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POTENTIAL FOR INCREASING THE OUTPUT OF EXISTING 
HYDROELECTRIC PLANTS 1/ - 

by 
Darryl  W. Davis* and John J. Buckley* 

INTRODUCTION 

m e  i n v e s t i g a t i o n  reported h e r e i n  (Hydrologic Engineering Center 1981) 
was undertaken t o  address  t h e  ques t ion  of how much a d d i t i o n a l  power might be 
generated a t  e x i s t i n g  hydroe lec t r i c  p l a n t s  throughout t h e  United S t a t e s .  The 
i n v e s t i g a t i o n  was one of s e v e r a l  s p e c i a l  s t u d i e s  performed a s  p a r t  of t h e  
Corps of Engineers Nat ional  Hydroe lec t r ic  Power Study (NHS) ( I n s t i t u t e  f o r  
Water Resources 1979). The p o t e n t i a l  f o r  i nc reas ing  power output  both 
through phys i ca l  improvements i n  genera t ing  equipment and by changes i n  t h e  
manner t h a t  e x i s t i n g  p r o j e c t s  a r e  operated were i n v e s t i g a t e d  and e s t ima te s  of 
power inc rease  prepared. The i n v e s t i g a t i o n  was nationwide i n  scope, 
inc luding  Hawaii, Alaska, and Puerto Rico. A l l  e x i s t i n g  hydroe lec t r i c  
p l a n t s ,  r ega rd l e s s  of ownership, were i n v e s t i g a t e d  f o r  improvement i n  power 
output .  The p o t e n t i a l  i s  i d e n t i f i e d  by the  type of improvement and i s  
reported a s  aggregate  r eg iona l  va lues  and n a t i o n a l  summaries. 

The amount of power t h a t  can be generated a t  an  e x i s t i n g  h y d r o e l e c t r i c  
power s i t e  i s  phys i ca l ly  l i m i t e d .  The governing f a c t o r s  t h a t  determine t h i s  
l i m i t  a r e :  (1)  the  amount of f low volume t h a t  can pass  through the  
powerhouse a t  a  given t ime,  (2)  t h e  "head" o r  e l e v a t i o n  d i f f e r e n c e  between 
the  upstream and downstream water  bodies a c t i n g  a t  t h e  t ime of power 
gene ra t ion ,  and (3 )  t he  gene ra t ion  o r  "conversion" e f f i c i e n c y ,  i . e . ,  t h e  
mechanical and e l e c t r i c a l  equipment e f f i c i e n c y  i n  convert ing p o t e n t i a l  and 
k i n e t i c  energy of flowing water  i n t o  e l e c t r i c a l  energy. 

I n  order  f o r  t he re  t o  be a d d i t i o n a l  p o t e n t i a l  a t  an  e x i s t i n g  p r o j e c t ,  
e.g., some "unused energy,"  an  oppor tuni ty  must e x i s t  f o r :  (1)  passing more 
of t h e  annual  volume through t h e  powerhouse ( t h e r e  must be e x i s t i n g  s p i l l ) ,  
(2)  i nc reas ing  t h e  e f f e c t i v e  ope ra t ing  head (h igher  pool  l e v e l s  p o s s i b l e ) ,  o r  
( 3 )  t e c h n i c a l  oppor tuni ty  t o  gene ra t e  more e f f i c i e n t l y  from a v a i l a b l e  head 
and flow. The op t ion  of i nc reas ing  the  s to rage  capac i ty  ( r a i s i n g  t h e  dam) 
was not considered i n  t h i s  s tudy.  

Short  of t h i s ,  a l l  o the r  measures t h a t  might be undertaken a t  a  s i t e  t h a t  
could e f f e c t  t h e  o p p o r t u n i t i e s  l i s t e d  above and thereby i n c r e a s e  energy 
output  were considered.  The primary measures f o r  i nc reas ing  energy output  
a r e :  adding new gene ra t ing  u n i t s ,  r e h a b i l i t a t i n g  o r  r ep l ac ing  e x i s t i n g  
u n i t s ,  modifying water handling f a c i l i t i e s  and, a l t e r i n g  e x i s t i n g  ope ra t ing  
p o l i c i e s  ( r e a l l o c a t i o n  of e x i s t i n g  s to rage  and/or  change of annual  and 
seasonal  ope ra t ion  r u l e  curves) .  

. E e s e n t e d  - a t  Waterpower '81, an  I n t e r n a t i o n a l  Conference on Hydropower, 
June 22-24, 1981, Washington, D.C. 

"Chief, Pianning Analysts  Branch and ~ y d r a u i i c  Engineer, r e s p e c t i v e i y ,  
U.S. Army Corps of Engineers,  The Hydrologic Engineering Center,  609 
Second S t r e e t ,  Davis, Ca l i fo rn i a .  



