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TRANSACTIONS OF THE INSTITUTE OF FLUID-FLOW MACHINERY

JAN WRÓBLtrWSI(I1

Techno-economic advantages of operatiorr of p,umped-storage
plants witlrin tlre power system2

The paper presents frrnctions of pumped-stolage power stations operating within the power sYstem.
These fmctions cm be dividecl into two categories - direct fi:łctions rvhiclr have a direct arrd imrnediate
effect on the production culve and indirecifunctions which indirectly influence the operation of the
system. The following direct fmctions are discrrssed mong others: energy trarrsfer, intervention func-
tion, control furrction] spinning reserve , opełational stmd-by reselve md compensation work. Amongst
the indirect fuńctions of pm§ecLstorage power stations, there should,be mentioned settling dOwn the
operation of thermal power siations, limitation of breali-down occrmence in thermal Power units, re-
dlction in consumptión of fuel used at staxt-up, po\yer generation at or near optirnurn_ efficiency a.nd

other teclrno-e.oro*i. advmtages for co-operating thermal power stations as well as global advarrt_ages

in terms of the whole po*.. uyit.*. The aim of the paper is to give systematic insight, gained from
a ]iterature revielv, into arlvarrtages and disadvmtages coming from the operation of Pumped-storage
power plants.

199? No. 1O2

1. Introduction

Pumped-stolage power stations selve numerous functions within the power
system both at pe;k and off-peak load. Operation of pumped-storage power plants
withirr a power system of middle-southern states of the US [1] has brought a series

of the following advantages in terms of 1oad distributiorr:
. tTansfel ofenergy from near-peak and on-peak to basic units and reduction

in unsteady peak load (from 3aYo to 20% of the peak power),
. Teduction in unsteady po\ł,el geneTation in near-peak and on-peak units

(from tO.g% to B.1% of the total gerreration of the system) and decrease in
minimum unsteady off-peak load (from 6% to 4% of the peak powel),

. inclease in minimum load of the system owing to pumping work (from 57%

to 66% of the peak powel),
. inclease in minimum load of basic rrnits at low demand periods (from 81%

to 94% of tlre unit porver).

1Technical University of Gdańsk, Department of Hydraulic Structures and Water Manage-
ment, Faculty of Environmental Engineering, Naruszewicza \lf 12, 80-952 Gdańsk

2A part of this paper was presented at HYDRoFORUM,94 Conference in Gdańsk
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It shouid be noted that the possible adva,ntages conring from reciuction in
unsteady genełation can be more signiflcarrt tira,n tlre advantages dte to energy
transfer.

The functions of pumped-storage power stations opelatirrg ivitlrin tlre porvel,
system can be divided into trvo major categories: direct {unctions lraving a dilect
and immediate impa,ct on the form of tłre production curve and irrdirect functioirs
rvhich do not irrfluence the system irrrmecliately brLt have a delayecl long-terrrr
impact on the powel system. The indirect functions of tlre punrped-storage plarrts
encompass a series of technical arrt1 ecolrołtic advantages for co-operating thermal
powel stations as rveIl as global adva,ntirges in terms of tlre wlrole po\Mel systen.

2. Direct functiorrs

2.t. Energy transfer

The objective of this function is to transfer energy fron low to peak denrancl
periods. The errergy transfer corrsists in accurrrulation o1' ellergy (prrmpirrg rrp
lvater to the uppel reservoir- usirrg power fron tlre systern) during 1ow dernancl
periods arrd releasirrg it bacli to the systenr clulirrg lrigh demancl periocls (gene-
ration work). Tłre full cycle of the pumped-storage powel plants (pumping atrcl
generatiorr łvorli) talies place at a certairr level of efficiency. Tlris cycle can be claily.
weekly oT seasonal, dependirrg ma,inly on the iryclr,oiogical conditions and caiiacit1-
of water reservoits. 'Ihe rveelily cycle of tlre pumped-storage power plant nrea,ns
irrtensilied pumping rvork during lrolidavs and lł,eek-end clays. The reservoir is
filled up before lVlorrrlay mornings therr gradually emptied on working da,ys, get-
ting the lorvest level on Frida.;,, evertirrgs. N'Iid-rveek pumping work is limited onl1
to low demand rriglrt periods, and thereforc tlre errerg;, used for punrping is 1o-

