRIC PROJECT
(A BRIEF REPORT)

The project derives its name from Kadamparaiar (a tributory
of Aliyar) across which the hesd race pond is pro osei. The
scheme basin lies between latitudes 10920 and 10025' Horth
and longitudes 77°0' ana 77010' East. The project ic located
in the Anamalal hillsg of the Pollachi taluk in the Coinmbatore
district, upstream of the Upper Aliyor Do executed under the
Paraublkulam Aliyar Project complex. The schenc irc gitua.ed in
the Poonachli Reserve forest range admlidst hills ond dales of
enchanting scenic beauty ana enthralling vild 1i:e.

The main Kadamparal Forebay Danm site is 72 k... {rom the
Pollachi rail heand and 2% k.u. from the Valparal town in
Colubatore district. The power house site is locoted 7 ko,

froui the Upper Aliyar dem camp site.

Talis 1s a mixed pumped storage project consgisting of a
forebay dam across the Kademparaiar at E.L.+1086.92 nn.with a
gross storage capacity of 30 million cu.metres ot Ve Lo +1149.,00 m
commonding run off from its direct frec calechiient crea of
22.79 sq.k.m. Also the run off from a cotchient sroa of 60.09
oq.t«a. in the upper reaches of Aliyar will be diverted into |
this forebay by a series of diversion welrs and f12 .0 channels.
The pover draft is propoced to be drawn through o lined pressure
tunnel of length 1248 m, and section %1.28 sq.t1. to convey a
peak discharge of 150 cumces required for the ultirste insta-
llation of 400 Mega watts., The tunnel ends in o icad race surge

shaft 18 m. in dlameter and 57 n. deep. Two tunnols toke off



from the surge shaft to an underground P.H. The two los.steel
lined undergrouﬁd pressure shafts, each 486 m. long ond diometer
4.0 m and inclined at 51° to the horizontal convey the power
draft to the machines. Bach pressure shaff will bl furcate

into two shafts 3pu. dlameter at a Y junction at the Power

House end to feed a 100 !'.W.rewversible machine.

An underground pow~r house with a machine e.vern 91.9 m
long x 26 m wide x 36.5 m high will house both tho 13 No.
transfomers and the &% os. 100 r-f.u.rewrsiblfa ow > turbines
wvorking under a maxirum gross hesd of 425 m.%:té;c clevation
of the centre line of the distributor bein~ kept ot +710.00 n.
(3,25 m. below the minimun tail water lovel to avold cavi-
tation.) The tall waters are proposced to be conveyed through
a lined tall race tunnel 979 m long and eross section %1.28
sq.m. with a dlscharsing capacity of 150 cumecs to the eicisti_ng |
Upper Allyar Reservoir which will function as a toll race
pond for the power house. A cuble cua ventilation tumel of
diemeter 4.6 m. and length 237 m. will take the nower cable
to the outdoor switchyard. The power house euvern will be
epproached by means of an access tumnel 7.0 m. wide % 6.5 m
high and of length 915 m. from the foreshoro of tihie Upper
Aliyar Reservolr. The approach tunnel will be connected to

the Upper Aliyar dam and Attakattd canp, the nearest places
of approach through suitable branch rosis.

The project is mainly desipgned, in adaition to the uti-
lisation of the natural flows from the froe and diverted
catchments upstream of the Kademparai Dam, as o pwiped storage

project to meet a part of the likely defiecit in the 2rid during



peak hours in future by utilising the off-peak encrgy that

will Dbecome available from the Tnnore Thermal/Kalnakkaa Muclear
. Stations now under execution. Thus, the r.poln benefit from this
project will be the supply of peak energy to the grid and pre-
servation of the capacity value of the station aring irripgation

closure season.

-0 sult the site condltions and terrain and reckoning also
the technical and economic feasibility, the projoet hac been
envisaged as an underground installation with the nowerhouse
and water conductor system proposed to be located gompletely
under-round. then the project is conpleted, this w111 be the
first underground installetion in Tamil Hadu and tbhe second
2Jumped Storage projcet in Indiz, the only other projcct being

the Nagarjuna sagar pumned storage instellation in ‘ndhra Pradesh.