Excess flow o r  s p i l l  i s  by f a r  t h e  most important  oppor tun i ty  f o r  
i nc reas ing  power ou tput  a t  an e x i s t i n g  p r o j e c t .  The measures a v a i l a b l e  f o r  
cap tu r ing  and rou t ing  a d d i t i o n a l  f low volume through t h e  powerhouse i nc lude :  
i nc reas ing  t h e  p l a n t ' s  genera t ing  c a p a c i t y  by adding a d d i t i o n a l  gene ra t i ng  
u n i t s  (expanding t h e  powerhouse) o r  up ra t i ng  e x i s t i n g  u n i t s  t o  h ighe r  
gene ra t i ng  c a p a c i t y  by r e h a b i l i t a t i n g ,  modifying o r  r ep l ac ing  t u r b i n e s  and/or  
g e n e r a t o r s ;  i nc reas ing  the  e f f e c t i v e  u t i l i z a t i o n  of s t o r a g e  by 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  t h e  power ~ 0 0 1 ;  and/or  coord ina t ing  gene ra t i on  among a 
system of gene ra t i ng  p l a n t s .  For i nc reas ing  the  ope ra t i ng  head, 
r e a l l o c a t i o n ,  o r  quas i - r ea l l oca t ion  through modified r u l e  curves  and 
ope ra t i ng  p r a c t i c e s  i s  necessary .  Increas ing  the  ope ra t i ng  head may r e q u i r e  
t h a t  gene ra t i ng  u n i t s  be changed o r  modified t o  accommodate sus t a ined  
ope ra t i on  a t  heads exceeding the  des ign  l i m i t s  of t he  e x i s t i n g  equipment. 
The measures a v a i l a b l e  f o r  i nc reas ing  the  conversion e f f i c i e n c y  a r e  those  
t h a t  can reduce t h e  f l u i d  energy l o s s  i n  flow passage and energy l o s s  i n  
conver t ing  f l u i d  energy ( f low and head) t o  mechanical energy ( t u r b i n e  ou tpu t )  
t o  e l e c t r i c a l  energy (gene ra to r  o u t p u t ) .  The s i g n i f i c a n t  p r a c t i c a l  
oppor tun i ty  i s  improvement of t h e  energy conversion e f f i c i e n c y  of t h e  
hyd rau l i c  t u r b i n e  s i n c e  t he  energy conversion e f f i c i e n c y  of e l e c t r i c a l  
g e n e r a t o r s  i s  q u i t e  high (about  95%) and mod i f i ca t i on  of t he  water  passage 
works of t unne l s ,  penstocks,  and d r a f t  t u b e s t o  reduce hyd rau l i c  energy l o s s  
wo*ild l i k e l y  r equ i r e  s i g n i f i c a n t  and c o s t l y  c o n s t r u c t i o n  f o r  minor 
i nc reases .  Table 1-1 summarizes t h e  energy i n c r e a s e  o p p o r t u n i t i e s  and 
candida te  measures considered f o r  cap tu r ing  the  p o t e n t i a l .  

T a b l e  1 - 1 .  
M E A S U R E S  F O R  I N C R E A S I N G  E N E R G Y  

O U T P U T  O F  E X I S T I N G  H Y D R O P O W E R  P L A N T S  

Measure 
S p i l l  Head Ef f i c i ency  

Capture Increase  -- Inc rease  - - 

Add New Uni t s  X 
Replace Ex i s t i ng  Units  X X 
Modify Ex i s t i ng  Units  X X 
Modify Water Passage X 
Rea l loca te  Reservoir  Storage : X X 
Improve System Operat ion X X 

The main source  of in format ion  f o r  t h i s  s tudy was t he  d a t a  base 
developed f o r  t h e  Nat iona l  Hydropower Study. The d a t a  base,  compiled by t h e  
D i s t r i c t  o f f i c e s  of t h e  Corps of Engineers ,  c o n t a i n s  s t o r a g e  space f o r  over  
600 d a t a  i tems r e l evan t  t o  each s i t e .  There i s  s e l e c t e d  incomplete 
in format ion  s t o r e d  f o r  more t han  15,000 s i t e s  wi th  d e t a i l e d  in format ion  on 
6,000 si tes.  Those s i t e s  w i th  e x i s t i n g  hydropower f a c i l i t i e s  (1,288) were 
e x t r a c t e d  from the  f i l e  and an a d d i t i o n a l  d a t a  i tem e n t i t l e d  "Equipment 
Information" ( suppl ied  by the  Federa l  Energy Regulatory Commission) was added 
and a  new s e p a r a t e  "study" f i l e  c r e a t e d .  Relevant d a t a  i t ems  i n  t h i s  
computer f i l e  a r e  shown i n  Table 1-2. 



T a b l e  1 2  S T U D Y  F I L E  - P L A N T  A N D  R E G I O N A L  D A T A  

Percentage* Percentage of ** 
- Item -- of S i t e s  - Tota l  - Capacity -- 

I n s t a l l e d  capac i ty  i n  k i l o w a t t s  
h e  rage ariiiual energy 
Turbine type  
Age of i n s t a l l a t i o n  
Rat ing of t u r b i n e  
Rating of gene ra to r  
Design head 
Number of u n i t s  
Weighted n e t  power head 
Average annual  i n f low 
Flow d u r a t i o n  d a t a  
Depth of t h e  f lood-cont ro l  space ,  f e e t  
Regional dependable c a p a c i t y  

b e n e f i t  i n  $ / k ~ - ~ r  
Regional average annual  energy 

b e n e f i t  i n  $ / ~ ~ h - ~ r  

----- * 1 ,288  s i t e s  catalogued i n  d a t a  f i l e .  
** Tota l  i n s t a l l e d  capac i ty  of s i t e s  i n  f i l e  i s  63,375 MW. 
***Represents a l l  e x i s t i n g  s i t e s  t h a t  have f l ood  c o n t r o l  s to rage .  

EXISTING HYDROPOWER FACILITIES 

The t o t a l  i n s t a l l e d  capac i ty  of t he  e x i s t i n g  1,288 s i t e s  t h a t  were 
i d e n t i f i e d  and catalogued i n t o  t h e  s tudy  f i l e  i s  63,375 megawatts (MW) and 
they gene ra t e  272,552 g igawat t  hours  (GWh) of e l e c t r i c a l  energy per  year .  
Tables 2-2 and 2-1 summarize types  and ownership of e x i s t i n g  hydropower 
development. F igures  2-1, 2-2, and 2-3 summarize in format ion  on i n s t a l l a t i o n  
d a t e ,  head, and i n s t a l l e d  capac i ty  of e x i s t i n g  p l a n t s .  A sampling of t h e  
types  of t u r b i n e s  r ep re sen t ing  80% of t he  t o t a l  i n s t a l l e d  c a p a c i t y  i n d i c a t e s  
t h a t  r e a c t i o n  t u r b i n e s  (F ranc i s )  a r e  t he  predominate type--66%, fol lowed by 
propeller--25% (Kaplan--17%, f i x e d  blade-+%), then impulse (Pelton)--5%, and 
other--4%. 