wer than generation work. The seasonal (yearly) cycle mearrs irrtensified pumping
rvork during srrmmel morrths arrrl, in turn, interrsified gerreratiorr rvorli in winteI,s.
It happens in some coutrtties, for example irr Slvitzerland, that powel genera,tiot.
of pumped-storage plants in rvinter is ten times higher than in summer [2]. Tlre
pumping reginre is of particrrlar importarrce for prrm,ped-storage plants rł-lrere na-
tural tributaries ałe rrot capable of filling up watel leselves lost drrring generatiol,
of power. In tlrese cases special lvater intakes are built on lower tributaries, bel'-
ond tlre main rł,ater coul§e of tlre pumperl-storage pla,rrts, from rvhiclr water i.
pumped back to tlre upper reselvoir. Such solrrtions can be founcl. al}long otlrers
in the poweT plants of Scłrluchseerverli |3], Liinersee [4] ancl Grand lVlaison [5].

The energy trarrsfer function for the prlnped-stola,ge plarrts has become espe

cia,lly sigrrificant irr courttries u,ith increa,sing slrarc of nuclea,r enelgy. 'Ihe punrpilr_
firnction is called then cnforcecl pumping [6].

2.2. Power l'uncticlrr

The objective is to increase the 1lorver ca,pa,city of the systerł to meet pea

loads. Tlre power and energy trans{'eł firrrctiorrs a]e two rrrairr ohjectives o1't]
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pumped-stoTage powel plants [7].

2.3. Interventiorr fi-rrrctiorr

The frrnction m,it]ies use of one of the nrairr a,clva,ntages of the pumped-storage
poweT plants, rł,lriclr is lorv tirne requiremerrts for start-rrp, shut-dowrr and change
of the operating legime irr errrergerrcy cases) including breakdown of turbosets
or transmission arri1 clispatclring units, suclclen urrpreclictable changes in power
demancl, or a combination of tlrese factors. The intervention function is accoln-
plished both during generation alrcl punrping rvorli.

2.4. Control function

This objective, in, a sirniiar way to tlre olre listecl previously (the intervention
function), talics also aclvantage of low tirrre requirentents for start-up, slrut-clown
as well as for clrarrgirrg tlrc operating regime at higlr slopes of the load curve rvlrerr
maintenance of the cneTgy balarrce cau not be iiept solely by mealls of corrverr-
tional tlrermiil power stations. Tlre ftrnctiorr consists irr controlling irrteraction,
rvithin the powel systent, of one oI a glotlp of purnped-storage plants after tlreir
conrrection for genera,tiorr rvorlr as well a,s cliscon,nectiorr. Tlris control was cal-
led by tlre autlror in [B-9] start-up/sltul-doun control. Another suitable name for
this type of control, r,vhiclr ca,n be met in Poiisłr literature, is interuention power
control [10-11]. In lvorld-wide litera,ture tlris control is called pick-up duty [l2]
ot Lastrampen Funktioll in Gernan-spealring liteltltttre [6]. The control function
cloes not refer only to transient regirnes - betrveetr low ancl pealr demand periocls
- but also to tlrese 1leriocls wlren the conlrectiorr o{a prrrnpecl-storage power plant
for generation wolk (or its rliscoltncctiolL) clocs rrot carry th,e clralacter of inte-
rvention.

Due to tlre close sinrilalitics in irrtelr.,ention-type ancl corrtrol-type interactions
between tlre pumpecl-storagc plarrts a,lrcl the powel systeln ancl the same leasol}s
tlrat tLrrderlie tltese functions, ancl olletr clrLe to a cliffrculty irr recognition whetlrer
the situatiorr lras the clraracter ofilrtervention or contlol, tlrey are often given orre
common name it,lte,ruention-cot,ltrol functicln.

