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USE OF EON,-SEQUENTIAL TECHNIQUES 
I N  THE A W Y S I S  OF POWER POTENTIAL 

AT STORAGE PROJECTS 

Gary M. ~ r a n c l  

INTRODUCTION 

The a n a l y s i s  of hydropower s t o r a g e  p r o j e c t s  h a s  t rad i t i .ona1l .y  
been performed by u s e  of s e q u e n t i a l  r e s e r v 0 i . r  r o u t i n g  techxiques ,  
whereas t h e  u s e  of non-sequent ial .  t e chn iques  h a s  been trad:i.ti.onall.y 
1.i.mlited t o  t h e  s t u d y  of run-of-ri .ver t y p e  p r o j e c t s .  

While i nd iv idua l .  power s t o r a g e  p r o j e c t s  shou1.d b e  analyzed by 
d e t a i l e d  sequen t i a l .  r o u t i n g s  when s u f f i c i e n t  funds  and d e t a i l  a r e  
a v a i l a b l e ,  t h e  non-,sequent..ial o r  f  1 .0~- ,dura t , ion  t.echriique ( a s  modif ied 
herei .n)  can  be  made t o  somewhat approx:i.mate t h e  r e s u l t s  of a sequen- 
t i a l  r o u t i n g  by modifying t h e  f low d u r a t i o n  cu rve  t o  r e p r e s e n t  
ou t f low c o n d i t i o n s .  

The i n t e n t  of t h i s  _paper  i s  t o  b r i e f l y  out:l.ine t h e  technique  
devel.oped t o  enab le  t h e  ana1ysi.s of power s t o r a g e  p r o j e c t s  u s ing  
a n o n - s e q u e n t i a l  approach and, more impor t an t ly ,  t o  i l l u s t r a t e  the 
improvement i n  e s t i m a t e s  of energy and capaci.t:.y from employing t h e  
technique.  

FLOW-DURATION CURVE AJIJUSTMENT 

A s t o r a g e  p r o j e c t ,  i n  g e n e r a l ,  accumulates  excess . ive i .nflows 
f o r  f u t u r e  u s e  du r ing  low f low p e r i o d s ,  t he reby  transformi.ng t h e  
in£  low-durat ion curve ,  based on i.nf lows i n t o  t:he p r o j e c t ,  i n t o  a 
f l - a t t e r  outf low--durat ion cu rve ,  r e f l e c t i n g  t h e  o p e r a t i o n  and e f f e c t  
of t h e  pro,j  e c t  ' s s t o r a g e  a s  dep. ic ted below: 

.L 
Hydraul.ic Engineer ,  Hydrol.ogic Engineer ing  Center ,  U .  S. Army 
Corps of Engineers ,  Davis ,  CA 95616 
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Superimposing t h e  cu rves  i n  F i g u r e  1 r e s u l t s  i n  t h e  combined 
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The a r e a  (A ) under t h e  ori .gina.1 f low-.durat ion curve  i.s preserved  
Q and t h e  modified f low--durat ion curve  p a s s e s  through p o i n t s  C1 and 

n 

1:'here : 
Cl. r e p r e s e n t s  a  d i s c h a r g e  cor responding  t o  100% exceedence; 

C2 r e p r e s e n t s  a  poi.nt of i n t e r s e c t i o n  between t h e  two curves .  

An analyt . ica .1 t echn ique  was developed t:o t r ans fo rm t h e  shape 
of t.he i n f low-dura t ion  c u r v e  t o  t:he form of t h e  ou t f low- ,du ra t ion  
curve.  Th i s  mathemat:ical a l g o r i t h m  w i . 1 1  g e n e r a t e  a n  o u t f 1 . 0 ~ - , d u r a t i o n  
curve  and meet t h e  fol.S.owing c o n d i t i o n s :  

1 )  t h e  v a l u e  of t h e  f u n c t i o n  ( f low- .dura t ion  o r d i n a t e )  a t  
100 percent.  exceedence must b e  C l ;  

2 )  t:he v a l u e  of t h e  f u n c t i o n  (flow,,-durati .on o r d i n a t e )  a t  some 
pe rcen t  exceedence p must b e  C 2 ,  where O<p<1.0; 

3 )  t h e  a r e a  under t:he modif i.ed ou t£  1.o~-dur.at: ion curve  must equal  
t h e  a r e a  under t h e  ori .gi.na1 in f1 .o~- ,du ra t : i on  curve  (Ao). 

PL4R4,'fETER DETERMINATION. 

A t t e n t i o n  i s  now focused on making e s t i m a t e s  f o r  parameters  
Cl, C2 and p. 

The s e l e c t e d  di .scharge v a l u e  of. C2, correspondi.ng t o  t h e  
p e r c e n t  exceedence p o i n t  of i .ntersect . i .on between t h e  two d u r a t i o n  
curves ,  i s  c r i t i c a l  i n  t h e  mathematical.  a l .gori thm f o r  allowi.ng 
f e a s i b l e  devel.opment of t h e  o u t f 1 . o ~ - d u r a t i o n  curve .  comparison of 
i n f l o w  and ou t f  low-,durati.on cu rves  f o r  v a r i o u s  s t o r a g e  pr0.j e c t s  
t e s t e d  reveal.ed t h a t  t h e  poi .nt  of i n t e r s e c t i o n  between t h e  two 
d u r a t i o n  curves  devi .a ted unapprec iab ly  from t h e  p e r c e n t  exceedence 
val.ue cor responding  t o  t h e  average  annua l  i n f low Ao-  The re fo re ,  
C 2  i.s assumed t o  b e  equa l  t o  A,, which general.1.y cor responds  t o  
percent  exceedences r ang ing  i n  v a l u e  from 1.5 t o  35 p e r c e n t .  The 
va lue  of A, is  a  c o n s t a n t  and r e p r e s e n t s  a r e a  undernea th  t h e  
o r  i .gi .nal irrf low-,duration curve ,  which i s  eas.i.1.y determ.ined by 
i n t e g r a t i o n .  The s e l e c t i o n  f o r  C2 w i l l  autlomatical1.y de te rmine  t h e  
v e l u e  of p  because C2 and p a r e  funct . i .onal ly r e l a t e d  through use  of 
t h e  f low-dura t ion  r e l a t i . o n s h i p .  