T a b l e  2 - 2 .  T Y P E S  O F  E X I S T I N G  H Y D R O E L E C T R I C  P L A N T S  

Num be r Average 
of  Capacity Annual Energy 

P l a n t  Type P l a n t s  kW MWh 

1. Run,-of-River 4.31 8,632,900 38,311,800 
2. Diversion 160 2,332,900 12,899,300 
3. Reservoir  5 01 44,790,800 190,417,000 
4. Reservoi r  w i t h  Diversion 190 7,604,000 30,848,500 
5. Other 6 14,800 --- ,- 

75,400 

To ta l s  1 ,288 63,375,400 272,552,000 





I I I I I I I I I .  I I 
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INSTALLED CAPACITY, K W  I lo3 

Figure  2-3. 

INSTALLED CAPACITY VS. NUMBER OF PLANTS, CAPACITY,  AND ENERGY 

Table  2-1.  OWNERSHIP OF EXISTING HYDROELECTRIC PLANTS :k 

Number To ta l  To ta l  Average 
Ownership of Capacity Annual Energy 
Category - P l a n t s  kbJ --- 

Corps 
Other Federa l  
Non-Federal, Government 
Inves to r  Owned U t i l i t y  
Cooperat ively Owned U t i l i t y  
Other Commercial o r  

I n d u s t r i a l  Firm 
P r i v a t e  C i t i zen  o r  Non- 

u t i l i t y  coopera t ive  
Unknown 

l., 745,600 

* A l l  in format ion  taken  from study computer d a t a  f i l e .  



EQUIPMENT CHARACTERISTICS 

Improvements due t o  research ,  m a t e r i a l s ,  and des ign  over t he  l a s t  80 
yea r s  have r e s u l t e d  i n  i t  being t e c h n i c a l l y  f e a s i b l e  t o  o b t a i n  s u b s t a n t i a l  
i n c r e a s e s  i n  capac i ty  and t o  a  l e s s e r  degree i n c r e a s e s  i n  e f f i c i e n c y  from 
e x i s t i n g  h y d r o e l e c t r i c a l  equipment. When up ra t i ng  an  e x i s t i n g  gene ra t i ng  
u n i t  t h e  amount of a c t u a l  i n c r e a s e  t h a t  can be ob ta ined  i s  l i m i t e d  by t h e  
spec i f i c  de s ign  and manufacturing c h a r a c t e r i s t i c s  of t h e  i n s t a i i e d  
equipment. The yea r  of manufacture o r  i n s t a l . l a t i o n  i s  used h e r e i n  a s  an 
i n d i c a t o r  of p o t e n t i a l  t o  a s s i s t  i n  a r r i v i n g  a t  the  c a p a c i t y  and/or  
e f f i c i e n c y  g a i n  poss ib le .  

I n d i c a t i o n s  a r e  t h a t  t h e  gene ra to r  i s  g e n e r a l l y  capable  of being upra ted  
t o  o b t a i n  a  g r e a t e r  percentage  c a p a c i t y  g a i n  than  can be developed from t h e  
t u r b i n e  f o r  an equ iva l en t  year  of manufacturer.  The t u r b i n e  has  been found 
i n  g e n e r a l  t o  be t he  c r i t i c a l  f a c t o r  i n  determining the  maximum output  t h a t  
can be developed. F igu re s  3-1, 3,-2, 3-,3 and 3-4 a r e  examples of t e c h n i c a l  
d a t a  compiled and used i n  t h i s  s tudy  f o r  ana lyz ing  up ra t i ng  p o t e n t i a l .  The 
r eade r  i s  caut ioned t h a t  t he se  d a t a  were compiled t o  perform a n a t i o n a l l y  
scoped s tudy  and should n o t  t h e r e f o r e  be used t o  make major d e c i s i o n s  on a  
s i t e  s p e c i f i c  ba s i s .  Also i t  must be emphasized t h a t  whi le  t h e s e  i n c r e a s e s  
shown a r e  w i t h i n  t h e  c a p a b i l i t y  of t h e  machines, a d d i t i o n a l  flow and/or  head 
(beyond e x i s t i n g )  must be developed through p r o j e c t  changes before  i nc reased  
power ou tput  can r e s u l t .  

A major cons ide ra t i on  i n  determining whether t o  u p r a t e  u n i t s  of an 
e x i s t i n g  h y d r o e l e c t r i c  powerplant i s  the  ques t i on  of t h e  outage. Outage i s  
t h e  pime t h e  genera t ing  u n i t  would be o u t  of s e r v i c e  undergoing replacement 
o r  modi f ica t ion .  Oppor tun i t ies  f o r  up ra t i ng  appear  t o  lend  themselves more 
t o  powerplants wi th  m u l t i p l e  u n i t s  where outages can be scheduled t o  co inc ide  
wi th  s ea sona l  system power demand swings which would provide "windows" where 
a  u n i t  o r  u n i t s  could be taken  ou t  of s e r v i c e  without  adve r se ly  a f f e c t i n g  a  
system gene ra t i ng  c a p a b i l i t y .  This outage per iod  can vary  cons iderab ly  
depending on t h e  up ra t i ng  t o  be done. I f  on ly  t he  t u r b i n e  runner i s  rep laced  
wi th  minor s t r u c t u r a l  ad jus tments ,  t he  outage t ime could be a s  low a s  two 
months. I f  more major changes a r e  r equ i r ed ,  t h i s  t ime could be s i x  t o  twelve 
months. 