Establishing quotas fbr tbreigrr trade of elcctric power Tlre quotas are establislred
basecl on co-operation a,ccorcls. Tlre polver output of tlre national power system
shorrld take accourrt of tlre power exclrange ploglafirnle in order to maintain tlre
balance witlr the foreign partners (irr the ca,se of synclrrorrous worlr of the neigh-
bouring powcrr systcrns). Anv irrrbala,nce in ibreign energy tracle should be quickly
a,nswered, whiclr is o{ten clorre by llleżrns ot pumped-stolage powel plants, plo-
videcl they are a,vailab]e in 1;lre power system of the courrtry. Regulation of tłre
foreign tlade ba],arlce as legards electric l)owel, is orre of the objectives of power
generation con,trol. I)ue to its particrrla,r sigrrificance tlris frrnction has beerr spe-
cified separately. 'I1re 1irnction plays an important role bot]r for technical reasons

67
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(mairrtaining tlre frequency, assuling stability of tlre connectecl international sys-

tems) ancl in ecortonric terms because it enables tire country to talre advarrtage
of a special system of cllscounts and perralties, lvhile settling accounts, set uP to
assule pl,opel functionirrg of the corrrrected intelna,tional systems.

2.5. Prirnary corrtrol (frequency control due to contribution of purnped-sto-
rage plants)

The prirnar),, contro1 rvhose objective is to prevent frequency decrease is a do-

main of thermal and watel-storage powel plarrts equippecl with regulators of the
turbine rotational speed [13-14]. It slroutc1 be notecl tl.at for water storage ancl

pumped-storage powel stations under operatiorr th.e arrrount of reserves taking
part irr tłre primary control depenrls on tlre load of trtlbosets and current wa-

ier level in the uppel resetrroirs. Norvadays many punped-storage powel stations
participate in thó primary contro1 wit]rin t-6% ot their power capacity [14]. Data
concerning the s]rare of power capacity available fbr the purpose of primary con-

trol for sel,ected łVest Buropean pumped-storage plants belonging to the UCPTtr
system and tr,vo Polislr power plants [15] are collected in Table 1.

Table 1. Slrare of unit power capacity available for primary control for selected

pumped-storage plants in Europe [14-15]

Prrmped-storage plant Courrtry
Generatecl power

Dl nl ax:

lMWl

Share of urrit power
capacity available for

primary corrtrol |Yo P^ "r)
Veytalłx switzerlancl 60 6

[l orrcovalsI,ancle Italy |25 5

Barsi Italy 169 5

Revin France 180 5

Coo1ł2 Belgium 75o,2o7 5

Torrao Portugal 5

Zamowiec Poland 779 5

Porąbka-Zar Polarrcl 5

Rosshag Austria 57.5 4.5

Malta Austria 22o 4

Nlapragg sTvitzerlarrd 93.3 4

NIorrtezic France ż28 4

Wehr Germanv 4

Sżickingen Germanry 9t-) 4

Vianclerr 1-9+10 Ltxembourg 100, 196 Ą

Dinorwig Wales 300 |-4

Estany Gento S. Spain l72 75 3

Aguieira Portugal 90 1
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2.6. Secondary corrtrol (load freqtrerrcy corrtrol - l.f.c.)
Power plants talring part in this type of control ale eqrripped with regula-

tors of turbine powel, controlled by rrrearrs ol a central contloller of the system.
Hydro-power plarrts, including prrmped-storage plants lrave tlre iargest range r;f
load frequency corrtrol. Tlris lang€ is detełmirred tlrrough the width of the l.f.c.
half band. Tlris value related to the unit potver capa,city for clifferent types oi
power plarrts is as follows [16]:

o nuclear powel statiorrs (PWR) - +2.5%,
o conventional therrrra} power stations - +l5%,
r hydro-porł,er stations - t40%.

In reality many units of rłocleln hydro-pou,er plants have a possibility of l.f.c.
n,ithin 50% half bancl, that is the secorrdary control can be performed within a
range of 0-100%.
The half band widtlr for purnped-stora,ge units is usrrally smaller (with the excep-
tion of the pumpetl-stolage power- plant of }Ielcleclie, Germany [17]) than for rever-
sible hydrosets rvhere tlre full lange of power control is possible as for tlrree-machine
irreversible lrydrosets.

Tlre corrtribution of Polislr pumpecl-stolage power plants to prirnary and se-
condary control is corrsiderably lalge aLltl lorrlls a significant slrare of the global
balance of contro1 power in tlre national powel systerrr rvlriclr fulfils technical re-
quirements for IICPTE merrrbers.

