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FOREWORD 

N u c l e a r e n e r g y can p l ay an i m p o r t a n t p a r t in t he p r o d u c t i o n of f r e s h 
w a t e r f r o m sa l ine w a t e r to mee t the growing wa t e r s h o r t a g e s in many p a r t s 
of t h e w o r l d . Dur ing the s ix th G e n e r a l C o n f e r e n c e of t he I n t e r n a t i o n a l 
A t o m i c E n e r g y Agency in 1962, the T u n i s i a n de l ega t e e m p h a s i z e d the p o -
t e n t i a l app l i ca t ion of a t o m i c e n e r g y to d e s a l i n a t i o n , e s p e c i a l l y f o r t he d e -
veloping c o u n t r i e s . While such p o s s i b i l i t i e s a p p e a r e d r a t h e r dis tant at that 
t ime , s ignif icant p r o g r e s s has s ince been made . In his a d d r e s s summar iz ing 
the r e s u l t s of t h e T h i r d I n t e r n a t i o n a l C o n f e r e n c e on t h e P e a c e f u l U s e s of 
A t o m i c E n e r g y , D r . Glenn T , S e a b o r g o b s e r v e d : 

"The s tud ies that have been under t aken to date indicate that combinat ion 
n u c l e a r ins ta l la t ions in the next few decades will be able to produce f r e s h 
w a t e r and e l e c t r i c p o w e r at c o s t s which m a y be a t t r a c t i v e f o r many 
m u n i c i p a l and i n d u s t r i a l n e e d s th roughou t the w o r l d . The w a t e r f r o m 
t h e s e combina t ion p l an t s may even f ind economic po ten t ia l f o r s e l ec t ed 
a g r i c u l t u r a l u s e when c o m p a r e d with o t h e r a l t e r n a t i v e s in s p e c i f i c 
s i t u a t i o n s . " 
To r e a c h these goals , much e f fo r t and t i m e wil l be r e q u i r e d . Extens ive 

r e s e a r c h and development p r o g r a m m e s , cover ing both desa l t ing and r e a c t o r 
t e chno logy , have been s t a r t e d in d i f f e r e n t c o u n t r i e s to r e d u c e the cos t of 
d e s a l t e d w a t e r . In v iew of the c o m p l e x i t y and m a g n i t u d e of the p r o b l e m s 
encounte red in f inding the bes t solution to mee t the wa te r r e q u i r e m e n t s in a given 
a r e a , t h e r e i s a g r e a t need f o r c l o s e c o - o p e r a t i o n a m o n g the n a t i o n a l and 
in te rna t iona l organiza t ions involved. The Agency i s aware of i t s respons ib i l i t ies 
in n u c l e a r d e s a l i n a t i o n and i s a n x i o u s t o p l ay i t s r o l e in f u r t h e r i n g i n t e r -
n a t i o n a l c o l l a b o r a t i o n . 

As p a r t of i t s p r o g r a m m e f o r n u c l e a r desa l ina t ion , the Agency has a l -
r eady held a s e r i e s of f ive pane l s to cover va r i ous a spec t s . This publication 
d e a l s m a i n l y with the f i f t h p a n e l , which w a s he ld in A p r i l 1965 u n d e r the 
c h a i r m a n s h i p of M r . J . G a u s s e n s and a t t ended by 37 p a r t i c i p a n t s and ob -
s e r v e r s f r o m 17 c o u n t r i e s and i n t e r n a t i o n a l o r g a n i z a t i o n s . It i n c l u d e ? a 
s u m m a r y of the points e m e r g i n g f r o m the d i s c u s s i o n s , the p a p e r s p r e p a r e d 
f o r t he P a n e l , a b s t r a c t s of the r e f e r e n c e m a t e r i a l s u b m i t t e d to the P a n e l , 
and the r e c o m m e n d a t i o n s of the P a n e l on the Agency ' s f u t u r e ac t iv i t i es . F o r 
conven ience , it w a s thought d e s i r a b l e to inc lude in the a n n e x e s a br ie f a c -
count of t h e two i m m e d i a t e l y p r e v i o u s p a n e l s h e l d in A p r i l 1964 and 
S e p t e m b e r 1963. 

The Agency i s g r a t e f u l to v a r i o u s M e m b e r S ta tes f o r t h e i r suppor t and 
to the p a r t i c i p a n t s in the p a n e l s f o r t h e i r va luab le con t r ibu t ions . 
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SUMMARY REPORT AND RECOMMENDATIONS 

1. INTRODUCTION 

The F i f t h P a n e l on the Use of N u c l e a r E n e r g y f o r W a t e r Desa l ina t ion , 
he ld f r o m 5 to 9 A p r i l 1965, had two m a i n o b j e c t i v e s . 

F i r s t l y the Pane l rev iewed the la tes t developments per ta in ing to nuclear 
de sa l i na t i on and r e l a t e d t op i c s , t h e r e b y cont inuing with the work of the 
e a r l i e r P a n e l s . A n u m b e r of va luab le p a p e r s and s t u d i e s w e r e p r e s e n t e d 
and d i s c u s s e d . A s u m m a r y of the h ighl ights of the p r o c e e d i n g s i s given. 
No a t t e m p t i s m a d e to make t h i s s u m m a r y c o m p r e h e n s i v e and a p p r o p r i a t e 
r e f e r e n c e s a r e p rov ided w h e r e v e r n e c e s s a r y . 

Secondly , the P a n e l - at the r e q u e s t of t he Agency - m a d e r e c o m -
m e n d a t i o n s r e g a r d i n g a p o s s i b l e p r o g r a m m e of f u t u r e a c t i v i t i e s by the 
Agency in t h e f i e ld of n u c l e a r d e s a l i n a t i o n . F o r t h i s p u r p o s e , a w o r k i n g 
group of e x p e r t s and m e m b e r s of the S e c r e t a r i a t met e a r l i e r and d r a f t e d a 
r e p o r t f o r the cons idera t ion of the Pane l . The f ina l r ecommenda t ions of the 
P a n e l a r e i nc luded in t h e s u m m a r y r e p o r t and h a v e b e e n a c c e p t e d by the 
D i r e c t o r G e n e r a l t o f o r m the b a s i s of the f u t u r e p r o g r a m m e of the Agency 
in t h i s a r e a . 

2. WATER QUALITY 

T h e qua l i ty of w a t e r i s an i m p o r t a n t c o n s i d e r a t i o n in d e t e r m i n i n g i t s 
potent ia l use . A wide range of use values can be ass igned to water of a given 
qua l i ty depend ing upon t h e c o n s u m e r ' s r e q u i r e m e n t s . It would not be a p -
p r o p r i a t e to ass ign sy s t ema t i ca l l y a high value to wa te r of high quality. This 
va lue can only be d e t e r m i n e d a f t e r having e s t i m a t e d the economic bene f i t s 
r e s u l t i n g f r o m i t s u se in a s p e c i f i c s i tua t ion . 