The project is proposed to be iomplenented in o stages,
the capital outley on the project at the e¢id of the {irst stage
being Bs. 2143 lakhs and the total coct of the prejoct being
Le 3512 lakhs. Thls affords 400 Negawatts of firu scduing capa-
city and about 720 million units of pecking energy per annum
to the Tamil tadu grid. Cost per kw of the projcct vorits out
to be k. 878/-. This scheme would nornally be opcraced as a
butped storago schene excepting duging the nmonsoon periods,when
the free flows in the basin will enable the station to be operated

as a conventional scheme to pencrate about: 79 miliion units.,

The power generated is proposed to be ste.ped up to 230 K.V.
and fed into the Tamil WNadu grid at Udumalpet by cans of two
single eircult 230 K.V.lines.



GENERATION SCHEES -~ PROPOSED AS ON 1975

FOR TAMILNADU

HYDRO_

1., Akkamalai 25 .Y
2. Cholathipuzha ' 60 MU
3+ Cooncor-Kallar | 30 Huw
4, Hogenakal ' .+ 800 MW
5. Koniar Pumped storage 100 L
6. Kundah Ultimate stoge - 205 Hw
7. Lower lettur 160 MW
8. Lower loyar(Kukkalthorai) 4o ny
9. ilanimuthar 65 1y
10. Paraloyar 35 M4
11, Pykara Ultimate stage - 2 % % MY
12. Shammuganadhi ‘ 30 Mu
13. Upper Auaravatid 20 1y
1. Upper Thazbraparani 169 nY
15. Valar Puuped Storage 100 1y
IHERMAL

16. Heyveli II Thermal Station 1000/1200 iii
NMICLEAR(Govt.of India)

17. Extension at Kalpekkam Y70 W
(200 1 to Tamilnacn)

18+ Second Nuclear Plant '
near Tuticorin o 1000 My



TABLE %

DEVELOPMENT Il HIGH HEAD PUMRED STORAGE PLAITS

sy, , ,
Nano Countxy Capacity Head Remarks
Hetle n :
1 2 3 b 5
a) kxisting or plaimod Francls turbines for heods
of over 450 m and outputsover 50 My
1. TForrora Suitzerland 3m72 552
2., Iurrey I fastralia 10x118 520
3. Uste Norvay 2x92 510
. Rona Horvay 3z121 W95
5. Suldal IX I‘JDZ‘Y!QY. 1x70 565
6. cundsparm Horvay 12103 460
7. Rosshcg ~ mstria bx58 672  Highest for Framcls
8. Hornberg Y.Gernany Lz231 652
9. Pradella Suitzorlond Lx75 Lol
b) Recent orders for nultistage high henad storage puups for
delivery head over 650 m and inouts over9 i,
10, Uonsarin Suitzerland Lx59 83
11. Boncovalgrande Itely
(Lago Delio) 8x100 743
12. Letesava Italy 2x52 680
13« Sen Fiorano Itely 2x140 1438
1% . Rosshog Svitzerland L4x59 687
15. Hornborg H.Germeany Lx255 664




TABLE II

MAJOR FRANCIS REVERSIBLE PUMP TURBINES

Surface

Name Country Head culner- .p
or gence p
: ground
1 2 3 b 5 6
1. Ronkhausen W.Germany S 863 52 99.5 2%70 i
2. Shinnarihaga-
vae Japan 278 - 10%.5
3« Ikehara I Janan U.G. 37% 33 107
4. Yagizowa Jaran - 318 2 117
50 Oroville ‘UlSt.ﬁ.‘ UeTe 500 15 120
6. Crugchan:. U.EK. U.G. 1206 50 2 L=100 1
7. Mddyron U.S.A. 5 353 35 138
8. Azumi Japan - 130 - 3.5
9. Ikehara IT Jcpan U.C 37 33 118
10. Ygrds
creek U.B8.A. S 656 25 150 .5
11. Nagano Japan - 352 - 15k
12. Cartersdam U.S.A S 345 - 173
13. Villarino Spailn U.G 1280 160 181 (kx125 MW)
W%, Coo-Trois o
p ont Belgium - - 896 - 194.5
150 JOC?.SSGG UcSaAu - 29"“ - 206
16. Kinzua .
(Setha) UOS‘AO g 6""6 - 20705)
17. Toyers U.K. s 550 130 227
18. Cabin
Croeck U.S.A S 1190 37 223 (22166 1)
(362 m)
19. Castalc U.S.A S 1000 50 275 (25261 i)



Tablell {(contd.)