The v a l u e  of C l  , , i s  dependent on t h e  stlorage c a p a b i l i t y  of the 
s i t e  be ing  ana lyzed .  A c ~ o r d i . n g 1 . y ~  i.t seems r e a s o n a b l e  t o  assume 
t h a t  C, c an  be e s t ima ted  by consi.der'i.ng t h e  base  f low component 

z. 



of the f low r e g i n e  and t h e  minimum f low con t r ibu t i . on  due t:o r e se rv0 i . r  , 

regul.at.i.on du r ing  adve r se  f low c o n d i t i o n s  a s  foll .ows : 

C1, = QMC + QMSC ...................................... Eq. 1 
8 

where : 

C1, = t h e  minimum f low v a l u e  on  t h e  outf l .ow-,durat ion curve  
cor:responding t o  1.00 p e r c e n t  exceedence; 

QMC = t h e  minimum f low v d u e  on t h e  o r i g i n a l  i n f 1 . o ~ - - d u r a t i o n  
curve  wi thou t  r e g a r d  t o  s t o r a g e  e f f e c t s  (100% exceedence 
va lue )  ; 

QMSC = t h e  minimum f low c o n t r i b u t i o n  a t t r i b u t e d  t o  r e s e r v o i r  
o p e r a t i o n  under c r i t i c a l  low i n f l o w  c o n d i t i o n s .  

C r i t i c a l .  low fl.ow condit : ions occur  whenever, over  a s u s t a i n e d  
pe r iod  of t ime,  a reserv0:i .r  i.s r e g u l a t e d  t o  r e l e a s e  addi.t i .ona1 
f low in excess  of upstream i.nfl.ows a s  a means of s a t i s f y i n g  desi.gned 
p r o j e c t  purposes .  Wich r ega rd  t o  hydropower, t h i s  operati.ona1. pol . icy,  
i f  cont inued ,  can  a c t u a l l y  exagge ra t e  t h e  s i t u a t i o n  s i n c e  d e p l e t i o n  
of power. s t o r a g e  reduces  t h e  e f f e c t i v e  headwater  and correspondi.ng1.y 
t h e  o p e r a t i n g  power head;  r e q u i r i n g  a c o n t i n u a l l y  i n c r e a s i n g  amount 
of f low t o  s u s t a i n  energy requi rements .  The p e r i o d  of maxi.mum draw- 
d o ~ m  can be  d e f i n e d  as ehe peri.od of t ime which b e g i n s  w i t h  f u l l  
power s t o r a g e  and ends when t h e  power s t o r a g e  remaining i s  a t  a 
minimum. By d e f i n i . t i o n ,  t h e  peri .od of maximum drawdown w i l l  t h e n  
c0ntai .n  t h e  most adve r se  s t r e a m f 2 . 0 ~  condi . t ions  and wi.11. r e q u i r e  
t h e  maximum wi.thdrawa1 of water  from rhe  power s t o r a g e .  An e s t i m a t e  
of QMSC can  now b e  approximated by de termining  t h e  d e p l e t i o n  r a t e  
occurri .ng throughout  t h i s  peri.od. 

A s  a n  i n i t i a l  s t e p ,  t h e  power s t o r a g e  can  be  converted from u n i t s  
of volume, t y p i c a l l y  i n  a c r e - f e e t ,  t o  u n i t s  of f low r a t e  ( c f s ) .  To 
perform t h i s  convers ion ,  a  t ime p e r i o d ,  s a y  one y e a r ,  must b e  s e l e c t e d .  
The r e s u l t i n g  v a l u e  e x p r e s s e s  t h e  power s t o r a g e  p o t e n t i a l  a s  t h e  
average  amount of f l o w  t h a t  can  b e  e x t r a c t e d  from a n  i n i t i a l l y  f u l l  
power pool  throughout  a p e r i o d  of one y e a r .  

However, a s  de f ined  above, t h e  p e r i o d  of maximum drawdown is 
uncons t ra ined  w i t h  r ega rd  t o  t h e  l e n g t h  of t ime r e q u i r e d  t o  
complete t h e  p roces s ,  and a c t u a l  r e s e r v o i r  o p e r a t i o n s  have demonstrated 
t h i s  pe r iod  of  t ime v a r i e s  from a  few weeks t o  s e v e r a l  y e a r s  i n  l e n g t h .  
Accordingly,  t h e  i n i t i a l  d e p l e t i o n  r a t e  (assuming a  one-year  l e n g t h  
i n  t h e  pe r iod  of maximum drawdown) must b e  a d j u s t e d  by a  f a c t o r  t o  



r e f l . e c t  t h e  p r o j e c t ' s  ac tua l .  1.ength i.n t ime t o  minimum pool  level. 
a s  shown below: 

............................... QMSC = PS * ACF * ADJF Eq. 2 

where 

PS = power s t o r a g e  expressed  as a volume (acre,-,f e e t ) ;  

ACF = a  convers:ion f a c t o r  (0.00138) which when mul.ti.pli.ed by 
(PS) e x p r e s s e s  t h e  amount of power s t o r a g e s  i.n terms of 
a n  ave rage  annual, f low r a t e  ( c f s -y r ) ;  

AnJF = adjus tment  f a c t o r  a p p l i e d  t o  t h e  power s t o r a g e  t o  c o r r e c t  
f o r  v a r i a t i o n  i n  the Length of t h e  p e r i o d  of maximum drawdohx. 