F r o m the point of v iew of t he c o n s u m e r , t he qual i ty of the w a t e r can 
be of p r i m e i m p o r t a n c e . A s f a r a s s a l i n i t y i s c o n c e r n e d , t h i s qua l i ty i s 
e x p r e s s e d both by the to ta l amount of dissolved sa l t s and the nature and quan-
t i ty of e a c h one of t h e m . F o r a d e s a l i n a t i o n p lan t , t he c h o i c e of p r o c e s s 
d e p e n d s on t h e qua l i ty of t he w a t e r both u p s t r e a m and d o w n s t r e a m of the 
p lan t s : u p s t r e a m the quali ty i s d e t e r m i n e d by the s o u r c e of the wa te r , while 
d o w n s t r e a m it i s f ixed by the c o n s u m e r . 

3. DESALINATION PROCESSES 

3. 1. Cost components [1, 2] i 

The e n e r g y consumpt ion i s one of the i m p o r t a n t p a r a m e t e r s of a wa t e r 
plant . The va r ious desa l ina t ion p r o c e s s e s of fe r a f a i r ly wide range of p o s s i -

1 In this summary only numbers between square brackets refer to the numbers in the Contents List 
allotted to the reference documents published below. 

1 



2 SUMMARY REPORT 

bi l i t ies in th i s r e s p e c t but one has to be r a t h e r c a r e f u l when compar ing the i r 
energy consumpt ion p e r unit p roduc t . 

The m i n i m u m e n e r g y t h e o r e t i c a l l y r e q u i r e d in any r e v e r s i b l e p r o c e s s 
to desa l t 1 m 3 of s ea w a t e r (35 000 ppm) at ambien t t e m p e r a t u r e i s 0.7 kWh 
(2.8 k W h / 1 0 3 ga l ) . H o w e v e r , the p r e s e n t p r a c t i c a l v a l u e s a r e f a r above 
t h i s f i g u r e b e c a u s e of i r r e v e r s i b i l i t i e s of a c t u a l p r o c e s s e s ( f r i c t i o n s , 
t e m p e r a t u r e d i f f e r e n c e s , e t c . ). It should a l s o be ment ioned that the above 
f igure imp l i e s that the b r i n e should be kept at the s a m e concentra t ion as the 
incoming sea wa te r , which p rac t i ca l ly m e a n s that no f ini te quantity of water 
has been desa l t ed . 

When compar ing the ene rgy consumpt ion p e r unit product (kWh/m 3 ) f o r 
d i f f e r en t desa l ina t ion p r o c e s s e s , the f o r m of energy used ( t he rma l o r e l e c -
t r i ca l ) should be s ta ted c lear ly a s it r e q u i r e s about 3 kWh t h e r m a l to produce 
1 kWh e l e c t r i c a l . T h i s c o m p a r i s o n should a l s o inc lude the p o w e r used by 
the a u x i l i a r i e s of the desa l ina t ion plant , e . g . pumping power . Energy con-
sumpt ion , even so ad jus t ed , i s only one of the p a r a m e t e r s f o r de t e rmin ing 
the total energy cost to the desal inat ion plant . F o r ins tance the cost of e lec-
t r i c a l e n e r g y inc ludes in addi t ion to the heat s o u r c e o the r components such 
a s t u r b o g e n e r a t o r , c o n d e n s e r , swi t chya rd , e tc . 

A breakdown of the cost of desa l ted wa t e r shows the impor tan t par t 
played by capi ta l inves tment . I ts s h a r e in the cost v a r i e s considerably f r o m 
one p r o c e s s to a n o t h e r , and any c o m p a r i s o n be tween two p r o c e s s e s m u s t 
t ake it into account . The cap i t a l inves tmen t v a r i e s f o r a given p r o c e s s a c -
c o r d i n g to the qua l i ty of both s a l t ed and d e s a l t e d w a t e r and the cos t of t he 
e n e r g y a v a i l a b l e . The r e s p e c t i v e s h a r e s of cap i t a l i n v e s t m e n t and ene rgy 
c o s t a r e ob ta ined a s a r e s u l t of an op t imiza t ion s tudy c a r r i e d out a c c o r d i n g 
to a s e t of a s s u m e d ground r u l e s . In t h i s r e s p e c t s e v e r a l a p p r o a c h e s a r e 
p o s s i b l e . 

3. 2. T e c h n i c a l characteristics 

A l a r g e - s c a l e e f fo r t i s be ing launched by the Off ice of Saline Water 
(OSW) in the United S ta tes of A m e r i c a f o r the deve lopment of desa l t ing 
t echno logy [18 ] . Recen t p r o g r e s s r e g a r d i n g v a r i o u s p r o c e s s e s be ing d e -
m o n s t r a t e d in the USA w a s r e p o r t e d to the P a n e l [1 ] . 

A nove l a r r a n g e m e n t of a f l a s h p r o c e s s ( m u l t i e f f e c t - m u l t i s t a g e ) i s 
u n d e r t e s t by the OSW. T h i s unit i s an 8 - e f f e c t , 6 4 - s t a g e f l a s h pilot plant 
having a capaci ty of 40 m 3 / d (10 000 ga l /d) . The advantages of th is new con-
cept a r e connec ted in p a r t wi th the pos s ib i l i t y of r a i s i n g the m a x i m u m 
p e r m i s s i b l e b r i n e t e m p e r a t u r e . 

C e r t a i n doub t s r e m a i n a s r e g a r d s the s i z e e f f e c t by s c a l i n g up f l a s h 
e v a p o r a t o r s . In t h e i r p r e s e n t des ign , it a p p e a r s that t h i s e f fec t m u s t d e -
c r e a s e cons ide rab ly above a capaci ty of 40000 m 3 / d (10 Mgd2) . The United 
S t a t e s p r o g r a m m e , which a l s o inc ludes o t h e r d i s t i l l a t i on p r o c e s s e s , p r o -
v i d e s f o r s t e p w i s e d e v e l o p m e n t in t h i s connec t ion . A f t e r d e s i g n s t u d i e s , 
f u l l - s c a l e b locks o r " m o d u l e s " of a 200 000 m 3 / d (50-Mgd) unit will be con-
s t r u c t e d , T h i s wi l l m a k e it p o s s i b l e to s tudy s i m u l t a n e o u s l y f l a s h e v a p o r -
a t ion o p e r a t i o n and p r o b l e m s a s s o c i a t e d with h i g h - c a p a c i t y i n s t a l l a t i o n s . 

2 Mgd = million US gallons per day. 



3 SUMMARY REPORT 

F o r h i g h - c a p a c i t y p l a n t s having an output in the r a n g e of 40 000 m 3 / d 
(10-Mgd) , t he s o - c a l l e d " l o n g - t u b e v e r t i c a l " p r o c e s s s e e m s to cons t i t u t e 
a c o m p e t i t o r to the f l a s h e v a p o r a t i o n p r o c e s s . 

A desa l ina t ion plant may be des igned in o r d e r to i n c r e a s e i ts output in 
a l a t e r s tage if r e q u i r e d . F o r ins tance , a plant of the f lash evaporat ion type 
could be des igned with a r e l a t i v e l y low t e m p e r a t u r e in the b r ine h e a t e r and 
high t e m p e r a t u r e sec t ions added subsequent ly if de s i r ed , thus inc reas ing the 
p e r f o r m a n c e r a t i o . 

