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1. In the first chapter, what is a pumped storage scheme 
and how it is important for the system to solve its peaking 
problem is explained 4th a typical daily load curve. Further 

how the system reliability is improved in comparison with other 
types of generation and intergrid system has been explained. 

2. In the second chapter the historical' devo .Lptionts of 
pumped storage plant from its humble beginning in 1882 as a 
pumping station with reciprocating pump to the latest plan-' 
ning of ZOO I .tl. pumped storage plants with reversible 
machines has been traced. Further the two basic types of 
pumped storage developments viz; i) pure pumped storage and 
ii) mixed type pumped storages has been explained . lou the 
economy of power house construction effected by three machine 
unit and two machine unit with reference to vertical and 
horizontal shaft setting has been discussed. The necessity 
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 chapter, the current developLi .t trends 
in the pumped storage technology, starting from the develop-
ment of large stations with large unit capacity, large under-
ground power house cavern, the latest concept of clutter lay-
out and the development of equipments particularly the Isogyre 
turbine and hone turbine have been discussed. Other developments 



leading to improvements in the pumped storage operation like 
i) back pressure operation for Pelton wheel to reduce the 

shaft luigth 
ii) wicket gate operation 

iii) improving the thrust bearing and seal arrcinoxont 
iv) direct water cooling for generator motor for better 

performance and reduction in size of the u ehine,and 

v) by employing pole changing synchronous rya chine to 
increase the speed of the pump by 2?;', so that the 
overall efficiency is improved 

are discussed in detail. 

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

)+» In the fourth chapter, the pumped storage development 
in some of the advanced countries, like 

i) U. »1., 	ii) !-Jest Germany, iii) Japan 

iv) Italy 	v) U.K., 	vi) U.S.S.R 
and other countries has been described. 

5, in the fifth chapter an overall summary of the pumped 
storage development with reference to improving the overall 
grid stability and the economy of the ,ystem due to its high 
flexibility is discussed. 

The future prospectus in the dovolopment of pumped 
storage generation like 

i) establishing regional grids and super grids 

ii) using of tidal power in conjunction lth pumped storages 
iii) using the large condenser cooling water storages 



iv) locating underground reservoir and power houses 
with the upper reservoir in a depression in the 
ground level or sea, and 

vG using of sea grater as lower storage and creating an 
upper reservoir on a mountain top near tho sea shore 

are also described.. 

6. In the sixth chapter the economics of the pu ipod 
storage plant with reference to some of the punpo . storage 
plant now under operation is explained, The econoziics of 
Kademparai pumped storage plant in Tamilnadu (India), recently 
(1973) sanctioned by Planning Commission, is wood out. 

7. In the last chanter the importance of such developments 
and how future pumped storage plants are planned in India is 
discussed. As an example the need for such developticnt in 
Tamilnadu is explained with a daily load curve. 



RE^Vi H OF ADVANC4ENTIN PUFPD STORA.YRO DEE + QPMEN 

14HAT IS PUMPED STORAGE POi 	EVE*- 
LOPM + 	 T IS NEG S ? 

1. Basically pump od storage is a sort of sto r 1. nC surplus 
energy available in a power system. During slack demand period 

the surplus energy which will have no tariff value is utilised 

to pump water from a lower basin into an upper reservoir where 

it is retained as hydro power potential and i s utilised for 
power generation during peak demand period and thus to supple-
ment the peaking 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 there will be 
some loss of energy while pumping water from lower to upper 
reservoir and then again when the power is generated with the 
pumped water and so the process will involve, losses, twice and 
overall efficiency in terms of energy may be of the order of 
65% to 75% only. However, the surplus energy availablc in the 
system during slack demand period has no tariff value. In case 

surplus energy is available from the hydro sources,, the water 
from the sources will have to be flown down and utilization of 
such surplus' energy will involve no additional cost, In the case 
of nuclear and thermal plants also though they can be shut 
dorm, the boilers will have to be maintained on bank fire even 
during absolute closure and, therefore, the saving of fuel 



1400 

(30OMW 
(M0rnin3 peak) 

/200 

1100 fl.W. 
1150 M. W 

(Evenin91 ak) 
c 1050 M W 

1000 

/ 	\ 
Hydro Power -300 M.W. 

°° 	-- 	-- - ------------------- Q Soo 

o ' 
600 Atomic power 300 41W 

0 

400 

T4errnca/ Power 400 M.W. 

Power I,...om other States 50n1. W. 

Run o -the  river 	so M.W. 
O 
 

6  I~ 
 

Z 
 

24 

Hours of fire day. 

Genera/w, frog, Pumped Stor ale punt 

.; • 	Pu m pr "y en erg y ,Croy:, base load 

FIG. I-TYPICAL DAILY LOAD CURVE 



would 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 snail as compared 
to the tariff value of the power generated from the pumped 
water during peak demand period. Thus inspite of low efficiency 
by consideration of energy, economy of pumped storage develop_ 
ment should be quite favourable in all cases where surplus 

generating capacity may be available in the syste:.: during slack 
demand period. 

3. To make the planning of a pumped storage sc'lemo more 
clear let us consider a typical daily load demand t'f a, system. 
Uo rcvcr, it is stressed here that a pumped storage plant can 
be designed as a weekly or seasonal basis also. Let the power 
demand increase from 6 A.e1. €, nd reach the pew dot. . at 10.00 A.7. 
íf  ter thy, s let it fall to a certain level and again by 1+ P.1I. 
let the demand rise in the evening and reach the peak say at 
about 6.30 P.I. . and again slowly it drops to the ozi ginal level 
at about midnight. Fig.(1) shows the graphical roproscntation 
of the above rise and fall of the power demand by ucans of a 
curve termed as daily demand curve or daily load curve. 

Let this system comprise of the foflo4ng: 
i)  Run of the river generation 	...  
ii)  Powor from neighbouring states .. 50 g., . 
iii)  Thermal power 	 ... 400 
iv)  Atomic power 	 ... 300 I..st. 
v)  Some hydro power 	 ... 3QQJiu. 

Total system capac'.ty ... 1100 h.tit. 
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As the power from item (.) , (ii) : (x,1.1) and (iv) has to be 
utilisod continuously they are marked as base load. 

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

It may be seen from the curve, (1) the power do:.iarnd or 
utilisation is less than the available power upto 6 A4:. 
Similarly after 10 P.i':. in the evening also demand ±s less than 
the poor available (marked in dotted) . Thus this po rcr becomes 
surplus to the system, since they form the base load stations. 
As already explained in the previous para letting dean the 
run-of the river water without generating power i s tasting of 
energy even though we may not require at that time4 similarly 
closing down the thermal plant to save some fuel during that 
time will not permit saving corresponding to the potior cutout. 

(ii) Let us now consider the demand between 6 .:.:`. in the 
morning to 10 P.!. in the evening. It is found from the curve 
the demand is more than our base load capacity. It is assumed 
that in this system there are some hydro stations of 300 ti.W. 
capacity with high head and storages. Due to the limitation of 
the run-off and storages let the power generated by these hydro 

bhowri mayy be teken as 'X K.W. hours, andAshaded in the curve. Let 
the peaat demand be 1300 I.. ti, in the morning and 1150 ::.; i. in 
the evening. It may be soon that the total capacity of the 
system is less by 200 t►.WW. (1300-1100) during morning peas 
and loss by 100 .W. in the evening pool! w and period 
(hatched portion). Hence the system is having pe^t deficit in 
installed capacity assuming the system has adequate energy. 



This can be fulfilled in three ways: 

(a) By having hydro stations. This moans we require new 
mater resources, 

(b) ly having thermal stations. This means we require 
more fuel. 

(c) By pumped storage plant of say 200 1h J.capacity. 
This does not require any new water resources . But 
will use the surplus power available (in the morning 
and night) during the slack demand. period lescribed s 
earlier. Let us say energy y required in the peon demand 
period is 755 off` the energy available as surplus power. 
Then it is now found the 25% extra available as surplus 
will tako care of the pumping and Ceneratin ; losses. 

Thus it is clear, low the adequate c acity of pu.:.ped 
storage plant with reference to the available surplus onorgy 
in the slack period is put to matte good defcit in tilo peak 
demand. In case the surplus power is less than peel: deficit we 
may require some energy schemes in addition to the pupped 
storage scheme which will reduce the capacity of the new energy 
scheme to the extent it can utilise the surplus off peek power, 
thus reducing the cost and regular maintenance of neu scheme. 

Hence it is shown that pumped storage schet►e is a valuable 
asset to the system to make best use of the energy available, 
which other Ise, will go waste. 

4. Besides this, the improvement of load fact Jr of thorn al 
plants due to the presence of pumped storage schc:_ c end of 



overall efficiency of the supply system is in itself a decisive 
advantage. 

5. In a system comprising severs]. large thertial plants 
for exa ple, addition of a pumped storage schemea to meot expan-
ding demands, not only saves the provision of additional l thermal 
plant but also saves the fuel such now plants would consume.  

6. The importance as instantaneous reserve act also be 
underlined. On the one hand starting time for pump turbines 
are very short i.e. about 70 seconds and for char o over from 
pumping to turbining some 150 seconds. On the other 'land, 
pumped storage project are operated most of the tiuc at 64; 
of the full capacity so that in the case of system brooms down 
or other incidents their output can be increased from 8O;; to 
144 5 within a few seconds. In an interconnected wystou pumped 
storage therefore constitutes an important reserve ut .ch cannot 
be equalled by any other type of power plant. 

7. Further as system demand continues to increase at a 
rapid rate in a developed or heavily industrialised. country, 
two major aspects have to be considered: 

(i) Provision of peaking power at the -lot-lest cost. 
(ii) .aintenonce of system reliability. 
Eoth are Independent. This can be ensured by number of 

methods as described below: 
a) Intergrid connections 

b) Additional base load stoaa plant or peaking 	plants. 
C) Additional gas turbine puking units. 
d) Additional capacity at the existing hydro stations 
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o) Construction of pumped storage plants. 
a) Taking an example in U.S.A. 95 of all generating capacity 
Is now interconnected at a common frequency. A national relia-
bility council is established for improving the system relia-
bility with the help of twelve regional coordination groups and 
with interconnecting transmission notwox ( `) . But all this 
requires a high level of reliance and cooperation between the 
members. Further, it is costlier and during emergencies or 
system disturbances one system may be isolated from the other 
within few minutes. Such things have happened in pasE, for 
example in Dow York in 1965 when a, major power station broke, 
thereby reducing the system frequency very badly, c hich in 
turn isolated other systems to protect their equipment anã 
with the disastrous result of plunging New Yore city in utter 
darkness. When frequency falls intentional separation is also 
possible. Such things have happcndd in summer 1972 in Tamiln.adu 
Grid also. Hence this may not solve the problem entirely. 

b) The time taken for a thermal unit with a ste' turbine to 
Co on line at full load is about 1- to 2 hours. This is airi.it 
for an anticipated peak, but for an emergency this is too long 
a period, in which undue damage will occur in the cyrtcn. 
Even the most modern machine will take 30 to 45 i4nuto . 

C) Even for the Gas turbine the time taken to Co on tall 
load is about 20 minutes. In addition due to low then:&. effigy. 
ciency and higher fuel cost per unit its use is lizAtr . 

d) The hydro station can handle such emergency pcacc within 
a few Minutes but only drawbcck is the water that i.c used for 
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pou,ror generation is lost for ever for the particular hydro 
power gtations. 

o) A pumped storage plant has got all the advantc,gos of a 
hydro-electric station in addition to the rater used for gene-
ration can be roused for generation by pumping back to the 
original storage after the emergency is over. ]\irthcr, compared 
to thermal unit it takes only about 70 to go second 'rem stand-
still to full load and from full pumping mode to full genera-
tin ; mode about 2? minutes. 

8. In the industrially developed countries Vie problcm 
of levelling out diurnal fluctuations in the electric load is 
beco Ina increasingly urgent due to irregular utili ,tion of 
electricity at various periods during the yens, wed: or day. 
The difference bottieen the night and morning load l already 
amounts to thousands of tiegauatth. under present day conditions 
in large power systems with a very sharp load fluctuations, 
This problci is particularly acute for countries with predomi-
nantly thorrial power stations which are ill-equipped for such 
variable conditions of operation. 

The pumped storage plant simultaneously resolver, the two 
basic problems in levelling out the powwr system load curves 
(as Shoe In Para 3) in vhAch power stations of all typos must 
participate at the saao time meeting the pock d1ands and 
filling the night time troughs in the curve. Pig. 2 end Flg.3 
chow some of the typical daily load curves of developed coun-
tries with large load fluctuations, and ho r the operation of 

p pumped storage has been helpful to they It 



9. In short the advantages as well as the necessity of 
having a pumped storage plant in a system is as follours: 

i) There is no fear of exhausting the source of power 
generation$  there is practically no limit for fixing 
the capacity of pumped stora, a plant. The tr:' in 
which large unit capacity and large pumped storage 
plants have progressed so far in the last 10 years 
have promised a bright future in the coming years and 
have brought out the above fact clearly. 

ii) In ay' system there such a large reserve is available 
at a short notice will ma1e the system reliable to 
the users of electricity. 

iii) It assures an adequate standby in the tine of breakdovna. 
iv) It can take care of variations in frequency c hick is 

very important no r-a-days, AS fall in free ucncy of 
supply means large scale demage to sophisticated 
modern equipment and breaking away of neighbouring 
system to protect their equipments and thereby making 
the situation more critical. 

v) Above all as stated in earlier paragraphs its energy 
is available practically at little cost to take care 
of the sharp peak demand in the systcn xrith no appre-
ciable loss in its water resources, 



I. The idea of pumping water into high level reservoirs 
in order to store energy is not new. The first pump for this 
purpose of which records are available was instaUcd ct Zurich 
in 1882. This was a reciprocating pump. The first contriili.gal 
pump was Installed at Luino in Italy in 1894. it t1"? 75 h.p. 
capacity, pumping against a head of 210 ft. to an a:.'t'i fieia. 
reservoir, and was used by a spinning m112.. etucon that date 
and 1925 the size of units increased slowly but C.,c :. , .ly upto 
about 50,000 h.p., but no large capacity pumps wore installed 
until the Niederwertha station near Dresden u^, put into opera-
tion in 1928 vith two, later four 27,000 h,►p . puup c arid, 30,000 
h.p., turbines. These units were the fore-runners of z, number 
of large capacity pumping acts built in turope dur.. ; the sub-
sequent five years, of which the largest in capacity ct that 
time were the four 36,000 hip., pumps at lcrdeclke station in 
the Ruhr. More recently a pump of 62,000 hip., was -)tit Into 
operation at Providenza in Italy, and units of 85,000 xr.p. 
have been completed at Limberg in Austria. Upto 191 the deve-
lopment of pumped storage schmes has been largely coni ,ned to 
Europe and of a total of about 850,000 h.p., of paid,) capacity 
installed throughout the world, some 600,000 h.p., was tp be 
found in Germany alone. For the most part the renaindo was 
divided in order of aggregate capacity between Italy, Switzerland, 
France, Austria and the United states. Isolated schc~.,cs exist 
in Sweden, Spain and Chile. In U.K. one small installation of 
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230 h .p . built in 1918 on the river Tweed, was the only example 
of pumped storage until the North of Scotland HH.! .!o rd put 
in hand a scheme at Sron I1or near Inverary. This co .tprises a 
5000kw horizontal francs turbine gener: ;tor to which a storage 
pump is coupled. The tail pond of the Sron i;.or station is also 
the regulating head pond of a peot load station, Cl achan 
situated at a lower level. The function of the perdu) is to trans- 
fer to the main reservoir above Sron ?nor the natural inflow 
into the tail pond uhich otherwise would be uastod when Ciachan 
is not working. Only by 1963, the first large ca lc pumped 
storage development in U .r., i.e. Ffestinoig pumpedd. storage 
plant in Walcs with a capacity of z 75 :FIB (300 ::..,) gas been 
made. 

2. In U.S.A. the earliest pumped story a pl:.nt in opera- 
tion from 1929 is at Rocky fl,vcr, Connecticut, of cc aclty 
7000 kilowatt. The next highest plant capacity was installed 
only in 1950 at i3uchann, Texas of capacity 12,000 lw. in 1956 
at Tllwassee, North Carolina, the capacity installed was 
59,000 kw(27) . rHowever, this figure rose to 2!+0,000 itW by the 
addition of Lewiston, Niagara pumped stomp sche~e in New York 
system. In 1967, the pump Generating plant capacity in 0.5.A. 
roco to 800 t~.%1. by the construction of i,uddY Run at ?eninsylvania. 
=tow there are schemes like Cornwall of 2000 ►' .J• inc cued 
capacity under construction in U.S.A. 

3 • In U. S. S.i. until 1970 there was no devolopuent, the 
first pumped storage is Kiev pumped storage plant Truth a capa-
city of (6 x 31+.6 t:W) 200 il.W.commizsioned in 1970. There has 



boon a great awakening now and large scale planning in thou-
sands of Uegawatts capacity is going ahead in U.S.S.fl. 

4, To-day the planning an the construction of a number 

of large capacity pumped storage station is a characteristic 
of expanding modern electrical power supply systems. As an 
example experts in the U.S.A. who in 1958, were hardly prepa-
red to think of possible pumped storage schemes have now at 
the design stage more than 19000 M. t!. to be ccmmiscioned by 

1980 in the areas of New York, New Jersey, Peninsylvania and 

Co on. 

5. Historically there are two main basic types of pun ped 
storage development. In the first the water is pureed from a 

low level reservoir 'A' into a high level storage 'fl' ag l not 
a head 'H'. This water is later used to generate energy when 
flowing in the reverse direction from B to A, over the same 
gross head 111'. Because of the friction losses the =.,Oing 

head will on the average be greater than the generating head; 
level variations in the two reservoirs have also to be consi-- 
derad. This typo of pumped storage development is often called 

pure pumped storage schemes. (35)  Such schemes usually have the 
power house and lower reservoir in the existing river or lease. 
For the upper storage nearest hill top is chosen which dives 

the shortest water conductor system. Hill top reservoirs are 
usually constructed by choping up the hill top and construc-
ting a ring bond or embankment to store the adequate Crater 
necessary for the pumped storage operation eg. Tau. Saul 

P.S.P., Ludington P•S.?. of U.S.A., Vic,nden. I end 1T. of 



Luxembourg, Ronkhausen P,8.P. of West Germany, Revin P'.8.?, 
of France, Turlough Hill P.S.P. of Ireland and Clough P.S.P 
of U.K. etc. 

In the second type of pumped storage either head avail-k 
able for power generation or the quantity of water avr' lablo 
for power generation are larger than the pumping head or pumped 
water to offset the losses in the pumping cycle then it is 
called Nixed Pumped 5tora-;c Scheme. Earlier versions zice mostly 
of this type i.e. water from a water course having lot of flow 
is pumped to a high level reservoir with or without is natural 
c atchnent and for power gene ration the water i s dray .fr .x the 
high level reservoir to a power station loca'-ed suit::; ly at a 
far low level than the pumping stations level to gei n :core 
head for power generation. Earlier types of this are :":fund in 
most of the countries. even in India e.g. in KuMa1 !y)ro 
1?lectric Project in Tuuilnadu copious water from a ct*ron 
below upper 3hawa ni reservoir is pumped into it end power is 
generated in four powerhouses located on the other side of 
the mountain utilising a head of more than 5000 ft. 3ut such 
Sc hem are generally called as pumping schcr cc. 