From Equat ion 2 ,  one can  conclude t h a t  a  l e n g t h  of t h e  pe r iod  of 
maximum drawdown exceedi.ng one yea r  r e q u i r e s  t:he ad jus tment  f a c t o r  
(AIIJF) t o  be l e s s  t han  one. Conversely, a  l e n g t h  i n  t h e  p e r i o d  of 
naxi.mum drawdown l e s s  t han  one y e a r  r e q u i r e s  AnJF t o  exceed uni t ,y .  
I n  e f f e c t ,  ADJF can be a .1 te rna t i .ve ly  de f ined  a s  t:he r ec ip roca l .  o f  
t h e  l e n g t h  i n  t h e  p e r i o d  of maximum drawdo~n ,  when t ime is  measured 
i n  yea r s .  

S e v e r a l  a t t e m p t s  a t  e s t a b l i s h i n g  a r e l a t i o n s h i p  t o  de te rmine  
a  v a l u e  f o r  ADJF were performed. The r e g r e s s i o n  equa t ion  f i n a l l y  
s e l e c t e d  is  based upon 113  e x i s t i n g  and proposed hydro s i t e s  
throughout  t h e  United S t a t e s  and i s  shown below: 

ADJF  = 0.65 -!- 1..1.13 * LOG(~/PSR) ..................... Eq. 3 

where PSR r e p r e s e n t s  a  p r o j e c t ' s  power s t o r a g e  t o  mean annual f l o w  
r a t i o .  

S t a t : i s t i c a l l y ,  t h e  above e q u a t i o n  r e s u l t e d  i n  a  R-squared v a l u e  
of' 0 . 4 9  and a  s t a n d a r d  e r r o r  of 0 .45.  A p l o t  of t h i s  relat i .onsh5.p 
c.an be seen  i n  F i g u r e  3 .  

The PSR i s  a  di.mensi.onless parameter  which expres ses  t h e  r e l a t i v e  
s i z e  of power s t o r a g e  t o  average  a ~ l n u a l  i n f 1 . 0 ~  and i.s determined by 
conve r t ing  power s t o r a g e  t o  a n  average  one y e a r  f low r a t e ,  a s  
p rev ious ly  sugges ted ,  and then  d i v i d i n g  t h e  r e s u l t .  by t:he p r o j e c t ' s  
expect.ed ave rage  annual  i.nflow. In a d d i t i o n ,  t h i s  parameter  is a  
r e l a t i v e  measure of t h e  a b i 1 , i t y  t o  c o n t r o l  t h e  l e n g t h  of t h e  pe r iod  
of naxi.mum drawdown t,hrough r e g u l a t i o n  of pr:oject s t o r a g e .  





A r.elat.i.vel.7 1.arge PSR, s a y  g r e a t e r  t han  1.. 0, i n d i c a t e s  
s u f f i c i e n t  s t o r a g e  c a p a c i t y  s o  t h a t ,  on t h e  average ,  t h e r e  e x i s t s  
t h e  capab i . l i t y  of ex tending  t h e  pe r iod  o f  maximum drawdown dur ing  
s u s t a i n e d  p e r i o d s  of  Sow inf low.  A s  t h e  PSR f a l l s  below 1 .0 ,  t h i s  
c a p a b i 1 . i . t ~  t o  a t t e n u a t e  d i v e r s . i t y  between inf low awa i l . ab i1 . i . t~  and 
p r o j  e c t  denands dec reases ,  caus,ing t h e  average  1.ength of t h e  p e r i o d  
of maximum d.rawdown t:o dec rease ,  according1.y. Another observat i .on 
from Fi.gure 3, subs t an t : i a t i ng  t h i s  conc lus ion ,  :is t h a t  a s  t h e  PSR 
f a l l s  below 1 . 0 ,  cons i .derable  i .ncrease  i n  scat:t.er of t h e  d a t a  
occu r s .  Th i s  i m p l i e s  t h a t  t h e  s t o r a g e  e f fec t :  i.s becomi.ng r e l . a t i v e l y  
l e s s  important: t han  t h e  e f f e c t  of d i v e r s i t y  between i n f 1 . 0 ~  supply  
and energy demand. A d i r e c t  de t e rmina t ion  of parane t ,e r  C 1  i.s now 
p o s s i b l e  by s u c c e s s i v e  u s e  of Equat ions 3, 2 ,  and 1; al.l.owing f o r  a 
pl.ausi.ble sol.ut.i.on t o  s y s  tematical1.y produce a s y n t h e t i c  outf low- 
durat : ion re1 .a t ionship  f o r  p r o j e c t s  e x h i b i t i n g  power s t o r a g e .  

The subs t : i t u t i . on  of t h e  s y n t h e t i c  o u t f 1 . 0 ~ - d u r a t i o n  r e l a t i o n s h i p  
f o r  t h e  or.i.gina1 i.nf low-durat ion cu rve  should subs  t a n t i a 1 . l ~  i.mprove 
any e s t i m a t e  of ave rage  annual  energy and should addi t i .onal1.y e n a b l e  
a n  approximation of dependable capac i . ty  t o  be  performed when used 
i n  a non- sequen t i a l  power p o t e n t i a l  a n a l y s i s .  

AVERAGE AFTLTUAL ENERGY COW A R I  SON 

Tables  1 and 2 i l l u s t r a t e  t h e  e f f e c t  of u s ing  t h e  f low-dura t ion  
adjustment  technique  i n  t h e  e s t i m a t e  of average  annual  energy. 