Whi le a m a j o r s h a r e of e f f o r t s i s be ing devo ted to d i s t i l l a t i o n , o t h e r 
p r o m i s i n g p r o c e s s e s , e spec i a l l y r e v e r s e o s m o s i s , a r e r e c e i v i n g a t tent ion. 
A f i r s t p r o t o t y p e u s i n g r e v e r s e o s m o s i s p r o d u c i n g 100 m 3 / d (25 Mgd) of 
f r e s h w a t e r f r o m b r a c k i s h w a t e r i s e x p e c t e d to s t a r t o p e r a t i o n in 1967. 

4 . S I N G L E - P U R P O S E D E S A L I N A T I O N P L A N T S 

To avoid the f o r m a t i o n of s ca l e , the t e m p e r a t u r e of the b r ine in p lan t s 
u s i n g d i s t i l l a t i o n p r o c e s s e s should a t no point e x c e e d a c e r t a i n m a x i m u m 
value depending upon content and n a t u r e of s a l t s , p r i o r c h e m i c a l t r e a t m e n t , 
m a t e r i a l s u sed and o the r f a c t o r s . 

C o n s i d e r a b l e r e s e a r c h work i s be ing c a r r i e d out to i n c r e a s e the m a x i -
m u m p e r m i s s i b l e b r i n e t e m p e r a t u r e . The San Diego d e m o n s t r a t i o n p lant 
us ing the pH method of s ca l e cont ro l has been sa t i s fac to r i ly operated at 120°С 
(250°F) over a cons iderab le per iod of t i m e . Means of scale control a r e under 
invest igat ion in o r d e r to r each t e m p e r a t u r e s of 150°C (300°F) [1]. 

E x i s t i n g t y p e s of p o w e r r e a c t o r s g e n e r a t e s t e a m at m u c h h i g h e r 
t e m p e r a t u r e s . At p r e s e n t it s e e m s tha t no s u b s t a n t i a l s av ings in c a p i t a l 
and o p e r a t i n g cos t could be ob ta ined by d e v e l o p i n g new t y p e s of r e a c t o r s 
supplying s t e a m at low t e m p e r a t u r e s in the r ange of those mentioned above. 

The use of s e v e r a l desa l t ing p r o c e s s e s a r r a n g e d in s e r i e s in the s t e a m 
c i rcu i t could provide an a t t r ac t i ve s c h e m e . F o r example , the h i g h - p r e s s u r e 
s t e a m could be used f i r s t to p e r f o r m m e c h a n i c a l work in a desa l ina t ion 
plant us ing the vapour c o m p r e s s i o n p r o c e s s , and t h e r e a f t e r to heat the br ine 
of a f l a sh evapora t ion plant [6] . 

5. DUAL-PURPOSE PLANTS 

5. 1. General 

Most of the a c t u a l des ign s t ud i e s c o n s i d e r expanding the h i g h - p r e s s u r e 
s t e a m f r o m the r e a c t o r plant in a t u rb ine and thus genera t ing e lec t r i c power. 
The l o w - p r e s s u r e s t e a m i s u s e d a s the hea t s o u r c e of a d i s t i l l a t i o n p l an t . 

It was pointed out that unde r c e r t a i n condi t ions the cost of p r i m e s t e a m 
can be a l l oca t ed to p o w e r and w a t e r p r o d u c t i o n in such a way that the cos t 
of n e i t h e r p r o d u c t i s a f f e c t e d by v a r y i n g o v e r a r e a s o n a b l e r a n g e t h e 
t e m p e r a t u r e of the exhaust s t e a m f r o m a back p r e s s u r e tu rb ine . If the cos ts 
a r e Independent of the product r a t io in th i s way, one can a s s u m e that ne i ther 
product i s subsidizing the o ther [6] . 
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5. 2. Flexibility and reliability 

T h e f l ex ib i l i t y of a d u a l - p u r p o s e p lan t can be def ined a s i t s ab i l i t y t o 
v a r y i t s output of w a t e r and power a c c o r d i n g to the demand f o r each . Two 
m a i n c o m p o n e n t s of a n u c l e a r d u a l - p u r p o s e p lan t , t h e r e a c t o r and t u r b o -
g e n e r a t o r can be o p e r a t e d at va ry ing load without much di f f icul ty . Such an 
opera t ion , however , could give r i s e to inconvenient t r a n s i e n t s in l a rge d i s -
t i l la t ion uni ts . The f lexibi l i ty of the en t i re plant depends, in addition, on the 
combined r e s p o n s e of i t s componen t s . To obta in m a x i m u m benef i t f r o m a 
d u a l - p u r p o s e a r r a n g e m e n t , both power and w a t e r plant should be ope ra t ed 
at r a t e d capac i ty and wi th a high u t i l i z a t i on f a c t o r . T h o s e cond i t ions a r e 
e a s i l y m e t when t h e p l an t i s p a r t of a l a r g e s y s t e m . 

In some developing coun t r i e s where the demand f o r power i s at p r e s e n t 
s m a l l , but i s growing at a r ap id r a t e , it might appea r economical ly a t t r a c t -
ive to i n s t a l l p o w e r un i t s which would be o p e r a t e d at f u l l load only a f t e r a 
c e r t a i n t i m e . In such c a s e s f l ex ib i l i t y b e c o m e s an i m p o r t a n t f a c t o r . 

Some of the m e a n s leading to a m o r e f lexible opera t ion of the plant, e .g. 
dump c o n d e n s e r , b y - p a s s l ine , p a s s - o u t condensing tu rb ine , could a l so i m -
p r o v e the r e l i ab i l i t y of the s y s t e m . L o o s e r coupling of the d i f f e r en t c o m -
ponen t s wil l t h u s be ach ieved with an addi t ional i nves tmen t cos t . 

F u r t h e r development s tud ies on f lexibi l i ty should, t h e r e f o r e , be des i r ab le 
f o r the benefi t of the p rospec t ive u s e r s of dua l -pu rpose p lan ts . 

5. 3. Dual-purpose projects under consideration 

A joint U S - I s r a e l f e a s i b i l i t y study of a d u a l - p u r p o s e plant f o r mee t ing 
I s r a e l ' s needs i s u n d e r way [16]. A plant p roduc ing 400 000 to 500 000 щ З / d 
( 1 0 0 - 125 Mgd) and 175 to 200 MW(e) of sa lab le e l e c t r i c power i s being con-
s i d e r e d . P r e l i m i n a r y a n a l y s i s i nd ica t e s that a n u c l e a r heat s o u r c e of 1000 
to 1500 MW(th) feeding a b a c k - p r e s s u r e t u rb ine could be the mos t economic 
a l t e r n a t i v e . B a s e load o p e r a t i o n of w a t e r and p o w e r p l a n t s h a s been 
a s s u m e d . 

B ids have a l r e a d y b e e n r e c e i v e d f o r i n s t a l l i ng a n u c l e a r dua l -pu rpose 
plant producing 150 MW(e) and 20 000 m 3 of w a t e r / d (5 Mgd) n e a r Alexandria 
(UAR) [14] . Dua l -pu rpose p lants might a l so be cons idered fo r solving wate r 
shor tage p r o b l e m s in r eg ions such a s Mexico City [15], North Eas t of Braz i l 
[17] and Athens [13] . 