1 2 3 L g 6
20. Taum Saut U.S.A. s 790 32 295
21. Kisen-~

Yot Jopan v.g 726 08.5 . 328
22, Northfield U.S.A. U.c 745 106 345
23. Cornvall  U.S.A. U.c 109 50 5
2%, 'ortezuaa U.S.A, U.G 1740 16 Ok
25. Ludiugton U.C.A. > 350 25 .




TABLEITI

LIST OF PUMPED STORAGE SCHEMES
EXISTING,UNDER COHNSTRUCTION & PROPOSED

No & - Head station
Country Station type. o copacity Ycar
| My
1 2 3 Ly 5 6
I. Aastria 1.Achental L p2s. 389 85,9 1923
2« Rodund I T S% 328 -230 1952
3+ Rodund II 2 P 3
4. Kaprun-Limberg 2 R 8. 364 119 1756
5.Luncrsec” 6 P 3. 875 233 1957
6. Relsseck 3P 3. 1770 6o 1957
7. Innerfragant
(Oschonik) 2 P, 1050 58 1963
8. Zemn,Upper LE"S. 672 230 1971
Ross}xog)
. Qetz Valley UG 4 P.3. 1100 Lxz432 U.C.
10. Malta (Upper) 6 RT. 203 20 Proposed
11. Malta (Iain) 6 P g, 540
12. Oschenik IX 1 P.S. 1050 29
13. Rledi LY RT, 360
4. Breitenan L R-T. 35
19. aAntersbeck h R ¢ 160
II1. fratraldia 1. Tumat 3 3F, 151 1900
(-5 233)
2. Tumat 3 3 k3. o Jader constru
tlon.
3+ Bendeela 2 RT. 122 890 2roposed
4. Kangaroo Valley 2 K3, W0 160
III. Belgiunm 1. Coo Trotséu.e) 3 RI. 263  L32 1971
Pont I
2, Pont II 3R, 266 L32 2roposed



Table III( Conta.)

1 2 3 Y g 6
IV. Brazil 1. ¥egario 4 R'T. 29 LY 1952
' 2, santa Cecilia u4 R'T, 13.7 21 1952
3. Pedreira C 3 RIT. 271  L4.7 1953
%, Primavera b RT. 129 Loh b
5. Pacaluba RT. | 553 §
6. Caraguatatuba hoT. 620 g
7. Sao Felix % R T. 115 s
8. Paranoa - RT. 107 C.
V. Bulgaria 1. Belmeken 1 & 8. 700 83 1972
2. Antonivanovis 1 F 8, 122 50 1973
VI. Canada 1. Sir Adam Beck  6(Deriaz) 25 198 1957
2. St.Joechim(U.G) 3 R?. 355 1200 Proposed
VII. gggglg;a 1. Devin 119 51"7 Proposed
2. Kamenlce 194 %39 : "
3. Dobshina 1T 996 275 "
4. Koprova Dolina a9k k15 "
5. Sutova 235 552 n
6. Kninick 204 134 ¥
VIII. Colombig 1. 21to Muna 2 RT, 139.7 30 . Proposed
IX. Bast 1. Bleiloch 2 FS. 58 L0 1932
Germany
2. Hohenvarte I 2 FS. 66 L2 1958
3. II 8 Fra, 305 320 1965
k. I edervartha 6 Is. 143 129 1960

5. Wendefurt 2 Fs. 124 80 1963



Tabl@II (Contd.)

