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. . ABARE CONFERENCE PAPER 96.3 ~. 

\Vater ntanagement in a fat· from 
eqnilibrintll system 

1\ model of t11e Columbia River 

Rosalyn Bell. Stephen Beare. Philip Kokic anti Felicity Dennis 
Austrn!hm Bureau of Agricultural and Resource Economics 

GPO Box 1563. Canberra 1601 

-+Oth AnnuJl Conference of the 
Austrahan Agncuhural and Resource EC\1tlomks Society 

~lelbourne. 13-15 February 1996 

Altenwri\·e \rat<'~· resource ctllocation decisions may present a 
wide range of trade,,j)s in rerms of both financial and 
environmental goals. The aim of rhis paper is to examine the 
inzplications of unposz'ng em•ironmemal flmv requz'remenrs in a 
multiple use river system. 

~Vaur policy choices are likely to involve tradeaffs benveen 
exrernaliries. Hence. it can be importallt to understand how policy 
change will affect the evolution of incentive structures and tire 
e.ttema/ities which may be created. Spatial and intertemporal 
equilibrium models of water systems fully in te rna lise 
extenwliries. To explicitly model the extenzalities of a system it is 
necessary to represent the individual economic incentives 
generated by physical, biological and institutional constraints. 
The modelling approach adopted here embeds these incentives in 
a way which doe:s Hot intemalise existing resource use coiiflicts. 

The modelling approach is used to e.w.unine resource tradeoffs Dll 

the Columbia Rirer systtNn in the Ullited Stares. The reshaping of 
rhe Columbia River to meer envlrommmtalflO\v requirements far 
end,wgered S(llmon has signij7can t implications fat future 
investmem in power generation. Increased spills from hydro dams 
promote fish survival bur result in reduced power supply and 
higher prices, principally in winter. Higher prices in winter 
increase the rate of return and gaspower generation l1t that time 
oft he year. Nevertheless, power supply remains lower on average~ 
even With additional tnvestment in gas power generati?m and/or 
irzvestnrent in wind powet generation. Furthermore, greenlzou.$e 
gas emissiolls rise as the power supply is increased through 
additional investment in gas power generation. 
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In ttod l1 cti on 

The competing usc of natural tcsources often presents ctHnplcx und dynamic p\)Jicy ptoblems. The 

rcgulauot1 nnd divers ton of water resources alters the naturnl f1ow dynamics and ecology of river sysrems 
but also give~ ri$e to a runge of econotnic opportunities. The efficient use of water resources is both 

facililntcd and con &trained by instit.utionnl arrungt~ments, such as u·nding rights, sharing arrangements for 
i.nfnlstmcture and regulations. 

The aim of this paper i~ to examine the implication!, or imposing environmental now requirements in a 

multiple use river .systenL or particular interest is the way .in which externalities may int1llence the 

dynamics of rc"iotlrcc u.;;e, spcdfknlly the ndjuMmcnt l<> chunges in re~ource nccess policy. the issues 

associntcd with en\'ironmenml r!ows on the Columbia River discussed by Buchanan ( 1996) nrc 
considered in the context or a somewhat \j1ylised example. This choice reflects an interest ill the 

complexity of the issues on the Columbia. and the availability or existing research on which the physical 

and biological components of the example is based. 

At present. the central is'-u~..: ~urrounding the Columbia River is the management of regulated flows to 

meet power generation requirement~ and to maintain populations of anadromous fish which migrate to 

the ocean and return to spnwn in the streams in which they were bom. Existing infrastructure includes 

over one hundred storage anti generation facilities which are capable of supplying in excess of 18 500 

million watts of electrical power, meeting 75 per cem of regional power demand, The reshaping of the 

river to meet enviromncntal tlow requirements for fish may have significant implications for future 

investment in power generation throughout the west of the United States and in Canada. In pnrticular~ 

Buchanan ( 1996) indicates that with increased seasonality of hydro power generation, future invest111ent 

mny be directed away from continuous energy generation based on renewable resources. such us wind 

genennion, to thennal generation with the consequent production of greenhouse gnsscs. 

In physical terms. the scope of the issue is substantial. The Columbia River drains seven western US 

stntes and a part of western Canada - tt total catchment area of fU'ound 670 000 square kilometres. 

Annual flows average around 7700 cubic metres pe1· second at the dver mouth. From an environmental 

perspective, the problem is cornplex. Individual fish species and sub-species may be highly dependent on 

local ecologies, and when these ecologies are degraded, the impediments imposed by downstream ~lams 

rnny present a greater threat to species survivaL Migration survival rates aretboughtto be directly related 
to flow rates (Bonneville Power Administration, US Army Corps of Engineers and US B~treau of 

Rcclamatioi1 1991 ; Hydrosphere Resource Consultants 1991 ). In the case of darn passnge~ gretHer spill 
mtes would reduce the number of fish passing through the turbines. Depending 011 the tithing of i1ows, 
in stream survival may ~Hso improve becattse high spring tlows \Vere a characteristic oflhe unregulated 
dver in which the t1sh species evolved. However, high spring tlows correspotldto a pedod.ofrelativ¢ly 
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luW pnwer dcmmnd,. and nperathlll of tht~ dnm~ W t'CStOtC thi\ f1ow pnUetn WOt1ld l'Cd\lCC Ct\J)ncity \(1 meet 
peak clcctncity toads m \Vintcr nnd, to n lcs\ct ex rent. iu sununer. 

1n a dry comincnt 'uch as AuMmlia, r'lV(~J' sy~.<tcm problems ate mo!'e focused l)l1 water nvnilnbl1ity nnd 
qunlity. I·IO\\•cq~r. thl;! Link between phy,icnl nmv~,~ ~u·cnm ecologies ami ectHtomic u~us nrc no lass 
c,"ll\1plex. Aherntlll\'t~ resource allm:utinn dcci~inn" nmy present u wide range or trndcofl':i intet·ms oflmth 

finnndnl nnd envtronmentr~l goul~o. 'Wililt' thC" sp"l<.:·iflc nl)jeetivc of the nmdol developed he.:c is w exnrnit1e 
t.ht.~ unpnct nf envimtlmt.mtal now reguhutml' f<w the Columbia River on fmtu·c irwestment in power 

gcnt:~nHlon. ihc nH>dclhng llJ"~Prnudl pwv1dc~ a fnuncwork for cxaminil\g tmdcotTs assrH.:iat.cd with 

cn\.irntHnt.mtul t1o\v regul.auon~ moJC' g~;.~rwratly. 

Externalities nnd optilllisation 
Tllc cont:ept ot an cxtcntahty t' ct::ntral to t'<:onomlc theoric'i of ertkicnt rcsotm:c nH(lC'Utinn, arising when 
the im:t\nttvc.., l;h:ed hy nhlwtdual ngcnt" arc not \,~qmv~dcnt to thn~t> generated by a glohal nbjcctive 

(~untmonly. f.he mnxnm"a~ion nl 'lOt.: WI \.\~-.IJ•lnn, 'The notion of nn externnhty if) unt limited to economic 

a~tl\'l.ty; C\lt'f'l11lhUc\ mny he ~\,\0\.:Iat\:':'d \\lth \P(:!<:tfH.: e!IWirnmncntttl ~onstrult.Hs which are cntt of' 

alignmt:'nt \\ uh a Wlth."r "-tWml goaL The ccnnonm: prnhlem of nchieving the most efficient nllocalion of 

natuml t"c,ourc~' b often cu\l tu a global optirnt"ntlon or equilibtiurn frnmework, Ftarncworks rnay be u 

spatial and/nr unem"mporut cqUthhnum rnodd. hut ~har\! the cnm.r.non lemtu·e that m the optimal S(}ltHior1 

rtt,ourcc U\C tradeoff\ nrc fully inrcmnltscd. Tn prc~erv~ illl cxtel'nnlily nn addHionnl belurvim.11·al 
t~tlll~tnunt on re,ourt'(.' U'-t' rnu~t be 1ntpo\Cd lhat b •• the cxtcmalily i~ not n consequcm..:c of n dymtn1ie 

hehr~vtour nf t.hc 'Y'-h~m rcpr~~entcd hy the nHhict 

\VHhtn u ~!lnhal nptmu~tattnn hatne\VtH'k, the rcmuv~ll of nn>' binding cmlstrnitH is gunrnnteed to yield nn 

udjuM.rncrn to\\ ,, d u globn) eqmhbnurn and improvement hl the <:>bjcctive function. This may still provide 
a l'Ctts\muhk rt<prc\t.'ntatH.m~ 1f the \Y"tem bcmg modelled is ncar l() the equilibrium rcprcst!ntcd by the 
nb1ective runcttnn Hn\vcvct". n b rcnsonnhJe to expect, in u cornple;x l."nvi!·omnentj thm the removal of n 

ctmMJtHIH nwy lead to a \\orw outt.:mne g:JV(!t\ that other phy~icul or instituth)rJal UJTangernents in the. 
l'Y'\i!tn nrc nrn t:hldrc\~ed. Sw.:h a ~y\tetn might be dus~Hicd n~ fnr frnnt cquilibnum in thnt the dynamics 

r:>f the ~y..,t<·m ¥e hUJJcly dctcrntml~d l:.1y the iut~ntction bCl\VCt~n isolated components of the syst.em. These 

interactton\ nre ~he prm:cl\s through which exlcrnulitia~ M'¢ generated. 

r:counrnic incenrivc structun~s may be isohncd spniinJly and tctnp()l'tllly. Sp;ltinllsol~ttion ()CCUI'S tbmugh 
property dg:tu~ which dctlnc sptuial bmmdnrics to vadous resouratt Htl()cation ducisions. 1'¢mpQrnl 
isolntlon is exemplified by the pntemhll. problem of intarg.cncntti<mal ¢(}tlity with public g(>tlds. ~Phct-c ¢•m 
be o1hcrdin1.cnsions. such as exclu~ivc rights w ptoducc ornwt:kct, "'hich isolntc f:inns .fi'OUl Cl)!llt)cdUoh 
tJl1d trodc. Crcatlng tmde b t'UHHl)\.miy put t•urwm:d ns Rl'l ecomnnic insn·\nnct\t for hHGt'llnUstng; tUl 

cxtemnlity .. HtlWt":"vcr, trnde involves tnmsnetiml C.tll\tS, of derinhlg nnd cnforcing:ptope.rty l'ights, ·whteh 



can be ptohibitivcly hi~lt. Fm· example, cnns,rdct· lh~ dift1cult.y in dct1ning. rights which would effectively 
nlhJw trn"i:le of ct'lmmndtt.ie~ ~ut.~h ns cle:.m air. \Vherc cxistcl1Cc Vt\lues nrc impt)rttHlt, these tights m~l)t 
simply be undefhmble. 