INCREASED OUTPUT FROM PHYSICAL MODIFICATIONS 

Figure 4-2 i s  a  schematic of t h e  e v a l u a t i o n  process  t h a t  was adopted f o r  
t h i s  p o r t i o n  of t he  s tudy.  The e x i s t i n g  1,288 p l a n t s  were separa ted  i n t o  one 
of thir ty- two c a t e g o r i e s  based on whether o r  no t  t he  r e s e r v o i r  had f l o o d  
c o n t r o l  s t o r a g e ,  whether o r  n o t  t h e r e  was s p i l l  occur r ing  a t  t h e  s i t e ,  t h e  
r a t i o  of p o t e n t i a l  head t o  e x i s t i n g ,  and t h e  age of t h e  p l a n t .  The fol. lowing 
measures were des igna ted  a s  a c t i o n  c a t e g o r i e s  t h a t  were s tud i ed  t o  enhance 
t h e  energy output  a t  e x i s t i n g  p l a n t s .  

e Addit ion of new u n i t s  f o r  c a p a c i t y  i n c r e a s e  
Replacement of o l d e r  u n i t s  f o r  c a p a c i t y  i n c r e a s e  
Uprating of o l d e r  u n i t s  f o r  c a p a c i t y  i n c r e a s e  
Replacement of o l d e r  u n i t s  f o r  e f f i c i e n c y  i n c r e a s e  
Modi f ica t ion  of o l d e r  u n i t s  f o r  e f f i c i e n c y  i n c r e a s e  
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The t o t a l  g ros s  phys i ca l  p o t e n t i a l  i n c r e a s e  i n  energy and corresponding 
i n c r e a s e  i n  capac i ty  was es t imated  f o r  each s i t e  and app rop r i a t e  a c t i o n  
c a t e g o r i e s .  An i n d i c a t o r  of b e n e f i t  was es t imated  f o r  t he  improvement by 
appl ica t i .on  of t h e  Federa l  Energy Regulatory Commission (FERC) r e g i o n a l  power 
va lues  developed f o r  t h e  NHS s tudy .  Costs were es t imated  based on t e c h n i c a l  
d e t a  compiled f o r  t h i s  s tudy.  The t e s t  f o r  " a c h i e v a b i l i t y "  of the  energy 
i n c r e a s e  cons i s t ed  of comparing t h e  ca1,culated b e n e f i t  t o  c o s t  (B/c) r a t i o  
f o r  each a c t i o n  ca tegory  t o  a  s p e c i f i e d  d e c i s i o n  B/C r a t i o .  The d e c i s i o n  B / C  
r a t i o  was t h e  d e c i s i o n  device  used t o  s tudy  the  s e n s i t i v i t y  of r e s u l t s  t o  a  
range of accep tab l e  economic c r i t e r i a .  The energy i n c r e a s e  of each s i t e  t h a t  
ended up i n  an a c t i o n  ca tegory  w i th  a  B/C va lue  equa l  t o  o r  g r e a t e r  than  t h e  
s p e c i f i e d  d e c i s i o n  B / C  r a t i o  was considered "achievable".  

As  a n  i l l u s t r a t i o n  of t he  e v a l u a t i o n  process ,  cons ide r  those s i t e s  
(Figure 4-2) t h a t  were i n i t i a l l y  c l a s s i f i e d  a s  "add" c a t e g o r i e s  9, 10,  11, or  
12. A l l  of t h e s e  si tes have p o t e n t i a l  due t o  a d d i t i o n a l  f low and head above 
e x i s t i n g  condi t ions .  F i r s t  t h e  c o s t s  and b e n e f i t s  a t  each s i t e  a r e  eva lua ted  
f o r  t h e  add (AQH) cond i t i ons  t o  s ee  i f  t h e  c a l c u l a t e d  B/C r a t i o  i s  equa l  t o  
o r  g r e a t e r  than  t h e  s p e c i f i e d  d e c i s i o n  B / C  value.  I f  t h e  s i t e  does meet t h i s  
cond i t i on  t h e  developed informat ion  i s  s t o r e d  i n  t h e  AQH category.  I f  t h e  
s i t e  does no t  meet t he  d e c i s i o n  B / C  r a t i o  a t  t h e  i n i t i a l l y  c a l c u l a t e d  
capac i ty  and energy i n c r e a s e ,  t h e  s i t e  i s  completely re-evaluated a t  75 
percent  of t h a t  c a p a c i t y  i nc rease .  I f  r equ i r ed ,  two more t r i a l s  a r e  made a t  
50 pe rcen t  and 2 5  percent  of t h e  i n i t i a l  va lue  before  going on t o  t h e  next  
p o t e n t i a l  a c t i o n  ca tegory  - RQH. The processing of each s i t e  e i t h e r  meets 
the  d e c i s i o n  B/C r a t i o  o r  ends up i n  t h e  "do noth ing"  ca tegory .  Therefore ,  
before  s i t e s  i n  c a t e g o r i e s  9, 10,  11 o r  1 2  a r e  considered "do nothing" s i t e s  
they could conceivably be t e s t e d  f o r  a c h i e v a b i l i t y  f o r  up t o  twenty d i f f e r e n t  
cond i t i ons  - f o u r  cond i t i ons  f o r  each of t h e  f i v e  a c t i o n  ca t ego r i e s .  

F igures  4-5 and 4-6 p re sen t  t he  r e s u l t s  of the  a n a l y s i s  on an aggrega te  
n a t i o n a l  s ca l e .  Note t h e  maximum p h y s i c a l  p o t e n t i a l  i s  es t imated  a t  s l i g h t l y  
over  80 m i l l i o n  MWh w i th  a  more r e a l i s t i c  e s t i m a t e  of phys i ca l  po t en t i . a l  of 
40 m i l l i o n  MWh. For a  d e c i s i o n  B / C  r a t i o  of 1.0, t he  ach ievable  energy 
i n c r e a s e  i s  about  11% (mid range of band) r e q u i r i n g  about  a  22% c a p a c i t y  
i n c r e a s e  t o  accomplish t he  energy output .  S e n s i t i v i t y  r e s u l t s  of b e n e f i t  
e s t i m a t e s  (HIGH = c a p a c i t y  i nc rease  valued a s  dependable,  LOW = c a p a c i t y  
i n c r e a s e  valued a s  i n t e r m i t t e n t ) ,  d e c i s i o n  B / C  r a t i o  ( u n c e r t a i n t y  i n  c o s t s  
and power v a l u e s ) ,  and p r o j e c t  l i f e  and d i scoun t  r a t e  ( p r i v a t e  s e c t o r  
c r i t e r i a )  a r e  shown t o  provide a  complete p i c t u r e  of t h e  p o t e n t i a l .  