1 2 3 Ly 5 6

X. Finland 1. Avanta L4+ RT. 109 280
2. Paralnern I 2 RT. 200 40 Proposed
3. " 11 2 RT. 289 200
. PRijonne I 3 RT. 136 240

XI. France 1. Lac Noiv 4 Fs. 126.5 100 1938
2. Vouglans '~ 1 RT. 92 53 - 1973
3. TDmosson 2 PS. 750 128 1972
4. Revin % RT. 5 660 Under cons-

- cruction o

5. Lacoche 2 160 ~=vposed
6. Montezic U.G. _ RT, 400 809

XII. Hungary 1. R rodikaleszkk I 3 FS. 507  307.9 |
2. " II 6 Fs. 57 615 %
3. Heguistete b T, 351 300 i >roposed
L. Tokay . 45 270 %
5. IHossuhat 20% 240 }Ii

XIIT. Italy 1. Provvidenza 2 Fs, 295 192 1951
2. Villa Garonauo 2 FS. %46 134 1900
3. Late Sava 2 Ps. 6&%  ob.. 1963
4. Dmisimone 2 AT 378 338 1973
5. Lago Dolio g ro. 732 1040 1974/72
6. ot.Florano II 2 Pt . 1403 2Co 1972
7. “Fadalto 2 F8 ., 107 240 1971/72
8. Chiotas-Piastra 4 PS ., 999 240 Al ~med
9. . Rovina Plastra 1 7S . Lo 109 "

10. Taloro FS 230 240 "



Table III(Contd.)

1 2 3 L g 6
11. Ploni 41 Rusehio FS 560 480
XIV. Japan 1. Ogachigawa III 2 PS. 621.2 17.9 1931
2. shiroyama Y RT. 153 260 196
3. Ikehara U.G. & RT. 120.5 380 1904
Y+ Yagilsawa 3 RT . 93.5 261 1965
5. Nagefo 2 RT . 97.5 226 1963
6. shimarihagawva 3 RT . 8.3 234 1963
7. Azumi 4 RT 13%.9 36 1909
8. Midono 2 FT . 80 128 1963
' 2 RT | 79.8 128
9. Takane I % RT 135 251 1969
10. Numappara 3 RT. 78 732 1973
11. Shin Takase % RT . 230 1320 yroposed
12. Masegawa I 2 RT . 105 296 1972
13+ Kisenyama(U.Gs) 2 RT . 220 k&0 1970
1%, shin Toyone(UG) 5 RT . 230 1150 1972
15. Atashila I RT . 382 496 roposed
16. ¥ikappu 2 RT . 9% 210 1970
17. Agehara % RT. 459.6 1083 1970
18. Okutataragl (UG) 4 Fs. o6 1212 onder
congtruetion.
XV. Luxcmbourg 1. Vianden - I° 9 s . 278 930 1964
2, " 11 1 RT. 276 200 1973
XVI. Norway 1. Jukla Under
(Folgefona) 1 RT, 142 8.4 construction
2. Stavali 1 RT. 277 120
3. Sysen 2RT. 239 180



Table III (Contd.)

3 I
] 2 3 5 6
XVII. Poland 1. Zhidovo 3 FP 77 .5 150 Under
constructic
2. Solina 2 RT €0 B2k 1968
3. Porsmbka Zhar - Lo - 265 Proposed
4. Porombka Zhar
Chupily  ~ 605 282 "
5. Kasinka 520. 290 "
6. Psheska 660 305 "
7+ Snezhka 198 150 o
8. Smotniki 104 180 n
XVIII. Republic 1. Turlough Hill 4 RT 282 292 1973
of Ireland , '
XIX. Rumania 1. lotm 7 Fs 809 500 Propoced
XX. Spain 1. Valdecanas 3 RT 75 225 1965
2. Torrejon 4 RT L8 133 1967
3. Puento Sibey 4 TS 336 %00 1967
4, Villarino, 4 RT 405 540 1968
5. Tbondelp . 3PS 980 103.5 1969
6. CGuillena. 3RT 23 216 Under
, ' construction
XXI. Switzerland 1. Ruppoldingen 319 1.35 1904
2. Roblel 4 RT %10 160 1968
3+ Isoayre. type + 1 400 10 1972
4. Congrin(U.G.) 4 PS 878 240 Under
constructic
5. Sarganserland 3 FS 483 262 Proposed