\VhHc t.ht.~ objccuvc of \Vnter polk~· mny be to nmxinuse socinl welf:rrc fn.ml wntcr resonrct:ts tlwougb t.h<:S 
rc{~Ugnment of ecoiH)mic ~md sncinl mcenuvcs. itl'-llimtiotHll :UT:mgcrnents cannot fully nddrcs$ thi$ 
objective. Givm1 the difllculnes of dcHninp.and enft'ltcm·g mJequme pmpcrty righ~s to pubUc tesom·ccs t.hc 
link bctweeu av~tiltlble poltc>. Hl\tJ'tJmcnt' ;tnd s(tdat welfare muy be weak. Consct}Uetnty, res<:>tu:ce 

pnJ.icl dloi~c-., are likel) to mvntv'· tnuJcoiT~ hct\vecn extemalil.icfli. milking it itnpfl!'H\Ill to UJlderstand 
tww r\)hcy d.1angc wJH ~•ffct·t the c-vohllmn or mcenuv.: ~tnu:tures and the e:xtcrnMitics which tnny be 

cre~ned 

Cmt~tder an AU!\H'altan e\mnplc En\'tronmemal fk)\v rc~tricu()n~ nrc cun·cntly being. ctms.idercd m which 
n~~es~ ((l \\ater WtU hl~ l\'\tncted dunng pcnod~ or lnw nnw. LO\v now pcriQds ttre oncn ~ISSt)Ctnled whh 
pcnk water demand nnd ~udl re,tncoon" may aher the nsk profile for formers of plnm.tng perennlnt 
vcrsu~ annual pa ... tm'c\ ;md ~rup\. Pt•rennhd ~rnp~ pre~ent n g.remcr risk but ntqy pl'ovide a menns <:>f 

inct"e:tsmg evupnrnunn and tran~pinllltm lt) mnnnge high sa fine wntt.mnblcs. Reduced sttcnm :1ceess 1111ty 

generate a trndtxH'fbetwecn stream water nnd gmundw~ner mnnagemct1t in st1mc regions, nnd mny result 

in a shift m t.h~ mccmivcs to plant diffet•ent crnp~. 

Anoth<!r exmnpl¢ is found u1 hydmelcctnc power ge.nerath>n by n single larg¢ scale utility QX:ctdsing 
nmrket p<.1wcr. Transfer of control of the d:nns to a number of utilities may brenk the monopoly nnd 
genet'tHe mt'lre C{)tnpetitivc pricing. Howuvet. the incentive for indlviduul tlrms to store wmet' in a wny 
which mn:dmise~ the overnH value of power generm~d from the system of dams is likely to be lost:. For 
exumplc. un up!'.t.tcam fnciHty mny rctcn~c wntcr m t\ time when it c~m be neither stored nor used fot· 

power get1erution by n <h.'>\vnstrenm fnciHty. It Wt)uld scenl t.h:lt such a ptoblcm could be solved by 

ntlowing. dt)wnstream firms tt~ purchnsc stm·ngc from upstrcMn firms. H(1WCVCt\ t\S the upsu·ctnn t1tn1 
suppUc~ lowc1· racihtic~ with the \vmer to compet.c with it, the upstream finn may tnke i.tlt.O nceoUtH. the 
potenti~\t itnpact uf relensing wntcr on its own level of ptr1fh nnd chttrgc n higher price f<Jr wntet storage 
nnct rctensc. effectively rcdiJcing (Jr eHminming trnde, '1"he I'hysh~t\l link betwc¢n water flows ftotn one 
dum and the next would appear to gcnernte a potentiut negntivc ~xtcrnalHy undct uny llmt·ket stmcmre·. 

The ()J)timul solution ttmy be a regulated nwnopoty, but this conclusion mmn<.lt be reached or diS()\lt¢ti 

without tm undcrstnnding of how the physical link shirts ecotmmic incentives unde1~ <Hrfcrent; JnstitlHiotml 
.nrrnngcments. 