Table 1 i s  comprised of twenty-six e x i s t i n g  s t o r a g e  p r o j e c t s ,  
each of which is  c u r r e n t l y  i n s t a l l e d  and ope ra t ing  f o r  energy product ion .  
Each p r o j e c t ,  de f ined  by a s i t e  i d e n t i f i c a t i o n  number and a p r o j e c t  
name, has  been s imula ted  on computer by us ing  a computer program 
c a l l e d  HYDuR(~). Thi s  program i s  des ign  t o  perform power p o t e n t i a l  
ana lyses  u s ing  a non-sequent ia l  methodology. HYDUR can  be  opera ted  
i n  t h e  t r a d i t i o n a l  f a s h i o n  o r  can  be  opera ted  us ing  t h e  f low-durat ion 
adjustment  o p t i o n  based on u s e r  i npu t .  Column 1 d i s p l a y s  average  
annual  energy e s t i m a t e s  based on us ing  s t anda rd  non-sequent ia l  
t echniques .  Column 2 con ta ins  energy e s t i m a t e s  based on us ing  t h e  
adjustment  op t ion .  Column 3 r e p r e s e n t s  t h e  pe rcen t  i n c r e a s e  r e s u l t i n g  
from e s t i m a t i n g  average annual  energy us ing  t h e  adjustment  o p t i o n  a s  
compared t o  s t anda rd  non-sequent ia l  methods. I n  two cases  where a 
dec rease  i n  t h e  e s t i m a t e  of average  annual  energy occurred ,  t h e  
corresponding PSR'S were 0.021 and 0.009; bo th  r e l a t i v e l y  i n s i g n i f i c a n t  
amounts of power s t o r a g e .  I n  genera l  however, t h e  use  of t h e  ad jus t -  
ment o p t i o n  r e s u l t e d  i n  a n  a p p r e c i a b l e  i n c r e a s e  i n  t h e  e s t i m a t e  of 
average  annual  energy. On t h e  average ,  t h e  i n c r e a s e  was 1 3  pe rcen t .  
This  t r end  i s  expected because t h e  e f f e c t  of t h e  flow-.duration 
adjustment  is  t o  produce a f l a t t e r  and l e s s  ''peaky" ou t f low-dura t ion  
curve ,  thereby  reducing  t h e  amour,t of average  s p i l l  and i n c r e a s i n g  
t h e  amount of average  annual energy. 



TABLE 1 AVERAGE ANNUAL ENERGY ESTIMATE (GWH) 

I- Average 
.-----------.----------- ------ 

Tables  2A and 2B compare ave rage  annual  energy e s t i m a t e s  de r ived  by 
s e q u e n t i a l  r o u t i n g  methods u s i n g  computer program H E C - ~ ( ~ ) ,  t h e  non--.sequential  
ad jus tment  technique ,  and t r a d i t i o n a l  non-sequent ia l  t echniques ;  bo th  l a t t e r  
e s t i m a t e s  u s ing  computer program HYDUR. For each  of t h e  twenty--six e x i s t i n g  
power p r o j e c t s ,  t h r e e  s e p a r a t e  s i m u l a t i o n s  were performed t o  e v a l u a t e  t h e  
e f f e c t  of r e a l l o c a t i n g  a d d i t i o n a l  s t o r a g e  volume t o  t h e  product ion  of energy, 

The f i r s t  s i m u l a t i o n  e s t i m a t e s  t h e  average  annual  energy p o t e n t i a l  of t h e  
e x i s t i n g  power p r o j e c t .  S imula t ions  two and t h r e e  e s t i m a t e  t h e  average  
annual energy p o t e n t i a l  a f t e r  r e a l l o c a t i n g  t e n  and twenty pe rcen t  of t h e  
e x i s t i n g  f l o o d  c o n t r o l  s t o r a g e  t o  power, r e s p e c t i v e l y .  

--- 

S i t e  -.- Fz:qz-x-p-- -----.- 

The r e s u l t s  i n d i c a t e  t h a t  t h e  non-sequent ia l  f low-duwation ad jus tment  
estimates of average  annual  energy were g e n e r a l l y  l a r g e r  t han  t h e  energy 
e s t i m a t e s  r e s u l t i n g  from s e q u e n t i a l  r o u t i n g  e f f o r t s .  Conversely,  t h e  
s t anda rd  non-sequent ia l  e s t i m a t e s  were g e n e r a l l y  smal le r  t han  t h e  energy 
e s t i m a t e s  r e s u l t i n g  from s e q u e n t i a l  r o u t i n g s .  On t h e  average  t h e  f r a c t i o n a l  
d i f f e r e n c e s  were 1.046 and 0.960 f o r  t h e  e x i s t i n g  p r o j e c t  comparison; 
1.054 and 0.956 f o r  t h e  1 0  p e r c e n t  r e a l l o c a t i o n  comparison, and 1.059 and 
0.952 f o r  t h e  20 p e r c e n t  r e a l l o c a t i o n  comparison, r e s p e c t i v e l y ,  

-------- 
Column 1 Column -- 2 Col - 

No 
S to rage  e f f e c t  -. -- - Sto rage  --.- e f f e c t  % Tncr 

SWT04i8 
SWT04 19 
SWT045 7 
SWF0015 
SWF0092 
SWL0005 
SWL0013 
SWLOOlO 
SWL0126 
SWT0513 
LM.0003 
LMK0008 
LMK0026 
MRK0060 
KRK0067 
PRO0123 
1R00158 
MR00215 
ME00274 
MR00326 
MR00366 
SAW0100 
SAW0101 
SWL0004 
SWFOOOl 
SWT0302 
-- 

114.63 
200.51 
203.66 

61.99 
99.09 

633.14 
198.76 
151.55 
454.84 
190.40 

83.20 
147.57 

32.66 
184.25 

47.58 
922.45 
352.93 
114.79 

1976.93 
80.03 
95.15 

428.36 
29.81 

157.08 
242.68 
103.59 

Broken Bow 
Euf a u l a  
Keys tone  
Whitney 
Sam Rayburn 
Bu l l  Shoa ls  
Gr ee r  s F e r r y  
Beaver 
Table  Rock 
F o r t  Gibson 
DeGr ey Lake 
Quachi ta  Lake 
Greeson 
Harry S. Truman 
Stockton  Lake 
Big Horn Lake 
Canyon F e r r y  
Lake McConaughy 
Lake F r a n c i s  Case 
Boysen Reservoir  
Glendo Reservoi r  
John H. Kerr 
P h i l p o t t  
Nor f or k 
Toledo Bend 
TanKil l e r  