6. ECONOMIC CONSIDERATIONS 

6. 1. Plant sizing and optimization 

It h a s b e e n po in t ed out tha t when i n v e s t i g a t i n g the m e a n s of m e e t i n g 
power and wa te r demands in a given a r ea , a m a r k e t survey should be under -
t a k e n and the s h a p e of t he d e m a n d c u r v e s ë s t a b l i s h e d a s a f u n c t i o n of t he 
se l l ing p r i c e s and t h e i r v a r i a t i o n with t i m e [4] . Th i s wil l s e r v e a s a guide 
to d e t e r m i n e whe the r a d u a l - p u r p o s e plant should be cons ide red and the 
r a n g e of p o s s i b l e w a t e r and p o w e r ou tputs . Such an a p p r o a c h i s qui te i m -
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p o r t a n t f o r l a r g e s i z ed p l a n t s a s in the c a s e of n u c l e a r ones . However , a 
plant of low output which i s m a r g i n a l in a given s y s t e m , wi l l not change the 
economic p i c t u r e of the s y s t e m a s a whole. 

S e v e r a l a p p r o a c h e s have been used f o r op t imiz ing d u a l - p u r p o s e p lan t s . 
If w a t e r and power p roduc t ions of the plant a r e p r e c i s e l y f ixed, a l l poss ib le 
s c h e m e s giving the s a m e outputs should be inves t iga t ed . The op t imum one 
wil l y ie ld the lowest to ta l annual cost (fixed c h a r g e s , fue l opera t ion and 
m a i n t e n a n c e ) . T h i s me thod , t h e r e f o r e , does not r e q u i r e the eva lua t ion of 
the s t e a m cos t to the w a t e r plant and the e s t a b l i s h m e n t of s e p a r a t e d w a t e r 
and p o w e r c o s t s . 

In mos t c a s e s the r e q u i r e d quan t i t i e s of w a t e r and power a r e not s ta ted 
so r ig id ly . An a p p r o a c h which i s f r e q u e n t l y used c o n s i s t s in giving a value 
t o t h e annua l p o w e r p r o d u c t i o n and to d e d u c e it f r o m the t o t a l annua l cos t 
of t he d u a l - p u r p o s e p lan t to d e t e r m i n e a unit w a t e r cos t [ 8 ] . T h i s method 
involves the ca lcu la t ion of the cos t of the s t e a m to the b r i n e h e a t e r and sub-
sequent op t imiza t ion of the w a t e r p lant , the c r i t e r i a be ing the lowest wa t e r 
c o s t . T h e m a i n d i f f i cu l ty of t h i s " p o w e r c r e d i t " me thod l i e s in the choice 
of t he va lue to be g iven to the e l e c t r i c p o w e r g e n e r a t e d . 

6. 2. Costing procedures 

S e v e r a l p r o c e d u r e s a r e used f o r e s t a b l i s h i n g w a t e r and power c o s t s in 
a d u a l - p u r p o s e p l an t . The " p o w e r c r e d i t " a p p r o a c h a l r e a d y men t ioned i s 
one of them. Another approach cons i s t s in al locat ing to each product a sha re 
of t h e t o t a l c o s t a c c o r d i n g to a s e t of g round r u l e s . In t h i s c o n n e c t i o n it 
should be m e n t i o n e d tha t one cos t a l l o c a t i o n m e t h o d h a s r e c e n t l y b e e n d e -
ve loped in the United N a t i o n s [7] . S ince any cos t i ng p r o c e d u r e f o r d e t e r -
min ing the c o s t s of each one of t he combined p r o d u c t s i s n e c e s s a r i l y a r b i -
t r a r y , it should be def ined in each c a s e . It could, t h e r e f o r e , be worthwhile 
p r o c e e d i n g to a r ev i ew of the d i f f e r en t cos t ing p r o c e d u r e s . 

7. NUCLEAR REACTORS FOR DESALINATION 

The incent ive f o r c o n s i d e r i n g the u s e of n u c l e a r r e a c t o r s f o r d e s a l i n a -
t i o n l i e s in t h e i r p o t e n t i a l f o r p r o v i d i n g low c o s t e n e r g y f o r d e s a l i n a t i o n , 
e s p e c i a l l y in l a r g e s i z e s . A s a r e s u l t of r e c e n t f u r t h e r i m p r o v e m e n t s in 
n u c l e a r r e a c t o r e c o n o m i c s , both in f u e l c y c l e and c a p i t a l c o s t s , t h i s i n -
c e n t i v e h a s i n c r e a s e d . 

Seve ra l s tudies have been made to invest igate the technica l and economic 
f e a s i b i l i t y of d i f f e r e n t t y p e s and s i z e s of r e a c t o r s in c o n j u n c t i o n with d e -
sa l ina t ion p l a n t s . The r e s u l t s of s o m e of the r e c e n t s t ud i e s w e r e r e p o r t e d 
to the P a n e l in r ev i ew p a p e r s . A s u m m a r y of t h e s e i s given h e r e . 

In the USA a s tudy of s i n g l e - and d u a l - p u r p o s e p lan t s us ing nuc l ea r and 
conven t iona l p o w e r h a s b e e n m a d e by the Ca t a ly t i c C o . , u n d e r c o n t r a c t of 
the US Depar tmen t of the I n t e r i o r and the USAEC [8] . The t h e r m a l capacity 
of t he p l an t s i nves t iga t ed r a n g e s f r o m 200 to 1500 MW. Two c a t e g o r i e s of 
r e a c t o r p lan t s have been c o n s i d e r e d . One i s r e p r e s e n t a t i v e of l o w - t e m p e r a t u r e 
w a t e r r e a c t o r s , n a m e l y the b o i l i n g - w a t e r r e a c t o r , p r e s s u r i z e d w a t e r r e -
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a c t o r and s p e c t r a l sh i f t con t ro l l ed r e a c t o r , and the o the r i s r e p r e s e n t a t i v e 
of h i g h - t e m p e r a t u r e r e a c t o r s such a s the s o d i u m - g r a p h i t e r e a c t o r and the 
h igh - t empera tu r i e g a s - c o o l e d r e a c t o r . C o m p a r i s o n s have been made with 
conven t iona l h e a t s o u r c e s in which the f u e l is . n a t u r a l ga s at 9 c e n t s p e r 
mi l l ion kca l (35 cen t s p e r mi l l ion Btu). B r i n e h e a t e r t e m p e r a t u r e has been 
a s s u m e d at 120°C (250°F) . Computat ions have been made f o r s e v e r a l f ixed -
cha rge r a t e s and power c r e d i t s . 

T a b l e s I and II f r o m t h i s s tudy s u m m a r i z e the m a i n r e s u l t s . Tab le I 
shows w a t e r c o s t s at t h e plant out le t without s t o r a g e and conveyance c o s t s 
and u s ing v a r i a b l e p o w e r c r e d i t in the c a s e of d u a l - p u r p o s e p l a n t s . T h i s 
f a c t o r i s defined a s the p roduc t ion cost of a power only plant of the mos t e f -
f i c i e n t type o p e r a t i n g u n d e r the s a m e f ixed c h a r g e s t r u c t u r e equa l in s i z e 
to the net s a l ab l e power output of the dua l plant be ing c o n s i d e r e d . Tab le II 
s u m m a r i z e s the r e s u l t s of the op t imiza t ion of dua l -purpose p lan ts with 14% 
f ixed c h a r g e r a t e and v a r i a b l e power c r e d i t f a c t o r s . 