T<> rnodel the. externalities or a system does not tequlre :my fundmnental shift in pnrndi8~tt or 
methodology. his shnply nccesstwy to identify and mprescntthe.isoh1tcd¢c<,I10otic in¢~ndv¢s<gpn¢t;\~¢~. 
by phy~ictll, bialo~tc~~~ und inst1nuio1ml cotlstr~dms. Thuse'bt!huviOtital fneenHves'l1ltJStbccmb¢Ud¢d.ina 

~~~.;"·.·. '' ',, ~.~ .. J 
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w::ty vdtich d<1~s not itncc·nnlise existtn!t res.our~e: use cmlflict:K, nllowing, t\)r H1l~Hiple tmd dltf~ring 
obJectives to d~lQrminc cconotmc b~huvimu·. ·r~ho (.:t:>ncrrmml (.lrohl¢m is t.nrg.e.Jy onQ (Jf deslgu. ~rl1e 

prnen~~tlpt·ohlem is t~ne tlf ))o\ving ~t nurn.ber or tndividu~d oprimis;ltiollt'>roble.rus ;md ulJowing; for n 
l't\llg<t l~.f pOs';fbh~ mtcrueHons between <:nnlpettng economic ngcnts. 

~lodciHog franlc.,\!ork 
1~WO nspect!'-1 of the modelling. frmn¢W<Wk Me th~(;\J!!iM'd b~lO\\'. First, the HHithcmntfcnl speaificmion of 
tnt1d¢l is pre~emed in tern1s uf its. mdhtdual ph~Sck~ul\ hit1k1gic,tl and cc<momie C<Hll{)t:mems. Seeond* the 
design \lf the IJltlthdt:~ h~ pre"'Qnted to tHustntte hnw the cmnpommts tlf tht:! mndcl htrcrnct in the ccmte~t or 
the stmulmitm 

U.ydt~Ol(lgicttl l'lU\\·S 

The spnual sll"ttcture •Jf the model •~ ~..hncrntmed by physical river flows which nt nny J)(lint lll:J}f be 
minimnUy .d1~lnll:ten~~d li} \:t.llttnle. vcllK'Hy ~md pre~sure. T'ltc pressure of the t1t1W is eonstdcred h\t.et in 
euntCXl t~f the h~drauhc head fiw fl\l\VCr generutmn The OhJeCh¥¢ hare h .. to represent now t{He~ in n Jn~~ge 
scnle river syMem. ignfH'tng the h~dmuh(•~;j of itlstte~un now"\. The spnthd aspect or the p:robl<.Hll is 
represented by n direl'honaf t1ow in one dtmen\ion .. For tt g1ven wnte.r velocity. f)ow rmes ure detel:minod 

by the ct•oss .. ~cction;tl ;t.ren tJf the 'tream fin\\·. ·rhi~ change in uren rs propagated nt.~CQrding to no 
udv~ctJve eqtmlH .. Hl for a wave (Pte~~\~ Teukt\bky. VtHterling (tnd Fhmnery 1992).: 

whete t denotes time mui :.. the &paHal t;t'HJtdinnte. Thi:,. etm be solved by finHe differencing ush1g tl 

forwnrd time centted representation: 

whete j is a ~pnliid M.Jh>;,cript m1d n is u tcmpornt supe1·sctipt. Noting thm now rnto is the tlroduct of the 
cross .. seetionnl nron t\nd velocity. the equation may be t\'!:Wrincn in terms of the now rtlto: 

(l) +t I ( . ) velocityAt { ) j7ow; = .... j1aw;~, + jlow;'~ 1 .- · . . .. · }1ow;f,- j7ow;.,1 2 2Az 

Eq\UHion l is the pril1cipul equmion for the hydtologiaul compon~:mt ofthe. model. 



llish ll<)n\lh•tiuns 
13iofogie:tl rC)Htkmship\ intrOdUCC a dynumic COil\[)()flCl.ll to the Jllt)del, with the tcmpt)I'~\l dcpCtldCrtCC. or 
future populn.tf()ns on ctu·rctH maJ pttst populntions. The rundtUIJCntal rccursit)fl hi on extension oftht! 
logistic popuhlJi(ln model tt~ i.ncorpm~ntc n ngc C<)hnrts 

Colmrt~1 = C011 ±fl- Pn )rJt,Colwrt: - Cu1[ ffl- Pn )t;J,Colwrr;]l 
•"I'll~) J"'I>H-\ 

(2} Cohor( = (l- pjCn/zclrt; 1 i = l., .. m 

Callcwl: = ( 1- p )( t- VI '}Cohort: 1 t r.: m + l. .. H 

j denotes an ind1nduaJ 'fm\\ nmg gmund. 
<H, nrc the hJg,huc popuhtlinn tnodel ~ocfl1ctcnt~. 

m i,.. the last juvenile cohort. 
P~ h th~ death rare Jor the Hll cohort. 

t>,, i~ the death nuc t\w rettu·nmg adults rrntn cuhQrt i. 
vr, h the proportion of rct.Urning ndults from cohort i. 

The juv-enile },ttlmon or ~moh~ migrate dmvn rivet· after spnwning itl spring or early summer. The 
populutions m·c subject. to nntnral losses thmugh predation and losses in dam pussuge. the cqn~nioq 
structure. for these cnmpt~ncnt:o, of the model havt'\ been ndnpted from t.hc CRiSP I model (Columbia River 
Snlmon P~tssugc model) developed at the Univcr~il.y of \Vnshington (1995), The CIUSPl model h~1s 
octnilcd specification!; of migrution. predmion nnd dam pnssngc. These relmiouships hn~'c been siJup)ified 

considembly, while attempting to mnintain the basic relnttonship between t1ow rntcs ami t1sh Stlr:v.ivnl. 

The nt1gnttion of ~moll poputmwns down river follows the propngation of Wutct' flows in necord~tnce 

with equm.inn ( l }. Fish mignnion rates in the itlt rcnch of the river nre deterministic and t1rC nssumcdto be 
propottional (dr(/tj} tn dvcr n(l\\1 

lnslrcam rnortality rates depend on river flOWS, tlCCOrding to the formula: 

motta/ity, 1= . . .. . . . . 

l+exp(- . Po,. ----+{J flow-) 
. teach distance1 

1
' 

1 
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;:, 

where mt1t"J(?lity, is the percentage of f1sh dying in the Hh rcachf ttnd Pi arc cocft1cic,nts derived fror11thc 

CRiSP l. model by holding other cuvrtrint.es m their mcnn values. 

Upon entering Jhe forcbay of the dam, the smolts must either pa~s over the spillway, thro~tgh th~ hydro'" 
¢lcctdc turbines or through n turbine bypass channel, us Hlusrnucd in figure 1. 

Pus$nge of fish pnst n hydro dam 

The bil!-lic cquntion structure for the pnh~ag.c of fish pust the dam is taken directly from CRiSPl. The 
proportion of t1sh migrating from the forcbay of the ith Jmn is a function Of total t1ow l'Ul¢S from the 

dnm: 

= k flow, 
I 11lfi.\ j1ow, 

Where k is a constant, and max jlow, is the muximum hydmuHc cnpacity of the turbines ;1t the dum .. Thf.~ 

proportion of tlsh passing over the spHlway is rt functiotl of the relative, Oows through the·turbinc intakes 
nnd th!l" spillway: 

tt~.::/: .. ~::.·:.:' ' ','.\·~.;~.·t:.~ .. ~:~.j~;·,~~· .. j,:,,,-i,,'.:,', '" 



tho fish which rmss through lht) tm~bino h1mko m1\Y eillv~r go through the mtbin~;s or enter a byp:.1~s. 
ctuuu1et The propc,;)ttion of fish which enter the bypass is n constnm~ and depends on the d(!sign. of the 

b)tt>ns~ m Ctleh dmn. 

HydrocJectric powc.w ~~\:nc.t•utiou 

Overluying tho phy~knf and biological components or the l'ivcr is nn 0¢()1l01l1ic ftnmcwotk which cm1 be 

generated by attempting to constrain the phy&iC~ll and biological componcms, The UlO.St sigul.fic~mt 

c.x~unple is tht: wm o:f a l'ivc1· sy~tem for hydrnclet;'t.nc pnwcr gcmmnion, and this c.xaml>lc.ls devcJopod 
in thi~ nl()dCL Hydroelectnc poWCl' genumtion t'C\Ult~ in au ndjustmctH or a tiver's tHmmtl now t):.)lterns 

to conform more ck):.,eJy w water u~c rc{tt.tiremcnls thrnugh thc:.t Ct)nsti'UCtion Qf dams. 

J\ hydro dum cun !'lcr"vc twu purpo\Cs< to mise the \Vnter level~ thus crcming hydt·auHc heud Oh~ vcrti¢;tl 

distuncc between the sutfuce ur the rl!s,~rvow and the ~urface of the rivet· hmnedhHcly downsm:mm fr0111 

the dam t nnd ttl creme n \Vater t'CM!I'Vc for use in periods of lo\v river tlow or high power demand. 

ln lhc model de\'cloped. 'I hydroelectric authority is assurned to telen~e \Vater from those dnms em the 

river which it ()pCI'ntcs to maximise profits subject to construints nrising ftm11 its gcm~ratiOil cnp~\¢hy, and 

the physicul ch~r<tcicJ·istics of 1he river :.md rc~ervoirs. 'the amount of electricity .gen~rfttcd (E kitow:.uts) 
.is n function of the qunntity of \Vater fulling through the turbines {v· mclt"c~ per· seeond)~ th~ hydraulic 
bend (b metres)~ nnd J.he eftkiency (y} of the operating equipment (gcncrnHy in the rnnge ofS$ .... 95 pc1· 
ccnn. One kHognun of \Vntcr fnlling one metre will genernte 9.8 wtltts of electricity~ whci'C the velocity of 
wmer is thm obtained from the ttcceleration resulting from gravit)'· Hcnct1, the number.()fkilownus or 
electricity gcncrttt<.~d per unit <Jf time lhn.1ugh one turbine is given by 

{3) l:.'= 9.8vhy. 

'The rclations.hip between tht' stontge V(lltmle (S) and the hydraulic head for a idealised reservoir 
geometry. <J1gurc 2). is given by: 

(4) 

IU!r((/ =<fore/my (!levmirm) - (Wilracc? eleva firm) 

('I I' 
. 1 ) stora.~e volume 

;:; UWI Wig lf · · -· . · . , .. · · · ,. 

1-,.,s 
;::; _::__. . -u·H 

wtnn<P 

reservmr oapacay 

where w is thG width or ~he river ~u the dam, '¢ is the t1fl!;de sttbtendcd by the dnm WAH And tbcriV¢t 