I 

132.86 
261.56 
232.55 

88.68 
106.09 
636.77 
249.91 
179.84 
502.48 
178.46 

89.56 
169.73 

36.24 
181.51 

50.61 
1000.64 

375.64 
115.53 

2081.48 
86.16 

122.03 
442.88 

30.37 
222.42 
256.11 
132.01 - 

0.539 
0.388 
0.069 
0.251 
0.81 7 
0.482 
0.445 
0.863 
0.667 

A0 .009 
0.740 
1.075 
0.642 

W.021 
0.714 
0.140 
0.171 
0.838 
0.093 
0.406 
0.344 
0.190 
0.557 
0.270 
0.376 
0.343 

- - - -  

16 
30 
14  
43 

7 
1 

2 6 
19 
10  
-6 

8 
15 
I 1  
- 1 

6 
8 
6 
1 
5 
8 

2 8 
3 
2 

4 2 
6 

2 7 -- ------ 



TA
B

LE
 

2A
 

C
O

M
PA

R
IS

O
N

 
O

F 
A

V
ER

A
G

E 
AN

NU
AL

 
EN

ER
G

Y
 

U
SI

N
G

 
SE

Q
U

EN
TI

A
L 

A
N

D
 

ST
A

N
D

A
RD

 N
O

N
-S

EQ
U

EN
TI

A
L 

TE
CH

N
1:Q

U
ES

 

S
IT

E
 

LM
K

O
O

03
 

L
M

K
00

08
 

L
M

0
0

2
6

 
ER

K
O

O
60

 
M

IU
<O

O 
6 

7 
M

R
00

12
3 

FI
R

00
15

8 
m

x0
02

15
 

M
R

00
27

4 
PR

O
03

26
 

M
R

.0
03

66
 

SA
W

01
00

 
SA

W
01

01
 

SW
L

00
04

 
SW

F0
00

1 
SW

T
03

02
 

SW
T

04
18

 
SW

T
04

19
 

SW
T

04
57

 
SW

F0
01

5 
SW

F0
09

2 
SW

LO
O

O
5 

SW
L

00
13

 
Sw

LO
O

lO
 

SW
L

01
26

 

I SW
T

05
i3

 

I 
A

V
ER

A
G

E 
A

N
N

U
A

L 
EN

ER
G

Y
 

(G
W

H
) 

NA
M

E 
I 

I 
E

X
IS

T
IN

G
 

1
0

 P
ER

C
EN

T 
20

 
PE

R
C

EN
T 

O
F 

FR
A

C
TI

O
N

A
L 

FM
C

T
IO

N
A

L
 

FR
A

C
T

I9
N

A
L

 .
 

PR
O

JE
C

T
 

I 
H

EC
-5

 
HY

DU
R 

D
IF

FE
R

E
N

C
E

 I 
H

EC
-5

 
HY

DU
R 

D
IF

FE
R

E
N

C
E

 
I H

EC
-5

 
H

Y
D

U
R 

D
IF

FE
R

E
N

C
E

 ( 
-
 D

eG
re

y 
L

ak
e 

Q
u

a
c

h
it

a
 L

ak
e 

G
re

es
o

n
 

H
a

rr
y

 S
. 

T
ru

m
an

 
S

to
c

k
to

n
 L

ak
e 

B
ig

 H
or

n 
L

ak
e 

C
an

yo
n 

F
e

rr
y

 
L

ak
e 

M
cC

on
au

gh
y 

L
ak

e 
F

ra
n

c
is

 C
as

e 
B

o
y

se
n

 R
es

er
v

. 
G

le
n

d
o

 R
es

er
v

. 
Jo

h
n

 H
. 

K
e
rr

 
P

h
il

p
o

tt
 

N
or

f 
o

rk
 

T
o

le
d

o
 B

en
d 

T
a

n
K

il
le

r 
B

ro
lc

en
 

B
ow

 
E

u
fa

u
la

 
K

ey
s t

o
n

e
 

W
fl

it
ne

y 
Sa

m
 

R
ay

b
u

rn
 

B
u

ll
 S

h
o

a
ls

 
G

re
e
rs

 
F

e
rr

y
 

B
ea

v
er

 
T

a
b

le
 R

oc
k 

F
o

rt
 G

ib
so

n
 

I T
o

ta
l 

( 
( 

7
6

1
i.

8
4

 
7

3
0

7
.6

2
 

0
.9

6
0

 
1 7

7
7

8
.9

4
 

7
4

3
3

.6
0

 
0

.9
5

6
 

1 7
9

2
1

.4
7

 
7

5
4

1
.1

1
 

0
.9

5
2

 
1 



TA
B

LE
 

2
B

 C
O

M
PA

R
IS

O
N

 
O

F 
A

V
El

U
G

E 
AN

NU
AL

 
EN

ER
G

Y
 

U
SI

N
G

 
SE

Q
U

EN
TI

A
L 

AN
D 

N
O

N
-S

EQ
U

EN
TI

A
L 

A
D

JU
ST

M
EN

T 
TE

C
H

N
IQ

U
ES

 

I I 
I 

I I 
S

IT
E

 
i 
(
q
-
-
 

I 
Pl

lU
(0

06
0 

i I"I
RI

(0
 0

 6
 7

 
M

R
00

12
3 

I 
PI

R
O

O
15

8 
I M

R
00

21
5 

M
R

00
27

4 
I 

I M
R

00
32

6 
( 

' 
M

R
00

36
6 

I SA
lJ

01
00

 
SA

W
01

01
 

I 
SW

L
00

04
 

I 
I 

SW
1.

00
01

 
/ 

Sw
r1

'03
O

2 
I 

I S
W

T
O

4I
8 

I 
SW

TO
fi.