Table 71y (Contd.) |

1 2 3 b 2 5
FII. UK. 1. Ffestiniog % FS  310.5 360 1963
2. Cruchan U.G. 4 RT 362 %00 1966
3. TFoyers 2 RT 173 300 197
4. Loch sloy 4 RT 267 1200 Propo sed
5. Camlough 2 RT 195 60 .
6. Lough Shanogh 2 RT 272 LG0
XXIII. U.S.A. 1. Hlwasee | 1 RT VLS 60 1956
- 2. Levlston 12RT 30 240 1962
3. Fairfield 8 45,7 ‘1+96 Propo sed
%Y. Teum Souk 2 RT 263 408 1963
5« Yards Creek 3 RT 232 339 1965
6. emith llountain 2RT 60 132 1965
(2F)  (60)  (300)
7. Cabin crecek 2 RT 3% 300 1966
8. Muddy Run 8 RT 125 800 1967
9. Oroville (U.G.) 3 RT 205 293 1968
(3P (2095 (35D
10. san Luis 8 RT 99 Lol 1968
11. Kinzua 2RT 250 396 1970
(1F) (262) (26)
12. ﬂ?;gg£%2%g§v.c.) Y RT 2% 1000 1972
13. Ludington 6 RT 110 1872 1973
14, Blenheiis Gllboa 4 RT 348 1000 1973
15. Carters 2 RT 132 250 1974
16. Jocas‘see 4 RT 95 610 197%
17. Elbert I 1 RT 135 100 1975
18. Kaysinger Dluff 6. RT 24 100 1977



Tablc TII (Contd.)

1 2 3 ly 5 6
19. Castaic 6 RT 324 1200 1977
1 PT 50
20. Boarswamp 2 RT 235 600 Uv.cC.
21. larble Valley 5 RT. 270 1250 Propo sed
22. stony Creek 6 RT 297 1950 "
23+ Nlue Ridge 8 RT 80 1600 "
24, llonteguma (U.G.) 4 BT 515 500 n
25. Merrill Leke 335 500 "
26. Blair lountain 3RT 671 525 "
27. Cornwall (U.G.) 8 RT 35 2000 n
28. Havasee “ RT - 309 1000 "
29. Racoon !lountoin % 1T 317 1528 U.cC.
30. Tocks Island 5RT 360 1300
XXIV. U.8.8.R. 4. Kiev 3 RT 65 120 1970, .
2. Zaporsk 6 RT 100 1200 Proposed
3+ Tata.P.S.(Cxten- |
sion) 2 RT 17 o n
4. Arsona - - 840 "
5. Taldy Kongana - - 730 "
XXV. West Germany 4. waldeck I L Fg 296 140 1932
2. Haugern L4 Fs 187 110 1933
3. witzneu “ Fs 216 220 1943
4. i.aldshut 4 Fs 133 160 1951
5. Happy Burg 4 FS 20k 160 1958
6. Raisach Rabenkite 3 F§ 179 97.5  1955/61
7. Gees Thacht 3 FS 80 105 1958



Tebleyyr (Contd.)

2 3 L 6
8. Glems 2 FS. 283 0 1964
9. Erzhausen 4L F5. 288 '220 1965
10. Sackingen U.G. 4+ FS. 400 360 1967
11. Norkhausen ‘2 RT. 266 40 1968
12. Hornberg b Fs. 625 970 U.C.
13. Waldeck II, U.G. 2 FS. 320 W0 . U.c.
XXVI. Yugoslavia 1. lisina 2.FS. 343 33 1973

Notes

U.C.
U.C.
RsTe
F.Se

P.S.

Underground P.H.
Under Construction
Reversgible turbine

Francis turbine - Separate pump

Pelton ihecel -

L

n
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