noot\ rrH is the clcvmiou ofthe tnUntoe. 



w 

FOI'Cb:ty 

(volurnc=S) 

Comhimng equntions J nnd ·I for po'.\Cr t:encratcd und hydrnulic hcod give'S 

(5} 

where: 
' ' ;, 

a= 9.Sv 1--=--· 
··~wtnn¢ 

/i = 9.8y(trl/ J 

Consider tl utility facing a liucur dcnHmd function f()l' electricity ou a river system with untcgnhlled 
h1t1ows. Over it:5 plmm.ing ho1·izon, the utility is assumed lt, cht1<)sc the outflow from ettch dnm ( vf) thut 
mnxifr1ises the present vnlue or its profits subject 10 the consu·nints of euch dmn and the. scqucnthll 
n~lmionsbip between dmns. The change in the volume of wHtcr stored m durn/ over an intetvnl of time 
( S'} is n function Qr 11ows into thnt dttnl -·both unregulated inflows und spills frotH highe1· dnms (XJ) and 
flows which are the result of ctcctridty gcnerntion at the dam immcdimcty i:\bovc (Vf-1 ), nnd nows out of 

the dnrn (v,). Plow!'t mu~t be non~ncgntive and Jchs thnn the hytlrmllic cupndty of the hll'bines (vnwxf). 

Storage volumes rnust be within operating limits (Sma.rimum nnd Sminimum)· 1\s n 1·esuh of cvnpt.wntion 
and ptm.!c)lution. only u proport.iQn ( ri ). ()f tlows rcnches dowt1streum chum;. 

For a linonr sequence of chuns. the problem. cmn be formulru.cd ;Is an optimul control problem Cl'~)l1 :t 

genel'al reference, see lntrilligntor 197l): 



I' 

Sub!c!C 1 to 

for i >I 

P'or n t•t.ility prodw.:in!! outplll hand fadng n linear denmnd t'urvc fnr electricity with price intcr!.!cpt (t nnd 

stope b, then: 

{6) P~a-·bE 

'::1 a- br, ((t, \,:.s: - 8,) 

To genemlisc the hCquetwc of dan'"· lhc Hnrniltonwn may be expre~hcd in rnntrix nonnion ns: 

where 

a= dictg< ex" ..... .rt.11 ) 

S:::::: diag(Sp ...... S
11

) 

v' = ( v1 ,. ... ,, \'11
) 

X I ::; (,\'I' ..... , X,,) 

•.r 
A = Ut,, ...... ltll) 
,,. =(1, ..... ,1) 

lsr = to.,. ..... o,J 
A is em (n x n) nw(rix 

The orgnnisntion <>f darns olong the rivet' system is speolficd itl the A mntrix ofthc Httnliltonl~h whioh 
describes tho se.qucnce of flows between dams in the river systctn, Each t'()W is ussooiatedwHh u 41 

ct:lefllcient (.if t.h!,': vulut:: 1.>f' un ndditiutHil. U!tll olt wni~l' at drunl. the Vtilu¢ of itn itd~UtiQf!i1l nnh v.f Wt!l¢f 
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t'clanscd front dnm I Is e{rwll w the vnhr!;! of the puwcr guncnucd at <hun I plus the vnluc or.r.my pmvct 
gcnot11tcd m the next dum dowust.rcmn which r·cccivcs the water· t'Clcnscd fnmldtun f. 

There nrc n number or dif'l'cnmt \vn~~s in which dnms may he nrnmgcd ntong n rivet~ systo.1.n, the modGl 
dcvcl()pcd nllow~ few u dam below nn tHH'cgulntcd ht.~ndwatcr, t' dmn with n single dnm dlrect.ly l\bove il 
nnd n dnm with ::1 c<mflucncc thlm two dnnls ubovc it <figure 3 ). 

The con·c~pondtng A mmnx fnr th~ ~equencc of dnmli in figure 3 wollld b,~ n mnt.rix wHh four row~ nnd 

f<Jw· cohunns: 

{ <•~ l 0 () 0 
0 l 0 0 

r, 0 I 0 

u r,.. r. I 

(JF .. I 
+A ,:t:,c;() 

(~\' 

(8) rHl dF ! 
"'~·"- ~~ '~-'"""}j ~ lff'hr<' A 
(lS lis 

(0) 

t I 
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~nllHI(ltl i~ CU!nJ)UtCd, '!'hi~ MCp ~~ l'<~pt:nted lHHJl nil dmns t\I'C nt 01' below mtlXi!nUm l~V~ls~ 'rhiJ'd~ Wtlh 
those dnms whkh hnv~r' ~'<H'ct~d spill~ nol fnlly used, rtows nre Q;'\ogenJs~HI to 1\tiiY usc the splH, nU othot• 
dtntlh flows nrc cndngent~cd, nnda n~~w h.Hcrior ~oludon is C<1mputcd. Thclh th¢. nlg<JtHhm. i'Ut\H'!\S t.othc 
sct•t)nd slep .. 

A hydrn~Ziectric nmhnl'llY npcmtm!A (:Jl) a rivel' ::.ystt~m ll\i\~' l.lot t)permc 1t1 l:-inlmh:m bccuuse nowsft'(ltn t\ 

hydm dmn arc ltkcl.y tn influence future duwnKir,:am conditions nnd nt.hur wntcr uses. As n rcsulh diHllS 

rnny itwlud~ fbh ladder~ h> md u, np"'trcnm rmgnll.ion nr fish., splllwuyl:l to nllow Fish lo pH8£ <'>VI!r lh~ 
dnn1 m dn\Vtlstremn m1grulll.'"· and bypa!:,\ ft\l.:lhU~;, tn r~dn·cct fish awHy from turbHw:s. The wute.r f1mv 
avuilublc for clectncity p.t.ttWntlttm will h<1 rcduct~d by the nlloculion of'wmor ro orhcr t•iver· uses~ such ns 

rcq.ui.rcd 'Pilla~c ~~~ t~ach dmn tor fl:· h ptl~"ag"'· dtH'f\ions frnm lhl'! rivet' for urbnn LH' ngriculturul tJ}i~~~ 

mnintcmnrh·~ or n lntntn'''i•l '\nrnpc i~vel for n~cnmtionaluse~ uf ll1\~ t'iVUl\ nnd losses ftt1ll1 riv~r ilr,ws ns 
n I'Csult ot "ccpatte nnd C\'npnration. \Vntt>r ~pi lied from a I'C'\Ct'VOII' Is unnvnilablc for hych·o power 
g;cncnuinn ut thul purti~.!Uhtr dmn~ hm muy he nvalluhl~~ for futw·<~ power gcne.rnlion nt low~,, chnns m~ for 
dtveJ·sion to othc.n rtHn ll\C~ duwnMn~mn. 

'l'he redu~oon in w~Hcr flow nvailabk~ for alcctnctty· gc.•nc:'nlrion ah n re.sull or spl.llog~ m· diVCI'sions to 

OlhCI' river UM~tl muy lllt!OU lhnt mxufficumt flows UI'C uvnilnhlc fol' gcncrntiotl orhydm poWer in titllCS Of 

pcnl; power dtHnand. Thl~ \\'t'ltlld depend nn the tll.ning and locution in the tlC']UtHlCl~ or hydm dmns C)l' 

uny rcqutrcd sptlh.t.te or divcr~ions lh>nt the nvcr· syMcm. The opportunity emil in tcnns (lf lo~t pot~ntfnl 
powt•r gcnerution is grcnter fmnl dnms whivh nrc lmvcr ill tile river ~yst~nn. NcverlhclQsb, thn potC"minl 
mdw:llon in ll}'dr·o powN g~twnnion cnpacny rniscs the pn.~:isibility lhat r.thonwtivc fonns or cnoegy 
gt~nermmn lllilY VHthly meet pcnk power denmnd in lhc regirm. ·rwo fhnns or t~IQ(,.'tflcity gunei'Htion 

spccHicully 1nmlt!llc•d un: n !1u-, gont!l'liWd powc-r fitcilit) und a wind gcncn\tn1· fnt·m. 

<~ns gcncn•t.('d olct~U·il~ity 

Ons fired power g~.;;m:mtttOil plnnt~ nrc idc.HIIIy suited tt1 tn9cling pcnk power dumnnd bocnuse, unlik~ u 
etml nr~d powc.r sunion. they <~nn he quickly stm·tod up to meet incrcnscs in power \1\:tmond nnd shut 
dnwn wht~n powm· lond~ drop. In contrast lf) the phy;,icnl cnnstrnints fnt~cd by n hych·c1ch~etdo utility ln 
maximising it~ prnfith, tho profit 1m1ximisin~\ decision l)f the gns utility is tmcnnstrnlnod in t.he model 
d~vcloped. The Bns utility i}; H!<i:mrnod l() fnce n litlonr dcmnud curve ft1l' clcctriohy, ns tepr~scmcd by 
cqnntion 6, nnd It) produce thm qunnt.ity which cquutt~s tho mnrginnl r<,w~nllc or~"' t~ddit.lonnl unit with lht.l 
n·w1·glnnl ~()St of producing lhnt nddiHonul unit. 

Marsinnl revenue is do rived frmn the current dcmnnd r,w ¢lcct.doity in tho rmwkct, M;wghml q()St.ls n 
fttnc1lon of tho p~w nnit gns pdce nnd tllt,hllcnnm~c ~osu;. fetm tm\jor t'llrming '~¢fit of n gns fli'c<.lphuu: Is tiJ~ 
cost of l\1cl. t\'hlintcnnnce cm;ts for g11S n1rbines nro honvUy htflno.m1od by thoit tl(JCJ'l\li<HH¥l :p.ntlol'l\ nnd thtl 
nurnbet· or sHII'IUps. 'T'h~~ stnrlup of tl gns Fired pow~,. pltHH r"duccs (he time bclw¢ell mtuor ov!ldnntls ol~ 
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the plnnt equipment by around thinccn hours over u typical life C)f 30 yenrs {Intelligent .Energy Systems 
Pty Limited 1991 ). Hence. rnnintcnuncc costs arc. highct· for ~l plnnt used for pcuk power generation thiUl 

for base loud power generation. given the increased number <:lf smrtups r·equired. the decisi<)ll to shtlt 
t'own a gas turbine t;1kes account of the fact that the subsequent startup brings forwnrd the costs which 

would be incutTed in ovedmul or replacement of the tul'l>inc. 

The algorithm employed to optimise rettwns from gas t1rcd production constructs u piecewise continuous 

marginnl cost curve. then determines the point nt which marginal costs cqunls marginal revenue. The 

nmnh~r of segment~ of the marginal cost curve i~ determined by the number of turbines. Cias turbine~ 

mny '"t: t1rcnned separately nr jointly With ~t stream turbine inn combined cycle. The marginal cost along 

each segment depends on whcth~r turhinc ... are operating on an open or a combined cycle, 5iven the 

higher efficiency of combmed cych.." opcrnuon. Marginal costs on <.~ompletc segmems of the curve which 

arc hdow ctttTent output include an addHional shutdown cost. For n given segment: 