6. In a pumped storage version$  though sepero puup 
and turbine with separate motor and generator are used, the 
water for pumping and Generation is drawn through the m-ie 
conduit. As the technoloMr advanced three machine arrangement 
developed in place of the four machine arronr.;enent smcntioned 
above. Single generator-motor replaced separate ge erntor and 
separate motor. Therefore, the most usual layout of ;nuaped 
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storage plant comprises a turbine with a generator and a 
pump coupled together on one shaft, the generator operating as 
a synchronous motor also for driving the pump. Generally the 
shaft is horizontal but vertical shaft arran. events uoro also 
adopted where there were considerable fluctuations in tailrace 
level, in order to avoid excessive suction head on the pump. 
With vertical shaft units the pump is always on the bottom tri th 
the turbine in the middle and generator above it. In the hori-
zontal arrancent generator motor may be between the turbine 
and the pump just like any other hydro electric plc t, the 
turbine adopted is Francis turbine for head upto 3) metre: 
and above that pelton wheel. As the turbine tcchnolo.y progressed, 
Francis turbines limiting head gradually improved 	now 
even for a head of 700 meters IThncis turbine is bc::._1 ; bought 
of. For example, the highest head upto i ch it has '..con used 

,i 672 in at Rosshag P.S.S. in Austria. I:ovever, move this 
pelton wheel alone is adopted. 

In the meanwhile there were developments going; on to 
combine turbine and pump also into one unit with a view to 
improve the economy of pump storage development. Such. machines 
are intended to generate power when driven in one direction 
and to pump in an another direction, hence it is also called 
Reversible turbine. A saving in cost of about 11:1  was possible 
over separate pump and separate turbine. Jn overall saving of 
265 was possible as shown below (based on an cst a:ic ed cost 
of units working in Poland) c5 



FIG. 4-  SECTION THROUGH A PUMPED-STORAGE PLANT 

SHOWING IN DOTTED LINES) THE EXTRA PLANT & 
INCREASED CIVIL WORKS THAT WOULD HAVE BEEN 

NEEDED IF SEPARATE PUMPS HAD BEENINSTALLED 

TWO & THREE MACHINE ARRANGEMENT. 

w 
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1. i echanico3. plant. 	69% 	90;; 
2. i.ectrical Power plant. 	22,' 	94 . 
3. Constructional works 	9;''. 	12 ~ 

Tots. 	ioo ; 	126 

Figure 4 brings out the extraplant and civil vork t.iat would 
h ve been needed if scparato pump and turlAne had boon incvallec. 

First reversible hydraulic machine waa said to be installed 
at the Ba.dencyree power station in Goxt any in 1931. ;:tio 
machine which has given trouble-free service for t:o:.-c an 40 
years was designed and manufactured by the pies f .iu i cchor-- 
Z•lyss. The machine has the following ch „rac;cr stics . .x; turbine 
it developed 1500 UU.x . under a head of 9 inotro at a diceharge 
of 15 eum. per second. with an efficiency of 9O;. As n pump 
it is capable of delivering 8 cu.n/sec ag inct a hc,.d of almost 
9 m. at an efficiency of 781 and at an input power of 1800 
These were followed by two larger reversible turbine u:ips 
installed in Brazil manufactured by J.='.Voith (Pi. Geiisarn firm) 
and was placed in service in 1939, the oVicr was o4 i erican 

anufaeturer - Allis Chalmers cn i was placed in service in 
19+0(27) Subsequent extensive research and developue:it work 
on this type of turbine by P .ioric n hydraulic tur'bi.o industry 
have produced designs of economical machines 1i vin , good perfor-
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.) 



turbine has greatly extended the field of economic dovolopment 
of pucped storage projects because of the substantial saving 
in the cost of hydreulic machinery etc. Later in 1950, i,/S Allis 
Chalmers put out an efficient type of reversible unit and some 
of those units were installed in Flatiron P.C.P., Colorado; 
11iiiasseo in South Carolina. The recent tests perforkied by 
Japanese engineers have provdd the capabilities of these rever-
sible machines as 500 metres. Table I giver, come of the impor-
tant Francis and reversible - turbines in the world. 

7. The puup turbine technology has further developed and 
for lower heads the "Deriaz Reversible pump turbinott(ilg.5) 
installed at the Sir Adam Beck pumped storage station c at 
fia,ara Falls is capable cff working under partial loads 
(1.0. partial head and partial discharge) . Iurther they can 
be started as pulp direct on line. Friction losses for Deriaz 
runners ihen spinning are very mull as the runner b1c es over-
lap each other. X34' 35, 40) 

8. Horevor, for higher heads the main disadvante with 
reversible machine is that it a will run in one direction as 
turbine and in another Opposite direction as pump. Dei ce cons-
tant research is being carried out to design an uni-directional 
reversible machine. Some of the developLlents in this direction 
are I soGyro pump turbine ('i0.9) and Hone turbine (11 _.10) . 
They are described, in the next chapter In detail. 

9. Alonguith the udncemont in equipment for 	storu e 
development, the poorer house Arran -  ement are also chop .nu 
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FIG. 6 -- EXAMPLES OF RECENT PUMPED STORAGE CAVERNS 

SHOWING THE STEADILY INCREASING SPANS BEING 

ACHIEVED 
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radically. From surface power station it has Crown to shaft 

type power house. The developments are also mostly influenced 
by the vertical shaft settings for the to o and three machine 
arrerr e°nent as against the conventional horizontal shaft 
setting adoptod .n the past. Each has got its own advantages 
and disadvantages, but as the head increases the pu...p requires 
deeper setting and that means deeper excavation and the vertical 
arrangement enables the lower setting of the pump may ineries 
without much difficulty. This has favoured the development of 
shaft type and underground typo construction for juk.:pod storage 
plants. Table II gives the setting depth adopted for some of 
the pumped storage plant. 

As there is liuitation of depth even for a shaft type 
of' arrangement the option for underground power house location 
gradually increased alongwith the Increase in the operating 
head. Due to the development in the mining technology it is 
now easy to construct an underground pumped storaZo station 
of greater spans. Fig. 6 shows the growth of underground power 
house caverns adopted for pumped storage plants. Further it 
has the following advantages.C1+9) 

i) The ;-reatest flexibility in locating the power house 
so that the water conductor system is the shortest. 

ii) Underground locations exclude di turbance of slope 
stability which is probable when running penstock 
along the ground particularly on steep slopes and 
bad geologic condition if prevailing. 
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iii) Reduces costly conduit installations to a minimum 
when 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 losse' and providing 
better conditions for machine regulation. Further 
such arrangement saves a large amount of steel 
required for penstock and tunnel lining =! thereby 
lovers the capital investment. 

iv) On account of difficult operating conditions of unit 
in turbine mode vibrations may occur in the )enstocks 
which cannot be foreseen. The underground version 
completely excludes such vibrations. 

v) Construction of the underground station is independent 
of climatic conditions and eon proceed at the sere 
rate throughout the year, which shortens the cone-
truction time particularly in a region with a severe 
climate. 

10 . By 1990,   in all those highly developed ecrn tries 
like U.S.A., Tapan, U.K., and 11est Germany about 2O of all 
generating capacities will consist of flexible electrical 
Plants. These croatec conditions for reliable and economical 
development of power systems . 

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



CHAPTER III 

CURRENT JJVLOPNFt1T rT 

1. fast increasing development of electrical ener ,y from 
conventional fuels or nuclear sources has greatly irldoned the 
scope of hydro-electric power potential by pumped storage for 
supplementation of generation during peak period even in those 
regions where there are practically no hydro power zourcoe, 

Nuclear units in common with larger conventional therm'. 
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 
potrar derived from the same units in the reversible operation 
becomes available for use during periods of peas daiand. 
Examples of such stations are given below. 

U .1. i) The 300 3•' .14. Toyer s pumped storage station 
operates in conjunction with i2')0 1 . U.Hunterstan +31  nuclear 
poorer station. (25)  

ii) The 360 14.W. Ffestinoi pumped storage station 
built in conjunction with nearby ¶rcwsf rnyd i nuclear station. (24)  

U • S.A. The Keowee Toxawsy power syste i brings together 
hydro-electric, reversible pumped storage and nuclear thcraal 
systems in a unique combination. It has the world's  largest 
nuclear station i.e. Oconee nuclear station of capacity 2658 .w. 
for supplying base load*(38) 
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2. The above trend of operating pumped storage stations 
with the development of larger they al and nuclear units nd 
fapid gtovth in the interconnection of utility systai has 
resulted in the installation of larger cepacity for )-pumped 
storage stations and consequent lower costs per kilowatt. In 
Qermany, the recently constructed pumped storage pl ats 4th 
high capacity and larger units prove that food raculLs for 
solving the peaking problem at the lowest cost per 1:i.lotratt 
and highest efficiency is possible. Therefore the plciriing for 
pumped storage prof ect development for the solution og future 
potter problems should be imaginative by undertaking large capa-
city units in conjunction crith large capacity thorjal and 
nuclear units, as they offer better prospects technically and 
economically.(29)  The trends towards larger capacity pumped 
storage develop lent is borne out by the following sty,- ents 

In 1950, the largest pumped storae installation eras 45 U. w. . 
but by 1960 the largest pumped stora,,e installation is s 225 I.W. 
and by 1970  the largest pumped storage installation tias 1000 
in operation and 3000 N.W. being planned. 

Some of the large pumped storage plants now under con s- 
truction throughout the world is listed belotjr. i o st of them 
are of reversible typo.(41) 



pS* ' • 
110. 

1-me of the station. country. Station capacity 
~4. il~ 

I. Northfield P.S.P. U S.A. 1000 
2.  Blenheim P.8+P. U.S.A. 1000 
3.  Lago Delio P.S.P. Italy 1O0 
1. Sintoyone P . S.P. Japan 1 1 50 
5.  Tumut i I I P.S.P. Australia 1,5100 
6.  Castaic P.5.1'* U.S.A. 1500 
7.  Ludington P.8.1'. U.S.A ,2000 

Capacity of individual unit is also increasing tnj some 
instances are listed below: 

Sl. Ilead unit capacity 
T10 y Name of the station. Country utilised of each 

1.  Taum Sauk P.S.P. U.S.A. 263 234 
2.  Numappara P . S.P • Japan L78 23  

3.  Ki senyam a P.S.P.  Japan 220 210 
4.  Ludington P.S.P. U.S.A. 110 31+3 
5.  Racoon Mountain P.S.P. U.S.A. 317 382 

All of them are of reversible turbine type. 
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has pointed out that though the pumping efficiencyt increases 
with specific speed upto a certain Limit ie.,2750, tkz.e purpose 
of reduction in cost will not be achieved as higher speed will 
effect the cavitation factor le- s (sig a) which 411 increaso 
exponentially with "Na", and also may necessitate stronger 
members for guide and star vanes. 

4, Owing to the demand for larger machine sets with the 
highest possible speed, power houses have been arrciri„cd lower 
and lower below the water level of the lowlier reservoir in order 
to give high intake pressures. In the case of Erzh;u; on. pumped. 
storage plant, west Germanyy, this lad to the deci n of a closed 
frame work structure which was given an eerthfili to improve 
the stability. Hence it can be classified as an underground 
power plant constructed in an open pit. At -Ronkhauson the now 
shaft typo of construction was employed. Here the tuo to achines 
are accommodated in a circular shaft of 30 m. di ietca . Other 
examples are Vianden Ii, Lux ubourg, Ibyors pumped storage 
plant In U.K. 

5. However underground layout significantly rii"ates the 
problem of deeper setting accompanying the high specific speeds. 
A better understanding of rock mechanics now perujt; the 
excavation of large cavities in relatively inadequate rocks. 
The provision of suitable 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 xrld's largest 
pure pumped storabe plant is 1000 t-3.!i. - Northfield fountain 



3. In view of such large capacity units the cost of machine 
as well as powerhouse and other civil corks incrcr ces. The size 
and coat of the rotating mcchinery and the porrerhouco col be 
reduced by increasing the specific speed. Improveicnt in cavi-
tation porfoz nance is considered to be the key to achiavo 
further increase In rotational speed. Hence the recent trends 
have boon towards high specific speed for a g1ven ew~plicat .on 
to tale advantage of cost reduction associated r.ta reuccd 
machine size. 

One method of describing the relationship 'bctuccil rated 
heads and specific speeds for hydraulic uachine is a factor'K' 
called K = NsHC ' S, This factor has boon used f rr s+c iotitie in 
the hydraulic turbine industry with 'Its' dofincd as turbine 
specific speed.(61) 

In 195C's the francis turbines for projects in t . .,A. 
were being built with a 'K' value of about 1330 (~actric units) 
as general practice. This number resulted from an ..phorical 
tabulation of units in operation that had shown little tendency 
to cavitate. The current design practice is to select francis 
turbine and pump turbine speed between +Iti t vnluo of 1660 and 
2530, depending on the project characteristics. In these eases 
additional submergence of the units is necessary. In this 
connection a paper entitled "Selection of Reversible ?up 
Turbine specific speeds" by W. G. t nippon (Alli c ChalueDS,U . S . A) 
presented in the I.A.H.R. Sixth Symposium  $ymposiuzi hold in Fiore in 
September 1972 is worth noting(1) . In this paper the author 
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has pointed out that though the pumping efficiency increases 
frith specific speed upto a certain limit ie.,270, the purpose 
of reduction in cost will not be achieved as hi ghor speed %r1ll 
effect the cavitation factor ' (r I (sib,,) which will increase 
exponentially with "Na', and also may necessitate stronger 
members for guide and stay vanes. 

) , Owing to the domand for larger machine sets with the 

highest possible speed, power houses have boon arra-ed lover 
and lower below the water level of the lower reservoir in order 

to Give high intake pressures. In the case of Erzh2±asen putiped 
storage plants  west Germany, this led to the design off' a closed 
fraae work structure which was given an ecrtizfill to improve 
the stability. Hence it can ba classified as an underground 

power plant constructed in an open pit. At Bonkh ucon the new 
shaft type of construction was employed. Here the tglo machines 
are accommodated in a circular shaft of 30 m. di aictcr. Other 
examples are Vianden II, Lux=bourgy Pyerc pumped storage 
plant in U.K. 

5. However underground layout significantly ri .gates the 
problem of deeper setting accompanying the high specific speeds. 
A better understanding of rock mechanics now pent; the 
excavation of large cavities in relatively inadequate rocks, 
The provision of suitable 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., , as we l as the torldts largest 
pure pumped storabe plant is 1000 N.ti. - Northfield mountain 
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unit recently constructed in Massachusetts. The Underground 
power house is of size 100 in x 21 in x 47 in high end M unlined 
with merely shortcrete on a Are mesh for the roof a ch(63) 

In addition to the freedom of selection of hydrculic 
machines and the possibility of obtaining the necessary depth 
relative to the lowest level in the lower pool an underground 
power house has lot of other advantages as described earlier. 

Some of the large underground pumped storage )l ants in 
the world under operation, under construction and un;ier plann. 
ine are listed below. 

 Name 
 ~ 	 Country Station  of 

	
ic 	e 

the cavern ho . head deve capacity 
1 

1.  Vianden-I(278 m) 	Luxembourg 9x100 = 900 330::17z30 	1964 
2.  Shintoyne (2,30 m) 	Japan 52230 : 1150 1 0:2 :4: 6 	1973 
3.  Lago Lelio(7320 Italy 8x125 = 1000 1)G,21s58 1972 
4.. Nlorthfield 

(250 m) U.S.A. ,X250 = 1000 10017 1972 
5. Bear Swamp Under 

(235 m) U.S.A. 2x307 = 600 	69„25,+7 construc- 
tion. 6 • Racoon Mountain 

(317 m) U.S.A. 4x3 32 = 1528 ~f 
7. Cornwalll(35La m) U.S.A. 8x250 = 2000 8 
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If the statement is closely studied it will be found that 
the size of cavern is not increasing or decreasing trlth reference 
to generating capacity. The reason is this, in the first example 
for the Vianden i, as it was constructed in 196+ when the 
confidence in reversible machine was not much, three machine 
unit with conventions. . hot. zontal setting was adopted. 
Therefore for nine units and the three machine arran ; ent has 
made the cavern and ly long though the height and the width is 
reduced. For lago Delio P .S. S. since vertical . arran -e:.,ent was 
adopted the c worn length is reduced to two tbi rdr 0f6 ~ © depth 
Is however, more because it is a high head three machine unit 
with vertical arranrcment. However, by having lcr e ca  city 
unit, which also reduces the number of units for t[10 so:ae ins-
talled capacity, with vertical, two machine array .:ct the 
size of the c-,:vern will reduce considerably. Ibr e 	o 
fl )rthfield pumped storage plant with   +x254 ;.',. (1OOC7 :1 U) has 
only one third of the length for the Vianden I power house, 
Hence the latest trend is to adopt larger capacity reversible 
units in vertical arran ent to reduce the overall . cost of 
the pumped storage plant as well as to have the rthii. .0 cubic 
capacity per kilowatt of installed capacity. 

6. It follows from the previous peras that the increased 
cost of a surface power house because of deep sutzior once tends 
to swing the economic choice between above and below ground 
installations towards the underground type. 
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FIG.7 - PLAN AT THE CENTRELINE OF THE DISTRIBUTORS 
CLUSTER LAYOUT 

Emergency ladder to transformer gallery 

FIG. 8.-  CLU STER LAYOUT ALTERNATIVE 



However where geological conditions are not favourable 
for an underground powerhouse, a pumped storage project is 
encumbered with the high cost of a surface type powrcrhouce. 
Under the above circumstances a new concept in the power house 
layout narned as "The cluster layout"' described by I,*r. J,G. 
Patrick in an article entitled "The cluster Layout - a new 
concept for pumped storages', is worth sturing. 

The cluster layout is based on grouping the units together 
rather than placing then in line as in the conventional power 
station arrangement. The ,,roupinZ of units pernitc a now app-
roach to the design of a power house structure. 

a) ► xrf a Appliontion 
The installation of a generating unit in a sha 't or pit 

i s already explainedin the case of Vianden and k onthzcuoen 
plant in Europe. However$  in this layout installatio% of a 
number of units in a single circular shaft deccrihod in the 
article offers significant advantages over conventional layouts. 
The F`ig. 7 shows the plan of a cluster typo power houce, housing 
four reversible units with a total generating capacity of 10( 
E.W. at 1000 ft. head. 

The power house structure itself is formed by a circular 
otcavation, which is concrete lined and provided with floors 
to house the required electrical and mechanical eauipzcmts. 
So the entire structure is below ground level near the shore 
line of the lower reservoir, the visual impact of the power 
house on the landscape Is substantially less than that of a 
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c .nventicnal surface type powerhouse. The only features visible 
are the top deck, the gantry crane and the transfon crs. 

Ftirther advantages of the concrete shell construction 
for this type of layout ,ere: 

1)Mini ..urn cracking and hence practically no leakage 
2) has smaller volume and consequently loss uplift 
3) can be located further into the bin side thereby 

reducing the power tunnel length. 

A feasibility study madd by the author showed ti at a 
specific construction cost saving of jpproj cttcly 	.75 
million (This comprises w 2.85 Million sa inC in pal.-cz- house 
cost •plus C 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 sale cnpclty i.e. 
1000 i.. t1, and 1000 ft head. 

b) 1Unde round Application  

The apparent structure. and economic a1r nta;c of the 

cluster type surface power house (1.e. in a deep c'hcft) has 
led to the consideration of the concept in on underground 
location against the conventional underground powerhouse of a 
long, straight sided chamber t4th an arch roof, 

to underground cluster power house (fig. 8) containing 
four units would be a cylindorical shaped chmber frith a domed 
roof, an inherently more efficient shape for an unto ground 
cavity from the stand point of Space utilisation a,:;' structural 
strength. In effect the cluster arrangenent iinLiisoc the size 



of the cavity and results in a shape better adopted to with-
stand the rocs stress. The orientation of the cluster concept 
with its circular cavity and domed roof is influenced less by 

• rock jointing thereby always permitting an in line arranement 
of the eater conduits and consequently minimum total conduit 
length. 