The USAEC i s supp lement ing i t s r e a c t o r p r o g r a m m e to develop approp-
r i a t e r e a c t o r t y p e s f o r an t i c i pa t ed d e s a l i n a t i o n a p p l i c a t i o n s [18] . While 
a s s e s s m e n t s a r e be ing m a d e on a n u m b e r of r e a c t o r s y s t e m s , s p e c i a l a t -
t en t i on i s be ing given to the Heavy W a t e r O r g a n i c Cooled R e a c t o r concept 
which i s be ing p u r s u e d a s a r e f e r e n c e s y s t e m f o r l a r g e s c a l e desa l i na t i on 
p r o g r a m m e s . 

Studies a r e a l so being under taken r e g a r d i n g r e a c t o r coupling p a r a m e t e r s 
in d u a l - p u r p o s e o p e r a t i o n , a n a l y s e s of o p e r a t i n g f l ex ib i l i t y and of va ry ing 
p r o d u c t r a t i o s and r e a c t o r s f o r s i n g l e - p u r p o s e app l i ca t i on . 

It i s p roposed to c o n s t r u c t a f i r s t p ro to type r e a c t o r of 1000 MW(th) c a -
paci ty which could be opera ted in 1970. It would not be coupled to de sa l i na -
t ion p l a n t s t o m i n i m i z e any p o s s i b l e i n t e r f e r e n c e b e t w e e n t h e m . If t h e s e 
s e p a r a t e d p l a n t s p r o v e to be s u c c e s s f u l , t he nex t s t e p would be a c o m b i -
nation of a 3500 MW(th) r e a c t o r and l a rge s ize desal inat ion plant with seve ra l 
uni ts of 200 000 m 3 / d (50 Mgd) capaci ty . 

In the Soviet Union [5] , t he cos t of h e a t i n g s t e a m f o r d e s a l i n a t i o n h a s 
been d e t e r m i n e d f o r t h r e e types of r e a c t o r s which a r e being developed t h e r e 
at p r e s e n t , i . e. g raphi te m o d e r a t e d - w a t e r cooled-nuclear superheated, PWR, 
f a s t b r e e d e r . S e v e r a l s i z e s f r o m 250 to 2000 MW(th) have been invest igated. 
The in f luence of t he t e m p e r a t u r e of the hea t ing s t e a m and of t he n u m b e r of 
s t a g e s of the d e s a l i n a t i o n plant on the cos t of f r e s h w a t e r ha s been s tudied. 

The ma in r e s u l t s a r e given in Tab le III, and the a s s u m p t i o n s made a r e 
r e f e r r e d to in [5 ] . T h e cos t of t he hea t ing s t e a m to the d e s a l i n a t i o n plant 
h a s been t aken a s equa l t o the va lue of the add i t iona l e l e c t r i c ene rgy which 
could have b e e n p r o d u c e d by the s a m e r e a c t o r o p e r a t i n g with a condens ing 
t u r b i n e . It was pointed out that the economic data which appea r in Table III 
r e f l e c t t h e l e v e l of r e a c t o r t echnology a s of 1964, and mus t , t h e r e f o r e , be 
c o n s i d e r e d a s c o n s e r v a t i v e . 

I t shou ld be m e n t i o n e d t h a t a n u c l e a r d u a l - p u r p o s e p lan t u s i n g a f a s t 
b r e e d e r r e a c t o r i s at p r e s e n t u n d e r c o n s t r u c t i o n in the Soviet Union on the 
C a s p i a n S e a . T h i s p l an t wi l l g e n e r a t e 150 MW of e l e c t r i c i t y and p r o d u c e 
120 000 m 3 of f r e s h w a t e r p e r day (30 Mgd). It i s scheduled to be c o m -
m i s s i o n e d by 1968/1969. 



TABLE I 

W A T E R P R O D U C T I O N C O S T (US $ / 1 0 0 0 G A L L O N S ) 

Fixed 
charge 

rate 

Fossil fuelled Nuclear reactor 

Fixed 
charge 

rate 

Low temperature 
(MW(th)) 

High temperature 
(MW(th)) 

Low temperature 
(MW(th)) 

High temperature 
(MW(th)) 

Fixed 
charge 

rate 

200 600 1000 1500 200 600 1000 1500 200 600 1000 1500 200 600 1000 1500 

Dual-purpose plants 3 

4<7o 0. 365 0. 307 0. 319 0. 320 0. 349 0. 275 0. 320 0 .318 0. 392 0 .227 0 .202 0. 197 0 . 4 3 8 0 . 2 3 3 0. 238 0. 228 

По 0. 455 0. 374 0. 391 0. 373 0. 454 0 .340 0. 349 0. 366 0. 553 0. 327 0 .289 0. 265 0. 640 0 . 3 4 4 0. 303 0 .312 

144b 0 .605 0. 503 0. 506 0. 517 0. 613 0. 480 0. 455 0 . 4 6 3 0. 964 0. 589 0. 521 0. 478 ( " ) 0 .658 0. 586 0. 536 

Water only plants b " 

4% 0. 482 0 . 4 2 5 0. 402 0. 398 0. 491 0. 430 0 .407 0 .402 0. 499 0. 352 0. 308 0 . 2 9 4 0 . 5 5 8 0. 399 0. 357 0. 340 

1% 0. 582 0 . 5 0 5 0. 481 0. 476 0. 598 0. 516 0 .490 0 . 4 8 4 0 .656 0. 458 0. 408 0. 383 0. 724 0. 518 0. 466 0. 443 

14% 0. 797 0 . 6 7 4 0. 647 0. 641 0. 831 0 .699 0 .667 0 . 6 6 0 ( " ) 0. 719 0. 639 0. 597 ( - ) 0 . 8 0 3 0. 727 0. 689 

a Variable power credit. 
k Power purchased at 6 mills/kWh. 
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SUMMARIZED R E S U L T S - DUAL P L A N T O P T I M I Z A T I O N 
B a s i s : 14% f i x e d c h a r g e r a t e , v a r i a b l e p o w e r c r e d i t f a c t o r 

H e a t source Fossil f u e l l e d N u c l e a r r e a c t o r 

S t e a m condi t ions Low t e m p e r a t u r e High t e m p e r a t u r e Low t e m p e r a t u r e High t e m p e r a t u r e 

Input to d u a l p l a n t (MW(th)) 200 600 1000 1500 200 600 1000 1500 2 0 0 600 1000 1500 200 600 1000 1500 

I n v e s t m e n t s ( m i l l i o n S) 

S t e a m p l an t 1 . 3 8 3 3. 197 4. 955 7. 141 2. 973 6. 040 9. 119 12. 963 1 5 . 6 6 4 21. 955 25. 974 30. 649 30. 089 4 0 . 8 4 7 52. 209 