2.7. Spirrning reserve functiorr

Tlris function is ofterr accomplislrecl as syrrclrlonous compensation work. The
spinrring l.'eserve? being a conrporrerrt of tlre break-dorvn r.'eselve, is accumula-
ted in pumped-storage units and plays a palticrrlarly sigrrificarrt role in mainta-
irring tlre blea]i-clorvn feselve of the systerrr (called łrlso the intervention reserve).
The reserve of tlre systerrr consists of tłre spirrnirrg urrloa,tlecl leselve concentra-
ted in purnped-storage and lryclro-power (mainly water-storage) plants, the spin-
rring reserve cotrcentlatećl iłr operating therrrra] powel plants and partly loaded
rvater-storage and pumped-storage plants (corresponcling to the 1.f.c. reserve),
arrd the starrd-by leselve, calied also tlre cold reserve, concenttated mainl5l in
rvater-storage and pumped-storage pJ.alrts and gas turbirres belonging to the struc-
ture of tlre system and operating irr tl,ierrnal polver plants.

2.8. Operatiorral stand-by reserve (cold reserve)

This function is as important as tlre spinning reser\,le function. A hydroset of
a pumped-storage plarrt represents a speci{ic powel capacity ancl even when it is
shut down it plays a vital role for the powel system. In, general it forms an im-
portant eleme:rt of, tlre system leselvc llecessary to assule the reqrrired reliability
of electric enelgy production, particularly in the case of long-tirne disturba,nce
irr the system lilie. for example, failure of a, polver rrrrit or sholt-term mistalre in

69



70 J. \Ął,óblelvslii

demand foreca,sting. Tlrc clispatclrel of tlte sysienr has to take action t}rerr and
nrodi{ies tlre plan for energy proclucticlrr, that is irtcteases or decreases tlre porver

of rvorlring urrits in order to lneet actual rreecls and cornpensate t}re disturbance
(or clevizr,tion). Tlris carr be clole partiall}r ol.totally by rr,teans of the seconclary
contro| Tesel,ve. TlLis reserve rrsua,lly suffices lbr about 5 nrlrr., wlrich is a relati-
veiy slrort 1;irne. In orclel to reconstruct the seconcla,ry corrtrol powel band, tlre

operatiorral lesellre is creatccl. The corrtrol sy3lęp w]riclr nralies use of this reserve
is called the tertialy contro1, [13]. Tlre operation leserve is divide<l beti,veen ope-

rating tlternral pl,arrts ancl ,hyclroscts beillg on starrd-b}.. Relnote control of load
of thórmal powcl, plants rvitlrin tire cołtrń,ry is perforrn,ed by the National Porver
Dispatclrin§ b1, nrearrs of łr, systenr ol 1ra.rrd-opera,ted powel controi for ha,rd coal
power stations ancl a systenr of teleilLstructiorrs fol porver stations running orr

brown coa| arrc1 tlre station of ljątnórv running on nazout. Tlris type of tertiarY
control funr:tions oll a basis of econorrl,ic 1oa,<1 clistriłlrłtiolr. The tertiary contr-ol

ancl teieinstru<:tiorrs system fot, thernlai power' stations is supplemented witlr the
teleinstructions system for lrydlo-porver.pla,nts, a,mong wlrich tlre pumped-storage
piarrts of Zarnowiec, Porąblia Zar arrcl Zydorvo play tlre key role.

2.9. Comperrsatiorr work

'fhe objective of this furrction is t]re production o1'reactive enelgy and the
possibility of voltage control, lvitlrin the sysl,errr.

z.LO. Tlre static łrłrd dynanric f'urrctiorrs

I}earirrg in minc1 tlre principles of control of a powel systern bv means of po_

wer dispatcJring, the c-lilect functiorrs mentionecl above carr be clivided irrto tłvo
categories: static and clynanic frrnctions.

Amongst static frrnctiorrs are the e[elgy transfer, ]]oweT function, cold reserve,
compe,nsation rrrotlr. D_rrnamic functions encoil}pass tlre irrterventiorr frrrrction? Co1}-

tr-ol function, contribution to thc prirnary corrtroJ , corrtribution to the secondarY
contro1, rnaint airrirrg tlre spinning r-eselve.