19
 

I S
W

T
04

57
 

I 
I 

SW
F0

01
5 

I 
/ 

SW
F0

09
2 

I 
SU

L
00

05
 

I 
SW

L
00

13
 

SW
LO

O
lO

 
sm

0
1

2
6

 
Si

JT
05

13
 

I 
T

o
ta

l 
I 

A
V

ER
A

G
E 

A
N

N
U

A
L 

EN
ER

G
Y

 
(G

W
I)

 
NA
ME
 

E
X

IS
T

IN
G

 
I 

1
0

 P
ER

C
EN

T 
! 

O
F 

PR
O

JE
C

T
 

I H
EC

-5
 

H
Y

D
U

R 

D
eG

re
y 

L
ak

e 
8

7
.6

3
 

8
9

.5
6

 
Q
u
a
c
h
i
t
a
 L

ak
e 

1
6

7
.9

9
 

1
6

9
.7

3
 

G
re

es
o

n
 

3
7

.1
3

 
3

6
.2

4
 

H
ar

ry
 S

. 
T

ru
m

an
 

' 17
8

.2
0

 
1

8
i.

 5
1

 
S

to
c

k
to

n
 L

ak
e 

4
7

.9
6

 
5

0
.6

1
 

B
ig

 H
or

n 
L

ak
e 

/ 933
.4

0
 

1
0

0
0

.6
4

 
C

an
yo

n 
P

e
rr

y
 

3
5

9
.4

0
 

37
5.

64
 

L
ak

e 
M

cC
on

au
gh

y 
1

0
9

.2
0

 
1

1
5

.5
3

 
L

ak
e 

F
ra

n
c

is
 C

as
e 

20
33

.8
0 

2
0

8
1

.4
8

 
B

oy
se

n 
R

es
er

v
. 

7
8

.8
0

 
8

6
.1

6
 

G
le

n
d

o
 R

es
er

v
. 

1
0

0
.3

7
 

1
2

2
.0

3
 

Jo
h

n
 I

i.
 

K
er

r 
1 

4
3

5
.9

6
 

4
4

2
.8

8
 

P
h

il
p

o
 t
t
 

2
7

.8
4

 
3

0
.3

7
 

N
o

rf
o

rk
 

2
0

1
.7

0
 

2
2

2
.4

2
 

T
o

le
d

o
 B

en
d 

2
5

5
.8

0
 

2
5

6
.1

1
 

T
an

I(
il

1
 e

r 
1

1
6

.8
0

 
1

3
2

.0
1

 
B

ro
k

en
 B

ow
 

1
2

9
.2

0
 

1
3

2
.8

6
 

E
uf

 a
u

la
 

' 22
6.

70
 

2
6

1
.5

6
 

K
ey

s t
o

n
e

 
' 2

3
4

.4
0

 
2

3
2

.5
5

 
W

h
it

n
ey

 
7

3
.3

0
 

8
8

.6
8

 
Sa

m
 R

ay
b

u
rn

 
1

0
0

.5
0

 
1

0
6

.0
9

 
B

u
ll

 S
h

o
a

ls
 

5
9

8
.7

8
 

63
6.

77
 

G
re

er
s 

P
e

rr
y

 
23

6.
29

 
2

4
9

.9
1

 
B

ea
v

er
 

1
7

1
.6

3
 

1
7

9
.8

4
 

T
a

b
le

 R
oc

k 
4

5
6

.3
0

 
5

0
2

.4
8

 
F

o
rt

 G
ib

so
n

 
21

2.
76

 
1

7
8

.4
6

 

HY
 D

UR
 

FR
A

C
TI

O
N

A
T,

 
D

IF
FE

R
E

N
C

E
 

1
.0

2
3

 
1

.0
1

2
 

0
.9

7
6

 
1

.0
3

9
 

1 
1

.0
5

1
 

I 
1

.0
7

5
 

1
.0

5
5

 
1

.0
7

2
 

I I 
1

.0
2

9
 

1 
1

.1
0

7
 

I 
1

.2
3

h
 

I 
1

.0
1

6
 

1
.0

8
8

 
1

.1
1

5
 

I 

1
.0

0
9

 
I 

1
.1

6
0

 
i
.
 02

0 
1

.2
6

9
 

I 
1

.0
5

5
 

1 
1

,0
6

4
 

1 
1

,0
6

0
 

l.
O

b
? 

1
.0

7
3

 
0

.9
7

8
 

H
EC

-5
 

IIY
D

U
R 

8
9

.0
8

 
9

1
.1

5
 

1
7

0
.2

2
 

1
7

2
.3

6
 

3
7

.9
4

 
3

7
.0

4
 

2
2

0
.9

0
 

2
3

3
.2

9
 

5
0

.6
6

 
5

3
.3

8
 

9
5

1
.6

1
 

1.
02

5.
54

 
3

7
4

.8
0

 
3

9
9

.0
2

 
1

1
3

.6
0

 
1

1
8

.5
1

 
2

0
9

3
.8

0
 

2
1

5
9

.8
3

 
8

4
.3

0
 

9
4

.5
6

 
1

0
5

.h
7

 
1

3
1

.9
6

 
4

5
9

.4
4

 
4

6
6

.5
9

 
2

8
.2

5
 

3
0

.7
7

 
2

0
8

.1
3

 
2

3
3

.9
3

 
2

5
6

.2
0

 
2

5
9

.7
5

 
1

2
1

.4
0

 
1

4
0

.9
4

 
1

3
2

.7
0

 
1

3
7

.5
6

 
23

1.
80

 
2

7
0

.2
0

 
2

5
2

.8
0

 
2

6
4

.8
0

 
7

7
.2

0
 

i0
1

.1
7

 
1

0
3

.1
0

 
1

0
9

.1
6

 
6

3
7

.4
1

 
6

7
5

.6
7

 
2

4
2

.9
8

 
2

5
8

.3
6

 
1

7
3

.7
3

 
1

8
1

.8
7

 
4

7
3

.8
2

 
5

1
1

.4
6

 
2

3
0

.1
6

 
2

3
1

.0
5

 