Power p l a n t 4 . 1 8 2 6 . 0 1 8 8 . 7 7 3 1 1 . 9 5 5 5 . 6 1 2 8 . 5 5 2 1 2 . 4 4 4 1 7 . 0 9 5 4 . 4 5 0 6 . 9 0 0 9 . 380 1 2 . 9 0 0 8 . 9 3 5 1 2 . 9 0 1 1 7 . 9 2 4 

W a t e r i n t a k e and c a n a l 0. 246 0. 727 1 . 2 1 9 1 . 8 1 9 0. 246 0. 727 1 . 2 1 9 1 . 8 1 9 0. 246 0. 727 1 . 2 1 9 1 . 8 1 9 0. 727 1 . 2 1 0 1 . 8 1 9 

Ind i r ec t s on a b o v e 1 . 8 1 0 2. 695 3 . 8 8 2 5 . 4 3 0 2. 580 4 . 2 1 0 5 . 8 4 0 7 . 8 4 0 6. 200 8. 000 9. 000 1 0 . 2 0 0 9. 000 10. 750 1 2 . 4 0 0 

In te res t on cons t ruc t ion m o n e y 0. 269 0. 518 0. 881 1. 386 0 . 4 0 1 0. 800 1. 338 2. 088 1 . 4 8 2 2. 320 3. 233 4 . 346 3. 014 4. 592 6. 448 

N o n - d e p r e c i a t i n g i t e m s 0. 060 0. 060 0. 060 0. 060 0. 060 0. 060 0. 060 0. 060 1. 677 2. 191 4. 808 6. 524 2. 917 5. 841 7 . 7 6 6 

W a t e r p l a n t ( i n c l u d i n g ind i rec t s 
and cons t ruc t ion m o n e y ) 

7 . 7 7 0 2 4 . 3 8 5 40. 009 6 1 . 5 5 0 5 . 4 4 7 1 8 . 7 3 6 30. 051 42. 7 4 5 2 1 . 1 0 9 3 3 . 6 9 5 42. 778 51. 740 3 6 . 5 9 5 48. 246 56. 3 3 3 

T O T A L 1 5 . 7 2 0 3 7 . 6 0 0 5 9 . 7 7 9 8 9 . 3 4 1 1 7 . 3 1 9 39. 125 6 0 . 0 7 1 8 4 . 6 1 0 5 0 . 8 2 8 7 5 . 7 8 8 96 . 392 1 1 8 . 1 7 8 9 1 . 2 7 7 124. 396 1 5 4 . 8 9 9 

Fue l cost (m i l l i on $ per yea r ) 5. 897 9. 829 14. 744 1. 965 5 . 8 9 7 9 . 8 2 9 1 4 . 7 4 4 1 . 2 1 3 2 . 629 4 . 179 5. 967 3. 487 5 . 4 6 4 7 . 9 1 5 

O p e r a t i n g cos t , s t e a m and power p l an t 
( m i l l i o n S pe r yea r ) 

0. 576 0. 709 0. 768 0 . 4 9 6 0. 576 0 . 7 0 9 0. 768 0. 889 1. 152 - 1 . 4 3 9 1. 680 1. 308 1. 665 1 . 9 9 8 

S t e a m 

M i l l i o n Btu per hour 

f r o m s t e a m p l an t 6 8 2 . 5 5 2047. 65 3 4 1 2 . 7 6 5 1 1 9 . 1 4 682. 55 2 0 4 7 . 6 5 3 4 1 2 . 7 6 5 1 1 9 . 1 4 682. 55 2 0 4 7 . 6 5 3 4 1 2 . 7 6 5 1 1 9 . 1 4 2 0 4 7 . 6 5 3412. 76 5119. 14 

to wa te r p lan t 546. 00 1640. 00 2735. 00 4100 . 00 4 7 3 . 0 0 1420. 00 2365 . 00 3545. 00 562. 00 1 6 9 5 . 0 0 2815. 00 4 2 3 0 . 00 1 4 2 0 . 0 0 2365 . 00 3545. 00 

to b r ine h e a t e r 5 3 1 . 4 9 1589. 65 2 6 4 8 . 6 8 3 9 6 6 . 9 0 4 6 1 . 7 1 1 3 8 0 . 3 8 2297. 78 3444 . 94 534. 84 1631. 67 2 7 2 3 . 7 9 4108 . 50 1385. 85 2 2 7 4 . 1 0 3 4 2 6 . 1 2 

Dol l a r s per mi l l i on Btu 

f r o m s t eam p l an t 0 . 6 2 4 7 0. 5212 0. 5049 0 . 4 9 4 1 0. 6977 0 . 5 6 6 5 0. 5434 0 . 5 2 9 0 1. 1737 0 . 6 0 4 5 0. 4908 0 . 4 1 9 3 0 . 7 7 7 4 0. 6646 0 . 5 8 7 7 

to b r ine h e a t e r 0 . 1 8 4 7 0. 2379 0 . 2 6 7 5 0 . 2 7 8 6 0 . 1 8 1 1 0 . 1 8 7 0 0 . 2 0 5 6 0. 2092 0 . 8 9 0 0 0 . 3 7 5 1 0 . 2 8 3 8 0 . 2 1 8 2 0. 5032 0. 3897 0 . 3 0 1 6 

cn 
С 
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TABLE II (cont. ) 

H e a t source Fossil fue l l ed - N u c l e a r r e a c t o r 

S t e a m c o n d i t i o n s Low t e m p e r a t u r e High t e m p e r a t u r e Low t e m p e r a t u r e High t e m p e r a t u r e 

Input to dua l p l an t (MW(th) ) 200 600 1000 1500 200 600 1000 1500 200 600 1000 1500 200 600 1000 1500 

Power 

Cos t (mi l l s per kWh) 1 0 . 9 8 0 7 . 1 9 4 6. 346 5. 898 9. 045 6 . 4 0 4 5. 8 4 5 5. 557 1 2 . 5 4 6 7. 636 6. 561 6. 007 6 . 4 8 6 5. 877 5. 568 

Gross power gene ra t ed (MW) 3 7 . 5 0 112. 50 187. 50 282 . 00 55. 80 167. 50 2 7 9 . 0 0 4 1 9 . 0 0 33. 00 100. 00 1 6 6 . 0 0 251 . 00 1 6 7 . 5 0 2 7 9 . 0 0 419 . 00 

Power to wa te r p l an t (MW) 3. 16 1 1 . 8 2 21. 97 34. 36 2. 88 8. 89 1 5 . 9 0 24. 39 6 . 8 5 16. 72 23. 52 29. 87 17. 77 25. 40 31. 68 

Ne t s a l a b l e power (MW) 34. 34 1 0 0 . 6 8 165. 53 247 . 64 52. 92 1 5 8 . 6 1 2 6 3 . 1 0 3 9 4 . 6 1 26. 15 8 3 . 2 8 142. 4B 2 2 1 . 13 1 4 9 . 7 3 2 5 3 . 6 0 387 . 32 

O p e r a t i n g c o s t , wa te r p l a n t 1 . 0 4 6 1. 554 2. 164 0. 605 0 . 9 0 8 1 . 2 8 0 1 . 7 4 8 0 . 7 6 1 1 . 2 2 5 1. 624 2 . 030 ' 1 . 1 9 4 1. 619 1. 997 