A comparison was made Of the rock stresses vA-dch could be 
expected to occur around the excavated chamber for the conven-
tional power house and the cluster power house. For the case 
of equal vertical and horizontal initial stress in the rock, 
for the conventional power house the ma cuu ccmprescion was 
computed to be 16,800 lbs/sq.in. and for the cluster power house 
it wasl0, 690 lbs/sq.in. The magnitude of stress along the walls 
and around the roof is also substantially less for the cluster 
layout.. 

7. ' evelo me nt of Puiirn-turbine machineries 
Development of reversible turbine-pump units has been 

responsible for the current fillip in pumped s tcirano develop-
ment since it has greatly improved the economics of such der-
elopment, Present day development is mostly confined to the 
ran ;e of such units. Therefore attention throughout the mrld 
is concentrated on more and more advancement in this type of 
equipment with a view to cover Greater range both In respect 
of heck, and unit capacity and also to improve efficiency to 
the maximum. 

Tests are being successfully performed. in J'r ~a : on a 230 
ti. H. unit with a head of 500 m employing a single ,i.::..1e pump. 



Theoretical investigations have already been carried out into 
pumped storage at higher head,. In order to reduce the sub-
mergence it becomes necessary at high heads to employ multi-
stage pump turbines with fixed or adjustable guide vanes. As 
per the article in Esther toss news (36) , it is found that two 
stage pumpe turbine with adjustable guide vane is az1van.tageous, 
since in a pump turbine with fixed guide vane it can be operated 
at one point at a particular head, whilst a machir c with adjus-
table guide vane in both stages can operate over a u~lde range 
at good efficiencies. 

In addition to the limitation of hca;j for franc .e as well 
as reversible turbine (which no doubt ill i~iprovc . .: coning 
years) they have certain other problems also. For e i .:.le the 
point of maximum efficiency for to ibine and for up do not 
coincide but occur at different speeds or clteraativo?.y at 
given speed different runners are required for the came maximum 
efficiency for pump and turbine. This altcrnauive uuae athieved 
in "Tominaga Pumped Storage Scheme" (Japan) runner by use of 
an auxiliary runner housed within the body of the riuiri runner 
and carrying extensions to the runner blades. For uti running 
the auxiliary runner is moved dounwards by an oil Ueruor.iotor 
so that the extension register with the min blcdec, tis 
being equivalent to increasing the dicrioter of the -uniior. For 
turbine qperabton the auxiliary runner is raised so that the 
blade extensions are uithdrawn.(68) 

Another problem with reversible pump turbine in the 
change over from pumping to turbine operation mean- a chan-e 



in the direction of rotation. This does not, howav►or, result 
in serious delays since the stream of water changes its direc-
tion of flow very quickly when pump ±8 shut down and then 
drives the machine set. Fbr Rodund II (Austria) pumped storage 
scheme to be cOmmis5ioiledjn 1975 as per the designs and tests 
carried out the reversible unit picks up full load ;:,eneration 
from full load pumping in 80 seconds. 

The process of reversing is more complicated for change-
over turbine operation to pumping. For this it is necessary 
to brake the machine set to stand still and re.-,tart it. The 
total change over time is approximately 500 socond; -1 .a. 8 minutes 
a condition which nz eens the load cannot bo ta!zen inctcritaneously. 
However, for some unit at I1ustria the changeover t; o from 
full turbine load to full pump load is only 250 sdcond , i.e.  
4 minutes. 

To overcome this problem a new type of pup turbine called 
Isogyro pump turbine has been developed by Ch€~r.ail1os, crl ss1331 
Currently one set of 10 !.w. has boon erected an- i under 
operation in Robiei pumped storage plant S4tzerla.;,;}. It uses 
a head of +0O m, ad the cost is only slightly hieLier than a 
reversible unit. They have also another order for 5; 1 .W.for 
475 m head, spoed 1003 t.?.:.. for Handavck III power steion, 
Switzerland. Hone turbine is also being der©?oped for solving 
the same problem. 
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a)  i so tyre Pump Turbine (FF 	) 

The i so yre pump turbine has this in common with the 
conentionel. reversible pump turbine that it fulfills 'ooth 
purposes i.e. the same operates both as pump and as turbine, 
but apart from this it ha W very little else in cor..:.:om uith 
the reversible pump turbine , (33? 

An outstanding fc-:.taro of the isoayre Hump tu;.bLin is that 
the direction of rotation of the machine remains the 4 e 
whether it operates as a pimp or as a tur Nine honer, the name 
isogyre. The switch over from the pump operation to turbine 
operation and vice versa is consequently obtained ww. ,sh the 
ma imum ease, and in the minimum of time, On a wor`- .n: model 
of this tested in Charmilles Laboratory, Geneva, it tames 
approximately 30 seconds to chcn;eover from l lord turbine 
operation to full load pump operation and vice versa. Pnd 
it is felt even in regular machine* it should not to more 
than between one and three minutes. Another importz n:: feature 
of the Iso{ rre pump turbine is that no special provision need 
be made to start up the unit as a pump since the r : chine is 
invariably run upto speed as a turbine and synchonicod with 
the supply System and then changed over to u ,p operation. 

The isogyro pump turbine comprises basically an indepdnd-
ent turbine runner, an independent pump impeller arranged side 
by side on the setae shaft in the centre of a spiral casing 

common to both runner and impeller. Around the turb . c runner 
is arranged a conventional movable guide vanes, distributor 
and a stay rim,, whereas around the pump iipollor is arranged 



a conventional. diffuser (guide wheel) 4th stationary vanes. 
The machine is moreover provided with two sleeve valves one of 
which is located on the turbine end between the runner and the 
spiral casing and the other on the pump end between tho impe-
llcr and the spiral casing. These valves operate independently 
of each other € nd serve to isolate and unwater the mpellor 
when the machine operates as a turbine or inversely to isol to 

and untrater the runner when the machine operates as a pump. 

These design Ssculiaritios conduce to the folloirina dis-
tinctive features: 

i) Since the turbine runner is completely indc? dont 
of the pump impeller each is dosi ned to couply 

exactly with the conditions required of it, not only 
as re ;ands the operating heads (which are enora1ly 
not the same on account of friction 105503 in the pipe 
lines) but also as regards the output end and the rate 
of flow; there is no necessity to compromise between 
pump efficiency and turbine efficiency #  as in the 
case of reversible machine with a single ruuaner and 

therefore maximum efficiency is obtainable for both 
the nodes of operation. 

ii) The fact that the turbine discharge is not Ibund to 
the pump discharge can improve considerably the overall 
economy of a cbheme, especially when the pu=ping 

periods are longer than the generating periods as is 
frequently the case, 
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iii) As the turbine end i s provided with a conventional 
adjustable guide vane apparatus, cutomatic load, 

speed and load regulation is obtainable as with any 
conventional turbine while the unit is Cencrating 
power, whence improved efficiency at pertial load 
and a reduction of the wear of the runner duo to 
cavitation are secured. On the pump end the difAiser 
is provided with stationary vans and the dan1or of 
excessive vibration during pump operation is thereby 
Obviated. 

b)  Hone 'urbino t 1x.14} 

In the I.A.H.ii, sixth symposium held at Rome in September 
1972(1)  the development of Hone turbine which wore results of 
researches carried out by the reno ed turbine desk.. ors 
Prof. tLtroslav Hechieba and 	 (Ilosnedlo flee hieba 
Patent) was discussed. An experimental Hone type T311- turbine 
unit wiil be In stalled by 1977, in the pumped ,torero power 
station at Porazska P r thha  iin Czechoslovakia for a head of 
150 in and an output 01.30 kl•i1.* (1  

The development of this turbine was also , 	as that 
of I sogyre turbines to overcome the problem of bra 1i.rections 
in the reversible turbine mentioned earlier. 

The Hone turbine has its main shaft f .en f'o connected to 
a semi-spherical driving chamber having a conjoint runner and 
impeller mounted on a shah passing across the driving chamber. 
The runner and impeller set can be rotated about the shaft by 
a servo motor to bring either the runner or impeller opposite 
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to the distributor, while the other is hidden in the  driving 
chamber. Guide vanes a e of the suing through types. All other 
parts of the machine, the speed ring with its reinforcing 
blades, draft tube, spiral casing are of stcndcr; design and 
perform the same function as with the conventional . nachines. 

e) Improvcnent for the high head operation 
o pumped stores e ri mint 

It is well known in the case of vertical pu:pcd storage 
units using separate Felton turbine and multistage pumps. 
(Terinary units) for very high heads exceeding 500 .i, the 
overall length of combined turbine and pump shafts is generally 
very large. This is due to the fact that while the Dolton 
runner has to be installed above the maximum tai'! eater level, 
the pump impellers have to be Installed ouch below the minimum 
tail water level for safety against cavitation. F }x oxwple 
the shaft length of the ternary units at L o Dol..o(:.i,c.12) 
and S .ELorino, Italy have lengths of the order of 40-»50 metres. 

with a view to avoid the excessive shaft lengths wit: conse-
quent increases in cost of machinery and civil works as well 
as accompanying operational difficulties like vibrations etc 
and extra maintenance, +"Hack Pressure Operation for s'elton 
Turbine,,  (Fig. 11), has been exp erimcn.ted for enabling the 
Pelton wheel to be installed below the tai,.lwater level with 
a reduced shaft length. Compressed air in the runner housing 
depresses the water level low enough so that it will not 
disturb the turbine efficiency. 



A feu straight generation plants of this type have been 
in existence, working under beck pressure in exceptional 
conditions of level in the dounstrocm of Lago Bello and St. 

F1orano for brief periods under relatively small tailwator 

depth. In a paper presented in the I.AJT.R. symposium hold 

at Rome in 1972 by Mr. Oresto Ceravolo of "ASGET-F-TO " Italy 
and others it was concluded from the experimental studies 
carried out by him that the possibility of safe and troubie-
free operation of ternary units under back pressure was 

realisable without any si nificant effect on efficiency. The 
value of air conception obtained from model to ,tc are stopped 
upto the prototype keeping in view the uncertainty of scale 
effect in the air water flow. One problem in of designing the 

runner housing structure to withstand high internal pressure 
especially during transients. It is expected that back pressure 
operation of ternary units will help to eliminate long shaft 
lengths required otherwise, in the future high head installations. 

8, F.irther modifications and minor improvements 
A.  Pump-turbine i wnrinra.uurrrr 

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

b) Advances in mechanical design features toy ards maximising 
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  

Pburt.eon pump turbines currently in design provides 
for individual gate servo motor instead of the traditional 
gate lever. /shear pin link design pith a massive gate opera-

ting ring and two large motors. ,Advantages are 
i) Individual gate control is possible 

i1) Eccentric pins or adjusting links are not required 

iii) Since each servo motor is deli ned for a pro-determined 
force there is no risk of gate mechanism being over 
loaded in the event of gate becoming j a mod 

c) As it is becoming increasingly difficult to obtain sound 
castings of large weights at reasonable prices anal, within the 
desired delivery time, the technique now adopted for the 
manufacture of turbine components by forgings and :late steel 
instead of steel castings as it is now possible through auto-
mated and very efficient welding process..(61)  

d) In reversible machines, the thrust and guide bearings 
have to be designed for both directions of rotation particularly 
during pumping, to reduce the starting load on the motor, the 
thrust bearing is jacked with high pressure oil to reduce the 
surface friction. 

From the tests conducted in the laboratory an:1 subse-
quently in the site, the phenomenon of oil film formation, 
mechanical and thermal distortions of the pads, and tempera-
tures during starting, steady operation and stopping were 
observed and measured. Tests confirmed the critical conditions 
of the lubrications occuring during the starting and stopping, 
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And to withstand the conditions during the starting and stop-
ping oil injection system on the thrust bearings uero reco-
mmended. 

o) High head and high speed francis type reversible pump 
turbines have brought new and severe conditions of seal service, 
requiring in addition capacity to withstand and retain high 
air pressure during spinning or pump starting (in the draft 
tube depressed condition) .(1) 

Sea]; operation difficulty particularly - air loss 
was experienced in the Cruchan Pumped storage plant machines 
in Scotland. Complete failure was reported after 6000 hours 
of operation. 

fir. T.R.I4illar (U.K,) in his paper presented in the Rome 
symposium has reported the development of a new ate. al design 
seal using continuous, unbroken angled faces frith face load 
edjustini, springs relative to hydraulic force, which overcomes 
these problems of circumferential seals and has pry ,.. 
superior to the conventional design. The improved :.cals are 
expected to prove satisfactory on the Cruchanpower house units 
and an optimistic estimate of the life of seal before a 
replacement is as high as 241000 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 suggestions 
discussed in the Rome symposium was to use one reversible 
machine in series with a single stage pumps. In turbine opora- 
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tion only the reversible machine will function silo pumping 
operation will be performed by both machine in series.0)  

It was also decided in the symposium that while €valua" 
tiny; the operation of hydraulic machines In transient regimes 
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 design loads. 

B.  Generator-Motor 
a) 1'br generator-motor a system study performed by the T.V. A. 
determined that a unit with a lower that normal i4lortia cons-
tant and with a suitable reactance could be used. Cost studies 
based on these parameters led to the selection of a unit with 
direct water cooling in the stator coils and In the rotor 
winding. (61) 

When a study was made for a particular machine with 
direct water cooling versus air cooled unit it was found effi-
ciency is increased considerably and the direct cooling,has 
resulted in a considerably lower and more uniform temperature 
distribution in the machine parts less thermal expansion of 
the stator winding resulting in larger insulation life and 
most importantly a reduction in size and weight. The direct 
cooling method is adopted for Racoon Mountain's 382 I.W. . 
generator-motor and this has resulted in a considojably smaller 
size machine with resultant economy alround. 

Obviously the reliability of the cooling water system 
is of particular importance and therefore all circulating 
Humps and heat oxchan ers are dunlicatad. 



b) Because of reversible features of the pumped storage units, 
the ventilations must be positive in either direction of rota-
tion. Instead of radial fans which were used formerly were 
not sufficient at present separate blowers are being consi 
derod not only to provide positive ventilation but also to 
reduce windage loss of the machine. This is adopted for the 
Fairfield pumped storage plant (496 .:J.) of  

c) In pumped storage scheme using reversible machines opti-
mum hydraulic efficiency is obtained uhcn for the sane head, 
the speed of the pump is made about 23;' b i. 1er than that of 
the turbine. This is possible if suitable pole chzing syn-
chronous machine is employed. Compared with that of a machine 
having only one speed polo changing synchronous uine are 
very interesting in the event that the pump or turbine head 
is liable to vary, apart from the fact that the full pressure 
head range can often not be utilised with a single speed for 
hydraulic reasons. (cavitation) It is possible with two speeds 
to achieve an increase of 2.6 in the hydraulic officicncy.(2)  
At Ova Spin pumped storage station-sritzerlend (whore the 
variation in head is between 205 in to 70 m) this tyre has 
boon in use since 1968. Such types of machines ai o ordered 
for the following pumped storage plcnts also: 

i) Jukla Pumped storage scheme - forvyay (0 V-7) 
ii) I•;alta Qbersxtuffe-Austria (variation in head 198 in to 63 in) 
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Different starting methods in vogue are as follows: 

i) Starting with a pony motor 

ii) starting with an auxiliary turbine 

iii) Back to back starting by another set 

iv) Asyncronous starting with reduced or full voltage(2)  

The first two methods were adopted in the earlier version 
of reversible machines. The pony motor starting 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 10 of rain machine. 
Tbr Cruchan pumped storage plant, U,K(77)  the pony motor is 
a 3.3 IV slip ring induction machine ^c ound for a synchronous 
speed of 600 R.P.. and is controlled by a liquid starter. 
It can bring the 100 !4.W. set upto speed in loss then 5 minutes. 
To start a set for generating it t&&es 2 minutes, whereas for 
the pumping mode it takes about 8 minutes as it involves 

additional operations like blowing down the water in the pump 
turbine, starting the pony motor, priming the turbine, opening 

and locking the guide vanes etc . The 230 I. tJ. (i.0. 2 x 115) 

Ceznlough pumped storage scheme, U.K. now under construction 

has been desi-ned for pony motor starting only. Fig. 18 shows 

the Csmlough underground power station with pony motor arrange-

ment. Though this method of starting is now considered outmoded 

still it is being used in some countries because of its simp-
licity, 1owever, in I.S.A., Germany this method is now not 
adopted as it involves additional cost for the pony motor 



and also will not be able to cope up the emergencies, pnrti-
cularly for the larger Capacity machines now under d.avelopl!ient 
and operation . For the same reason the second method of star-
ting is not generally adopted. 

The current trend i s to adopt the back to bcc!: starting, 
asynchronous starting and static frequency convertor method 
of starting. 

iii) Backto _back starting; 

This is possible when there arc more than one unit in 
the pumped storage plant as one will drive the other and then 
that unit which drives will also work . In Ludington pumped 
storage plant, U.S.A. (6 x 312 NW) there are six units (19 . 
In this the above method of starting is adopted. UxrLt I?o.1 and 
6 will serve as driving units. Unit I will start unit 2 and 
3 and unit 6 will start unit + and 5 for pun  pin , ..oae as I 
and 6 will venerate powor for rotatin3 the othe~os as pumps. 
After that 1 and 6 will start pumping by beans of to o pony 
motor equipped on the top of them. Estimated tiuc to get all 
the six units to pumping mode from standstill is +3 minutes. 

This method is also adopted for Kath ip arai . pump ad storage 
scheme, Tamilnadu 'India (1 x 100 P►I1) , however inMawead of pony 
motors it will have static frequency convertor for starting 
the driving unit. 
iv) asynchronous aturtin 

The recently commissioned "Vanden I1 puLiped storage plant 
of Luxes bou with a capacity of 1x230 illlJk (reversible le unity is 



at present one of the largest units to be started arnchro. 
noucly.(2)  The outstanding advantage of this type of starting 
is not only its simplicity but also its economy, particularly 
very suitable for when fast starting is reauire:T. The starting 
energy which during asynchronous acceleration is converted 
into heat in the rotor is considerably less with pert„al f re-
ouency starting than with normal asynchronous sts ,ing. Conse-
gqnntly the problem of thermal stress on tho rotor is vertflally 
eliminated. 

Static Frequency Starts, 
The use of static starting systa for multiple pupped 

storage unit i s a new application. The first sucia systems is 
adopted for the Racoon mountain pumped storage plant (4x382 2tu) 
U.S.A. (61) , whore it will be used to start individually the 
four generator motors. The static device will also be used to 
brake the units to zero speed on shutdown. 

For Kadamparai pumped storage in Tar41na;Iu the static 
frequency starting will be used as a second mode o; starting 
the pump in addition to the back to back startin,;. The equip 
nont is being manufactured by Brown Boveri, Switzerland. 

!!ith the increased acceptance of pump starting methods 
other than pony motor starting and the use of static excita- 
tion systems instead of the traditional rotating ezeitors, a 
much more compact unit design has now been developed. 

Further the needfor the upper guide-bearings on pumped 
turbines was frequently dictated by pony motors mounuod 
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above the starting motor, and the permanent magnet jenerator 
located on the top. All these will increase the sic and cost 
of the machine. (61)  

The advance to-date in pump-turbine and generator motor 
arrangement is perhaps best typified by a compari n, between 
the 220 t;. 1. units that have been in operation at Taum S , 
U.S.A, since 1961,. and the +O0 t4!.T.units currently ;ioing ifia-
talled at Racoon *,ountain in 1975. Though the hyd.-aul .c'machinos 
appear very similar, the generator-motor assomblics differ  
si gni ficnntl.y, (61) 

In future it is expected that public utili tie , will adopt 
very close coupled pump turbine and generator motor tith the 
thrust bearing supported on the head cover. Thus by bringing 
the electrictal machine as close to the hydraulic L;acrLne as 
possible through the use of one piece shaft ha be i found 
more economicai than using traditional arrugei ont%. 