(13) 
if power!! currelll output 

if pmver < currem outpta 

,,·here ·gcost' is per unit cost of a million watts equivalent of gns energy. ·eft1c' is the turbine efficiency, 
anJ 'maint · and 'shutdo\vn' are maintenance and shutdown costs expressed on a per tnillion \vatLc; basis. 

A key disadvantage arising from the use of non-renewable fuels such as gas for electricity generation is 

the emission of greenhouse ga.~es. Per unit of power generated, exhaust guses such as carbon dioxide are 

lower from a combined cycle plant than from a plant which consists only of open cycle gus tmbines, A 

combined cycle plant can l'lpcratc at around 45 per cent efficiency in the conversion of fuel energy to 

electricity, compared with around 31 per cent efficiency from an open cycle tUrbine (Electricity Supply 

Association of Australia 1991 ). The nmount of greenhouse gases emitted (carbon dioxide ir1 the case of a 

gas utility) with the production of a kilo wan of electricity is given by the following t'elmionship between 

kilograms of carbon (Carb) per kilowatt hour of electricity (£) and n conversion factor of (44/12) to 

convert carbon to carbon dioxide (C02): 

(14) COz = E(carb) * 44/12 

Carbon dioxide per kilowatt hour of electricity generated is typically in the range of 0.3...,0.8 kilogtartlS; 

depending on the efficiency of the plnnt and the carbon content of the gas ttsed (Electricity Supply 
Association of Austrnlin 1991 ). 
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\Vinci powered goucrators 

\Vind pO\vcrcd generntnrs provide tHl alternative renewable energy sotn·cc of electricity gcnet:atiotl. As 

with hydru power, in the generution of electricity they do not impose externalities such ns ait pollution on 

the surmunding region. However, wind power generators mny ptesent altcrnntive externalities such ns n 
hnznrd w bird lif'c in the region. The ability of n wind powered electricity genenuion p.lant to rnG-ct p<)WCr 

detnnnd J:i Jhnited to those times when wind vclQcity is rcliublc ttlld su(f1cicnt to drive a tul'bine. 

ln tlw model developed, wind .speed over nn interval ()f time is assumed t() f(11low n \Vcibull distribution~ 

u~ used tn Carlin untlDiescndorf ( 1983 ). The \Vdbull distribution is dght skewed, non•ncgntJve and can 

tnke on n val'iety of ~hapes. The llt of the \VeibuH is gcncmlly very good in the mil or the distribution, 

p:wtieulnrly imponant in wind energy applications. The distdbmion can be dcscrihc.d by two non~negativc 

pmametct~. a shape argument and a ~calc argument. The '\muller the !\hnpc ntgumcnt (a real number close 

to 1 ). the closer the dbtribution to an exponential <.li\tribuuon. The larger the shape argument, the more 

the distribution approx i mtltL"S a Gnus~ian. 

As in the ~ase of:.l gns utihtyt the pmlit maximising decision of the wind fnrm utility is assumed to be 

unconstrained. However. the utility cnn only operate its wind generators to produce electricity when H1u 

... ~ind speed exceed~ a minimum ctH·in ~peed but is less than the rated shut dQWn wind spec,1Clf The ctu-in 

and shut down wind ~pecds are specific to each wind farm ( \Varne 1983). The a moutH of electricity 

gt'ncrated by a wind driven turbine i~ determined al\ a function of the rntcd capacity or the wind turbine 

and the wind speed: 

... j(O Wl.·ucl .. spe.ed )' . 1:. = __ ..._.;.. __ capaCII\' 
rated sp<u:d . • 

capacity 

1{ shutdown speed,$; wind .\]Ned~ cur in spat~d 

if cHI in spi!l>d < wind speed.::;; rated speed 

if rated .\yJeed < wind speed <shutdown speed 

The wind farm utility b. ussumcd t() fnce a llnctu· demand curve fbt' electricity, as represented by equation 

4, nnd to pt·oducc that quantity which cqumcs the marginal revenue of nn udditionalunit with the margimtl 
cost of prnducing that additional unit. Murginalt'cvcnuc is derived ftom the cuttcntdetnt\fid few clcctl'ichy 

in the nmrkct. Marginal cost is n function of maintctHlncc costs incurred in the c.1peration oft he wind farm 
(Intelligent Energy Systems Pty Limited 1991). The nlgorithm.hnplemcnted in the model simply turns on 
turbines up to the maxim urn number of turbines Installed if; given. the current estimate of demand, 

revenue is increasing. 

Ecoatomic links between optinlising utilities 

Ih the proviskm of electricity~ h is co1nrnon fo1· there to be, few utiliJiGS supplying electricity lh a r~gi'Ort, 

so the electricity mnrket: is often t11r from perfectly competitive in opcnilioth Atli'rt1p¢tfcot1y con1pc.titiV.c 
utilitY 1nnst tnke occount of its dvals\ actions itt muking Hs 1..1wn pricing ~utd Ol1tput deci~ipt1K. Ohe 
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approach to tllOdcUing such a tnnrket is to incorporutc itl thl! profit maxhnish1g n~unework for etlch 
utility. how thm ~·tHity expects its rivnls' output tQ change in response to its ownoutp~ndecisions. Each 
utility wiJl react ro changes in the level ol' output n·om the othct utility nnd have a .t'enction t\:mction 

dcsctihing ho\v much each utility will prmhtce as a function of givcil output of the rivnlntilities. There 
nt'e u number of models of imperfect competition (sec 13ingeJ nnd lioffrntHl t 988), including b<)lh pdcc 
tUld output conjccturul V~\.rhHions. The ap{)n.mch adopted here derives l't"!iidunl demat1d functh::ms rr.om 
conjectural output vndntions. 

Considet n n.uwkcl for elcctrkity in which there i~ one utility fndng n .lineur demand curve with pd¢e 

intercept a {tnd ~tope b: 

(16} p;tt-hl:Q 
... I 

where P is the pnce rccctved per unit oi de.ctricity produced. und Qi is the qmuuity of the electricity 

produced. The proilt function fm·the ith utility is given by: 

(17) 

where Ct Q i) is n vnrinble cost function. The ith utility's reaction function can be derived by 

differentiating the prollt function with respect to Qi and setting the derivative equal to zero; 

where: 
II ()Q 

r=2+2:.::..::L 
P''aQ. 

The pamnleter y describes h(}w each utility expects its rivals' otttpm to change in response to its own 
output decisions. A exists y for ench utility~ nnd is takeit to be constant across ull utilities in the market. 
That is~ dQ1 1 dQ, :::;: dQ,j dQ, for any utilities i and j in the nmrket. lf each utility makes its output 

decision assuming euch other utility1
S output to be independent of its •own outp~lt, then r ·~ 2 qnd a 

Cournot solutioil is achieved. On the other hand, if the utilities collude, exactly rtlat¢hit)g each other's 
otltput decisions, then r = 3 and n rt1onopoly soh.ttio11 is uchit.wed. At th~ other·e~treme, if~m incte(}.se in 

the outpnt of one utility is exactly offset by a decre~se in the outpUts. of4Hotber utHities suchtl)at(lie 
price of ctectricHy remains unchallged, th<m r ::::: I untl a. compc:tftive solution win t;e achiev¢d at a .pt'ice 
cqunt to the avernge ma.rgina~ Cv:u ofthe n utilities. 
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( lS) 

where ~~· is the conjccturnl price for the ith utility. This cnu be confirmed by simply compadng mnrginnl 

revenue derived fmm eqm\tions 17 and IS. The economic links in the utility rnnrkct were implemented 
1·ccursivcly, by spt.•dfying the dermmd curve thm cuch individual utility faces usmg quantities produced in 

the previml~ pcnod. 

Sirnulntion design 
'The modelling cnvimnmcnt \""" de\clopcd a~ u generic plnt.fonn u:,mg the programn1ing anti user 
interfucc development tool~ 1n EXTE~l) Omagute That Inc. 1995) anti code for an optimismion p•·obletn 

Wllh constraints thm1 Pres\, Tcu~nbky. Vct.t..:rlmg and r:·tanncry 1992. The objective wa~ to implement u 

seric~ ()f libmry modules wlHdl .;ould be u~cd to model nny number of river syst:cmh in a gt·nphicttl 

envir<.:'lnntcnt. 

River reach modules 

A river is divided into a scnes of rcncha\. f('l' which a number of conunon chnractcristics nn~ specified. 