( m i l l i o n S pe r year ) 

W a t e r 

P l an t p e r f o r m a n c e f a c t o r 8. 98 1 0 . 4 3 10. 73 11. 04 8. 04 9. 45 9 . 6 3 9. 56 16. 72 12. 78 11. 02 9. 73 1 4 . 8 1 13. 16 11. 42 

( lb w a t e r per lb s t e a m ) 

P l a n t p r o d u c t i o n 14. 69 51. 03 8 7 . 4 8 134. 88 1 1 . 4 3 40 . 15 68. 12 1 0 1 . 4 1 27. 52 64. 18 9 2 . 4 3 1 2 3 . 1 4 61. 97 92. 12 1 2 0 . 4 8 

( m i l l i o n ga l lons per day) 

Cost 0. 605 0. 503 0. 506 0. 517 0. 613 0. 480 0 . 4 5 5 0 . 4 6 3 0. 964 0. 589 0. 521 0. 478 0. 658 0. 586 0. 536 

(do l l a r s per thousand gal lons) 

CO 
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The poss ib i l i t y of us ing ex is t ing Canadian h e a v y - w a t e r r e a c t o r des igns 
in a d u a l - p u r p o s e plant ha s been studied and the cost of wa t e r calculated [9]. 
Two c a s e s have been cons idered , one with a high w a t e r - t o - p o w e r ra t io (back 
p r e s s u r e tu rb ine) and one with a low product r a t io (ex t rac t ion s t eam) . Water 
c o s t s a r e r a n g i n g f r o m 6.6 to 13.7 US jé/m3 (24 .9 to 51.7 jé/Ю3 gal) accord ing 
t o t h e adop ted f i x e d c h a r g e r a t e (5 t o 10%). T h e s e c o s t s c o r r e s p o n d to a 
net p o w e r output of 200 MW and two d i f f e r e n t w a t e r p r o d u c t i o n s : 500 000 
and 580 000 m 3 / d (125 and 144.3 Mgd). A power c r ed i t of 5.3 m i l l / k W h has 
b e e n a s s u m e d . It i s w o r t h m e n t i o n i n g tha t a new C a n a d i a n p r i c e of 
13.55 US $ / l b f o r heavy w a t e r h a s b e e n u s e d in t h e s tudy . 

While no f o r m a l r e p o r t s w e r e submi t t ed to t h i s P a n e l on the s tud ies of 
r e a c t o r a p p l i c a t i o n s f o r d e s a l i n a t i o n in o t h e r c o u n t r i e s , it i s u n d e r s t o o d 
t h a t f u r t h e r s u c h i n v e s t i g a t i o n s a r ^ b e i n g m a d e . 

In the United Kingdom a de ta i led des ign and cons t ruc t ion study of a de -
s a l i n a t i o n p lan t i s be ing c a r r i e d out jo in t ly by the United Kingdom Atomic 
Energy Authori ty and an exper ienced manufac tu r e r . The plant has a capacity 
of 135 000 m 3 / d (30 m i l l i o n (Imp) g a l / d ) and would o p e r a t e in con junc t ion 
with a l a rge advanced gas-cooled r e a c t o r based on a coasta l si te in the United 
Kingdom. The s tudy i s a i m e d at the e s t a b l i s h m e n t of r e a l i s t i c cos t ing f o r 
w a t e r p r o d u c t i o n p lant of t h i s s c a l e . The r e s u l t s of the s tudy wi l l be 
p u b l i s h e d . 

The de ta i led des ign study i s coupled with a development p r o g r a m m e on 
desa l ina t ion plant occupying the next two to t h r e e y e a r s , which has now been 
f o r m u l a t e d by the U. К. A. E . A. and which will be mainly concerned with the 
f l a s h d i s t i l l a t i o n p r o c e s s . The a u t h o r i t i e s in the United Kingdom be l i eve 
tha t with the wide p r a c t i c a l e x p e r i e n c e of i t s i n d u s t r y in t h i s f i e ld and the 
a c c u m u l a t e d "know how" it i s not n e c e s s a r y to a l l o c a t e any of t h i s budget 
to the cons t ruc t ion and opera t ion of pilot p lants , but to be f r e e to concentrate 
on t h o s e b a s i c p a r a m e t e r s of t he s y s t e m w h e r e the g r e a t e s t oppo r tun i t i e s 
f o r economic i m p r o v e m e n t s will l ie . The recen t ly f o r m e d Water Resources 
Board has set up a co-ord ina t ing study group which will invest igate the place 
of desa l ina t ion in the United Kingdom f r o m the y e a r 1970 onwards . 

С o m p l e m e n t a r y tо the work on the ac tua l de sa l ina t ion plant , a cons iderab le 
e f f o r t i s be ing employed within the U. К. A. E . A. on op t imiza t ion s tud ies on 
v a r i o u s r e a c t o r s y s t e m s s u i t a b l e f o r u s e in con junc t ion with d e s a l i n a t i o n 
p l a n t s . 

In I ta ly , CNEN i s deve loping o r g a n i c - c o o l e d r e a c t o r s f o r desa l ina t ion 
p u r p o s e s . In F r a n c e s t u d i e s a r e cont inuing about the p o s s i b l e appl ica t ion 
of g a s - c o o l e d r e a c t o r s for, de sa l i na t i on . 

8 . R E C O M M E N D A T I O N S O F T H E P A N E L ON T H E A G E N C Y ' S R O L E 
AND F U T U R E A C T I V I T I E S IN N U C L E A R D E S A L I N A T I O N 

8. 1. Introduction 

T h i s r e p o r t s e t s f o r t h the p r o p o s e d r o l e of the Agency in i n t e rna t iona l 
d e s a l t i n g a c t i v i t i e s and r e c o m m e n d s a p r o g r a m m e to be unde r t aken by 
the Agency to m e e t the n e e d s of i t s M e m b e r S t a t e s . In the p r e p a r a t i o n of 
th is r e p o r t , cons idera t ion was given to the r e s o u r c e s available to the Agency, 
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TABLE III 

T E C H N I C A L AND E C O N O M I C D A T A ON N U C L E A R 
D U A L - P U R P O S E P L A N T S USING D I F F E R E N T T Y P E S O F R E A C T O R 

Thermal capacity 
of reactor 

Electric 
capacity 

Fresh-water 
production 

Cost of 
electric power 

Cost of 
fresh water 

(MW) (MW) ( m 3 / h ) ( m 3 / d ) (kopecks*/kWh) (kopecks/t) 

Beloyarsk atomic power station 
(Graphite - light water - nuclear superheat) 

250 75 2 320 55 600 1. 64 2 9 . 6 

500 150 4 1 7 0 100 000 0. 92 19 .8 

1000 300 7 310 175 500 0. 51 1 4 . 4 

2000 600 14 620 352 000 0 . 4 5 1 4 . 1 

Novovoronezh atomic power station 
(PWR) 

250 40 2 810 67 500 2 . 5 4 2 . 2 

500 80 5 620 135 000 1 .49 2 8 . 9 

1000 160 8 850 212 000 0. 74 18.7 

2000 320 17 700 425 000 0. 48 1 5 . 4 

Shevchenko atomic power station 
(Fast reactor) 

250 75 2 320 55 600 2 . 1 47. 0 

500 150 4 640 111000 1. 09 2 6 . 4 

1000 300 7 310 175 500 0 . 4 5 1 6 . 4 

2000 600 12 600 302 000 0 . 3 0 11. 0 

* 1 kopeck = 1 . 1 1 US cent. 

the p r o g r a m m e and needs of i t s M e m b e r S ta tes , and the r e l a t ionsh ip of the 
Agency to the United Nat ions and o ther nat ional and in te rna t iona l o rganiza t ions . 