3. Indirect functions as technicąI and economic advantages for the
electric energy system irr terms of co-operation between thermal
and pumped-storage power stations

T}re indirect firnctions slrould be corrsicleled as secondary to the dilect func-
tions. Pumped-storage powel plants considerab]y irnplove the balance of the Po-
wel systel]l and increase its general reliability, \{any advantages coming from
tlre contributiorr of purrrpecl-storage plarrts to errergy procluction are of technica]
natute ancl economic ploIits are not ea,sy to estimate.
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3.1. Advantages fbr tlre therrrral power plants corning frorrr tlreir co_operation
witlr prrrnped-storage I)ower. statiorrs

^łmongst tlre most important teclrno-economic factors in tlrerrnal po\Mel stations
rvlriclr can r€clrrce costs of their operation are:

c settling dorun the operation of thermai po\^.,el stations,
o limitation of breali-down occullence irr tlrermal pow-el urrits,

o recluction, in moderrrizatiorr costs in tlrerrnal powel stations,
o increase in the avaiiabiiity factor of tlrerrna1 powel stations,
. powel generation of tlrerrrral power statiorrs at <l1, neal, optimum efficiency.

3.1.1. Settling clown the operatiorr of tłrerrrral powel stations

Tiris process is expressed by a clecrea,se in the number of start-up and shut-down
operations for big powelunits ancl thus leacls to an implovement in technical and
economic parameters of the thernral powel station operating orr the basis of the
daily load culve. The a,bove factors have arr eIfect orr:

Limitation of corrsiderable heat losses due to the decrease irr the number of shut-downs
(bringing thermal power units to reserve) arrd start-up= Start-rip losses of Polish 200
\I!V power units operating on harcl coal va,ry witlr powel stations from 2,1 TJ
in the powel station of Poiarriec up to 3.1 TJ in Ostrołęka after 48 hour breaks.
Ileat losses after 8lrours of break (niglrt reserve) vary fron 1.1 TJ in Rybrrik up
ro 1.4 in Ostrołęka B [1B]. Avera,ge valtres for tłrernral powel units of other porver
stations ale neal, 2.4 TJ after 48 hour brealis and 7.2 TJ after B hour breaks. The
biggest powel units installed in Polaricl - 500 N{W irr Kozienice 2 require as much
as 7.0 GJ after 48 hours and 4.2 TJ after 8 ]rours of brea]<s.

Beduction in consumption of liquid fuels used at start-up Tn most Polish power sta-
tions the main auxiliary liquid fire] usecl at start-up is mazout. In some powel
stations gas is usecl, for example jn the sta,tions of Stalowa Wola, Zallrze and
Bielsko. The start-up of 200 X{!V polvel rrnits a{ter 8 horrr breaks takes 11.7 tons
of mazout in Połaniec and 27.3 torrs irr Ostrolęlia B. On average th,e consumption
of mazout for this type of power urrits irr other porver stations is about 14 tons.
_łfter 48 hour breaks the consumption rises by as much as twice.

Slowing down tlre process of wear of power unit elements RePeated bringing Of
thermal powel units to leseTve and start-up cleteriorates tlreir technical condi-
tion due to tlrermai cleformation of elements, rvlrich leads to the occurrence of
internal stresses in mater-ials and consequently to slrorter life-time of tlre devices.
{ considerable elimination of irrterrupted operation of thermal power units can
by accomplislred by tlre introduction of purnped-storage powei plants into the
system.

7l
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3.L.2. Lirnitation of break-clowil occurrerrce in tlrerrrlal poweT units. Reduction in
tlre uroclerrrization costs in tlrelmal power sttrtiorrs. Irrcrease in the availabi-
Iity factor tlf tlrernral powel statiorrs

Title problen}s .!re stlictly interconrrecteci, tlrerelble th.ey wi1l be discussed be-

neatlr io§ether. Tlte influence of settling dowrr tlre therrrra,l power ul)its opelation
on inclease in tłreir arrailability factor due to tlre irrt1,oduction of pumped-storage
plants irito tlre powel system was visibie over iate seventies ancl €ally eiglrties. In
1974-81 tlre 

'brea]idołvrr factor of poiver urrits of 120 MW and 200 MW was near
10%, wherea,s since 1982 it lras been ledu,ced dorvrr to ar/a [l9l. Tlre reduction in
the breakdou,n factor has been possible o\\ring to tłre introrluction in 1982 into the
national elrelgy systern of tlre pu,tnped-storage plant in Zarnowiec and an incre-
ase in the availallility 1actor in Por,ąbka Zal - the pumpecl-stolage plant whiclr at
that time marragecl to overcome tecl.ril.ca,l problens. It slrould be also notecl tlrat
tlris brealitlrrotrglr too1i place lvherr Polancl lva,s urrder sevele social and ecorromic
crisis wlriclr hit bacl,ty oul coulitl-"v in 1980- t981.