Table 4-4 i s  a  summary computer p r i n t o u t  of t h e  computations f o r  t h e  
HIGH b e n e f i t  e s t i m a t e  and d e c i s i o n  B / C  r a t i o  of 1.0. Note t h a t  e s s e n t i a l l y  
a l l  t h e  i n c r e a s e  i s  found t o  be from adding new u n i t s  (expanding t h e  e x i s t i n g  
powerhouse). The Northwest accounts  f o r  about  ha l f  of t h e  i n c r e a s e  
e s t ima ted ,  t h e  Northeast  f o r  about  30% of t h e  i n c r e a s e  and the  Southeast  
about 10% of t h e  i nc rease .  

An a n a l y s i s  was performed with. t he  add ca tegory  removed from the  
eva lua t ion  p roces s  t o  provide some i n s i g h t  i n t o  the  p o t e n t i a l  energy i n c r e a s e  
from t h e  op t ions  of on ly  r e h a b i l i t a t i n g  e x i s t i n g  p l a n t s .  The p o t e n t i a l  
i n c r e a s e  ach ievable  dropped t o  1.4% (from 11%) nat ionwide.  
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INCREASED OUTPUT FROM OPERATIONAL CHANGES 

O p e r a t i o n a l  changes  t o  e x i s t i n g  p l a n t s  t h a t  cou ld  p o t e n t i a l l y  i n c r e a s e  
t h e  energy  o u t p u t  a r e  p o s s i b l e .  By r e a l l o c a t i n g  a  p o r t i o n  of t h e  f l o o d  
c o n t r o l  s t o r a g e  t o  power s t o r a g e  t h e r e  i s  t h e  p o t e n t i a l  t o  i n c r e a s e  t h e  
energy o u t p u t  by c a p t u r i n g  and r o u t i n g  a d d i t i o n a l  f l o w  th rough  t h e  powerhouse 
and by i n c r e a s i n g  t h e  head a v a i l a b l e  f o r  power g e n e r a t i o n  by keeping t h e  p o o l  
l e v e l  h i g h e r .  The a d d i t i o n a l  energy  i n c r e a s e  may be p o s s i b l e  w i t h o u t  
n e c e s s a r i l y  i n c r e a s i n g  t h e  p l a n t s  i n s t a l l e d  c a p a c i t y .  The l o s s  t o  t h e  
e x i s t i n g  p r o j e c t  would be reduced f l o o d  c o n t r o l  p r o t e c t i o n .  It i s  u n l i k e l y  
t h a t  a  s i g n i f i c a n t  r e d u c t i o n  i n  f l o o d  c o n t r o l  s t o r a g e  would be found t o  be 
a c c e p t a b l e .  However, i n  some c a s e s  o n l y  a s m a l l  p o r t i o n  of t h e  f l o o d  c o n t r o l  
space  may be needed t o  c a p t u r e  and c o n t r o l  a  s i g n i f i c a n t  amount of r e s e r v o i r  
i n f l o w  volume. 

A l t e r i n g  t h e  r e s e r v o i r  o p e r a t i o n  p o l i c i e s  i s  a n o t h e r  p o t e n t i a l  way t o  
i n c r e a s e  energy  o u t p u t .  T y p i c a l l y ,  t h e r e  i s  a  s e t  of o p e r a t i n g  r u l e s  by 
which a  r e s e r v o i r  i s  o p e r a t e d .  The t h e s i s  i s  t h a t  t h e r e  may be o p p o r t u n i t i e s  
t o  i n c r e a s e  power o u t p u t  such a s  reduc ing  f l o o d  c o n t r o l  r e l e a s e s  d u r i n g  and 
fo l lowing  f l o o d  e v e n t s  t o  a l l o w  more volume t o  be passed th rough  t h e  p l a n t ;  
a l lowing  s e a s o n a l  power poo l  e l e v a t i o n s  t o  remain a t  h i g h e r  e l e v a t i o n s  f o r  
longer  p e r i o d s  of t ime;  and minimizing a l l  r e l e a s e s  t h a t  do n o t  go th rough  
the p l a n t .  I n  e f f e c t  t h i s  might amount t o  a  q u a s i - s t o r a g e  r e a l l o c a t i o n  i n  
t h a t  some o f  t h e  g o a l s  of r e a l l o c a t i o n  might be ach ieved  w i t h o u t  f o r m a l l y  
modifying t h e  d e s i g n a t e d  s t o r a g e  zones.  



S t o r a g e  i n  a mul t ip le -purpose  r e s e r v o i r  i s  u s u a l l y  a l l o c a t e d  i n t o  f l o o d  
c o n t r o l  space ,  c o n s e r v a t i o n  s t o r a g e  ( i n c l u d i n g  hydropower),  and i n a c t i v e  o r  
dead s t o r a g e .  Flood c o n t r o l  o p e r a t i o n  r e q u i r e s  r e s e r v a t i o n  of s t o r a g e  space  
i n  t h e  e v e n t  a  f l o o d  might occur  t h u s  p o t e n t i a l l y  r e l e a s i n g  w a t e r  t h a t  might 
have been l a t e r  used f o r  power g e n e r a t i o n .  The hydropower r e a l l o c a t i o n  
q u e s t i o n  f o r  a l l  p r a c t i c a l  purposes  r e d u c e s  t o  a l l o c a t i n g  p o r t i o n s  of 
existing f l o o d  c o n t r o l  space t o  hydropower storage, me potential 
c o n t r i b u t i o n  t o  i n c r e a s e d  energy  o u t p u t  of a l l o c a t i n g  from one c o n s e r v a t i o n  
purpose  t o  a n o t h e r  i s  i n s i g n i f i c a n t  i n  comparison.  The c a n d i d a t e  p r o j e c t s  
f o r  r e a l l o c a t i o n  of f l o o d  c o n t r o l  s t o r a g e  a r e  t h e r e f o r e  t h o s e  e x i s t i n g  
hydropower p r o j e c t s  t h a t  a l s o  have f l o o d  c o n t r o l  s t o r a g e .  A t o t a l  of 187 
p r o j e c t s  were found t h a t  met t h e  c r i t e r i a .  For ty -e igh t  (48) of t h e s e  
p r o j e c t s  have f l o o d  c o n t r o l  s t o r a g e  e q u i v a l e n t  t o  10% of  t h e  a n n u a l  f l o w  
volume. 