Thus after a review of pumped storage taehno10 r f©r the 
past 20 years it can be said with assurance that there i s no 
longer significant differences in the efficiencies between 

separate pump and turbine design and rcversibie pu4rn turbinesc61) 
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1. A brief study of the pumped storage development in some 
advanced countries  ..11 be quite informative as to how this 

type of energy development has figured in their progress. 

i) Ur ri' r 

2. It i s well known that amongst the highly ±n h stri ali sod 
countries in the world, U. s. ,. , stands forcao st. Tochnological 
and industrial development has been simply phenoriir ol. Its 
rapid load growth has given impetus to the oxpan jon of system 
generation through large steam electric in stallatios they 
provide relatively low cost energy vn operating at high plant 
factors to supply base load. Meanwhile because of its reliabj-
lity, availability at short notice and its ability to regulate 
for system load control its hydro capacity has shifted its 
position in the daily load curve from serving as a moor resource 
to providing peaking capacity. To match this trend of comple-
menting large thermal units by hydro peaking, the size of its 
plants are no longer limited by the hydrology of a stream as 

related to noimal load cure of system, but rather by the peaking 
capabilities which can be developed in coordination with the 
other purposes of the prof cat. While conc1derin- i ature hydro 
power development, great potential of pumped storage development 
as an ideal source of peaking power to supplement the rapid 
growth in thermal generation has been realised. 

As already pointed out in U.S.A., the first vx-Vlicatdon 
of pumped storage power development was in 1920 with a capacity 



of 7 Ii«tU. Till 1950 its total installed capacity was only 30 Ii.11. 
However, after the announcement of an efficient ty)3e of rever-
sible machine to function both as a pump and turbine by 
9/S Allis Chalmers in 1950 there was a spurt in the growth of 
the pumped storage plants. By 1972 its total inctnllcd capa- 
city of pumped storage plant Grew to 	30 I:.'!. ,^,n d now with 
the projects unckr construction, by 1977 another 1O,ODO !.1.W. 
will be added by pumped storage installation, c11 frith rever-
sible turbines only. According to latest U. C. PcC.era . Power 
Commission Surveys installed pupped stor~.3c capaelty in the 
U.S.A. is projected to be 70,000 M.U. by 1990 co ,pa_ tad with 

at the end of 1972.(61)  In all its pw.,.po . ctorige 
development U.S.A. has been adopting only revorst'ulo machines 
as they are more economical. 

3. In U.S.A. most of its earlier pumped store -c plants 
are either semi outdoor or outdoor type so as to reduce the 
cost as well as time for construction e.g. Lewiston pumped 
storage plant, Smithnountain pumped storLtre plant, and Taum Sauk 
pumped storage plant. 

The Ludington pumped stor:.ge plant of 6 x 312 I.U.  now 
under operation is also of semi outdoor type only. The latest 
trend is to locate the pumped storage plant in un;.erCrround 
cavern as discussed earlier due to various reaco: c particularly 
for enviromental reasons. Cornwall pumped storaCo plant of 
2000 Ii«tf, has to be located semi underground and the Bear Swamp 



project of 2 x 300 M.W. is to be located und.rgroun , only for 
the above reason. 

+. Some of the latest pumped storage plants under opera-
tion and construction are briefly described below: 

i) Ludington pumped storage plant 6 x 312.. .U. 
(Largest pure pumped storage pin►t) 

ii) Bear Swamp Pumped storage plant - 2 x 300 ::.T!. 

(Underground pumped storage prof eat) 
iii) Tyatt-Therm-alito pumped storage plant (Tandem 

operation of two pumped storage plants) 

i) L di.n ton um 3 sto 	a project U,^. 	(63j2 1I.W) 
The Ludington pumped storage plant has an inctalted capa-

city of 1872 !4.W. The upper reservoir with 53,000 acre ft. is 
formed by a 6 mile long earthfill dam with a sandwich type 
asphalt facing. The six penstocks are encased in concrete, 
under the embankment, and buried in silty sand on the slope. 
At the intake structure the gates are suspended by hoists which 
-alow for fast emergency closure. A pre stressed, precast con-
crete baffle wall serves as vortex suppressor and ice barrier. 
The intake apron with splitter walls is an energy dissipator 
for the pumped water energy. The power house constructed on 
clay is protected by a break water and two jot±iou because 
lake Michigan, one of the five great l ass  servos as the 
lower reservoir. 

Major consideration has been given to the project appea-
rance for it is located in a recreational €rea, The power house 
i a the semi outdoor type and is conventional in dosi rn except 



that it is bearing entirely on clay and therefore it require; 
a heavily reinforced substructure. Its size is 160 m x 52 m x 
32.0 in ht. The maximum generating capacity i..s 1072 ;". ,. The 
six 

 
is 312 P:. 1. reversible turbines operating unor a head 

/20 '' 
of about)f40O ft). is remotely operated and are started in pump- 
ing mode by the synchronous back to back method ci1 pony motor. 
Special consideration has been riven to the pu :rp turbines and 
the generator motors being the largest yet built, nth in 
their capacity and their size. H'itchiy Jepan is unnu 'acturing 
the pump turbines. 

The station will operate on a weekly cycio , (19  ) 
ii) Seer wam Purnpedstorgo project (2 z 300 ::.'T.) 

In this., the environment was considered an integral part 
of the overall project not only from the very inception of 
conceptual design, but .also to the final delineation of the 
individual features and detailed designs, including guidelines 
for the implementation of construction. 

Some of the attractive aspects of this particular location 
for the project wasg 

1) proximity to an existing transmission cystn, 
2) availability of a natural depression above the seer 

field river valley for locating the upper ;fora-e« 

• The main power house with en installed . capacity of 600 
is currently under construction and will be located underground 
on a direct line between the upper and lower reservoirs. The 
size of the cavern is 69 in x 25 in x 1+8 in height. It will have 
two reversible units of 300 it.W. each operating under a maximum 



head of about 235 m. The station is capable of gencratinc 600 
, W. for 5 hours and requires 6.5 hours of pu .pinl- to reple--

nich the upper reservoir. (g)  

iii) UyAttThermalito Power Complex 
The Hyatt-Therrnali to Power complex, a facility of the 

California Water Project has a combined dependable cepacity of 
725 N.tJ. for the two power plants. Hyatt power plant is on under-
ground plant of Oraville d= with three conventional units and 
three reversible units of total generating capacity equal to 
678 IT.SJ. The water from the units are lot into thr lotrer storage 
forced by Thermalito Diversion dam downstream. Fr rn the : iver-
sion dam the water is drawn into another forebay by a(2.5 mile) ti km. 

long power channel. The Theruialito pumped storage plant located 
below the forebay is a surface type power station with a total 

28.5m 

installed capacity of 115 M.!, at a head of!(95 ft). It will have 
three reversible units and the water is lot down into an after 
bay. 

The special tests conducted to verfy the operation of 
the two power plants working in tandem for the ,generating and 
pumping mode under every condition of overload wore found to 
be satisfactory. (J.of P.I).of „SCE Nov.'73 P • LO). 

5. I.3ultipurpo se power development bringinC, to ;ether H.B. 
reversible pumped storage and nuclear them&. ycto:.., has also 
been adopted in se of its projects e.g.  Keowee-Toza ray 
power system.(38) 



(ii) TJEST GEF.~.,~ 3 

6. in test Germany$ the generations and dic ribution of 
electric supply is vested with private utilitjce. onco to be 
more remunerative they had located their hydro as trell as coal 
based thermal plants nearest to the energy source. s:oanwhile 
they realised the advantages of pumped. storage development 
which can be constructed for i mger capacity without any fear 
of exhausting the resources. Hence they started the pioneer 
development in pumped storage powor generation. y 1930, their 
ferdecke pumped storage plant started ftznctionin , Lt IN 
of installed capacity utilising a head of 155 m. 	19+3 insta- 
lled capacity In pumped storage plant rose to 6 ::.:'., and 
by 1966 it became 2000 .►.t-1» Ronkhausen with 2 := ?0 ::.ti. in 1969 
was the first pumped storage plant to have reversible turbines.. 
B3efore 1969, all the other stations had. separate pulps, 
generators and turbines of the horizontal or vertical type. 
Unlike in U.S.A. and Japan reversible turbine has :lot made 
much progress here. 

;sast of the pumped storage sche'"ze , are of pure pumped 
storage type where natural flow is not needed. fence out of 
its 19 pumped storage stations$ 14 have hill top, artificial 
upper storages with mostly ring shaped enclosure,, Its upper 
storages are kept as large as possible for allowing pumping 
operations during we-end also. 
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7. Such reservoirs have been useful for lator expansion 
of pumped storage generation also e.g. 

I) Vianden II ( 1 x 200 N.H.) constructed in 193 in 
Luxsmbouz g near Vianden I or i96+ 

ii) Waldeck II (2 x 220 tt.l•1.) constructed in j99t.  near 
Flaldeck I of 1933 • 

A brief description of the above two pump  storage plants 
are given below: 
.) Vim J] 

'Vianden I was constructed in the years 1959 to 1964. 
Sincb the upper reservoir has no natural water inflowxw the 
installation operates as a pure pumped storage station with 
operation an daily reversing closed cycle, At Viandon 1, 
there are nine conventional pumped storage sets with horizontal 
shafts, the unit capacity of which is 100 1.U. in generator 
operation and 70 t..ti. in pumping operation. The u= i .ne hall 
was constructed under ground at a position where the distance 
from the two reservoirs is shortest. 

Since the time the Vianden I was planned the po&t demand 
increased considerably especially due to increase in the number 
of television sets and thus reducing the puziping hours. Hence 
an extension of the installation by adding a tenth machine was 
considered. Since no extension in the underground. was possible, 
the erection of a separate power station was panned. F.14 
shows the relative locations of both the power houses and the 
upper reservoir. As against conventional horizontal machine 
adopted in Vianden I, it has one unit of vertical reversible 
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pump turbine set of 200 U.W. using a. head of 291 n then opera-
ting as generator and 215 i .W. as a.  pump. The now pump turbine 
with its auxiliaries will be located in a cylindrical shaft 
22.20 internal. diameter and 50 m deep*  right beside the lower 
reservoir (A-. 15) . 

The shaft type of construction was preferred inly for 
economic reasons. important adv'antanes are impmvo," accessibi-
lity and favourable hydraulic conditions by shortening of the 
tailrace tunnel, 

Uhen Vianden I was constructed in 1963, the ' 'urop can 
manufacturers had insufficient experience with reversible machine 
and hence they adopted conventional units with separate pump 
and turbine due to the shorter starting and re ersnc tiiie 
which was very much needed in its case as Vicndon i^ primarily 
a peek load and frequency regulating plant for tiro Ooxman Grid. 
However, by 1973,  with the advancement in puinp-turoine techno-
logy and by adopting the asynchronous method of ctortinZ for 
Vianden II with 200 1.1.W. Generating capacity a stitch over time 
of 	minutes from turbine operation to pumping operation is 
possible as against 2 to 3 minutes for 100 1,.U. units of 
Vianden i (71)  , Thus a hi[hcr capacity reversible unit was ins-
tailed at an cc nonical cost practically without any loss in 
its operational efficiency. 

ii)  ! ►aldeck I& 

Similar expansion of existing pumped storage utility has 
been carried out for t:aldeck I built between 1929 and 1932. 

.. ..--.ry .•At 	r■ art.. 
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The main advantage of the location was that it offered develop-
ment of a 330 m head between a suitable site for the upper 
reservoir and the tWaldeck L. lower reservoir wliich could be 
easily enlarged to serve t•faldeck II. The reservoirs were only 
1.1+ km apart. Waldeck I is a surface power house 'u.th four 
conventional horizontal units of total capacity equal to 14O M.W. 
The Waldeck II now nearing completion 411 have tiro vertical 
units of three machine type of total capacity equal to 	i .W 
(2 x 220 MW) . The machines will be located inside an under-
ground cavern of size 106 m x 3) in x 5• n height. As a deep 

• setting of 50 to below tail water were required for such large 
unity of 220 M. ~:x., the power house has to be loci Lod in an 
underground cavern with vertical, axis units. Unli :c Vianden TI 
it will have three machine arran anent with turbine on the 
top to reduce the height with generator.motor in tho niiddle 
and pump at the bottom,. iLg . 6(d) . There i o also a future 
proposal to construct Waldeck III pumped storage p:'. a t with 
another 2 x 220 W.U. capacity. Now itself a separate upper 
storage for Waldeck II and III has been constructed, however 
for lower reservoir as already stated the existing reservoir 
411 be enlarged for Waldeck II and III 

The expansion of existing pumped storage plants with 
further units near about has increased the operational effi-
ciency of the pumped storage generation with naiiur economy. 

(ii±) JAPAN 

3. The first pr ped storage power station in Japan was 
constructed, in 1933 when a multistage pump cLtrectly coupled 
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to a motor (with a capacity of 3.75 11,7. and a pur ring head 
of 668 m) was adddd to 0guchigawa No.3 power plant so as to 
store the surplus energy produced by hydraulic power plants 
in the rich water season. This station and the ikojiri.gawa 
schcao were the only plants constructed until. 1951, %-then 
I;unazaoanuma , a modern type of btat s n. with an installed capa-
city of 143,6 ti.W. was commissioned. This plant is equipped 
with tto sets of horizontal tandem type machines i.e. hori-
zontal shaft generator motor coupled to two stage ppcx.ips and. 
francis turbines, 

The first reversible pump turbine was erected in 1959 
at Omorigawa (1 x 12 :'4. W.) . Thereafter in all t eirt new pumped 
storage plants in operation as well as in construction they 
have been adopting only reversible units. Till 1959 Its total 
pumped storage capacity was only 67 ia.UU. Once tho advantage d 
reversible units was realised, sed, the developpient in i s pumped 
storage generation grew from paltry 67 I . Y. to 300 I. .J. by 
1970 and with the schemes under , construction it will become 
10,000 i1.W. by 1978 (83, 51+). Just as in U.S.A. hero also the 
trend is for constructing larger plants with larg~.r reversible 
units. The largest reversible unit now under erection is 3 
units of 310 T',W. of Okutataragi pumped storage plcnt( ) and 
+ units of 320 I.W. for Shintekasegawa puzfuped story e plant. 
I'ost of its pumped storage stations operate in conjunction with 
downstream hydro electric stations 48) . 

Along with the world trend, Japan has also contributed  

towards the developments in pumped storage plant, ,.laoy have 
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been cont-inously trying to increase the operating head for 
reversible turbine. Fbr Numppara pumped storage of Japan 

they have successfully tested the 230 Pi.H.unit for "ii opera-
ting head of %0 in,  Now b y are designing a reversible turbine 
of 315 14.W. capacity for a head of 021 in for a a.;oelavian 
pumped storage plant ('J.P.July 19?). They have t cnufactu.red 
and supplied the large capacity reversible unit of 312 In.H. 
for Iudigton pumped storage plant, U.S.A. 

9. Underground pumped storage plants are widely adopted 
in Japan for the main reason that it can be located in any 
convenient position in the hydraulic circuit. A large negative 
suction head can be provided in pumped storage etaA'.ion. As in 
Japan the islands are in volcanic zone the rocL i , woe: and. 
hence the underground chamber is almost invariably - o be con-
crete walled and roofed. 

An example of large underground pumped storage plant 
now nearing completion is Shitoyne pumped storage plcnt of 
1150 U.W. capacity. its five vertical reversible units of each 
230 n. H. will be operating under a maximum head of 23O in and 
are located inside a cavern of size 1f0 in x 22 in +6 in.height . 
Transformers are located in a separate cwvern. Elr,. 15 shows 
the cross section through the underground rmachine 'Jell and 
the transformer gallery. Pbr starting in pumping nodo, two of 
the units will be started by synchronous method an? the rest 
of the three by pony motors of 20 t3. w. capacity. ( 530 3) 



10. The first pumped storage plant of 30 U.. conven-
tional unit with separate impulse turbine and pump cane into 
operation in 1940. Till 1963 its total pumped stora;o capacity 
was only 532 U. W. As its load demand grow with large fluctua-
tions between naXimu l and minimum demand to the tune of 40OO 
«`;, (as in 1963) , Italy has decided to go in for puz.:p ed 

storage plants in a big way to satisfy r its peak dey:cnd as 
technical or economic means adopted for load 1evcl:Unj and 
peak reduction were not quite effective. 13y 1975, with the 
scheme , under construction it will increase its :urY~)ed storage 
capacity by 3500 K.W. 

As most of its pumped storage plants are of hii head 
type, they have to install only three machine type I.e. gene-
rator motor* separate impulse turbine and separate multistage 
pumps. As the impulse wheel has to be kept above m,,ra%.um water 
level and the pump has to be kept at a leer level the length 
of shaft is of the order of 40 - 50 m. t:w.th a view to avoid 
excessive shaft lengths now they are experir entin- 4 th"Back 
Pressure operation for Pelton wheel "as describe;.' already in 
Chapter III, 

11. The largest underground pumped storage plant of 1000 
.I. capacity now under construction in Italy is Lego Relic► 

pumped storage plant. It has the most ideal . condition for a 
pumped storage development. One thing for its upper and lower 
stor iges it has got two big natural lakes viz La,;o folio and 
Lago Iaggiora. Secondly for the 730 in head. available the length 
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of water con .tctor system is  the shortest i.e. about 1510 m. 
Iig. 17 shows the general layout of the Lago folio p ,aped 
storage plant. It will have 8 units of 125 ;13.11. each housed 
in an underground cavern of size 196 in z 21 in x 58 m height. 
Compared to Vianden I whore the length of cavern 1 ; 330 m for 
900 ::.w. capacity. Underground arrani,eziont was adopter . due to 
the presence of fissures and intercalation near the airface. 
The present loction is moved 90 in towards the uoun . .n. to 
avoid such faults. 

One important aspect in this scheme is the or Bring of 
machineries to different manufacturers so as to encourage the 
development in this s field . 

v)  UNITED KINGiM 

12, Duo to abundant coal availability in the country, in 
U .K .electrical system is predominantly thermal. The p03k varia-
tions is generally taken care of by old thermal rplrnt and small 
hydro stations. However, on account of the universal recogni-
tion of the merits of pumped storage and great technological 
advances in that field, U .Ii . aiso started to take interest.  

13. Ffestinoig pumped storage plant with 4 units of 90 fl .W. 
is the first large plant to be commissioned in 1963. (24)  As 
already stated in Chapter III, this station is cc L . ssioned to 
operate in conjunction with nearby Trausf'ynad nuclear station. 
It was expected to save £ 200,000/annum to Central lectricity 
Generating Board. But in its first year of operation even 
before the nuclear station was commissioned it caved £ 5flo,000(25) 
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This is because it was originally planned to Cork for 1500 
hours pumping and 1000 hours generating per annum. 2ut in 1963 
the plant actually worked for 3174 hours pumping and 2593 
hours generating thus the time utilisation factor was 77.21 
against the planned utili sation factor of 28.2a-5""). Thl s has boon 
duo in large measure to the unexpectedly high dery of flexi-
bility of the plant which has made it wortlm±rLlc 'o resort to 
purnpin ; even during brief day time Lull and to caU on ;onera-
tin-, capacity for such phenomena as the evenin;, television pegs. 
Automatic starting both for pumping and generating has contri-
buted to this flexibility but in addition nodificctio.is have 
been made to the method of running the machine on sinning 
reserve. 