These :u·e the length of the rcnch, wuter· velocit) and sy~tem losses t·csulting from cvuportlth:m nnd 

pcrcolntion. The reaches are linked through fJow line~ tn the gmphical interfuce of EXTENJ)~ which pass 

tt reference or pointer w n datu structure. The dnta structut'e cnn contain any rntmbcl' ot' dvcr 

characteristics. including wnter flows. wmcr quality chnrnctel'istic:s nnd nsh popuhnions St)ttrccd to their· 

point of origin. By convention. the data structure is crented or received and lilt1dified at d1C hend ofthe 

rcuch. then pns!)Cd through u queue. The length or the queue is dcteJ·mi.ncd by the length of' the t'ench, 
water velocity or migrat.i<:m rntcs, and by lhe time step of the simulntion. 

In nddition tQ the phy~ical t1ow~, infornmtion can be trnnsnlitted in both n downstre{\tn nud upstream 
dirccti<:m. This inf<Jrnwti<m is used t<) dct.crminc the structure of the river ns Jt has been specified in t.he 
grnphtenllntertacc. inn.inliy. thi!) tnformntion is used to idcm.ify point~ (;Jft>dgin offf.sh populations t'md 
to aUocnte memory for the data !)tructurcs. However. information is ulso mud¢. nvttiltlblc to the 
optimisation modules which represent economic behaviour; inc1uding lhc sequence <>f links betweem 
dams and water losses throughout the syst.cm. 

The headwater module cun be used to represent either a regulated or unn~g~ll:}ted hc~\QWtltCr beQnttSc 
flows are gener:.ucd from. a lookup table conmining both tne'm .tlow rates urtd standard devintions. 
Stochastic flows cat1 be ~.cncrnted using chhcr a nornutl or 'log noot1al distribtnionf4nction. Fish ·spttWo 
in ~he hcadwat.cr block over a spccH1ed range ofdutcs, nc;cording to the ¢q\,mtion spceill'~d.for CdhortO 
{equation 2.). The spnwning cqumkms. can nls<) be subject to sto~hastJc (listurb~rl¢CS drnwh{roiJl t\ :n~)J:iJ1~\l 
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distributit)rl. 'l"he hcndwat.er }s the unique M:l\lrce of fish p()p\lltltkms within the r1lt.1d¢l. nnd cnQh 
headwntcl' propngntes only QllC specie~. 

The C{~nt1ucncc module \Crve~, to combine riV(H' ftt1Ws. However. the identity of the ht.~adwtnct from 
Whidl Ull] fish Ot'igtnu.te is tllHintnincd. \VtllCI' t1t.1W~ resttlthlg from lhe rclc~se tJf wntct• n.1r hydtoclCi!lriC 
pt1WCt' gc.nerntion arc ulso uniqudy 1dcnnfkd. ns required by the optlnlisntion pr<Jhlcrn f'ot th~ 

h,ydn)eJcctric nuthr)I'ny. The nhilny to ~ourcc and drst.ingutsh flows throughout the systt~m hm•; J)t1tcntinl 

uses in cnn~1dering water prufH!rty nghb 

Th'• divcrstnn module allm"' th~.~ dtn:.•rswn n! \\,<.ttcr frnm the \ttc:un ror agrh.:ullurnl. mdU$Irinl and urban 

us(\ "fhe dtH:r'-lnm ~an be l!Cncrated tlwough a lnokup tuhle wit.hm the rnodulcl or by an extenmt m~':t~lule 

which h lmkcd to the dtvc-r-.H\n. A lmear pn'lgrnmmm~ module hn<'i been developed tt') tept·cscnr either 
agricultural or indu~tnal \VHit~l· demand~:, at pornt\ along the river system. J·lowever1 this hns not. been 
included m the Ct)lumhw Rtver ~m1ulauon. 

T'he dmn mndult~ mcoqJnnH~' the ph}·\l<:nl operating clmrncteristics of the dmn, including the dam height~ 

storage capncily. the hydroeteL·tnc capncity of the dam. opc.rmionnl conl'ttntints ~uch us minimum OtlW 

and ~rull requireme-nt~. nnd death mte\ for nl-lh during dnm pn~~ngc. 

~~Jodcl calibration 

Oatn rct}uiremcnt\1 for the 11lndel nrc extensive. The inniul cfft1rt to calihrntc the ll10dt.!l is rcpQrtcdhere 

using rcrtdity available datu on t'tvcr tlo'v~. dnrn struct~tre~ and fish releases from th~ CRiSPl dnlttbnsc, 

along \Vith gcncraung capncit.y nnd h)Ud dntn (T3t>tHlCViHc Power Administrmion, us AI'OlY Corps or 
I~ngineer~ and US Burcmt of Reclummion 1991, l 994~ University of \Vnshington 1995). The 'hlit{nl 

spcdfi.cmmn of the mothtl indudc~ seventeen hydt·oe.tecu·jc d~uilS tmd the rmtjm· spawning; hcudWntl.!tS for 

both snlmon and 'itet:~lhc~td tnmt l f'igurt~ 4 ). The design of the simuJmion is intended to ~npture the 
csscntiul tradcnfls between n'ugnuion survivnlr·nrcs and power gcncrntion. 

'The seventeen dz.tm~ in the model include twelve tbdct·~d fucUHics und flve suuc owned utHiJics, bttt~ they 
~we osstr.med ro he opi;H'IUCd n~ one system by the miHtJcs. '"fht'Ce dnms ntc; swrnge facllilics nud ure .l(.lcrncd 
at the top of the river system. The remaining dams nrc rivet run fnc.Hlties. 'rechnicnl spccificuH~lns fort he 
hydt'O d~UllS ~tre; detniled in tublc At. A n~tmbcr of <>pcrmionnt con~trttirHS on datll OJlCt~tttions) SU¢h as 
l1cmd control and maximum clmngc.s in sttcnm eJev::nion were n()t explicitly con.side,ted, However, 
rnlnimtml flow requirerncrns. storngc nnd gcncrnt.!;•g limits wc.re .imposed nt cnt!h dnm~ Tl1¢r:~ lt.r~ 'l 

number <>f lorgc storage fucUitics \Vith gcncl'ation cnt}t\cit)' OnJne uppcr:rca¢hcs.Qfthc..C9hHl1fii;t. Tht!$¢· 
l11eilitics~ aloo~ with Onmd Coulee Dmn, provide t.hc, ovctw'hehrtit)g n1nJorHy o.C ~V~\ill'lble s(oftt~¢ 

.er1pa¢i ty. 011tnd Coulee Js the hi ghcst dmn 011 the Columbin Ri"¢r tcptes~ntcd lrl fh~, .model~ $() .;~ddrtlonal 

sttwnge fro111 three d~~m.s up t'i vcr wns incotponned, without th~ ~•ssociatcd pO\VtWlN!1¢rAHon·p~'llA9ityj Jt(: 
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Ck~md C'nulec dam. From an t)perational pcn;pective, the hydroelcct.ric t>()W¢r scnet·uting; system .is atfltll 
cnpncH} if \tornge m Gnmd Cnulee is 1\tlly used nt s<1rl1e point in time. Excess llows which cnnnotbc 
~tnred at. or gcnemtc pm' ;~r from~ Omnd Coulee may be used to gcnctntc pO\VCr from down strc:am rivet 
ttm facihhe~. or ure m e\~C!\b of ~ystcm rcquircnlents. 

~.tonthty \\ ~tter flow dm~t for the nine hcndwntct's i.ncludcd in the model are rcport~d ln table A2, SRlmon 

popnhtti<.:m"" were mtroduccd tn o.nJy th1·ee headwaters. most tlotnbly the Snhnon River which is 
as".nci;tWd \\ Hh tlw cndan~cred specie~. lnitinl popuhuions of migtming juvenile salmon were taken from 
the CRiSP I dat;tha:-.e. D~un pa,~ag.e ,~arzunetcl'\ wt't\. taken dtrectly front the ClUSP 1 model (reported in 

mh1e AJ •· \\ htle m~tr~am nHwtahty tw:tnr'S wen~ e~timuted ft1r the simulntion. Dntn on ocean mortnHty nnd 
aduh" ft~o,h n;-turmng to "'PI!~·tftt: headwater\ were not readily available, so the l<)g.istic population 
cquHhon' ~uh.i \)l.'e~m m')rtahty p;tnlmetct' \ ~,-re ~ahht·;;ned m ~·H~ld stable ot· grndunny deeUning llsh 

populatlt)th. 

ltigur~ 4: Columbia Rhcr region 
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Oa!) und wir'd gcncnuion fncilltics un~ nssumcd to opcrnlc independently, nnd compedri.on wns ;lssumed 
lt) be inrcnnedlma between perfect ctm1pctitlon und c~111Usion, a conjccttH'nl vadmiO!llctuJlngto a Coutnor 
type equilibrium ( r = l.l)). Technical ~pcelt1cations nnd cost dntn ate dcmilcd itt tables A4 nnd A5, 

The demnnd for power was cnlibrumd to an nvcragc price of npproximatcly US2.2c per kilowtttthour nnd 
n tou~l loud which fully used storage cnpacity. The scusotull paucrn in powGr dcnmnd wns c~tlculnted 

using 1994 l3onncvillc Pmvcr t\dministrntion load dnta (see appendix B), The scnsomilload factors were 
used ro sca.lo the intercept of the dcmnnd ctu•vc. The sin1ulation~ were run on a dnHy time inct·cmcnt with 

an tlnntmlised discount rute of 5 per cenL 

Sinntlutinn results 
A total of scYen simulations were nm over n ten ycnr per.iod using n deterministic specificmion of the 

m<1dcl. The te~ults 1.1te surnmmiscd in ruble I. ln the bnselinc t-.tmulntion. generation of electricity is given 

priority in the opermion of hydro dam~. "torngc b fully used nnd gus generated elcctricilY is used w meet 

pcuk loads in the wiJHer. Despite operating \Veil below 1\tll capacity thmugh(JUt much of the · /~ gus 

gcncrmcd electricity yields a high rute of return (figure 5 ). Fish survivnl during p~tssnge from both the 