The r e a l l o c a t i o n  a n a l y s i s  was accompli.shed by performing d e t a i l e d  
s e q u e n t i a l ,  hydropower a n a l y s i s  on 38 o f  t h e  48 p r o j e c t  p r e v i o u s l y  
i d e n t i f i e d ,  developing a  p r e d i c t i o n  e q u a t i o n  from t h e  r e s u l t s  o b t a i n e d ,  and 
a p p l y i n g  t h e  p r e d i c t i o n  e q u a t i o n  t o  t h e  remaining s i t e s .  Computer 
s i m u l a t i o n s  were made based on e x i s t i n g  s t o r a g e  a l l o c a t i o n s ,  t h e n  r e p e a t e d  
f o r  r e a l l o c a t i o n  of 10% and 2,0% of f l o o d  c o n t r o l  s t o r a g e  t o  power s t o r a g e .  
F igure  5-1 i s  a  schemat ic  of t h e  a n a l y s i s  f l o w  and i n c l u d e s  t h e  r e s u l t s  f o r  
t h e  10% f l o o d  c o n t r o l  s t o r a g e  r e a l l o c a t i o n  o p t i o n .  

The e s t i m a t e d  i n c r e a s e  i n  energy  o u t p u t  f o r  r e a l l o c a t i o n  o n l y  ( i n s t a l l e d  
c a p a c i t y  remains a t  e x i s t i n g )  is  10% r e a l l o c a t i o n  - 652 GWh ( - 9 %  i n c r e a s e  f o r  
a l l  r e a l l o c a t i o n  s i t e s )  and 20% r e a l l o c a t i o n  - 1 , 2 2 5  GWh (1.7% i n c r e a s e  f o r  
a l l  r e a l l o c a t i o n  s i t e s ) .  I f  t h e  i n s t a l l e d  c a p a c i t y  i s  i n c r e a s e d  commensurate 
w i t h  t h e  i n c r e a s e d  dependable  c a p a c i t y  made p o s s i b l e  by t h e  i n c r e a s e d  power 
s t o r a g e  and decreased  p l a n t  f a c t o r ,  an  a d d i t i o n a l  1 .7% i n c r e a s e i a a v e r a g e  
annual  energy f o r  a  10% r e a l l o c a t i o n  may be p o s s i b l e .  The major f a c t o r  i n  
i n c r e a s e d  energy  o u t p u t  was found t o  be i n c r e a s e d  head (poo l  l e v e l s ) .  The 
c o n t r i b u t i o n  due t o  c a p t u r i n g  a d d i t i o n a l  s p i l l  was n e g l i g i b l e .  By add ing  t o  
t h e  power s t o r a g e  through r e a l l o c a t i o n ,  p r o j e c t s a r e a b l e  t o  meet i n c r e a s e d  
power demands d u r i n g  c r i t i c a l  low f low p e r i o d s .  The p e r c e n t a g e  i n c r e a s e  i n  
f i r m  a n n u a l  energy (convers ion  of n o n - f i r m  energy t o  f i r m  energy)  was 
approx imate ly  3 t imes  t h e  i n c r e a s e  i n  average  annua l  energy .  

The 1i .kely  a c c e p t a b l e  r e a l l o c a t i o n  p r o j e c t  development would r e q u i r e  
f o r m u l a t i o n  and implementat ion o f  m i t i g a t i o n  measures t o  o f f s e t  t h e  l o s s  i n  
f l o o d  c o n t r o l  performance by t h e  r e s e r v o i r .  The b e n e f i t s  from i n c r e a s e d  
power producti .on would have t o  be  g r e a t e r  t h a n  t h e  c o s t  o f  t h e  m i t i g a t i o n  
measures needed t o  a s s u r e  t h e  same ( o r  n e a r l y  s o )  f l o o d  c o n t r o l  performance 
f o r  r e a l l o c a t i o n  t o  be  economica l ly  j u s t i f i e d .  

Ana lys i s  o f  t h e  p o t e n t i a l .  f o r  i n c r e a s e d  o u t p u t  by o p e r a t i o n a l  ( r u l e  
curve)  changes i n d i c a t e d  t h a t  t h e  p o t e n t i a l  was minor and i n  f a c t  i s  i n c l u d e d  
w i t h i n  t h e  e s t i m a t e s  made f o r  r e a l l o c a t i o n  a n a l y s i s .  P r o j e c t  o p e r a t o r s  
a p p e a r  t o  be  d i l i g e n t  i n  o p e r a t i n g  t h e i r  p r o j e c t s  t o  e x t r a c t  t h e  g r e a t e s t  
amount of energy  t h a t  i s  p r a c t i c a l  and r e a s o n a b l e .  
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SUMMARY OF FINDINGS 