3.1.3. Power gencr.atiorr of tlrerrrral power statiorrs at or near o1rtirnum efficiency

Intloduction of prrrnped-storage plants into tlre poweT system errables frrll 1o-

ading of a, certain nurrrber of t]rernral po\yer units cltring prrmping work arrd their'
operatioł at optimum efIiciency, tlrat is at the lorł,est level o{ fuel consrrrnption.
It lvas calculated in [20] tlrat wlren tlre prrmpecl-storage plant of Moty operates
irr tile pumping legime of B10 NIW (3x270) during 2200 lrours a yeal) then 16

thermir,l powel, urrits of 200 N,{W each 1]tlnning olr lrarcl coal can operate at fu1l po-

wer ca,pacity instead of operating lrnder mirri.nrum powel conclition, whiclr brings
net profit o1 2640 TJ of e&elgy - aborLt 15% of tlre total yearly enelgy used 1br

pumping in tlrese powel units.

3.1.4. Recluction in running costs irr tlrerural powel statiorrs

Tlre anrount of savirrgs marle in poirrts 1-5 shoulcl ile considered a global
reduction in running costs irr the therrrral power station.

3.2. Benefits of operatiorr of purrrped-storage plants for tlre po\Mer systern

3.Z.l- Increase irl tlre flexibility of opelatiorr clf tlre power systerrr

This means an inclease ilr tlre ability to acljust tire system to cope rvitlr fast
changes of genelatecl porver in response to c}ra,n,ging clernanc1. One of inclirect
effects is incletrse in the flexibility of operatiorr of tłre national powel system
within tlre cotLnected porver systenrs [21]. This I'act cornbined r,vith financial tariffs
set up so as to stabilise operating corrclitions łł,itlrin t]re connected power systerrrs
brings corrsidelable econornic proiits tlranlis to improrre,rrrent in tlre energy balance
of the countl,y. Increase in the flexibility of tlre svstem due to the operation of
pumpecl-stora,ge plants also rcclrrces the occrrrlel}ce of sepalation of tlre SYStemS,

i]rus leduciłrg the tirn,c of tlreiI, irrcliviclual incoordj,rrate operation followirrg the
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separa,tion. Irr case o1'sepa,r-ation, tlte separatecl s"ystem is usually łrit by a sudden
powel cleflcit whicir in tlrrlt incurs sigrriflcarrt economic losses, Tlre losses can be
ieversecl by operatiorr of purrrpecl-stolage pJa,n,ts, wlrich can considerably minimise
rhe tirrie of separatcd wolk of the systerrrs. Tlre systerns separatiorr h,apperred very
ofterr ilt eightics wlren tJre Conrrected Porver Systenrs a,utornatically separated
i}om tlie Conrmon Porve,t System of tlre forrnel USSR, following overloaded power
transmissiorr rvitlrill the node of Llvólv.

3.2,2. R.eplacerrlent of old inefficielit powel, statiorrs

Pumped-stolage plarrts rrewly irrtrodrrcec1 irrto opcration witlrin tlre power system
elirninate inefficient therntai power stations ll,clrłl the plocess of energy production.
Tlrese old tirerrtra,1 sta,tions, alrcłł,d_v arnortisecl r,unning on lrigir-carborr (rich) coal
and remairring in leselve, are ptrt into selvice for a, slrort time during on-peak
oerjods in order to meet the demand for prl.,ver. Purnpecl stola.ge plants can be arr
alternative for inelficierrt tlrermai sl,atiolts, th.rrs ptrshirrg thern out of the system.
Irr Polish conditions this is the fate of lreat and porł,el stations where the cost of
proclrrction of 1 liWlr is severa] tinres higlrel tharr irr rnost efficient block stations
18]. For this ltltl,son units of h.eat atrc1 powel statiotls are placed irrto reserve in

first place ancl ptr1, bacli into service i,n tire ]ast resorl,.