Methow and Saltnon hcadwmcrs is relnt.i\cly low, at nhout 23 per cent. as 11 result t.M the number of dnms 

which need to be passed nnd the distance travelled. 

In the second und third scenarios, 300 milljon w:.ms of additional gns and wind gcncttlti.on were addcdt 

respectively.. The udditionnl gas plant was economic, with a projected rntc, of teturn on capital of ll per 
cent. Furthet invesuncm ill gns gencrnlion uppeurs to be mnrgi.nnl. \Vind power gcncrntiQ.n yielded n 

negative rme of return. l.argely as a result or the high cnpH:nl costs nnd low rewrns when powc.'W wns 

generated during u period <Jf reduced demond. Neither c;)f these options changed the basic shttpiug oF river 

flows, so, fish survival rates were unchanged. 

To increase f1sh survival, minimum flow requirements for each dam were converted to mir1hnum spill 
requirements whe.n fish entered the fbrcbny of u dam {simulations 4.-7). This increased fish migration 
survlvttl rut.es by 6- J 6 percenu~gc points from migration survival r~Hes in simulutiort L T.he hu·gest 
incteascs were ft'Olll the Methow he~tdWnlcrj wh~:u·e now tutus dr·uwn from Grand Coul~c \V~.re 

considerably larger. \Vith limited storage capacity feeding the Smrke River, the increase in the survival 

mte from the Scllmon River \Wt.S substantially smaller. The spllls resulted in an ~werage reductiort·in 

power supply of.about 500 million wnus, nearly all in winter, and a lOper cent incre~\Se in the. average 

price (simulation 4); Higher prices in winter increased the rate of re.turn of gas generation, but, the 

increase in gas power genemted Was limited because power requirements througho~tUhe remainder ()fthe 
year were met by hydroelectric. power. 
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Table l: Simulation results 

Electricity grid Hydro utility 

Average A vcrngc NPV 

Gas·utility 

A veragc Rate of 

\Vii1d utility 

Average Rate.of 

Survivi11g salptoo 
HOP41atirirt 

Scenario* Price load load Revenue load Revenue return COt load Revenue return Salmon: ''Meth,Qw .DcscJ: 

1 
2 
3 
4 
5 
6 
7 

USc 

2.1 
2.1 
2.1 
2.3 
2.2 
2_2 
2.2 

M\V 

. 8232 
8315 
8352 
7746 
7918 
7988 
8011 

US$ 
rvl\V million 

7081 8523 
7096 8440 
1120 8430 
6567 8368 
6566 8187 
6567 8116 
6581 8108 

t-;1\V 

1154 
1221 
lllO 
1180 
1353 
1424 
1307 

US$ 
million 

632 
651 
584 
770 
866 
895 
816 

% '000 tly 

29 
11 
19 
58 
27 
15 
19 

5.7 
6.0 
5.5 
5.8 
6.7 
7.0 
6.7 

US$ 
~1\V million 

125 113 

125 121 

% 

-46 

-42 

% 

24 
24 
23 
30 
30 
29 
30 

% 

23 
23 
23 
39 
39 
39 
39 

* 1 Bnsclinc simulation - gcncmtion or dcctridty given priority in operation of hydro dams; gas. utility with capacity of 1:5 billion watts. 
2 Gcncrntion ofcJcctricity given p1 iority in operation of hydro dnms; gas utility with carmcity of 1.8 biiHonwaUs. 
3 Ocncrntion of clcclricily givcu pritJrity in operation ofhydro thmJs: gas uti lily with c;tpacily of L5 hiliiun walls; 

winc.J utility with cupacit.y or 30U million watts. 
4 Spills for fish given prim tty in operation of hydro dams; gas utility with capncity of L5 billion watts. 
5 Spills fotfish given pt iority iu opcm!ion of hydro dnms; gas utility with capacity of 2.1 billion watts. 
6 Spills for fish given priority in operation of hydro dams; gas utility with capucity of 2A billion watts. 
7 Spills for fish given priority in operation of hydro dams; gas utility with capacity of2.J biiJiun wnus~ 

wind utility witl1capadty 300 million wnus. 
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The fifth nnd sixth scenarios rcprcs~nt the mldition.<lf a rurthet' 300 nnd 600 n1Uli<m wnus ofgps powel·Qd 
cnpneity to meet pctlk demand in wintct-, bringing th(;\ total Ct\pncHy or the gas powGr t}.Q.t1¢Nlr.ion JttHity (o 

2100 tlnd 2400 mlUinn wm1s respectively. \Vhilc the incrensc in onpucity to 2100 million wntts ls 
l.1D<>J1mnicnUy viuble~ the rnte of teturn on cnpitnl dct~lined frtlm 27 per cent in the fH\h sccnndo to l S per 
cent in the sixth scenario, indicnting th:H f\mhcr invc~tmcnt in gn~ utility would be lhnitcd. 

The incrcnsed sc.ml\onoHty \1f now~ rt~sults in grcntcr sen!:imml vuriutinn in prices. (fig~tre 6). Ht>Wevcr, tb~ 

peak price~ in winter nrc not sufTicumlly high 10 bring 011 ennugh ndditionnt itwesttncm it\ g<\S ot~ wind 

ptHvcr cnpncity to fully offset the loss in power ~upply rcs.ulting, frnm the spills (figure 7). The 
introduction ol more seaMHHtl flows crclncs ~l net lo~~ in overnll genet'ntion, which cntmm. b<! fully offset 

by :llrernntivt~ inve~tmcnt~. 

megaw;Jtts 
10000 

... -
9500 

~ 9000 

8500 

8000 

/500 

7000 

6500 

6000 

5500 

5000 
..... tQ \() tN Q) (Q- '" 0 ""' ;& .,.- «> 11) N m {0 (") p ~ 

(\1 (\I (") 'l'.t l.t) \() 

""' ~ 
1:() Q)• m 0 ,..., <,'\! ~ .,- r ,..., T"" 

week 

-.-Orld power (~en~ rio ~) ~ Gtid pow~r ($en~ rio ,p) 
-"'"Price {$o13narlo 2) ~Priem .{sen~rlo 6) 

'¢' ~ 
('} ·~ ,... 

(0 
~ ,....., 

USc 
5.6 

LS 
in 
!.0 
,-



\Vit h the uddHionnl power produc.H~tl by tho gns utillty in sccmwios rive und six •. emissh)tis tsf gt·~~cnbo~ulc 
g;m;cs ir)ctens(!d by up to 1.3 million tonncs. rn th(! s¢v~nth scelmrk>,. gt\S.tlti.llty cupnchy wns set m 4100 
mllllon wnns\ nnd wind capacity t)f 300 million watts wns h\ti'OdtJCcd. l·h)wcver, xts in sceondo thn~e.t 
wind powered elecft·i~~iry gcncr.m.inn yielded a ncgnrivc !'Ute of rcuu·n, nt1d a reduction !11 the average 
power supply of nrnund lOO rm~gt\\\ntts rcnmillod. 

C(Hlclusions 
The rusearch pre:,cnted hc1·c devctnps a modelling framework in which to cxnmine tf!\dc<)ffs nssocinted 
with <.mvinmmcntal !low n~gulntinn' tn multlplc usc river sy~tcnt~. The l't•:nnework is quitu genc,·nl1n thm 
it cnn lx~ u~cd to integl'a.te phy~1~al w~uer flows. bintogu:al pnpulnnonh nnd competing t.~conotnic uses or 

nvttrs nnd nlh~1· re~nun.:c~. \Vnh:r usc~ poltcy opuon& nre Hk<-~1> to involve trndcol'f~ between cxtcm,nllties. 
The npprondl alhJ\Vs t"xtcrn~dntc'- tn ht~ rnodclh.:d explicitly Ul-1 a cnnBeqncJlcc t11' changing: rcsouroo 

ln the example con!'lidct·ed, the impw,:t oJ cnvironrncmnl fiQw rcquirlmlcnts for the Cc)lumbin Ri.vet• 011 
t\llm-e invc~tmcnt in power generation wns examined. t\11 int.!rcn~c in ~piUs th·un hydro dmns in order to 

promote fish ~urvivnl tc~ttlt" in a r·educuon in power supply nnd highet prices, pl'ineiputly in winter. 
Higher prkeh in winter increase the mtc of return f<)l' gn~ powct gt.mcrution nt t.bat time of lhe year. 

Nevertheless, power ~upply rernain~ lower a:;, arcsull of the spills, even with nddiUonnllnvestmctH ln 
!WS power g<mcnuion and/or invcMmcnl in wind power generation. \Vind pt)Wcr gcncrt\tlon ptovcs 
economically unvwblc. lnrgely ns u result of the high cnphnl coMs nnd low returns when power ls 
gcnerntcd during period~ of reduced dcmund, The incrcnse minimum spill rcqtJircmcnts from hydro dams 
effectively incren~es the inpns~uge Mu·vivnl mw& nfthu snlmon populntions by () .... 16 f)CI'centnscp()ints. 

Ht)wever, grcenhou!)c gas cmisshmh ri5c by Mmmd 1.3 million tonnos if the power supply is inctcttscd 
through ndtlil.ionnl hlvcstmcm in gn"' power gcncmtkm. 

Prl.ncipnJ nrens for funher extension of the tnodcJ developed lie in investment in power generation 
cupnci.ty nnd in nllcnHHivc &;pecificutions for conjacHitlll vurintions of 11 utiHty. The model d~wclopcd 

cvnlumcs the l'<!tums frmn cupitnl investment f'1r eoch utility. An cxxension of this would be to expi~)I~Q the 

optinwl cupitnl investment for utilities in g!.'!ncr·mion cnpuchy, given clwmctedstics of the clcctdcHy 
mnrkc:n, constrt\ints presented by physicnl wmer flows, btoJogicnl populurions and oth~r resources, 
Conjccturnl vnrhuinns of the utilities in the model nrc bnsed on oulpttt d¢ch!ions of ~nch utility in the;!. 
ruurkct. An extension of this would be to include pri~e bnscdconjecttmll vurintkm~ in thO:detcrtninndon 