14. The first reversible pumped storage plant of *x100 1.W. 
capacity cane into operation in 1966. At that tiro excluding 
U.S,.A., the 100 	unit of Cruchan pumped storago j)Iant was 
the largest under operation in the whole of Europe. A storage 
darn across a streaua is utilised for upper stora e ad for 
lower storage a natural lake 'Loch Awe' is utili sea. The four 
machines are located inside an underground cavern of size 90 in 
x 23 m x 36 in height due to a deeper setting necessitated for 
its operating head of 367 in for its pumps. r~i . 13 ciow, the 
general layout of the Cruchan pumped storage plant, s already 
described in Chapter III, pony motors a e c aploye i for start-
ing the machine in pumping mode. 

15. Fbyer's with 2 x 150 M.W. reversible turbine is now 
officially commissioned for operation from April 1975. It uses 
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the existing Lakes, Loch Mohr and Loch Ness for its upper 
and lower storages. Hue to deeper setting required for its 

150 m operating head for pumps, the two raver ,iblc a hines 
are located inside two vertical shafts of 50 in deep id 19 m 
diameter with concrete lined. 

16 . The two large pumped storage schemes no ~, under active 
planning are: 

i) Loch Sloy with 4 x 300 fel.W. capacity, and 
ii) Dinorwic pumped storage plant near north :talcs of 

8 x 225 Il.►1. capacity. 
It has since been realised that larger unit capacity  for pumped. 
storage plants was found to be more economical for the size 
of power house required. 

vi)  

17. U.S.S.R+s interest in the pumped storage M3.anw is 
very recent. In a number of conferences convened for solving 
the peaking problem, the importance of pumped stor,, . a develop-
ment was 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 optimal structure 
of their generating capacity. Yuber of probable loc..,tions 
were studied and discussed in the scientific conroc hold in 
1972 in the city of Erevan,,rmenian B.S.R. In w1 ich 125 
specialist from all over U.S.S.R. attended(6 #) . 

18. The first pumped storage plant to be commissioned in. 
1970 is Kiev pumped storage plant of 200 j .W.capacit-y. The 
plant generates for 3 hours producing more than 6 I1. units 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 remaining hours all units operate as a synchronous con-
denser,, (56)  Actually there are six units totalling 22 fl.w.of 
this only three are reversible pumping units with a capacity 
equal to 120 ;:.'•i. i.e. ()+0 x 3) . All the three were put into 
service by ll.overnber 1971. The maximum head utilisxl is about 
65 m. (5'9431 (aal 

The power house is of the semi-underground typo with low 
machine room and removable roof cover. The units are serviced 
by a 2t0 ton gantry crane, 

19. Zagorsk pumped storage scheme near 10 scow of 1200 
U.W. capacity is largest pumped storage scheme uncc.e cons- 
truction. (O+)  Just like Japan, the pumped storage o:tensions 
has been adopted for an existing Tate. H.E.plant of 17m head 
with 2 x 27 fl.;J. reversible machine.(67)  

vii)  0 H2J cQUmTIUES 

20. Switzerland, France, Belgium, Austria have also 
number of pumped storage schemes under operation. The highest 
head pumped storage plant under operation is in £w!=.tse rland. 
In France, the largest pumped storage plant under a,i^ration 
is The Kevin with an installed capacity of 800 P.,',. :.or upper 
storage a ring of embankment over a flat hill server, the purpose. 
The lower storage is created by constructing a dal., across La 
Faux river. The + c 200 ti.tt. vertical reversible unit works 
under a head of 2D r and located inside an underground cavern 
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of size 11I+ m z 17 in z 30 z i height. The transfor ors are 
located on the surface. To start the machines in the pumping 
mode 15 	pony motors with devatering systc Using comp-- 
re s sod • air is adopt ei . It i $ estimated to cost about 1+50 
mildon Franc or 550 F per Kw of installed capacity i.e. about 
i's. 800/- k.w. which is quite economical. (Pierro ::. .0rard, 
'.j.P.I ov. 1972 p. +1 ) (85)  . In Belgiumm the major pu.lpod storage 
plant under operation is the Coo-Trois Fonts of 6 : iL4k  n. tJ. 
capacity. In the draft tubo flap type gates are ixlutrlled. (110  
;rotor driven cooling fan, modified umbrella design (thrust 
and guide bearing above rotor) and three chinos rrO connected 
to one draft tube are some of the features of the plcnt. The 
Belgium grid visualises pumping operation not only . t night 
but also during the mid-day lunch period when off oc power 
is available. Such pumpinG operation is not uncoa kon in Europe 
as lunch break (end in West Germany even mid morniii.- coffee 
break) are simultaneous throughout the country. r'oland among 

East European countries has constructed its first pumped storage 
plant Zydowo of 150 !4.W(3 c 50) capacity utilising a hoad of 
about 80 m. It has three reversible units. Porombb.-azher pumped 
storage plant of 500 it.bJ. (+x125 r1W) using a head of 432 in is 
currently under construction. It will have an un;1or ;round power 
house. There are three more stations under planning. 

Several other countries are also seriously p'! :ring for 
pumped storage plants in view of its usefulness as *peaking 
machine. This holds good for India a1soo 



CHAPTER - V 

I • Under present day conditions uninterrupted ixpply of 
electricity, reliability of supply i.e., adequate standby, 
minimum lose to the economy in the event of failure, high 
flexibility of power system, supply frequency and voltage have 
become vital for industrial development and even daily life. 
Serious. consequences of failure in New York in 1965, whore 
there is a high level of electrification should be an aye 
opener to future power system planners. The economic efficien-
cy of a pumped storage plant must therefore be considered in 
conjunction with the power supply economics of the country 
as a whole or in relation to a sufficiently large electric 
supply region. (58)  

2. It is now universally recognized that pumped storage 
schemes are ideally suited to cope up with varying needs of 
a transmission system supplying energy in industrialized 
countries. Very often such systems receive the bunk of the 
energy from coal or oil fired thermal stations or nuclear power 
plants, which supply the base loads but are uneconoi to al 
when required to supply peak loads of short duration.(45)  

3• As one of the speakers at the Scientific Technical 
Conference hold in 1972 in the city of Erevan, Armenian S.S.R 
pointed out the wide spread construction of pumped storage 
plant in practically in all the industrially developed coun-
tries of the world (Austria] England, lest Germany, luxambourg, 
the U.S.A., France and Japan) den3onstrates their high power 



economic effectiveness, when operating as part of power syst-
ems having the appropriate capacity. A highly valuable charac-
teristics of pumped storage plant is filling of the night. 
gaps in the daily and weekly load graphs, with a correspon-
ding increase in the minimum load on thermal and nuclear 
power plants, which improves the conditions govern; their 
operation and the utilisation of their equipment and at the 
same time reduces the operating costs substantially. This 
characteristics of pumped storage plant is often not taken 
into account in the economic analysis. In Comparison with 
peaking thermal electric plants pumped storage plant always 
ensures a saving in fuel. The capacity of the pump cd storage 
plant should be commensurate with the capacity of the power 
systems and should ensure an optimal structure of their gene-
rating capacities. 

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

4. When choosing and laying out a pumped storage plant 
one should always endeavour to utilise the highest possible 
head and the shortest possible water conductor systcin from 
the upper to the lover reservoir. (28) 

tJith the development of interconnections betty oen the 
individual supply systems, the average distance of the source 
of the pumping energy became less important than the distance 
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between the pumped storage station and the load centre. 
Because of the development of E.H.V. transmission cod the 
large capacity of the machine the nearness of pumps . storage 
plant to the load centre is also further relaxed. 

5. The growth of nuclear plant tiill lead to on increase 
of night energy which can best be utilised by pumped storage 
installations. Further it is expected for these plants the 
variable fuel costs will be lower than for conventional 
thermal plants. (57)  

Secondly owing to the low fuel costs a higher utilisa- 
tion will be sought for nuclear plants so thata: daily shut- 
down of conventional thermel generating station will becaue 
more frequent. This is because in the absence of a suitable 
peaking station, the less efficient conventional thonnal 
plant has to operate as a low load factor peaking station and 
thereby it may necessitate shut down during off peat hours. 
This once again favours the construction of pumped, storage 
plant which is very efficient as a low load factor station 
for peaking purpose and thus permit the better utilisation 

of conventional thermal plants as a base load in the grid. 
In rocont years the construction of maw of the pumpod storage  
plants in conjunction with nuclear power plcnt and their effi-
cient operation has confirmed the validity of the doove state-
ment beyond doubt. Further recent trend is to construct multi-
purpose power development or mixed power development which 
brings together hydro electric, pumped storage and nuclear 



thermal systems in a unique combinations.. Such ct binations 
reduce the overall cost by 10 to 115. (62)  

6. Going back to the growth of pumped story ,e plant 
until fifties the development was sluggi ski, but after the 
development of reversible unit i.e. one single unit to work 
as turbine in one direction and as pumped in another direc- 
tion, the growth has become phenomenal. The economy of pumped 
storage plants with these reversible units inereaCed because 
of smaller units and smaller power house building, ifh tever 
problem arose from this were also solved "fir enthusiastic 
manufacturer all over the world. Since the greatest dis€.dvan- 
tags was two opposite directions or each operation, different 
methods of starting for pumping mode are developed 3nd also 
other unidirectional turbines like Isogyre and Hone turbine 
are being developed, Bowe ter, they are still in their initial 

stages and in Mature this development may of in to the dis- 
advantage of two directional motion. Siuiilarly for lower heads 
"Deriez" machine is developed, this is a reversible unit to 
work efficiently, even under partial load, 

7. Be fors 19%,  , the maximum operating head for a francis 

turbine was about 20 to 260 m. During thoo twenty--f'Ive years. 
the turbine technology has advanced so much that for a conven-
tional unit with separate pump and turbine, the mayinun head 
for the francis turbine has risen upto 670 in. Similarly in 
the ease of reversible turbine, an operating hem„ of about 
504 in has already been achieved in the case Of 230 Ii.tr*unit 



of liumapara purped storage plants in Japan. As per the latest 
information available (in I.I.P. July 197), Toshiba, Japan is 
currently dosignine a reversible turbine of 315 11.,:-c acity 
for an operating head of 621 m. for a Yugoslavia pumped 
storage plant. As informed by Mr#. Porrie of France in his 
report in the Rome Symposium, the development of machiness for 
a head of 900 in with multi-stage reversible turbine pump may 
reduce the cost considerably in future. (Hy.Te . Au •?3) • 

8. An Ideal location for a pumped stor ,e plant for 
economical development will be the availability of a head 
between 300 in - 400 in and suitable reservoir stora;os for 
upper and lowaor closeby. If natural lakes of cuittible capacity 
is available it will farther enhance the economics of the 
scheme * One such example is the Lago Delia pumped storage plant 
of Italy with 1000 NI..t-1. capacity. Here a head of 750 u, was 
possible to develop between two natural lakes, Lao Delio 
(as upper storage) and Lago aggi.or e (as lover stor^fie) which 
were only 1700 in apart. Another example is Foyers of 300 fl.W 
(U .K.) capacity using to natural lakes Loch Mohr and Loch nexa, 
However, in most of the cases, at least for lover storage 
an existing natural . lake or storages of another project doun-
stream are made use of to reduce the cost of pumped storage 
plant to a certain extent, In such cases to create the necessary 
upper storage either a valley with a dare across it or the 
hill top with a ring bunk. (}aft„4, *ehoping up the top to have 
sufficient capacity) is adopted. Examples of such developments 

are Cruchan with 400 M.W, (U.K.) capacity and Ludin,, ton with 
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1872 2S+t1. (U.S.A.) capacity respectively. 

Earlier it was widely believed, soz i underground .layout 
would be cheaper in cost and quicker in construction. 1-lost 
of the pumped storage plants and hydro stations constructed 
in U.B.A., Japan, U.S.S.R. and Gennany are of this type. 
However, with the increase in the head of pumped storage 
plant the setting of the turbine has to be deeper than the 
minimum water level of the lower storage. Upto a certain depth 
i .e. 50 in or so cylinderica]: shaft type arrangement is adop-
ted and beyond that under ground power house is CGlerally 
preferred. Due to the tremendous increase in the development 
of high head pumped storage plant, now more than 50 under- 
ground pumped storage plants are in operation and construe--
tion. In addition to the feasibility of deeper setting in the 
underground arrangement there are also other advantar;es stated 
already in Chapter II. Among these the most important one is 
the greatest flexibility in locating the power house co that 
the water conductor system is the shortest. It also improves 
the operating conditions by reducing the hydraulic 
As reported by Mr. Savin in an article the underground loca-
tion yields upto 30 4f saving in the cost of pumped storage 
plants.(6  

9. Compared to the working of 3 'bestinoig pumpe;i storage 
plant (U.K.) commi.ssone;i in 1963 2k),  where against a plant 
utilisation factor of 28.5f, the actual time utili sat .on factor 
was 77.2. The latest availability factor for so no .)f the 



important stations are given belot : 
I. Cabin Creek Pumped storage plant(U54) 
2. Hiwassae (USA) 
3. Shiroysma (Japan) 
~f. Eatangi (Japan) 

. Yagisawa (Japan) 
6. Lewiston (USA) 
7. Thum Sauk (USA) 
S. With Mountain (USA) 
9. Valdoconas (Spain) 

97.7 

9$"1 r~ 

1ai3,J 

97 
9)11) 

rr. v, 

92.75 

OG .8,a 

79,; 

For Snith flaunt am, the availability factor was reduced 
because of two very serious accidents to one of the nachines. 
The generally high availability factor indicates a high degree 
of, reliability of these reversible hydra units as has be©n 
typical with conventional hydro units for many yea. s. (51) 

10. Summing up the advantages of a pumped storage plant 
in a nutshell will be: 

i) Load factor will be improved, thus overall cost 
of production per unit is reduced. 

ii) More energy will be produced without corresponding 
increase in the quantity of fuel consumed; vht e 
a saving of total fuel resources 

iii) Possible to avoid overloading existing lone distance 
transmission lines during peck period by judicious 
locating of pumped storage plant. 

iv) overall stability of the network is inprovod. 



v) 1!o water loss as same water can be used agcdn and 
again. 

vi) With different tariff for peak and off-pock energy 
it i s financially profitable also. 

FQ' RF PRO  :t ECTS 

1. Due to the phenomenal industrial growth world over, 
demand for electricity has outstripped the production. 
Developmet of nuclear power has also not yet been t: to to 
match with the demand. However, it is hoped it t4lJ. come to 
our rescue in future years. Coal reserves are Coin; : owm and 
their production is also affected now and then by )Olitical 
or other reasons. Similarly the oil reserves ha c c acted 
the industry so much by the middle east crisis. firthler these 
fossil fuel reserves are also more and more used for the 
production of synthetic z aterial.4  '7)  

Because of the above uncertain position in the world 
regarding reliable and cheap source of power the only alter-
native left is to exploit water power which also i s slowly 
being exhausted. In this context pumped storage development 
which provides for hydro power for peaking purposes using 
the same water again and again may greatly help the situation. 

As already described in previous chapters duo to the 
considerable economy affected by largo pumped storajo plants 
for working in conjunction with large thermal and nuclear 
plants, the supply position throughout the world v -i l be 



stabilise: to some extent. tt.thin next twenty years it is 
expected that the capacity of pumped storage plant % ll 
easily exceed 24 .of the overall installed generating capa-
city. It will provide a valuable measure of system f'lei ..-
bility when so much will otherwise depend on very l?rge fos-
sil fired feel units. Hence in the coming years a position 
will be reached when in the absence of an acceptable alter -
native decisive trend will be in favour of pumped storage 
development,. 

In future, planning of large thermal .. plants Sri h fossil 
fuel will .have to be restricted due to its fuc3. boig better 
utilised for producing synthetic materials for tho community. 
Fbr example, even in Britain where there is abundant. coal 
reserve it is predicted that atleast 54;, of its national 
generating capacity will be from nuclear sources by the end 
of this century.  

He ce it may be concluded that in near future a rational 
combination of highly economical nucienr electric plants with 
special peaking or semi peaking pumped . storage plants only 
can assure an economical and at the same time reliable power 
supply to the consumers. 

2. In View of the above in coming years, development of 
pumped storage equipments and other methods to develop the 
scope of pumped storage plants has to be explored. 



cinplo one because the control Govor r it is directly res on-
siblo for the dcaelopi nt of electric pounr. t 553 

3. In the fo owln3 parse, so ,:o of tho future dc,rolop 
uonto in pumped stororjo Cont+mplatod by coco of the czijinocrs 
world over 1 o dose ribad: 

1) In an dole titled "Integration of r : t atorage 
pith Tidal Povar" by Thaaao L. &ii (J .`"._ )/ 	o and 
to utilico the tidal varlra tlon^ o 	o r. 	stuff 
near Bristo?, 1J., for tidal o. 	a c_ 	a it 

p, tL`jp " OtoS'C I-o 34' hole, 02 	rid► 4 ls:"Z :. `'.." ~' .w,u 

f011017x.- 

h0 CChC:.~O tm orCinncd on ' 	:C C'~ 'jvor 

otorago at a ra, o of 3500 ",. ►!. :'c b t,ry :rn I :;-: r, daring 
the r hht from .ti ch an autut o:' 33O " . 'p ;%c 7o mlblo 
once .gain for 12 hours 7c-riod ..ar n-; c c>z — :'may i.e. 
for this rate of otora;e by nij t to ;a )j:z,,.-.. i oly 
equal energy content in an avorao Contrlt ; by the 
tides in a 24 hour period. (47) The echo;- a „ia'ovidoo 
for storing tidal anorct at trod~cl 10 al  co ice the 
operations vould be reduced. d a this arf.tixial 
onorc7 is also av'ailablo for prowraw2 ivo :. caoo as 
rccyuircd alon-; the folio rinC; erect dcyc .  

Con Lddrin- the rated and cztorgy v-1ucc ,z 1974 
Utlth an interest rate of 12' aM ccono:. 	life 
or 50 gears tho cost/benefit ratio ti1 . br. :hut 1:1. 

t ~1SP► UNIVEWSEi1 OF ROORKEE 
R©OP19 



ii) In another article titled, "Condenser Cooling and 
pumped storage reservoirs" by Eli Setchovich, he has 
discussed how best the large quantity of crater 
required for future large therm&. plants for condenser 
cooling could be used for developing punpcz storage 
power, (21) 

The project contemplates using, pan t:ain it pondment 
of condenser cooling Crater of a thermal punt as a 
lower storage for a 750 ti.t-1. pupped storage plant. 
It is also shown that this will support appreciable 
thexs al capacities, nuclear or fossil fueled. Such 
intensive use of bodies of water mr  also result in 
additional benefits that accrues from the joint uti- 
lisation of same facilities. Other adv, to es are 
joint utilisation of some of the plant er aipment ea. 
a Joint switchyard and, site availability of ,nex 
pensive off peak pumping power with the added a-ran•-
pens of low transmission costs. }iovrever, other problems 
such as the operating mode of thermal plant, pumping 
and generating mode of pumped storage has to be studied 
and coordinated with the circulating wctcr system. 

iii) in another paper presented by J.r .uarnocls and D.C. 
t Lllett in the symposium on Hydro Electric pumped 
storage in Athens in 1972, titled "Underground 
Reservoirs for high head Puzped storage stations," 
attention was focussed on a new concept of pumped 
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storage development that is , independent of natural 
topography.  (73,793 

It provides convenient locations to suit power system 
needs and may provide solutions which are less likely to 
involve environmental constraints. It will prove economically 
feasible, provided the maximum head ccpabiUty of a single 
runner pump turbine can be applied to a two stage dcvolopment t 

The scheme in brief is to use any low lying '?cue or even 
sea as the upper reservoir and blasting a cavern door in 
underground for use as the lower reservoir. ..g. 19 chows 
the details of the scheme. This would mc.n pumpc3 storage 
plant operation almost anywhere not just 'here nature designed 
it. A development of 1000 m head is found to have potential 
advantage over 450 m which was previously thought of. Because 
higher head reduces the size of water passa es rec'uired for 
generating and pumping but however, increase in the length 
of penstock and complex generating equipment increa c :s the 
cost. The author has shown by working out the cost for under 
ground pumped storage project with a head of 1000 m will become 
competetive with surface schemes in the 500 m ranro, cites 
for which are increasingly difficult to locate and davclop. 
The lower reservoir 3.1 be generally in the form of a series 
of interconnected tunnels of size 20 m width and 30 m height. 
To have an idea, the quantity of excav, ion (11 mgt,.± iion m3) 
for a 3000 1*1 station will be approximately five t .ie the 
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quantity of excavation for the 5225 M.W. Underground power 
house for Churchil hydro electric plant in Canada. 