The h y d r o e l e c t r i c  power gene ra t i on  system of t h e  United S t a t e s  i s  
comprised of 1,288 i n d i v i d u a l  p l a n t s ,  t o t a l i n g  about 3,000 i n d i v i d u a l  
genera t ing  u n i t s ,  wi th  i n s t a l l e d  capac i ty  ( exc lus ive  of pumped s to rage )  of 
63,375 megawatts (MW), g ene ra t i ng  272,552 g igawat t  hours  of e l e c t r i c a l  energy 
per  year .  The d a t a  documenting c h a r a c t e r i s t i c s  of t h e  1,288 p l a n t s  have been 
c a t a l ~ g u e d  i n t o  a computer f i l e  f o r  use i n  th? eva lua t ion  of che p o t e n t i a l  
f o r  i nc reas ing  output  from e x i s t i n g  p l an t s .  There i s  modest p o t e n t i a l  f o r  
i n c r e a s i n g  energy output  from these  p l a n t s  (11%) wi th  v i r t u a l l y  a l l  t h e  
i n c r e a s e  due t o  cap tur ing  e x i s t i n g  s p i l l  through enlargement of t h e  e x i s t i n g  
powerplant.  Equipment up ra t i ng  and improvements would l i k e l y  c o n t r i b u t e  no 
more than  1.4% i n c r e a s e  over  e x i s t i n g  ou tput .  P o t e n t i a l  f o r  increased  energy 
output  from ope ra t i ona l  improvements and s to rage  r e a l l o c a t i o n  i s  p o s s i b l e  a t  
s i t e s  wi th  e x i s t i n g  f lood  s to rage  and i s  o p t i m i s t i c a l l y  es t imated  t o  average  
2% f o r  t h e  s i t e s  wi th  f l ood  c o n t r o l  s t o r a g e  (a  n a t i o n a l  i n c r e a s e  of about  
0.6%). While t he  t o t a l  n a t i o n a l  p o t e n t i a l  f o r  i nc reas ing  energy output  a t  
e x i s t i n g  p l a n t s  i s  modest, t h e  o p p o r t u n i t i e s  a r e  r e a l  and i n  s p e c i f i c  
i n s t a n c e s  could be s i g n i f i c a n t  and important  on a  l o c a l  s c a l e .  The e x i s t i n g  
hydropower gene ra t i on  system on t h e  whole i s  making q u i t e  e f f i c i e n t  use  of 
t h e  energy resources  a v a i l a b l e  a t  t h e  e x i s t i n g  s i t e s .  

S p e c i f i c a l l y ,  t h e  i n v e s t i g a t i o n  has  found: 

e The upper phys i ca l  l i m i t  e s t ima te  of p o t e n t i a l  i n c r e a s e  i n  energy 
output  a t  e x i s t i n g  hydropower si tes i s  approximately 86,000 (GWh). 
A more r e a l i s t i c  va lue  f o r  phys i ca l  p o t e n t i a l  developed through 
d e t a i l e d  s tudy  i n  t h i s  i n v e s t i g a t i o n  i s  a  maximum p r a c t i c a l  l i m i t  of 
about  40,000 GWh (15% i n c r e a s e  over  e x i s t i n g )  i n d i c a t i n g  t h a t  
c u r r e n t  u t i l i z a t i o n  of p o t e n t i a l  energy a t  t he se  s i t e s  i s  87 pe rcen t  
on a  nationwide bas i s .  Based on p re sen t  day c o s t  and power b e n e f i t  
va lues  a s  d e c i s i o n  c r i t e r i a ,  t h e  p o t e n t i a l  energy i n c r e a s e  t h a t  i s  
ach ievable  i s  es t imated  t o  be about 30,000 GWh o r  an 11 percent  
i nc rease .  

1 ,288  s i t e s  have been i d e n t i f i e d  and catalogued i n t o  t he  b a s i c  d a t a  
f i l e s  of the  n a t i o n a l  hydropower s tudy .  This d a t a  base provides  a n  
adequate  b a s i s  f o r  a  n a t i o n a l  s tudy  of p o t e n t i a l  energy i n c r e a s e s  a t  
e x i s t i n g  s i t e s .  

e Exi s t i ng  f e d e r a l  p l a n t s  (14 percent  of t o t a l )  c o n t a i n  a  l i t t l e  over 
50 percent  of t o t a l  i n s t a l l e d  capac i ty .  

There i s  f lood  c o n t r o l  s t o r age  a t  about 15 pe rcen t  of e x i s t i n g  s i t e s  
w i th  a  t o t a l  i n s t a l l e d  c a p a c i t y  of 17,774 MW (28 percent  of t h e  
n a t i o n a l  t o t a l ) .  

There a r e  4.31 (33  percent  of t o t a l )  s i t e s  wi th  c a p a c i t y  of 8,633 MW 
(14  percent  of n a t i o n a l  t o t a l )  t h a t  a r e  c l a s s i f i e d  a s  run-of- 
t h e - r i v e r  l o c a t  ions.  

Approximately 80 pe rcen t  of t he  t o t a l  e x i s t i n g  c a p a c i t y  has  been 
added s i n c e  1940. 



Two-thirds of e x i s t i n g  p l a n t s  were cons t ruc t ed  p r i o r  t o  1940 and 
con ta in  on ly  about 20 percent  of t he  e x i s t i n g  capac i ty .  

e Approximately 75 percent  of e x i s t i n g  p l a n t s  a r e  l e s s  than 25 MW 
i n s t a l l e d  capac i ty  ye t  t he se  p l a n t s  account f o r  on ly  7 percent  of 
the  t o t a l  i n s t a l l e d  capac i ty .  

8 There can be s ign i f i can t  increases of up t o  35 percent  i n  t u r b i n e  
ou tput  capac i ty  due t o  mod i f i ca t i ons  t o  o l d e r  t u r b i n e s ,  i f  
a d d i t i o n a l  head and/or  flow a r e  a v a i l a b l e .  

Improvements i n  i n s u l a t i n g  m a t e r i a l  over  t he  p a s t  50 yea r s  a l l ows  
s i g n i f i c a n t  gene ra to r  c a p a c i t y  i n c r e a s e s  through upra t ing .  