<)f rc~~ctJon functiQns for each utility, 



T~i>lc.Al: Dallt:autl·rcservoirspcdfic:ltions 
l!urbille· 

I!~tlll i\Hnimum l)~uu D:un T:tilrace Initi:1l 1\'Imc ratigg Platu .li'islri~r 
capacity vo[mne width elevation elevation outflow outflow 1Yurbincs av~~.ge efficie~~y- ;byp~ss 

ML lVfL Ill n1 m m3fs m3Js no·. MW %, % 

Columbia River dams 
Bonncvfllc 697 596 1111 28 9 2.5 8~1 18 58 D~9 ocoo 
Tl1eDaHcs 409 371 lt05 32 8 2.5 10.5 22 8.1 0~9 QS44 
John Day 2922 2520 1646 47 15 2.2: 15.0 16 135 0.9 0$67· 
1-fcNary 1665 1519 1571 34 13 23c 65 14 70 o~9 0.525 
Priest Rapids 245 146 978 31 9 2.3 5.2 10 79 0':.9 a~ooo 
\Vanapum 724 384 9I3 35 13 23 5.0 10 83 0~9 O~OflO 
Rock Island 139 126 299 25 15 2.3 6.2 i9 33 0.9 mooo 
Rocky Reach 530 492 553 33 7 25 6.2 ll 110 0.9 mono 
\Veils 370 283 922 34 15 2.0 6.2 10 77 0:9 0~.960 
Chief Joseph 636 490 922. 65 13 1.8 6~1 27 77 0~9 o~ooo 
Grand Coule.e a 11862 3987 1067 119 18 1.8 7.8 24 271 0.9 0::000 

Smrke cmd Cleanvacer ril.rcr dams 
lee Harbor 502 48.0 657 42 12 OA 3~0 6 100 0.9 0568 
Lower 465 434 591 46 15 0.5 3.6 6 135 0.9 0520 
lvlonumcnt::Il 
Little Goose 450 424 671 52 22 0~5 3.6 6 135 0.9 OA94 
Lower Granite 591 560 610 48 1.8 0.5 3.6 6 135 0.9 OA99 
Hells Canyon 210 48 92 63 15 0.2 0.8 3 150 0.9 o~ooo 
Dworshak 2486 1507 418 213 24 0.0 0.3 3 400 0.9 o~ooo 

:~Total storage reported at Grand Coulee Dam includes II 468 million litres held at three other stomge facilities above Grand Coulee Darn~ 
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Tahlc.!A1: Ucadw:ttcr (low data 
North fork Middle fork 

Columbia Deschu:Ps Snake Clearwater Clearwater Clearwater Salmon Wenatchee Methow 
l\lcmtmorlthly flow ('000 m3/s) 
Jan 2.19 0.06 0.17 0.20 0.03 0.03 0.17 0.01 0~04 
Feb 2.88 0.06 0.16 0.19 0.04 0.03 0.16 0.01 0;04 
Mar 2.25 0.06 0.22 0.28 0;03 0.:04 0.24 0.01 0:06 
Apr 2~07 0.06 0.34 0.46 o.os 0.06 0.38 0~04 0.11 
May 2.89 0.06 0.47 0~67 0.34 0.08 o~54 OJJ7 0~32 

Jun 3.84 0.06 0.30 0.40 0.04 0.05 0.33 0.04 0.17 
Jul 2.80 0.06 0.18 0.21 0.37 0.03 0.18 0.02 0~09 

Aug 2.06 0.06 0.11 0.10 0.04 0.02 o.ro 0.01 0:02 
Scp L53 0.06 0.11 0.10 0.04 0.02 0.10 0.01 0;01 
Oct 1.84 0.07 0.18 0.22 0.03 0.03 0.19 0.01 0.03 
Nov 2.36 0.06 0.14 0.14 0.03 0.02 0.13 0.01 0.02 
Dec 2;31 0.06 0.14 0.15 0.03 0.02 0.14 0.01 0~02 

St:mdard dc~·ialion of flows 
Jan 0.55 0.00 0.03 0.05 o.oo 0.01 0.04 0;00 0.02 
Feb o~ss 0.00 o~o3 0.05 0.02 0.01 0.04 0.00 0.01 
Mar 0.38 0.00 0.03 0.05 0.00 0.01 0.04 0.00 o~o1 

Apr 0.35 0.00 0. t 1 0.18 0.04 0.02 0.14 0.05 QJO 
M:1y 0.60 0.01 0.07 0.11 0.19 0~01 0.09 0~06 0.06 
Jun 0.37 0.00 0.07 0.11 0.02 0.01 0.08 0.01 o~o2 
Jul 0.52 0.00 0.03 0.04 0.25 0.00 0.03 0.01 0.03 
Aug 0.33 0.00 0.01 0.01 0.03 0.00 0.01 0.00 0.01 
Scp 0.60 000 0.03 0.05 0,00 0.01 0.04 0.00 0.01 
Oct 0.36 0.02 0.04 0.06 0.00 0.01 0.04 0.00 0~02 
Nov 0.41 0.01 0.02 0.03 0.00 0.00 0.02 0.00 o~oa 

Dec 0.41 0.00 0.02 0.03 0.00 o~oo 0.03 0.00 0.01 
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Table A3: Salrnoll popuhttiOr1 parameters 

Population parameters in headwater blocks 
Fish headwate1· source tvlethO\V 
Adult popul:.ltion 27000 
Hatching days I 07-36 

Parameters in rh,cr reach blocks 
Fish migration nuc 
(9~~ of river t1ow rate> 

De~1th rate constant 
Denth tate 
per unit water tlow (o/c-) 

0.45 

25 

Death rates in dam 
~·molts) 

blocks (Clo pas,ving 

Fore bay 
Spillway 
Turbine 
Turbine byp,tss 

Source: University of\Vnshington ( 1995) 

0.11 
0.02 
0.1 I 
0.02 

28 

Salmon 
2000 

115-44 

0.45 

25 

O.ll 
0 .. 02 
O.ll 
0.02 

Descbut~~ 

25000 
101-30 

0.45 

25 

0.11 
0.02 
0.11 
0.02 



Unit cost of gas 
~4uintennnec cost 
Capital cost per in~mllcd million watts 
Life of plant 
Time between Int~jor overh~tuls 
Ovethaul cost per in5Wiled megawatt <US$1 
Shut down h.)SS 

Oa,o; turbine parameters 
number 
eleetricity rming 
open cyd.e eftkicncy 

Steam turbine panuneter ... 
number 
elt~ctrkhy nning 
combined cycle ertkicncy 
tmtnbcr gas turbines per stcmn tttrbme 

Carbon emissions 

US$1.7/gJ 
US0.03lc/k\V 

US$500000 
30 ycnrs 

4 s ono hours 
US$1000 

13 liours 

10 
100 M\V 

0.35(j"'o 

5 
lOONT\V 

0.50% 
1 

0.154 kg/k\Vh 

Source: lntelligem Energy System~ Pty L.imHcd ( l991.) 
Electricity Supply Association t)f Australin ( 1991) 



Nfnintemmec cost 
Cttpiwl cost per installed mcgu,w:m 
Life of plum 
\Vind ntrbi.ncs pt\r~uncters 
nmnber 
electtic.ity rntmg 

\Vind speed parnmctcr~ 
rt1ted wind ~peed 
cut~in '' ithl ~peed 
shut .. dnwn \Vtnd "f"eed 

Som't ~e: Carlin artd Dtt:\endurf 1 19h' 1 

hltclltgem Encr~y S}"tetll\ Ply L.rn'utcd Il99l) 
\Van1~ ( t9;\J~ 

30 

US4.Sclk~V 
US$1 013 000 

30 years 

150(} 
200 k\V 

t i .:! m/() 
:; 2 ml~ 
17.~ ntl\ 



Tirne series models Ul'ICtJ to g~~nem.te the rnnmhly nnd dnily ctectdcity lond cnn be expr~sscd us: 

lnH2tl = 9.05 J 754 - 0.07404 1. Dt - n.o 1 s l.27 02 - 0.140975 D3 ... 0~ 193932 l:/4,- 0.202096 IDs 
(66.:!4) 0,21) (1.73) (13.8.3) (18..37) (19.83) 

-0.171555 Do- 0.1.55641 1)7- 0.17 L225 Ds -· 0.214098 Du- 0.181902 0 1o 
( l6.69) ( 1.5.27) ( 16.8()) (20.83) 0 7.85) 

- tHJ349.5S t)IJ + c:'r 
L3.4:) 

nnd 

t~1 =· 0.00055 + 0.877156 e1.t -0.211 SIS er.-'!- 0.061021 e1.4 + 0.243962 et-7- 0.307719 e1.,g 
(0.6Sl (17.8.31 ( .. J. HO ( 1.58) (4.77) (5.92) 

+ 0.104439 er-1.0- 0.101246 e1.Jt - 0.084392 l't- J 2 + 0.323623 er~ 14 
(2.07) ( 1.62) ( 1.74) (6.26) 

-0.279039 er·l5 + Ur 
(5.47) 

where Q, denotes daily electricity load. Dt, , .. , 0 11 nre monthly dummies for J!munry ttJ November. f .. 

stntisrJcs are in brackets. Sta.m:Inrd error of U1 is 0.0243118. These loads w·ere used to scale the intorc,ept 

of the demand equntion to give equivalent percentage change.s in demand. 
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I? ~~ 
(I) )t 1 =I r.f(r)dr+ J lJ.j('r)d-r 

a II 

where PI is the mcnn of tiW <~<mstmincd; 'tis the tariff J'ntc; und fls the density funcHon or 
tho tnriiT nile. 

l)ifTorcntintin~ (I) with respect to B provides nn iltuminnting rcs\111: 

a )! I s''"' (( ) I I 1''(11)) '":··'~"' = ·r ( ; '!:'. ( .. .. ' '. an 
11

' 

Tins show~ that the impact of n chtmgt! in u tutiff bindtllg nn the expected tndtr mlc 

is less than onc ... fm·~onc:. Rather. thi~ impnct d(~pcnds upon th(! pmpmtiml of the probability 

distt•ibtltion accumulmcd at the binding. If a sufficiently lnrgc prOJXH1ion of the dist.ribmion 

iN nccmnuluted at this point~ then the binding is nlmost nlwnys <-:l'fcctivct and a chnngQ in thQ 

tnriff l.llnding hn~ an impact nppronching onc·for-ono on the mean rate of protection. This 

provides u potential t'mionnk~ for the wickdy made n~sumption in empiricnl studies th~\L 

redqctions in tariff bindings hnve n onc·{or .. onc impact on overage nllcs or pr<>tcction, but 

only in situations where the binding is well below the meat\ of tho UJlO<>tlSln\iHCd 

distribution. 

Such un assumption seems 1\Pili'Oprimo in considering the libcralizntion of 

mnnufncwrcs trade in the developed countricst for tariff bindings hnvo prog1·essively been 

reduced to much lower levels thnn prcvnilcd in the absence of CiATT disoipHne,s, nnd have 

come tJl be vhtually synonymous with i\ppHed rates. For the Uruguny Round agreement on 

ngriculture, howcvct\ lngco's wmk mukcs clear that t\ high pl'<1tmtiion of' me bindings ()I} 

raw agriCLJ1turnl pr<)duct.s were set substtmtiully above the previous twcraga mtes of 

protection, implying thnt <mly a rch~tiv<!IY small propornon of the distrib\Jtion ol1 pl'otcction 

is likely to be UGG\Hl1ttlatcd nt the binding. Assuming thnt the nstccdrc<.Jttcti(:ms in pr<>tcction 

hHvc n one fot QllC hnpuat Oll the rutc of protection will thcrctbr~ cXt\ggcmtc ~he 

llbcraHzntion bnmght abt.l~tt.:by tho Round. 

The vnriat1cc c>f the bound tcll'iff mny b~ WtiHcn: 