3,2.3. Inrproverrrent in tlre efficiency of errergy prodrrction in tlre whole power
systern

Settling clown tlre opelation of polver- statjons described above lras an effect orr
tlre efficierrcy of electlic e[efgy proclrrc.tiorr in the whole system and also reduces
tlre cclnsumptiorr of fuels needecl 1br tlie procluction plocess. Assuming that the
efflciency of tlre system rises by 1% clue to introcluction of punrped-storage plants
irrto the system, a,s il, rvas assrrmecl in [22] , anr1 tlrat the gross procluction of errergy
is of the orcler ol, i30.1 T\,Vh] a,s in i993 [23], tlrerr the savitrgs can amoul}t to 1.3
TWh - a,n equivalent to 0.8 million tons of lrarcl coal. It slroulcl be also noted that
tlrese savings do not irrvolve any aclclitional investments.

3.2.4. Irrcrease irr tlre sectrłity factor of tlre systern

Sectrrity of operation of tlre powel system depends on the amount of tlre
break-dowrr leser've (callecl also tlre intervention reserve) of tlre system, r,vhich irr
turrr clepends on tlre proclrrction structure and availability tactor for tlre power
units operating rvitlrin tlre systerrr.

3.2.5. Decrease irr tlre bletrk-<lowrr fi,ecluency ancl costs of rrroclcrrrisatiorr, increase
in tlre availability factor of tlre power systern

The limitation of irtterrupteci opelatiorr of tirermal powel rrnits leads to a,

decrease in t]re brerrli-down lrecltrerrcy arrd 1owers costs of moclernisatiorr of ther-
mal porłrer sta,tions. As a consequel}c:e, irrel'ficieńt ancl old thermal powel sta-
tions, subject to trcc1uent failures, are pushed out oftlre system and replaced by

1.1
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pumpecl_storagc plants. Tlrerefore, global costs of nlodernisation of the system a,re

dirninisired. Containing tlre break-dorvrr frequency of tlrerrnal powel urrits ancl at
the same time irrcrease irr tlre availability factor łrave a clear effect on a declease
in tlre breair-clown freqrrerrcy and irrcrea,se in tlre availabilitv factor of the whoie
powel system as well as on an increase irr tlre reliability of errergy supplies.

3.2.6. Improvernent irr clrrality 1rararnetets of electric energy and irr local conditions
of energy supply

Lacli of appropriate powel r'eserve leacls to a decrease in quaiity of electric
energy supply, whiclr manifests itself in failing to maintairr guararrteed levels of
frequóncy incl vo}ta,ge. A srtdclen po\^/el, deficit caused br; tlre loss of generated
po*-", in tlre aftermatlr of a break-clorvn o{ turbosets or failure of high-voltage
transrnissiorr lines connecting rtcighborrt,ing systems or large power stations can
slrake tlre balarrce betweerr tlre derrrancl and supply potcrrtial followed by a fre-
quency decrease, Tlre delicit duratiorr depeItcls on lrorv fast power leselves of tlre
system are ttrrrred into generation rvorli ancl on tlre cffectiveness of primary and
seccrrdary corrtrol. In nroclern powel systertrs, tlre time o1 frequerrcy fall usuallV
does not exceecl a dozen or a l'erv dozens of seconds [13]. Pumped-storage plants
pla;, a particularly important role irr rrraintaining all kincls of reserve - primarY,
secondaly, spinniłg antl starrd-l]y l,eselves.