In another article by 14r. 5avin(63)  a further develop-
meet of pumped storage pliant with underground lower reservoirs 

discussed was the use of special power centres or power is1a s 

in the sea with underground pumped storage plant as well as 

nuclear electric plants. TIe has worked out the capita, cost 

of such a propo sal as , 60 to ;> 130/AW compared to a conven-

tional pumped storage plant of 90 to () 130/lu!. The offec-

tiveness of these plants is increased by locating them near 

the power consuming centre. The author has stated that in 
U.S.A. a project is being developed for on under water nuclear 
electric plant of 1000 I .ET. capacity locatod on the bottom 
of the ocean at a depth of 75 in and at a distance of iO km. 

from the coast. Such a nuclear electric plant could bo succe-
ssfully cos bined with an under water pumped storage ;slant. 

.irther, design reconn€l. sauce mr3 is being carried 

out for a pumped storage plant of this type with 1000 i,l.W. 

capacity in North Lost, New Jersey, U.S.A. The penstocks will 

be installed in the shaft of (size 3,7 in 3t 6 in and lined with 

concrete) an iron ore mine, The power house Will be located 

deer) beneath the surface. The upper reservoir will be the 

set ling pond (area of about 60 ha) of a cIrculating circulating plant and 

the lower reservoir will consist of abandoned mine excavation 
whose volume will be increased by driving several additional 



tunnels in the lover part. The cost of additional works are 
estimated at 250 million dollars (i.e. about It. 230 crores) 
and tLe construction tons is scheduled for completion by 
the middle of 1980. 

Ly) In another interesting article by T aj io Yo shlaoto, 
(Japan) (86>  titled, 'The Atashika sea dater Pumped Gtora;e 
project", he outlines a project for using sea .ratcr as lower 
reservoir and creating an upper reservoir on a count .in top 
near the sea shore. 

In Japan almost all the rivers have been devclopcd for 
hydro power and it is increasingly difficult to f .nz). sites 
where high enough head and much water can be utili ued. 

in genera , this situation has made it easy to construct 
pumped storage stations and, for this typo of plant, there are 
still many valleys available in Jap4n for dcrelop: e t. The 
only drawback is most of these valleys are inhabited since 
olden times. Hence it will pose problems. 

Hence he has proposed a scheme at Atashika u.iore the 
upper reservoir will be located at about 4.5 1 ri. fr;m the 
coast line. A 131 m high rockfill dam will store 	dllion m3  
of sea water while pumping and later used for gen^z° ldon using 
a head of about 1+70 in in an underground powerhouse with 8 
reversible units of each 250 1.11. capacity (total 2000 
A nuclear power station 1 $ also schedulod clo so to thy. s area, 
which Is an added advantage for the pumped storage station. 



The prof ect would be successful it for the environmental 
pollution caused by the sea water stored in the upper reservoir. 

Now large scale, tectznical investigations are being 
carried out by l/S Chubu- Electric Co., 3apan, (ihJ are plan-
ning this)for, 

1) Adverse effects on plant growth in the naigibouring 

area, 

ii) Antifouling painting 

iii) to overcome marine growth on the tunnel w&.lj 

iv) special materials for pump turbines 
v) discharging of tailrace waters into the cca and its 

effect on coastal fisheries 
vi) influence of large qua-Ititie s of salt water stored 

in the reservoir on surrounding, plant, animal and 
coastal climate etc. 

fence necessity may bring in .future nany iorc such surp-
rises which we may not even imagine at present for the dove-
lopment of pumped storage plants. 



ECONOMI CJ 

1. Before going into the economics of a pumped storage 
scheme the salient features may again be reccpltulated. 

he 
a.Slnce there is energy loss both In,procos of pumping 

and generation, the efficiency of energy conversion by the 
pumped storage scheme is approximately ?O. Powcver, the 
efficiencies of latest machines have improved to as much as 
8O 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 poe: loads for 
which purpose peak hydro electric scheme or thoi iol power 
plant employing stew or gas turbines can be aced or even 
nuclear power picnt with various results. 

C. It is known that the pumped storage plant has to 
direct operating cost, and high energy y output. ilo aver, the 
specific capital outlay for a pumped storage plant is greater 
than that for a thermal plant employing gas turbine units, 
whereas the economics of the higher flexibility of pumped 
storage units can be evaluated only arrbItrarily. 581  

d. The location of the pumped store a plant 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,3.K.Chman in Water Power 
1963 he had made a comparison of a mixed system in which a 
load growth in 12 years is satisfied with the addition of more 



,.77,, 

thermal plant, more nuclear plant and little for hydro and 
no additional for a pumped storage plant with another aiter-
native with everything sate except that increase in then al 
is reduced to half and the reduction is added. to pumped storage 
plant and hydro plant, It was shown that by having increased 
pumped storage capacity the average load factor of the thermal 
plant is improved by 	and thoza was a considerable saving 
in the production cost. He has shnn  that the saving is as 
much as £ 2.5 ;,l.11 .on over the former arrangenent.( 12) 

3, However to have bettor concept in the woitinig of 
Pumped storage plant, the value of specific ern;  or over-

consumption of fuel ( fuel expenditure) whore the pumped ate-
rage plant is placed in operation in comparison with the 
alternative (replaced) projects for development of peaking  
sources in the power system is to be determined,Either a 
sharp peaking hydro electric project or a gas t 'tine electric 
plant may be considered as an alternative, 

Such a study was made for waited power systcm of North 
Mott  U, s, S.R, (75)  with the help of on economic lfathematic 
model. Studies included different alternatives of the initial 
power economic information of the n,gton, high Specific capacity 
of nucloar plant and different levels of maned orabil jty of 
the thermal electric units of the power system. 

The analysis indicated that in all the situations exam-
mod, the fuel effect of pumped storage plant is a positive 



quantity, that is when pumped storage plants are used there 
is a definite saving of fuel in the power cyst z ,. 

The energy for recharging the pumped storage plant is 
derived partially from thermal electric plants, operating 
with fuel oil or with -coal in the different ctc s of 
the region. Because of the interconnected sy;te.is, if there 
is no pumped storage plant the surplus energy $ra one system 
AIA displace any other thermal electric plant operated either 
by oil or coal. When the pumped storabe plants co put into 
operation then potnr station still operate 4th a Waller 
reduction of this load during the night hours. 

In this article the cost of pumping has boon rked 
out as . y . 	3 ,45-0.50 Kopec u/unit and the generation cost 
at 7O;; efficiency as 0.65-0.7 Kopect/vid t 

In case the pumping power is from the arc system Frith 
high capacity nuclear plant, the pumping cost 411 be 
0.3 to 0.35 KOpect/units and generating cost at 70 efficiency 

s 

0.1+5 to 0.5 Kopoct/unit . 

In all the cases examined, the energy fro i the pumped 
storage plant replaces the peaking energy from gas-turbine 
electric plants as well as from the thermal elcetric plants. 
The generation cost of such energy corks out tO 1.3-0.9 Kop ec t/uni t 
and the main importance lies in the fact of total savings in 
fuel cost. The value of fuel effect expressed in terms of 
fuel consumption or fuel saved will be about 0,2-0.3 tonsM.W. 
or 0.13-0.20  Kg/unit. 
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With the increase in the installed capacity the value 
of fuel effect decreases to a certain extent i.e. from 6.5 
rubles/ky for an 800 Mti to 5.3 blo,/kw for 15.O0 LW. 

4, The energy to be stored is produced at stations 
which are more effLcient than those working on the part of 
the load-duration curve which would be taken over by the 
storage plant. This results in a sing 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 project displaces 
has a flexed component of fuel consumption which represents 
banking or other standby losses. Pumped stora.,c has no such 
fixed loss, and this represents a saving in its favour. 
Furthenore, it is to be expected that operation and mainte-
nance costs should be lower for the storage plant than for 
the alternative steam plant. 

On account of these various considerations, some of which 
are adverse and others are favourable to pumped storage, it 
is not normally sufficient to study only the economics of 

the storage project. To be certain of the ult .;mato effect 
of introducing a low load factor storage plent dependent on 
thermal power, it is necessary to study two alternative 
systems, one with and one without the pumped storage insta-
llation, in considerable detail and over a long period of 
time, say 25 years. The success with which this can be done 
depends on ability to forecast the trend, in the price of coal, 
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the annual improvement in efficiency of stecm plent, and 
the rate of system load growth. It also depends on assump-
tl.ons which have to be made as to the life of s.ta plant 
before it is removed from service as obsolete, the effi-
ciency 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 and incremental respectively uLth coal 
cost at t . 70/-tone fixed charges may roughly workout to 
R. 120/x- per Kd1. and running cost may work out 3 paise per 
unit. 

A study indicates, however, that initially after intro-
duction of the storage plant the overall fuel consumption 
of the system will be increased, but this increase will be 
reduced with passage of time until there may become a very 
small saving, This is due to the effect of rbtarded 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 necessary to analyse the individual compo-
nents of the total annual cost, both with end, itlthout pumped 
storage, to be certain what is the maximum capital cost of a 
storage installation which is economically acceptable, it 
may be concluded that if the capital cost is loss than the 
cost of a new steam plant it is certain to give an overall 
advantage. In such a study the effect of transmission must be 
considered., as the comparison will be effected if the storage 



plant is remote from where the output can be absorbed. 

There may well be cases when the ratio of the cost of 
providing off-peak and peak load then al energy is of the 
order of two thirds which is similar to the overall effi-
ciency of the storage plant. Hence if the stora o project is 
to show a surplus of revenue over ezpenditure the revenue 
from sale of the kilowatt capacity must exceed. the remaining 
annual costs of the storage plant, i.e. the c Atal charges 
and the operation, maintenance and adminstrative costs. If 
the storage schcne can be constructed for a capital cost 
i.ch is no greater than that of an equivalent stem plant, 

the annual cost will be in favour of pumped storage since 
the depreciation rate and the operation and maintenance costs 
of such a plant will be lower. 

5.  Qost, fa particula„r.scheme  (fig. 21) 
The following ex nple is the actual project now being 

taken up for construction in Tam .lnadu,India. It is named as 
K adarnp arras stream Bch is a tributary to Aliyar river, 
which in turn forms part of the Parombikulam--Aliyar Project 
complex. The scheme envisages a single pumping stage between 
the upper Aliyar lake already forme, under nr rcnb kulam-

Al.yar Sche e as lower storage reservoir and another now 
reservoir as upper storage across Kadmnpsrai stream. The 
mean gross head obtainable would be about 4©4 c. The projectprof 
is based on an installed capacity of 1JO I .;1.(' 'Op MW) 
with vertical generator motor and pump-turbines. 
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a) The plant is designed to operate at fill load for 
to 6 hours during morning and evening peak periods. Turing 

off peak period i.e. betwedn night 10 P.M. arid early morning 
6 A.M. it till pump for about 7 to 9 hours replacing the water 
used for power generation during peak hours. Maximum  power 
drawn is 120 M.W. for each of the four units . (67)  

A brief report of the Kadmmparai pumped orate scheme 
is enclosed at the end. Fig. 21 give , the profile and plant 
layout. 

The full load flow during generation = io,  +cunecs 
* The daily storage required = j z L3 

10 
3,24 ni ip 

Storage as per scheme report = 7 million Y; 
Tjowever, this has been since increased to 30 mill .on l,3  
for various reasons as explained in reference(87) . 

The capital outlay on the project as sanctioned by 
planning commission in Itb. 1973 s  is £.. 312 l 'dis« 

The necessity or need for taking up a 4O0 fk.UT.pumped 
storage scheme in Tamilnadu is also explained in the next 
chapter. 

Presently the financial aspect of the Kad= arai pumped 
storage scheme is wmrtked out in the foUovinu pa eo.. 

b) Interest and _d, reci ation 
The estimated cost of the sch+ i.o is P. 3512 lskhs and 

it is approximately made up as follows: 



I. Dan$  and associated work like 
diversion flumes, water conductor 
system s  building a  roads etc. 

Il ». Power station plant and 

fl, 1500 lakh 
i.e. 1+3; 

	

trans former etc. 	 rr.2o12 iakh i.e. 
57N 

Interest is calculated at biro per annvra (i.e. in 71.72 
rate) and depreciation charges worked out on a sinking fund 
basis also at 6 interest taking the lines of the above 
two category of work as 80 years and 35 years rospoctively. 
Since the most common method of allowing for the ortiza- 
tion of the permanent works is to make unhforti rnnu&L paymonts 
into, a ranking fin, which is assumed to accurulce at comp-
ound interest. The amount of the annual payments is deter- 
mined so that at the end of the period of amortlsation the 
values of the fund equal to the original capi tom... 

Taking into account the lives for the two classes, the 
percentage figures used in assessing the respective sinking 
fund payments on a 6% interest is as given below.( '2?)  (p.7o Vo.III) 

Item 1, 	Civil rnrks - 80 years 	..... « 0.09 
Item II. Eleottical and 

mechanical equip- ments. 	- 35 years. • .... 	0.9O;; 
M 

• . Total annual sinking fund payment will be 
Item I R 
	 3 rA:  x  0 ,©9 	. • . . • • • . 	. * 0 N . • 0.03875  

Item II 	5?Z x 0.905 	....s. 	.,,.♦  
0►. 5517 

or say 0.6 



Interest and depreciation taken 
for working out is ........... 	6.6 

c) Annual I  . 	 ill Rx gn  s  g  s  
Generally this will be 15 of the capital cost compri- 

sing cost of stores etc. O.03, salaries and waes for opera- 
tion 0.37,5: Maintenance and rophirs .. 0.40 	and General 
management expenses 0.2.0. Also this will work out approxi- 
mately R3. 8/ ► to I. 10/. per kilowatt of installed capacity. 
For the present calculation it is taken as P. 9/.. per kilowatt. 

d) Renco to clarify the feasibility of a pumpedd storage 
scheme, the details of Kadamparai pumped store and its 
revenue return is furnished below. 

' 	Pt1 >IPED M4 A 	CHE E (F1 r . 21) 

Installed capacity 	.... 4 n 100 Ti.W.(LJ00O0 Kw). 
1) The station will generate for 6 hours 400 U.H. 

giving relief to the peak demand of the grid. 
2) The station 411 utilise surplus energy available in 

the grid for pumping watcr for 8 hours during off peak hours 
between 10 P.: . to 6 A.M. The maxnum capacity Is 120 

M.t1» so that if enough energy is available oven in 
6 hours it can pump L , up the required quantity for peak 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. 
No. of units generated with x+00 M.W. 

400000 million units 
10 

= 720 million units. 
Energy generated from its free flow 
in a 90% year. 	 = 80 million units 

. Total generation =  800 million units  in a year. 

Pumping Mode 

No. of hours for pumping in a 

year taking 300 days of working = 8 x 300 

= 2400 hours. 
Similarly the energy required for pumping in a year 

x+00000 x 2+00 
106  

960 million units 

The scheme was sanctioned by Planning Commission, 
Government of India in February 1973. The estimates and per-
centage return given below are based on 1971-72 figure. 
Data 

1. Estimated cost of the project .... Rs. 3512 lakhs 
2. Cost of energy sold 	 12 p s/uni t 
3. The incremental value of feel 

burnt in thermal plant. 	... 3.5 p/unit 
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4. The ea nm dinterest @ 6% + depreciation 
at 0.6% and operation & maintenance 
charges at R. 9/-1k.u. 	 ...,vs.265 lakhs 

Cost of pumping energy = 	16  

!t3 336 lakhs. 
.Total cost for generating 
800 million units 	= . 336 -,- . 265 

It. 601 
Or say t. 600 1' hs 

Cost of generation per unit 
6000 x 105  102 
800 x 106  

7.5 p/unit. 
Since there is no difference in tiff for peak energy 

and off peak energy it is sold only at 12 ps/u:iit. 

• 	. Revenue ' br selling 800 million units 
800 x, io6 x 

i00- 
P, 960 lakhs. 

. , Net revenue after deducting pumping 
charges, interest, operation and 
maintenance charges, dopreciation etc 

Nw 960 - E' , 600 	 = t'4. 360 lakhs 
. Percentage of return on the capita. 

outlay of 1, 3512 lakhs .- 	. 60 x 10x105  
3512x105  

10*2 
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The statement I shoidng the percentage of return after 
third year of operation also confirms this (state ent enclosed) . 

And cost per kilowatt of installed cspaoitY 
R. 3512x 0 	- 	 .87a.00/Kt1 

+OOxiO3  
e) Thus, the scheme is highly remunerative even though 

higher charges are not adopted for peak enorgy ulied to 
the consumers, Secondly the pumping energy t: oz during off 
peak hours is absorbed usefully by this sche:.wo urh ich other-
wise will go waste to some extent. Thirdly no '17 thermal 
or hydro plant will be needed, particularly if therwal plant 
is replaced. in its place, then fuel charges and operation 
and maintenance charges will increase the overhead charges. 

6. By way of conclusion, a gr nh given in an . article 
by Mr. Jaorn s Cotillon, titled "The evolution aid pattern 
of hydro stations in France", is reproduced in . U.20 . This 
shows a comparison between the total capital . ceC cost 
(investment cost plus annual operating capital. sed cost) of 
thermal, gas turbine and pumped storage peaking capacity. 

The example chosen for pumped storage plant is tlontezic 

pumped storage plant of 750 ,.W, (3 x 250 T.ti) capacity opera-

ting under a head of '410 m and now undar construction in 
France. From the curve it may be seen that the capitalised 
cost for energy generated by pumped storage plant is the 
lowest of the three alternative considerod, e.g. let us 
compare the capitalised cost for an yearly output of 
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1 • 	 Revenuo 	I et 	Cumul.a- 
110• ota1 earned ourpius tive 

xpendi- 0 121's/unit or defi- effect on Remai s. 
lure * 	 cit in 	the 
I revenue. revenue., 

1• 1.50 •M•  

2 • 9.00 ... 	-9.00 
3 • 4.00 ... 	-2,0O 

-51.30 
5 • 6.60 •0* 	-96.60 
6. 2.1 0 312.00 	+69.60 

f • 	2.20 	528.00 +145.80 

8 • 	5.80 	7 •00 +1+8.20 

9 • 	3.00 	964.00 +357.00 

:'' 1eficit 

.►10 5 Construc- 
tion  
period. 