FM
C

T
1i

)N
A

L
 

D
IF

FE
R

E
N

C
E

 



Addi t i -ona l ly ,  comparison of average  annual  energy e s t i m a t e s  
c a l c u l a t e d  by bo th  t h e  s e q u e n t i a l  and non-sequent ia l  methods 
r e s u l t e d  i n  f a i r l y  constant .  d e v i a t i o n s  i n  t h e  energy e s t i m a t e s  f o r  
a l l  t h r e e  c a s e s  t e s t e d  f o r  each of t h e  twen ty - s ix  p r o j e c t s .  
Although t h e  a b s o l u t e  energy e s t i m a t e s  d i f f e r  on t h e  average  by f i v e  
p e r c e n t ,  t h e  e s t i m a t e s  of i nc remen ta l  energy gained from r e a l l o c a t i n g  
a d d i t i o n a l  s t o r a g e  t o  power a r e  averaging  w i t h i n  about  one p e r c e n t .  

These observa t i .ons  sugges t  t h a t  t h e  f low-dura t ion  ad jus tmen t  
opt:i.on is adequa te ly  r ed i . s t r i . bu t ing  t h e  a v a i l a b l e  st:reamflow f o r  
power p o t e n t i a l .  a n a l y s i s  arid t h e r e f o r e  i n d i c a t e s  t h a t  t h e  pr imary  
cause  of t h e  d i f f e r e n c e  i n  energy e s t i m a t e s  is  due t o  a d i f f e r e n c e  
i.n power head between t h e  two techni.ques.  This  was expected because  
t h e  ave rage  headwa t :er  e l e v a t i o n  i n  a l . 1  t.he non-sequent ial .  s imula t i .ons  
was assumed t o  be a t  t ,he t o p  of power pool .  A more p r a c t i c a l .  
s e l e c t i o n  would be t o  choose t h e  normal pool. h e a d ~ ~ a t e r  l e v e l  a s  a 
f r a c t i o n a l .  p e r c e n t  of t h e  t o t a l ,  power pool. avai . l .able .  1.f t h e  p r o j e c t  
is  e x i s t i n g ,  p a s t  opera t i .on  of t h e  p r o j e c t  may g i v e  a c l u e  i n  e s t a b -  
1 2  shi.ng t h i s  f ract i .ona1.  p e r c e n t  val .ue.  For proposed p r o  j e c e s ,  r:esul. ts 
from Table  2 B i n d i c a t e  that:  a f r a c t i o n a l  percent:  r ang ing  between 0.85 
t o  0.95 i s  appropr i . a t e  f o r  p r o j e c t s  e x h i b i t i n g  s u f f i c i e n t  power 
s t o r a g e  (power s t o r a g e  t.o mean annua l  fl.ow r a t i o  g r e a t e r  than  0 .10) .  

DEPENDABLE CAPACITY COMPARISON 

Dependable c a p a c i t y  can  be  defi .ned a s  t h e  c a p a c i t y  which 
under t h e  most adve r se  f low c o n d i t i o n s  on r eco rd ,  can  be  r e l i e d  
upon t o  c a r r y  system load ,  p rov ide  dependable r e s e r v e  c a p a c i t y ,  
and meet f i r m  pcwer o b l i g a t i o n s ,  t a k i n g  i n t o  account  s e a s o n a l  v a r i -  
a t i o n s  and o t h e r  c h a r a c t e r  i s t i c s  of t h e  load  t o  b e  s u p p l i e d ~ 3 ) ,  
The a s s o c i a t i o n  t o  t h e  "most adve r se  f l o w  c o n d i t i o n s  on record,"  i n  
t h e  d e f i n i t i o n  of dependable c a p a c i t y  s t r o n g l y  suppor ts t h e  n o t i  on 
t h a t  parameter  C 1  might he v a l u a b l e  2s a n  i n d i c a t o r  i n  approximating 
t h i s  c a p a c i t y  v a l u e .  Th i s  assumption w a s  t e s t e d  and i t  was found 
t h a t  dependable c a p a c i t y  could be  e s t ima ted  by u s i n g  t h e  power 
equa t ion  as  fo l lows:  

DCAP = C(Cl/PF) He ...................................... Eq.4 

DCAP = dependable c a p a c i t y  i n  k i l o w a t t s :  

C = ,084603 convers ion  f a c t o r  which e x p r e s s e s  power i n  
k i l o w a t t s ;  

C,= t h e  miniinurn flow parameter  a s  p r e v i o u s l y  de f ined ;  
1. 



PF = tihe average  annual. p l a n t  f a c t o r  r e l a t i n g  dependable 
c a p a c i t y  t o  i t s  f i r m  energy requirement;  

H = n e t  power head i.n f e e t ;  
I 

e = o v e r a l l  e f f i c i e n c y  (assumed equa l  t o  a  const .ant  0.86) 

The q u a n t i t y  (C1/PF) r e p r e s e n t s  t h e  expec ted  mi.nimum f low a d j u s t e d  
f o r  ave rage  t ime of hydropower p l a n t  operat . ion.  