The absence of power limitations in the natiorral power system with the be-

ginning of 1982 clid not result 1rom extencling the powel capacity of the systern.
The unexpected but clesired_ clrange lbr tlre better rvhiclr took irlace th,at tilne
(1982). After severa1 years of slor,v steady risc in productiorr, tlre nation,al eco-

nomy collapsed again in 1990 fo]]owing tlre transformation of tlre political systerrr

and foundation of the rnarket econol]}y) rvlrich brought a dramatic decline in irr-
dustrial productiorr. From the poirrt of view of porł;er itrdustry, the situatiorr of
ensuirrg low clernand for polver from iltilustlI rvas rela,tively casy to cope With - the
demand rvas satisfted. Nevertlre}css, in 1983-1986 due to irrsuffrcient investment
feeding of the energy sectol, po\ł/cl cleficits wele recordecl ancl irandled bv 1owering

tlre energy quality clrrring on-peali lrours (1orł,er: voltage). As a result about 10%

of consumers got rroltage below tlre guararrteed level and about 7000 viliages Were

not given the perrrrission to extentl tlreir power clei:l,arrcl by introducing new lrigh
powel machirrery [25].

3.2.7. Reduction in trarrsrrrission losses

R,eduction in transmission losses carr be aclrierrecl by preventing overload of
transmission lines. The controi of polver distribution is accomplished bv means
of large pumped-storage plarrl;s, localised at tlre nodęs of tlre lrigh-voltage tla,ns-

missiorr gricl [26]. Th.e exa,mples of tlris liirrcl of iocaiisation in Europe ale Via1-
clen (1r0-0 MW) irr Luxemborrrg, Schlucltseelvetli (1884 MW) irr Germany at t_!e

Swiss border or tlre complex of wa,ter-storage arrd purnped,-storage plants in 11]-

lverke (1244 1\{W) in westerrr part of Austria lrext to tlre border with Switzerlan,d,
Germany ancl Italy - being an important node of the UCPTtr system.
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3.2.8. Redrrction in runrring costs of tlre systern

A]] indirect berreflts achievecl in thermal powel statiorrs combined with indirect
benefits obtainecl in tlre enelgy systern are clecisive for clecreasing global runrring
costs of the system. Hor,vever, tlre totai amount of these savings is very difficult
to estimate.

4. Conclusions

The operation of pumped-storage powel piarrts brings a series of advantages for
the powei system. Besides their mairr furrction - transfer of energy and power from
low ło pealr demand periods, tlrese power stations carry other important functions
like the intervention function, control function (irrcluding "start-up/shut-dorvn"
control, primary control, load flequency control), spinning leselve and oPera-

tiona1 stand-by Teselve. Deperrding on tlre confi.guration of system connectiotts,
pumped-stoTage powel stations perfolm also compensation work, producing re_

active enelgy anc1 controlling voltage in transmission lines.
The functions mentioned above brirrg a series of advantages for the po\Mel

system as a wirole. Amongst these advantages are: settling down the operation
of thermal poweT stations which has an effect on the limitation of break-down
occlllTence in thermal powel units, leduction in the consumption of fuel used at
start-up by off_peak ioading of thermal powel units u,ith pumping work, polv€I

generation at or near optimum efficiency, increase in the ałailability factor of the
por", system and in the reliability of en,eTgy supp§es, reduction in transmission
losses and raising the quality parameters of electric enelgy.

}lanuscript received in August 1996
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Korzyś ci t echnicz no-ekonomiczne systernu elekt roenergetycz rł'ego z
tytułu pracy elektrowni pompow5rch

streszczenie

Omówionq funkcje elektrolvni pompowych lv pracy systemu elektroenergetycznego. Podzielono je na
dwiegrupyumowne:natzw. funkcjebezpośrednie (t,ezpośredniooddziałującenakształtkuywejwytwa-
ru".ii w-śystemie) i na Junicje póśr"dii" (pośr.d.io oildziałujące .. p.uię systemu). Spo.śrrił funkcji ;

bezpośrednich omórviono: placę plogTamową, funkcję interwencyjną, fułkcję regrrlacyjną, uteymywa.nie j

rezerwy wirującej i operacyjnej rezerwy stojącej oraz pracę kompensacyjną. Spośród funkcji pośrednich j
opisano uspokojenźe pracy elek7rouni cieplnych, ograniczeńeich arvaryjności, zmniejszeniezużycia,paliwa l
na skutek dociążenia bloków cieplnych w okresie pompowania i pracę tych bloków w pob§źu optimum j

sprawności, oraz inne korzyści techniczno-ekonomiczne systemrr elektroener5etycz,r7e1o niekiedy trudno, j

bądź w o6óle niewylicza]łe w sensie firrarrsolvym. Artykuł stmowi glob_aJrre usystenatymwmie zalet i j
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