-85.50 
-182.10 
-112.50 1st unit will be 

commi ssioned 
on ('.4..1978) 

+33.30. IInd Unit 'rill be 
• commissioned on 

(1 64- 1779) 
+181.50 IIIrd & "' Ith unit 

'411. be cc mi- 
ssioned on 
(1•)+»1980) 

+538.50 All machines 
working 



STATEI 	SU011,10 THE REVRP!01 c1;t1 

All figures are in Lakhs of Rupccs 

11 ~e.r, 1 nd allo. Interest Operation Cost of Dtvenuo 	hat f mula- 
1to1 ttod during Total at 6,1, 	Depriciation & 11ainte. punpin0 Total earned 	surplus tine 

the year for funds. 3;' for t at at 01615 nance @ 1^ energy 0 expends- 012Ps/unit or defi- effect on 	Remy 	s, 
construction. year & 65 or b.9/.kv 315 P/unit turel cit in the 

for earlier (including revenue, revenue. 
funds, transniscoa) 

1 '+ 6 8 1a 11 12 	11 

11 1%7J-7 5~'.00 0100 1150 	111 44$ 111 1153 111 	101/50 •11" 

21 iil7_iOV 200{00 20,10 9100 	111 111 111 9100 111 	•9100 110 15 	construe- 

31 117 250,00 500,00 22154 	1►50 111 111 24100 111 	-24100 -34,5 	period. 

4 1",7u-i"d 600,00 1100,00 48100 	3.00 „1 1,1 j1,)0 ... 	-51.10 -8515 

51 173 800100 1900.00 90000 	6160 $11 ,11 96,60 11, 	-96,60 •182.10 

6, 1)7C-79 8001)0 2700,00 138.00 	11.40 9,00 04100 312.00 	+69160 -112150 	1st unit 411 be 
commissioned 
on (114,1978) 

71 1;7'w J 600100 3300100 180.00 	16.20 18.00 160.00 382120 528.00 +145180 +33130 	IInd Unit will bE 
couni ssioned on 
(1.4.1979) 

8, 1^^~ "; 212,00 3512.00 204100 	19180 36.00 336100 595,80 744100 +1481 +18110 	IlIrd & \Ith unit 
ui11 be eommi- 
ssioned on 
(114.1980) 

9• 1C1M32 ,,, 3512100 210.00 	2100 36.00 336,00 603100 960.00+357.00 +538/51 	All machines 
working 

;vo 	the on1 of Second year of operation the revenue 411 be surplus and there 	ao deficit. 

1 , Coital charged at the completion of work ,,,,, 3512.001c:hs, 

;~9.niuum !!ot revenue In my year : 	h. 3571akhs 

Percentage of revenue return per year 	t 3t0O 
312 



say 1000 kwh for all the three alternatives. 

Si
V .  

 Type of generation. 	 Capital.i sod No. 	 cost ( 1970) in Francs( 

1. Pumped storage plant. 	 925 
2. Gas turbine 	 7 Y 

3. Conventional thema1. 	 1300 

(French) 'F' Franc = Re.1.80 appz zi n ately) 

Hence he has finally concluded that it is far bettor 
to install a pumped storage station where good sites are 
available than thermal or gas turbine for pea?* energy supply. 



It1PORTA10E AND PR)PECS OF ggC11 VELOPIJJT8 Ii1 INDIA  

I. The progress and prosperity of a country to-day depends 
largoly upon the quantity of energy it can develop and util i so. 
Amongst all forms of energy, electricity will continue to be 
the most sought after on account of its easy trans=. ssion and 
more conveneint use. Level of its consumption in any country or 
region vill continue to be an index of Its prosperity. Per eppita 
consumption of electricity in India is yet very low only about 
2 to 3 ; of that in developed countries. Therefore development 
of all possible electrical resources in the most beneficially 
coordinated manner is imperative for the prorres 7 of our country. 

2. Our main resources for power generation a o coal and 
water. It is estimated that our coal deposits is about 80,000 
million tons and our annual consumption is about SO pillion tons. 
By the end of Fifth Five Year Plan this may incrcas to 135 
million tons. However, in this respect we have auSficicnt reserve 
for sometime to come. Regarding oil ire are havinG only one-thir d 
of our annual requirement of 23 million tons. This may improve 
in coming years by new exploration which are promising. 
Regarding water our hydro resources are capable of generating 
+19 460 I.1.W. Of this so far (March 197+) only 6970 ::.!'. has been 
utilised. This shows we have enough royources to develop but 
duo to various reasons, greater davelopu~ent could not be 
possible y0t.c3o f 
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3. As the industrial development proceeds, tie vdll be 
using more and more of electrical power for the industires. 
With larger connected loads, the peaking problax r.Lll accent 
tuate and also there will be surplus energy which tt11l create 
a problem for efficient working of the plants. Hence planning 
has to be directed to development of pumped storage a .ong ,th 
exploitation of new hydro resources. Ministry of energy is 
already contemplating embarking upon pumped storage development 
in a big way. This is the correct approach as alone with large 
thermal stations or Nuclear stations, large capacity pumped 
storage plants will render the former more efficient both in 
respect of economy and operational efficiency. There may be 
some good sites for pumped storage plant wt ich should not be 
lost by constructing small capacity hydro power stations. 

4. Some of the pumped storage schemes chick : re sanct-
ioned by Planning Commission for construction are as follows: 

i)  Kadamparai - Tamilnadu - 4 R 100 M1.! 
ii) - Kadana - Gujarat - x Go 1.111 
iii) Nagarjunasagar, Andhra Pradesh - 2 x 62 !:" initially 
iv) Jayskav'adi, 	 I z 12 ;:. H 

Head proposed to be utilised at I adamparai i y about the 
seine as at Cruchan pumped storage plant (U.T) . Accordinglyits 
design is also more or laws similar to it. It has short water 
conductor system. The existing upper •°l.tyar reservoir for Aliyar 
power house (9 x 60 t•I.t) will serve as louor stor, o. 



It will contribute 400 M.W. of peas power for about 6 
hours (including morning and evening peak) by 1980--81, when 
the peak demand for Tamilnadu may go up to 3000-3500 T,.t1. at 
the present load growth of 12? per annum. 

HOW the prof ect is under construction and the dam excava-
tion for the upper reservoir having a storage of about 30 
million 1i3  has been started. Importance and necessity of this 
project has been explained subsequently. 

5. In an article written by Mr. G.K.Mathur in 19669  a 
mixed pumped storage plant at Ramganga has been conceived, 
i ,longwlth a nuclear plant and a large multi-purpose reservoir. 
The proposal Is quite attractive. The installed c opacity pro-
posed is 2 x 200 rJ. W. (reversible unit) . Maxiuura ihce,d is about 
106.8 m. Deriaz type of reversible unit is propo ;ed. India has 
lot of scope for developing such mixed type pumped storage plant 
along ia►ith its multipurpose irrigation schemes. ;Tt.garjunasagar 
pumped storage plant and Kadana pumped  storage plsi ; are two 
such examples, and it is learnt D.LC. are also p].^ning such 
schemes. • 

6. Tsmilnadu is particularly power starved . Its chief 
source of power is from lignite near Neyeveli one water resources. 
It is estimated that about 2000 million tons of linite ray be 
available. ith the latest modification about 6. >iiflion tons 
will be mined per year and used for power generatLon at ileyveli 
with its 600 I1.l1. capacity. The other major tho=-a station is 
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at Ennore t .th a capacity of '50 tS. tip nearing completion. 
Further new thermal station with a capacity of• 2 z 2200 Tail. 
is provided at Tuticorin and the Kalpokkij Atomic Plant, under 
construction will add about 470 !1.W. (2 x 235) within about 
11th Five Year plan. With all these the thermal power may be 
about 1700 M.U. At present the capacity is about 1030 1 «t1. 
Its hydro resources are almost exhausted i.e. out of 3080 !IW 
of hydro developed ih southern grid comprising (Tsmilnadu, 
Andhra Pradesh, ICerala and TKarnataka) f  Ti inadu has developed 
about 122+ M.W. There are also some hydra plant; under plan- 
ning and construction. 

TI total capacity may be around 1200 I. U. only. t?i th 
12 ;' load growth its peek demand will reach about 3600 ;-I,i-T. 
by 1980-81. To fulfil such a Growth of demsn:i the project 
under planning arc not sufficient. Croce more than 	of 
its installed capacity of 22 N. i1. is from hydro, there will 
be lot of Variation in generation due to Vagaries of monsoon, 
To have a firm generation footing more and more of thermal 
stations and nuclear stations should be taken up. err example 
the 2000 M.W. second mine cut at Neyve i and 1200 fl.,  second 
Atomic plant should be taken up inn ediately. As the output of 
these plants will come only after seven to ten y-ecx , the cons-
truction and planning should be startel now itsel . When such 
huge thermal and nuclear plants come in operation, further 
pumped storage schemes 411 be needed to make use of offpeak 
surplus power and add to the peaking capacity of the grid 

without any extra fuel. There are two or three pu iped storage 
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schemes with high head under planning. Since Tamilnadu and all 
its neighbouring states are inter-connected, such plants will 
be useful for the Thole grid to take up fluctuations. . More and 

more of pumped storage plants should come into op. ration along 

with large thermal/atomic power plants for developing our 
industries 

7. amilnadu G_ end i is need for 
1,aidAmna a3  ;un?Re ,Storace Sc ho 

7.1. At the time of independence in 1947, thore were 
three hydro stations, Pykaray Papanasan and Uettur and we 
themal station at tiadras city having a total inut::led capa-
city of only 139 2i. 1. By 1957 it rose to 256 ;'.l]. ulth the 

addition of troyar H.E. station, Madura. themal plant and exten-
sions to Pyakara and to Papanasan. However bctutcci 1957 to 
1967 the growth of electricity in Tamilnadu was taro rapid. 
In Tamilnadu the major hydro electric rind therz l cchenes were 

as follows (by 1967): 
I) i dro Electric Scheme s 

i} Pertyar I and II stage 	*0 .U. 
ii) Kundah H.E.Scherno I & II 

and III stage 426 T .U. 

iii) Pa `sxnbikul n H.r.schome 	185 1j.:.. 
iv) Kodoyar H .E . schemo 	 100 I:.: T. 

II) Thermal SS  emti 
i) Extension to basin Bridge power hou CC 	30 11, J a 
.i> Enn©re thermal scheme 	 3.t 1,.w. 
iii) Neyveli thermal. station 	 600 

(Central scY o) 



From 256 M.W. of in stalled capacity in 1957, the system 
capacity rose to 1470 M.W. by 1967. By 197k the installed capa-
city in Tamilnadu rose to 2254 M.W. of this hydro contributes 
more than 50 ; i.e.  1224 M.w. The balance thermal power is 1030 
if.tr. (i) Ennore 	340 M.W. (ii) Neyveli -» 600 11.i'. (iii) Basin 
Bridge power house -- 90 fl. W, 

BY 1978-79 the three hydro stations (165 1 .1!), o.rte pumped 
storage station 1st stage (200 till) Thermal station at Ennore 
and Tuticorin and Kalpakkam Atomic plant i.sE unit (i3O till) 
wiU add . 1245  N.W. and the total in:toiled capacity will rise 
to 31+99 or soy 3500 11W. Further planning to uti li co the cheap 
hydro potential is progressing. In addition largo capacity ther-
mal and atomic plants of capacity more than 1000 ,::,s each are 
also under. planning. Already two more pumped storaf-o schemes, 
totalling 200 f.W. are under planning. As per our planning 
within 10 years there will be 600 U.U. of installed capacity 
for pumped storage scheme for better utilisation of the large 
thermal developments like 

i) Ennore 
ii) Neyveli 
iii) Tuticorin 
iv) Kalpakkam Atomic plant 
v) Neyveli Iind lain cut 

vi) Second Atomic plant 
all totalling to more than 4500 X4.11. A statement claoxAng the 
schemes under planning as in 1975 is attached at the end. 
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Pumpin9 energy from 	lead. 

FIG. 22-A TYPICAL DAILY LOAD CURVE FOR TAMILNADU IN 1978-791 
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bbr planning Kadamparai pumped storage sbh=e a study 
of the grid capacity and demand for the coming years of 
1978-79 and 1980-81 was made in C.ti. & P.C. hydro Electric 
planning directorate. The highest peak of 1972 considered 
for study at that time was 1275 S.'J. At 12x'' load Growth 
by 1978-79, this peak demand is expec ted to b txze 2590 I1 .t 
A daily load curve for 1978-79 (non-irri a on season) with 
a peak load of 2590 I .ti7. (morning pe^:Jcs) end 2380 Ie.11. 
(for evening peak) was prepared, assuming also the same 
pattern as that for 1972 for hourly demand. 

The 117. 22, shows the typical daily load curare for 
1978-79 • 

The study takes into account the fol .oxri' nv,: 

i) As the period considered is nor -irr . tion season, 
most of the irrigation controlled stations ;r" ? not be v7ai 
fable for power Generation. However, during; 1 igation season 
they will be Generating at base load stations, with the 
shutdown of some of the units of ther. al ctaO js like, 
Neyveli, Ennore and Basin Bridge Lox' overhauling. ;. 

iii) The maximum capacity of theretol station less the 
and a/Ss, 

consurmp tion- of auxili ri e s fat 20 ;)for thoir o ;rji use 
(e.g. fleyveli -r though Generates 600 T1.u. onl~- about L5) I-ill 
alone is expected to be given to Tcilnadu grid.) is considered. 
Since there are number of units in a a.°hero . ctation, r nollest 
unit capacity for overhauling is considered -,t this time, 
so that most of the large units are av ,i.lsblc for base 
load generation. 



III) BY 1978-49, it is expected that the first tit of At mia 
plant at K 1pa1kam may be able to spare 300 Ts.iT. to Tcnilnadu 

grid, and Tuticorin therm3.. station may also g.vo about 300 flt1 
to the grid. 

IDS) During non-irrigation season, such of those hih head 
hydro stations given below with large storages an not cont- 

rolled by Irrigation will be available for taking care of the 
daily load fluctuations e.g. 

1)  Kundah 1,11,111 and IV stage 	3 n.;'. 
2)  Pyk ar a-Moy ar 106 ii.. 

3)  Aliyar 60 U.U. 
4)  Kodayar,P.H.I and 11 100 I.U.;• 
5)  Suruliyar 3 5 ,,1. t ►. 
6)  Nellithorai 0 ::. j. 

7)  Servalar 20 	T 

906 orgy 9.10 Z...tT. 
Less i0; 	for auxiliaries 
The capacity available 	= 820 .'.1. 

The total energy available from 822) fl.0  
based on the storage etc. is (as from 
previous experiences) = 9.33 ::.T. 
The total base load capacity of the grid 
i)  Thermal station of TME 	710 
ii)  Noyveli 'o ;:.0 .i 1?0 fl.1. 

iii)  Atomic plant 300 
iv)  Base hydro Y 110 	i~ .t~~. 1 ~ 



The total energy available frcxn 1570 M.t1. = 37.68 t1.u. 

. The total cm orgy available from the 
hydro and from base thermal 	_ 	9.33 

3?  68 
1+7.01 an.u. 

The total energy required as per the 
curve 	 46.18 m.u. 

• Surplus energy available = 0.83 m.u, 

However, from the daily demand curve it was cs imated 
that even though 37.68 m.0 trill be available frci the Base 
thermal capacity we will be able to use only 36.00 m.u. as 
poser demand is less than our base capacity between 10 P.I . 
in the night and 5.30 A.t.. in the morning, thus about 1.68 
m.u. will be-cane surplus. 

Secondly from 5.30 .t:. to ni ght 10 P.r • there are to .de 
fluctuations in the demand, the d.enand increases from 1570 Mi.! 
to 2590 M, w. in about 2 f hours i.e.  the capacity  r c c ui red to 
meet this peak demand is 2590 -. 1570 w 102D t-1,Lr. 

Against this the hydro capacity available is only 820 flbl 
• Our system capacity for peaking will be loss by 200 ►..tJ. 

in 1978-79. 
The total energy for the curve icy the day = '6.18 in «u. 
Of this the energy utilisable from Base st<tions 
less the rplus = 86.00 r.0 

(37.68 - 1.68 = 86.00) 



. The energy required for the area above the .base 
= 	46.18 

(-)36 .00 

10.18 m.u. 
As already stated the energy capability of aW I:.J. 

hydro is... 	 9.33 m.u, 
• Shortage of energy for this period of the day 

• 0.05 m.u. 
. • Between 5.30 A.ti. to 10 P.1%, in addition to peak 

deficit of 200 ll.w., the energy shortao iiill be 

0.85m.u. 
Howcvor, it is observed that there l .l be -u~ lus energy 

to the tune of 1.68 m.u. available during off poc ; sours. 

Hence the best method will be to utiliseo thesurplus 
• energy available in the grid during off peal: hoar; ' for satis-
fying the peak deficit in capacity and energy in the grid. 

The Kadamparai pumped storage scheme is pl ginned only for 
such contingency. Its capacity is fixed as 2 x 100 ii. 
initially and then increased by another 2 x 100 11.u. thus 
totalling to 400 I..tl. 

Assuming by 1978-79 we are able to install 2)0 a"it1. 

(as orders for the machineries i.e. reversible unit has already 
been placed with IVS BHEL/fhopal. and, being nanufc.c;;ured by 
IVS Aoving,(U.K.) it will help the Grid as follows: 



(1) Its 200 ',1. ti. pumps will work for eight hours to pump 
about 3 million cubic metre of water to a Iaich level 
storage i.e.  Kadamparai reservoir with 30 million 
cubic metre capacity$ con 	n^, an ener,;y of 1.60 m.0 

from the surplus energy of 1.68 m.u. available in 
the grid during off peak hours. 

(ii) During peak demand period in morning and evening it 
can contribute 200 11.U'. of generating capacity for 
six hours with a total energy contribution of 1.20 m.u. 
against an energy deficit of 0.85 m.u. in the grid. 

Thus the planning of Kadamparai pumped storc.:;o scheme in 
Tainilnadii 411 be a standing example for op tlutzu u w. , i s ation 
of system capacities and at the sane time satiufyii the 10 a1 
grouth in the country. 



K1~DAI:PARAI PU;,7PED STORAGE HYDRO ELECTRIC PROJECT 
(A BRIEF REPORT) 

The project derives its name from cadamparaiar (a tributory 
of Aliyar) across which the head race pond is pro. o sed. The 
scheme basin lies between latitudes 10020 0 and 1Oo25' North 
and longitudes 7700' and 77010' East. The project i located 
in the , namalai hills of the Pollachi talukk in the Coinbatore 
district, upstream of the Upper A1iy,r Dt: execute;j under the 
Para ~bikulea Aliyar Project complex. The che:i.c is situa,ed in 
the Poonachi Reserve forest range midst hills and. ciLos of 
enchanting scenic beauty and enthralling wild l L . 

The main Z4 adamparai Forebay Darn site is 72 k.:. from the 
Pollachi rail head and 27 It .m . from the Valp arm. town in 
Coi ,batore district. The power house site is loeat 1 7 k.m. 
from the Upper Aliyar dam camp site. 

This is a mixed pumped storage project cons, sting of a 
forebay dam across the icadamparaiar at E.L.+1086.92 m.with a 
gross storage capacity of 30 million cu.metres at '.'. ~.L.+1149.00 m 
commanding run off from its direct free catcft. cnt area of 
22.79 sq.k.m. Also the run off from a catckr►3ent area of 60.09 
sq.k.m. in the upper reaches of ,liyar will be diverted into 
this forebay by a series of diversion weirs and fl .o channels. 
The power draft is proposed to be drajrn through a 1 ned pressure 
tunnel of length 12+8 m, and section 41.28 sq.n. to convey a 
peak discharge of 150 cameos required for the u."! tinste insta-
llation of 400 Mega watts. The tunnel ends in a head race surge 

shaft 18 rn. in diameter and 57 n. deep. Two tunnels take off 



from the surge shaft to an underground P.H. The two ?;os.steel 
lined underground pressure shafts, each 486 m. lone end diameter 
4 »0 in and inclined at 510 to the horizontal convoy the power 
draft to the machines. Each pressure shaft will biftreate 
into two shafts 3: 0.m. di meter at a Y junction at the Power 
House end to feed a 100 1". W. reversible machine. 