Equat ion  4 was employed w i t h  d a t a  from al.1 1.1.3 p r o j e c t s  u s e d ,  
t o  develop t h e  parameter  ADJF and t h e  r e s u l t i n g  e s t i m a t e s  of 
dependable c a p a c i t y  were compared t o  cor responding  dependable 
c a p a c i t y  v a l u e s  e s t ima ted  from sequen t i . a l  r o u t i n g  t echn iques  (HEC-5). 
Thi s  compari.son, d e p i c t e d  i n  F i g u r e  4 ,  resul. t .ed i.n an  R-squared 
v a l u e  of 0.985 and a s t a n d a r d  e r r o r  of LO, 700 ki . l .owatts .  Compari-son 
of e m p i r i c a l  (non-.sequenti.a.l) t o  s e q u e n t i . a l l y  de t emi .ned  capac . i t i . es  
v a r i e d  over  a  range  of 100 k i l o w a t t s  t o  650 megawatts. A d e p a r t u r e  
i n  p l o t t i n g  posit:i.on above a n  imaginary 4.5O l i n e  r e p r e s e n t s  a n  
underest i .mate of dependab.1.e c a p a c i t y  determined e m p i r i c a l  as compared 
t o  dependable c a p a c i t y  e s t ima ted  us.i.ng sequen t i . a l  routi .ng t echn iques .  
Conversel.y, a d e p a r t u r e  below t h i s  Line r e p r e s e n t s  a n  e x a g g e r a t i o n  
of dependable- c-apac i.ty . Maximum d e p a r t u r e  abou t  t h i . s  l i n e ,  . in  terms 
of p e r c e n t  d i f f e r e n c e ,  occu r s  f o r  s m a l l  i n s t a l l a t i o n s  ( i . e . ,  p r o j e c t s  
having i n s t a l l e d  c a p a c i t i e s  l e s s  t h a n  2 megawatts) ,  Small i n s t a l l - -  
a t i o n s  a r e  genera1.l.y a s s o c i a t e d  w i t h  p r o j e c t s  posses s ing  .l:i.mited 
s t o r a g e  c a p a c i t y  and correspondi .ngly s m a l l  power s t o r a g e  t o  mean 
annual  f l o w  r a t i o s  (PSR). S ince  t h e  r e g r e s s i o n  equat.ion used t o  
e s t i m a t e  ADJF (Equat:ion 3) w a s  i n c o r p o r a t e d  i.n t h e  empir i . ca l  de te rmi-  
n a t i o n  of dependable c a p a c i t y ,  t h e  problem of i n c r e a s e d  scatter 
a s s o c i a t e d  w i t h  small .  PSR'S i s  most probably  t h e  unde r ly ing  
i .nf luence caus ing  t h e s e  maxi.mum d e p a r t u r e s  t o  occu r  i n  t h i s  c a p a c i t y  
range.  

An approach t o  a l 1 . e v i a t e  t h i s  problem of .increased s c a t t e r  
i.s t:o i .ntroduce a  parameter  ,i.nto t h e  r eg re s s i . on  a n a l y s i s  f o r  
de te rmining  ADJF which r e p r e s e n t s  a  measure of t h e  d i v e r s i t y  
a s s o c i a t e d  between energy demand requi rements  and i n f 1 . 0 ~  avail.-. 
a b i l i t y  a t  a  p ro j ec t . .  Although t h i s  approach was n o t  performed 
f o r  t h i s  paper ,  a n  i n i t i a l .  a t t empt  a t  def ini .ng t h i s  parameter  can  
be sugges ted  by p l o t t i r l g  t:he f i r m  energy  demand requ.irement.s of a  
p r o j e c t  a g a i n s t  p r o j e c t  i n f l o w  .i.n t h e  form of normalized d is t r : i .bu t ions .  
A s  a n  i . l l u s t . r a t . i on ,  assume t h e  month1.y d i s t r i . b u t i o n s  of 5 . n f l . o ~  and 
fli.rm energy demand can  be  determi.ned from avai.lab1.e dat.a and a r e  
a s  fol. lows: 
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Firm Energy Required 

The d i s t r i b u t i o n s  can  be normalized by d i v i d i n g  the monthly 
v a l u e s  by annua l  i n f low ( 2 , ,  500 cfsm) and annual.  f i . r m  energy (I., OOOMWH) , 
r e s p e c t i v e l y .  F i g u r e  5 i s  a superimposed p l o t  of t h e s e  normal ized  
d i s t r i . b u t i o n s ,  where t h e  a r e a  under  each  d i s t r i . bu t . i on  i s  u n i t y .  
The p l o t  graphical1.y d i s p l a y s  t h e  d i v e r s i t y  between energy  demand 
and f low ava i . lab i1 i t .y .  .In general . ,  from Apri l ,  th rough August,  t h i s  
p r o j e c t  w i l l .  have s u f f i c i e n t  s t o r a g e  avai1.ab.l.e t o  meet a l l .  energy 
demands and might actua1.l.y be accumulati.ng s t o r a g e  and experi .encing 
s p i l l .  From September t o  March, in f low r e c e d e s  and s t o r a g e  
d e p l e t i o n  occu r s  t o  supp1,ement f low needed f o r  power generat:i.on. 
Therefore ,  an  i .n i . t i . a l  d e f i n i t i . o n  of t h e  d i v e r s i t y  parameter  might  
be t o  accumulate  t h e  p e r c e n t  d i f f e r e n c e s  between t h e  d i s t r i b u t i o n s  
Ehroughout t h e  y e a r  whenever percent  of energy demand exceeds  p e r c e n t  
of annual. in f low.  Th i s  sugges t i .on  i s  o n l y  one of  severa.1 a l t e r n a t i v e s  
which can  be  conceived t o  measure d i v e r s i . t y .  F u t u r e  fund ing  may 
a l low f o r  f u r t h e r  i.nves t i g a t  i o n  ,i.n t h i s  area. 

In conc lus ion ,  t h e  non- sequen t i a l  ad jus tment  t echn ique  has 
been shown t o  b e  a v i a b l e  a l t e r n a t i v e  t o  u s e  i n  e s t i m a t i n g  ene rgy  
and c a p a c i t y  v a l u e s  a s s o c i a t e d  w i t h  power s t o r a g e  p r o j e c t s .  It 
i s  recornended t h a t  t h i s  opt.ion be  employed ( through t h e  u s e  of 
computer program KYUUR) throughout  t h e  s c r e e n i n g  p r o c e s s  of any 
b a s i n  wide power p o t e n t i a l  s tudy .  Once p r o j e c t  a l t e r n a t i v e s  
become manageable, a more d e t a i l e d  s e q u e n t i a l  r o u t i n g  e f f o r t  should 
be undertaken.  
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