For summary purposes t he  va lues  used i n  t he  fo l lowing  i t e m s  a r e  t aken  
from ana lyses  based on c o s t s  and b e n e f i t s  i n  p re sen t  day va lues  and a  
d e c i s i o n  th r e sho ld  b e n e f i t  t o  c o s t  r a t i o  of 1.0. 

8 The major source  of p o t e n t i a l  i n c r e a s e  i n  energy a t  e x i s t i n g  p l a n t s  
i s  the  f low t h a t  i s  c u r r e n t l y  bypassing the  e x i s t i n g  powerplant and 
no t  being captured f o r  power genera t ion .  S p e c i f i c  measures of 
adding a d d i t i o n a l  u n i t s ,  r ep l ac ing  o r  modifying u n i t s  t o  ach ieve  
h igher  ou tpu t ,  o r  s t o r age  r e a l l o c a t i o n  would be requi red  t o  cap tu re  
p o r t i o n s  of t h e  p r e s e n t l y  passed f lows ( s p i l l ) .  U t i l i z a t i o n  of t h i s  
s p i l l a g e  through a d d i t i o n  of u n i t s  accounts  f o r  more than  94 pe rcen t  
of t h e  es t imated  ach ievable  p o t e n t i a l  energy output  i n c r e a s e  a t  
e x i s t i n g  s i t e s .  

8 The i n c r e a s e  i n  energy due t o  head i n c r e a s e s ,  even using a l l  of t h e  
f l ood  c o n t r o l  space, accounts  f o r  l e s s  than 6 percent  of t h e  t o t a l  
p o t e n t i a l  energy inc rease  a t  e x i s t i n g  s i t e s .  

e The achievable  average annual  energy based on the  c a p a c i t y  and 
energy power va lues  used h e r e i n  and the  f e d e r a l  i n t e r e s t  r a t e  of 
6-7/8% i s  about 30,000 GWh o r  an  11 percent  i n c r e a s e  i n  energy above 
e x i s t i n g  hydropower ou tput .  Development of t h i s  a d d i t i o n a l  energy 
would r e q u i r e  adding about  14,000 MW of c a p a c i t y ,  an  i n c r e a s e  of  22 
percent  over  e x i s t i n g  capac i ty .  

I f  power b e n e f i t  c r e d i t  f o r  dependable c a p a c i t y  i s  omi t ted  from t h e  
e v a l u a t i o n  (because no t  a l l  a d d i t i o n a l  capac i ty  could be reasonably 
expected t o  be dependable) ,  t he  ach ievable  annual  energy i n c r e a s e  
drops t o  about 18,000 GWh o r  a  6  percent  i nc rease  over  e x i s t i n g  
ou tput .  

I f  t h e  i n t e r e s t  r a t e  f o r  t h e  implementation d e c i s i o n  c r i t e r i a  i s  
r a i s e d  t o  1.5 percent  from t h e  6,-7/8 percent  u t i l i z e d  i n  t h i s  s tudy  
and the  p r o j e c t  e v a l u a t i o n  per iod  i s  decreased from 100 y e a r s  t o  50 
yea r s  and the  va lue  of power i s  he ld  cons t an t ,  t he  ach ievable  annual  
energy i n c r e a s e  drops t o  about  10,000 GWh o r  a  4  percent  i n c r e a s e  
over  e x i s t i n g  ou tput .  



e If adding u n i t s  were no t  being considered a s  a n  a l t e r n a t i v e ,  (e.g., 
on ly  e x i s t i n g  u n i t  up ra t e s  and improvements a r e  considered)  t h e  
p o t e n t i a l  i n c r e a s e  i n  annual  energy due t o  replacement of and/or  
modi f ica t ions  t o  e x i s t i n g  u n i t s  would be about 3,750 GWh o r  a n  
energy i n c r e a s e  of 1.4 percent  over  e x i s t i n g .  

The l o s s  i n  energy (and thus  revenue) from removing a u n i t  from 
s e r v i c e  t o  u p r a t e  through modi f ica t ion  i s  p r e s e n t l y  seidom 
economically j u s t i f i e d .  Uprates through improvements a r e  more 
a t t r a c t i v e  f o r  implementation when t h e  p l a n t  must be taken  o u t  of 
s e r v i c e  f o r  some o the r  compelling reason. 

The Western Systems Coordinating Council (WSCC), Northeast Power 
Coordinating Council (NPCC), and Southeas te rn  E l e c t r i c  R e l i a b i l i t y  
Council (SERC) regions con ta in  88 percent  of t he  es t imated  
achievable  annual  energy increase .  

The p o t e n t i a l  energy development due t o  r e a l l o c a t i o n  of f l ood  
c o n t r o l  s t o r a g e  i n  e x i s t i n g  power r e s e r v o i r s  - w i l l  l i k e l y  con- 
t r i b u t e  l e s s  than  a one percent  i n c r e a s e  i n  h y d r o e l e c t r i c  energy 
output  on a n a t i o n a l  b a s i s .  The conversion of non-firm energy t o  
f i rm  energy made s i g n i f i c a n t  - up t o  3 t imes t h e  inc rease  t h a t  was 
es t imated  f o r  annual  energy. S u b s t a n t i a l  ga ins  i n  average annual  
energy can be obta ined  a t  those  p r o j e c t s  where t h e  r e s e r v o i r  power 
ope ra t ion  can be based on zero  f i rm  energy due t o  t h e  h ighe r  heads 
r e s u l t i n g  from t h e  decreased r e s e r v o i r  drawdown. 

It would r e q u i r e  about 60 m i l l i o n  b a r r e l s  of f u e l  o i l  annual ly ,  t o  
produce t h e  equ iva l en t  amount of e l e c t r i c a l  energy (30,000 GWh) 
t h a t  has  been found i n  t h i s  i n v e s t i g a t i o n  t o  be achievable .  
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