An underground pow'r house with a machine c. vern 91.5 in 
long x 26 in wide x 36.5 rn high will house both the 13 Lo. 
transform rs and the 1r Nos. 100 t•'.UU.revrrsjble :ni ~ turbine, 

With 
working under a maxirum gross head of 435 m./tho elevation 
of the centre line of the distributor being kept at +710.00 in. 

(3.25 in. below the minimum  minimuri tail water level to avoi.d cavi-
tation.) The tail waters are proposed to be conv , ed through 
a lined tail race tunnel 975 in long and cross section x+1.28 
sq.m. with a discharging capacity of 150 cuiec to the existing 
Upper Aliyar Reservoir which will function as a tv-il race 
pond for the power house. A cable cud ventilation tunnel of 
diameter 4.6 M. and length 237 in. will take the ourer cable 
to the outdoor switchyard. The power house cavern will be 
approached by means of an access tunnel 7.0 m. wide x 6.5 in 
high and of length 915 m. fron the foreshore of the Upper 
Aliyar Reservoir. The approach tunnel will be connected to 

the Upper Aliyar dam and Attakatti camp, the nearest Places 
of approach through suitable branch roads. 

The project is mainly designed, in ad fti tion to the uti-
lisation of the natural flows from the froe and diverted 
catchments upstream of the Kadenparaj Da, as a puriped storage 
project to meet a part of the likely deficit in the ;rid during 



peak hours in future by utilising the off-peak energy that 
will become available from the Ennore Themal/icc .p ,kkw nuclear 
Station; now under execution. Thus, the L.nin bond' ,t from this 
project w .11 be the supply of peak energy to the ,rid and pre-
servation of the capacity value of the station during irrigation 
closure season. 

'o suit the site conditions and terrain and reckoning also 
the technical and economic feasibility, the pro, oct hac been 
envisaged as an underground installation with the powerhouse 
and grater conductor system proposed to be located completely 

undcrround. When the prof ect is completed, thi o will be the 
first underground installation in TcInil iladu and the second 
.?umped Storage prof cct in India, the only other project being 
the Nagarjuna Sa3ar pumped storage installation in .".ndhra Pradesh. 

The project is proposed to be implc~ cnted in two stages, 
the capital outlay on the project at the mid of the first stage 
being K. 2143 lakhs and the total coz,t of the proj act being 
I. 3512 lalths. This affords 1+A0 1 egawetts of fire Jo;lking capa-
city and about 720 million units of pecking encrcy per annum  

to the s aril i,adu grid. Cost per kw of the project works out 
to be A3. 878/-. This. scheme would normally be opc,ra;;cd as a 
pui ped storago Scher o excepting during the monsoon ►,,eriods,when 
the free flows in the basin will enable the statiozi to be operated 
as r conventional scheme to generate about 79 m .."l:L.on units. 

The power generated, is proposed to be steeped up to 230 K.V.  
and fed into the mmil 11adu grid at tYdumalpet by .:cans of two 
single circuit 230 K.V.lines. 



GENERATION SCH~ES W PROPOSED AS 011 1975 
Ft R TAMI LNAW 

1.  . 	*.ka 	a.a. 25 :1i 
2.  Cholathipuzha 60 i*i 
3.  Coonoor-Kailar 30 NW 
4, HoCe flak al 800 NwJ 
5.  I;oniar Pumped CtorQgo 100 tit! 
6.  Kundah Ultimate st^:ge 205 N! 
7.  Lower fettur 160 MW 
8.  Lower Moyar(ICukkalthorei) 40 MW 
9.  lianimuthar 65 mi 
10.  ParaL yar 35 tipj. 
11.  Pykara Ultimate stage 2 z 50 I•,! i 
12.  ChanmuCanadhi 30 I-R-1 
13.  Upper Aaaravathi 20 I ail 
14.  Upper Thmnhroparani 165 Iaw 
15.  Valar Pu►aped Storage 100 :it1 

EhI_ SAL 
i6. Y'eyveli II TherrnaL Station 1000/1200 fl4 
,7 C(Govt.of India) 

17. Extension at Ka .pakkani 	1+70 14W 
(200 MW to Tamilnadu) 

15. Second Nuclear Plant 
near Tutioorin 	 1000 MW 



TABLET 

D'a'l. ELOPI I T III HIGH HEAD PU hED STORAGE PLIi1TS 

C 

11mno country Capacity Read 	Rea exit a 
tI. t-J•  

a) E 	sting or pl3nnocl Francis turbines for heeds of over 450 in and outputs over 50 t4'-! 
1. Forrors. Suitzorl€ nd 3272 552 
2. T?urr ay I Australia 10=118 520 

3.  U cta I1ortiay 2x92 510 
Rena 4. 

 
IForuoy 3X121 495 

5.  Suldal II Loruey 1170 565 
6.  €undsp arm i~3o ruay 1$103 460 
7.  Rosshcg Austria lz58 672 	Highest for Francis 
0. Hornberg W.Oornany 4x231 652 
9. PredeUa 	S itzorlond 	4x75 4 
b) Recent orders for uultistage hiGh he-,d storage pumps for 

delivery head over 650 in and inputs over 50 ii. 
10. I:lon,,ri.n 	Suitzerlend 	4X59 	848 
11.  floucoa1grando 	Italy 

(Lao Delio) 8x100 ?f3 
12.  Lotcsaira Italy 2x52 600 
13.  s n Fiorano Italy 2XI40 1438 
14 . flO8thc.g S ii tz erlzmd 4x59 60? 
15. Hornberg U.Gortany 4x255 66)+ 



TABLE II 

HAJOR I EW CI S REVERSL.a PU2IP TUBBINES 

Nave Country Surface Read uixier- 
or 

Un .er- 
ft. • cence in 1000 

and 
ft 

1 6 

I. Ronkhousen ti.Gex~ar r S 1363 52 99.5 	2z70 ;.fit 
2.  Shinnarihaga- 

lra. Japan 278 10+. 5 
3.  Ikehara I 3apan U.C. 37)+ 33 107 
1+. Ya(.z,,mra Jaazin - 318 29 117 
5.  0rovi .Ic U.S.. U.1. 500 15 123 
6.  Cruachan . U .I* . U .G. 1206 150 1**•2 	4 100 Z U 
7.  I~iuddyron U.S.A.  S 353 35 138 
8.  Azu ,i Japan - +3© - *3.5 
9.  Ikehara II Jcpan N.G 37+ 33 *8 
10.  Yards 

creek U.S.A.  S 656 25 150.5 
11.  Nageno Japan - 352 - .1514. 
12..  Cartersdam U.S.A  S 31+5 - 173 
13..  ViUarino Spain U.0 1280 160 181 (t125 UW) 
i+. Coo-Troia 

P Olt ic1gium . - 896 ._ 194.5 
15.  Jocassecs U.S.A. - 294 - 206 
16.  Kinzua 

(Sehcca) U.S.A. s 646 - 207.5 

17.  Foyers U.K. S 550 130 227 
18.  Cabin 

Creek U.S.A S 1190 37 223 (2x166 2111) 
(362 m) 

19. Castaic 	U.S.A 	3 	1000 	50 	275 (2x.261 Yit1) 
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6 
20.  Tauum Saes U . S. A. s 790 32 29 
21.  Iti en- 

yab" J,- 	n U.G 726 9C. j 320 
22.  Vort! field U.s.A. U .t3 71+5 106 3I5 
23.  iorua..l. U.8.. U.G 1050 50 3.5 

t'Ortozuia U.S.Q., U,G 1710 16 94 
25. LuclitZCton U.C.A. u 350 25 .. 



TAI3LFIII 

LIST OF PUMPED STORAGE SCFIEiIES 
EXt8TIiG,tJrnER COTISTRJCTION & PROPOSED 

Country 	Station 	No •& Road station 
C ach y Ycar type. m 

I. 	Austria I.Achental 1 P ;S. 385 85.€9 1923 
2. flodund I 4 1:. 5 I 328 -230 1952 
3, odund... 'II 2 P. :; I 
4.  t aprun-Liiberg 2 R s. 361a 115 1956 
5.  Lune~r eo° 6 P,-- 3. 875 233 1957 
6, Red.sceei 3 PP 	3 • 1770 CZ.I- 1957 
7. Innerfragont 

(O schenik) 2 P: 	J. i050 58 .19 
8. Zmm Upper 

(Rosslog) 
) ..5 . 672 230 1971 

9. Qj tz Valley UG + PS.  1100 1fg132 U.0• 
10. Malta (Upper) 6 R T. 203 90 Pro-osed, 
11. Malta (Train) 6 P, S. 
12. O sebenik II 1 P:. S . 1050 29 
13. Riedi i RT r . 360 
14. Breitenau W,:?, 350 
15. Antersback we. 160 

II. fatrali a 	1. Tumut 3 3 F. 151 1500 
( r-1= 

203) _. 2.  'tu~ut 3 R . . 	, i4 er constru, 
3.  Bendeela 2 R.T. 122 83 

Lion. 
P ropo seq. 

~+. Kangaroo Valley 2 F:-3. 44p 160 
III. Belgium 	1. Coo Trois(U.G) 3 n-,I' . 269 1+32 1971 PoX t I 

2. Paztt TI 3 R::..~' 	. 266 x+,32 oposed 



Table III (Contd.) 

_: ~+  6 

IV. Brazil 	1 « Vtltario ~+ W.T. 29 44 1952 
2.  Santa Cecilia 4 R I. 13.7 21 1952 

3.  Pedreira C 3 WI. 27.1 4-.7 1953 
1+. Primavera 4 WT. 129 494 P 

5.  Pacaluba R .T. 553 U 
6.  Caraguetatuba i1 £ . 690 P 

0 

7.  Sao Felix )+ R. T. 115 g 
0 

8.  Parana R. 107 
V. Bulgaria 	1. Belr ekken I S. 700 83 1972 

2. Antonivanovis I F 8. 122 50 1973 
VI. Canada 1.  Sir Ad= Bock (Deriaz) 25 198 1957 

2.  St.Joachim(U.G) 3 RT . 355 1200 Proposed 

VII, Czecho- 1.  Devin 111 517 Proposed sloveki a 
2.  Kamenice i9)+ ff39 It 

3.  Dobshina III 596 275 " 
fir. Koprova Dolina 894 'p15 f+ 
5. Sutova 235 552  

6.Kninick 2C. 13 

VIII. Colc enbi a 1. 1! Ito ! un a 2 RT T. 135.7 30 Proposed 

IX. East 1.  Blei.loeh 2 F3. 58 L:.0 1932 
2.  fohonuarte I 2 F S. 66 1+2 19 
3.  " 	II C F. 305 320 1965 
+. IIiederrrrtha 6 P:. I+3 129 19( 0 
5. Wende.f'urt 2 FS. 12)+ 80 1960 



Tab1.dII (Contd.) 

~ 	2 	 3 	4 	5 	6 

X. 	Finland 	1. jvanta 4 RT . 109 280 
2. Paroinern 1 2 .RT. 200 40 Proposed. 
3 • „ 	II 2 RT . 285 200 
4. P ,ijonne I 3 RT. 136 240 

XI . France 	1. Lac Noiv 4 PS. 126.5 100 1938 
2. Vouglans 1 RT • 92 53 1973 
3 • Dno sson 2 P5. 750 128 1972 
4. Revin 4 RT . 2~.5 660 Union cons- 
5• La~coche 2 1 U action 

:po sod 
6. tlontezic U.G. RT, 400 800- 

MII . Hungary 1. ' rodikalazkk 2 3 PS. 	507 	307.5 
1 

2.  II 6 FS • 507 615 
3.  Heguisteto + 1?. 351 300 1 Proposed 
4-. Tokay I+05 270 I 

1 5. III► suhat 20# 2+0 1 

XIII . Italy 	1. Provvidenza 2 PS. 255 152 1951 
2.  Villa Garon auo 2 PS. . 1F16 134 19 CO 
3.  Late Sava 2 PC'. 624 10+ .': 1963 
. tsimone 2 i3T . 378 336 1973 

5. Lago Dolio 8 i,S . 732 1O0 1971/72 
G. ut.i'.orano II 2 P&. 1+03 203 1272 
7.  Tadalto 2 PS. 107 1971/72 
8.  Chiotas-Piastres' PO 990 5544' 11D",zoned 
9.  . Rovina'Piastres 1 PS 540 105  
10.  Taloro P; 200 240  



Table III (Contd. ) 

ii 	2 4 	 6 

11. Pi ant. di Ruschio PS. 	560 	480 

XIV. Japan 	1. O.gzchigawa III 2 PS. 621.2 17.9 1931 
2. Shircyama 4 RT. 153 260 1964 
3. Ikehara U.G. 4 RT . .120.5 380 1964 

., Ya isawa 3 RT 93.5 261 1965 
5. NagaTo 2. RT . 97.5 226 1963 
6., Shinnarihagawa 3 RT . 84.3 234 1968 
7.. AZarii )+ RT , 134.9 436 1969 

8 . Mi.dono 	. 2 FT. 80 128 1969 
2RT. 79.8 128 

9. Takane I 4 RT . 135 251 1969 
10. Nunappara 3 RT . 478 732 1973 
11. Shin Takase 4 RT . 230 1320 £ opo sed 
12.  I4ase Gawa I 2 RT . 105 296 1972 
13.  Ki se y 	a(U .G .) 2 RT . 220 460 1970 
14.  Shin Toyone(UG) 5' RT . 230 1150 1972 
15.  Atashika I R.T. 382 496 "'roPosed 
16.  Nikappu 2 R.T. 94 210 1970 
17.  Agehara 4 RT . 459.6 1088 1970 
18. OkutataraCi (UG) 4 PS. x+06 1212 ;ndcr 

cu.~staruction. 
XV. Luxczbourg 1. Vianden - 9 rs . 278 9)0 19{.x. 

2. +, 	II 1 RT . 276 200 1973 

XVI. Norway 	I I. Jukla ,'nder 
(Folgefona) 1 RT , 142 38,4 construction 

2. Stavalj. 1 RT . 277 120 
3. Sysen 2 RT . 239 180 



TableIII (Contd.) 

3 

XVII. Poland 1. Zhidovo 3 F' 77.5 150 Under 
ct~nstructjc 

2. Solina. 2 RT 60 42.x;- 1968 
3. Pormbka Zhar 442 265 Proposed 

Porombka Zhar (p 5 282 " Chupily ~- 

5, Kasinka 520. 290 
f1 

6.  Psheska 660 305 9e 
7.  Snezhka 198 15 :r 

8.  Enotniki 104 180  

XVIII. Republic 1. Turlough Hill 4 RT 282 292 1973 of Ireland 
XIX. 	Rumania I. Lotru. 7 Fs 809 500 Proposed 

XX.. 	Spain 1. Voldecanas 3 RT 75 225 1965 
2. Torrejon + RT 48 133 1967 

3. Puento :.bey 4 FS 336 0 1967 
t  Villarino, )+ RT 405 540 1968 
. Ibondelp ° . 3 PS 980 103.5 1969 

6. Gull.l ena. 3 RT 230 216 Under 
• con struelion 

XXI . 	Switzerland 1.  Ruppoidingen 319 1.35 1904 
2.  Robiei RT 1+I4 160 1968 
3.  I so3rre:::,, type + 1 )4O0 10 1972 
4.  rongrin(U . G,) 4 PS 878 2 Under 

con structic 
5• Sarganserland 3 PS x+83 262 Proposed 



I RT 

12RT 
8 

2 RT 

3 RT 

2 RT 
(2F) 
2 RT 

8 RT 
3 
(3

RT 
 F) 

8 RT 

2RT 

f RT 

74.  

30 
1+5.7 

263 

232 

60 
(60) 

374 

125 

205 
(205) 

99 

250 
(262) 

250 

60 

240 

496 

J8 

339 

12 
(300) 

300 

800 

3 
(~351) 

1+24 

396 
(26) 

1000 
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I. II .I( « 	1. Ffestiniog 	4 FS 	310.5 360 	1963 
2.  Cruchan U.G. RT 362 4O0 

3.  Ebyers 2 RT 173 300 

-. Loch ;loy 1+ RT 267 1200 
5.  Csmlough 2 RT 195 1+60 
6.  Lough Shano Gh 2 RT 272 460 

1966 

197'4 

Proposed 

A.XII TI I . U U.S.A. 1.  Hitrasee 
2.  Levi stun 
3.  Fairfield 
1 	. TBurn Sauk 

5.  Yard; Creek 

6.  ,nth ilountain 

7. Cabin creek 
8. ?4uddy Run 
9. Orovillo (U.G.) 

10 . San Luis 
11.. I inzua 

12.  Northfield(11.G. ) 
(mountain) 

13.  Ludington 

14.  Blenheim Gilboa 
15.  Carters 
16.  Jocassee 

17.  Elbert I 
18.  ICaysinger Bluff 

1956 

1962 

Propo sod 
1963 

1965 

1965 

1972 

1966 

1967 

1968 

1968 

1970 

6 RT 110 1072 1973 

+ RT 348 1000 1973 
2 RT 132 250 1974 

1+ RT 95 610 197k 

1 RT 135 100 1975 

6 RT 2i- 163 1977 



Table III (Contd.) 
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19 • Castaic 6 RT 32+ 1200 1977 
1 PT 50 

20. 13warst amp 2 RT 235 600 U.G. 
21. t•larble Valley 5 RT , 270 1250 Proposed 
22. Stony Creek 6 RT 297 1950  
23. Blue flide 8 RT 60 1600 it 
22+.: ontezuna (U. G,) 1+ RT. 515 500 t~ 
25.  Merril'? Like 335 500  
26.  Blair i;ountaln 3 RT 671 525 t~ 
27.  Cornwall (U.G.) S RT 354 2000 ~r 
28.  Havasee 1 RT 305 1000  
29.  Racoon I fountain in 317 1528 U . C. 
30.  Tock s Island 5 RT 360 1300 

XXIV. U.S.S.R. 	I. Kiev 3 RT 65 120 19.70 
2. Zagorsk 6 RT 100 1200 Proposed 
3. Tatt.P , S. (Exten- 

sion) 2 RT 17 9+ ,t 
1+. Arsona - 840 it 
5. Tally ICongana - - 730 0f 

XXV. 
	

'Jest Germany 1. Waldeck 1 4 PS 296 140 1932 
2. Uoucorn 4 FS 187 110 1933 
3. 1'litzrieu )+ FS 216 220 1943 
1+. lf ,aldshut 1+ FS 133 160 1951 
5. Happy Burg + FS 204 160 1958 
6. Raisach Rabenkite 3 PS 179 97.5 1955/61 
7. Gees Thacht 3 FS 80 105 1958 



TableiII (Contcl. ) 

2 	 5 	6 

8.  Glems 2 FS. 283 90 1964 
9.  Erzhau sen 4 PS. 28e 220 -1965 
10.  Sackingen U.G. + FS. iO0 360 1967 
11.  fonkhau son 2 RT . 266 140 1968 

12.  Hornborg + PS. 625 970 U.C. 
13.  Waldeck II, U.G. 2 PS. 320 440 _ 	U.C. 

XXVT . Yugoslavia 	1. Lisina 2F8. 3)3 33 1973 

Note: 
U.C.  - Un dor Ground P.11. 
U.C. 	Under Construction 

Revors iblc turbino 
F.. S. - Francis turbine - Separate pump 
P.S. - Pelton Wheel - 	it 	 tt 
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