T h e r e c e n t i n t e r e s t in d e s a l t i n g and the a s s e s s m e n t of the r o l e of 
n u c l e a r p o w e r in t h i s app l ica t ion i s such a s to w a r r a n t at t h i s t i m e the e s -
t a b l i s h m e n t by the Agency of a cont inuing p r o g r a m m e in t h i s f i e ld of t e c h -
n o l o g i c a l a p p l i c a t i o n . U n d e r s u c h a p r o g r a m m e , the Agency would w o r k 
in c lose a c c o r d with i t s M e m b e r S ta tes and na t iona l and o the r i n t e rna t iona l 
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o r g a n i z a t i o n s to f u r t h e r the p r a c t i c a l app l i ca t ion of n u c l e a r ene rgy f o r the 
bene f i t of a l l peop le . 

While t h i s r e p o r t s e t s f o r t h a r e c o m m e n d e d p r o g r a m m e and s u g g e s t s 
m e a n s whereby such a p r o g r a m m e could be implemen ted , i t i s bel ieved that 
the Agency should d e t e r m i n e the m o s t a p p r o p r i a t e a p p r o a c h to be adopted 
f o r s p e c i f i c t a s k s a s they evo lve . T h e Agency should a l s o t ake m a x i m u m 
advan tage of t he d e v e l o p m e n t s of i t s M e m b e r S ta tes and seek t h e i r co -
o p e r a t i o n and p a r t i c i p a t i o n in f u r t h e r a n c e of i t s p r o g r a m m e . 

8. 2. Review of previous Agency activities 

The continuous e f f o r t of the Agency in the f ie ld of desa l t ing was in i -
t i a t ed in S e p t e m b e r 1962 when the Tun i s i an R e p r e s e n t a t i v e made a r e q u e s t 
f o r Agency a s s i s t a n c e to s tudy the po ten t i a l i t i e s of a d u a l - p u r p o s e plant fu r 
the indus t r ia l i za t ion of the southern pa r t of the country . P rev ious act ivi t ies 
may be c lass i f i ed accord ing to t h r e e ca t ego r i e s : 

8. 2. 1. Act iv i t ies not r e l a t ed to a spec i f i c p r o j e c t 

T h e s e a c t i v i t i e s i nc lude the f o u r m e e t i n g s of e x p e r t s held on the use 
of n u c l e a r ene rgy in sa l ine w a t e r c o n v e r s i o n and s tudy and r e s e a r c h work . 

The f i r s t P a n e l w a s held in M a r c h , 1963, and a s s e s s e d the poss ib i l i ty 
of u s i n g n u c l e a r r e a c t o r s f o r d e s a l i n a t i o n . The second m e t in S e p t e m b e r 
1963 and deal t with d e s a l i n a t i o n p r o c e s s e s which could be used in n u c l e a r 
i n s t a l l a t i o n s . It a l s o s tud ied the r e s p e c t i v e a d v a n t a g e s and d i s a d v a n t a g e s 
of s i ng l e -pu rpose and dua l -pu rpose s y s t e m s . The th i rd Panel , held in Apri l 
.1964, w a s devoted m a i n l y t o the t e c h n i c a l and e c o n o m i c a s p e c t s of d u a l -
p u r p o s e i n s t a l l a t i o n s . The f o u r t h was a o n e - a f t e r n o o n mee t ing in Geneva , 
and gave each c o u n t r y an o p p o r t u n i t y t o p r e s e n t i t s n e e d s and i n t e r e s t in 
d e s a l i n a t i o n . 

A r e s e a r c h c o n t r a c t i s u n d e r way with I s r a e l on the " F e a s i b i l i t y of 
N u c l e a r R e a c t o r s f o r Sea W a t e r Di s t i l l a t ion" . Some study was made within 
the Agency m a i n l y r e l a t e d to d i f f e r e n t p o s s i b l e s c h e m e s f o r d u a l - p u r p o s e 
s y s t e m s . 

8. 2. 2 . A c t i v i t i e s r e l a t e d t o s p e c i f i c p r o j e c t s 

The m i s s i o n f o r studying the potent ia l of a dua l -pu rpose nuclear r e a c t o r 
f o r the i n d u s t r i a l i z a t i o n of s o u t h e r n T u n i s i a w a s c a r r i e d out in 1963. At 
a l a t e r da t e an Agency o b s e r v e r p a r t i c i p a t e d in a US desa l i na t i on m i s s i o n 
in T u n i s i a . 

An Agency o b s e r v e r i s p a r t i c i p a t i n g in the US - I s r a e l d e s a l i n a t i o n 
p r o g r a m m e . 

An Agency o b s e r v e r a l s o p a r t i c i p a t e d in a US d e s a l i n a t i o n m i s s i o n in 
UAR. 

D i f f e r en t consu l tan t s e r v i c e s w e r e m a d e ava i l ab le to Tunis ia , Mexico, 
India and G r e e c e . T u r k e y , P e r u and Chile have r ecen t ly r eques ted s i m i l a r 
a s s i s t a n c e . 

T h e U S S R - U S A g r e e m e n t p r o v i d e s f o r a c e r t a i n m e a s u r e of Agency 
p a r t i c i p a t i o n in s o m e a c t i v i t i e s . 
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8 . 2 . 3 . I n f o r m a t i o n 

T h e fo l l owing t e c h n i c a l r e p o r t s h a v e b e e n p u b l i s h e d in t h e A g e n c y ' s 
Techn ica l R e p o r t s S e r i e s : No. 24 "Desa l ina t ion of Wate r Using Conventional 
and N u c l e a r E n e r g y " , and No. 35 "Study on the P o t e n t i a l i t i e s of t he Use of 
N u c l e a r R e a c t o r s f o r t he I n d u s t r i a l i z a t i o n of Southern T u n i s i a " . A c e r t a i n 
number of t echn ica l r e p o r t s , such a s Pane l r e p o r t s , have not been published 
but a r e ava i l ab l e upon r e q u e s t . 

8. 3. Role of the Agency 

It i s p r o p o s e d tha t the r o l e of t he Agency be to: 
(1) Serve a s the in te rna t iona l foca l point fo r m a t t e r s re la t ing to the use 

of nuc l ea r ene rgy f o r desa l ina t ion . 
(2) P r o v i d e a s s i s t a n c e and a d v i c e to i t s M e m b e r S t a t e s in t h i s f i e l d . 
(3) P r o v i d e c o - o r d i n a t i o n s e r v i c e s f o r M e m b e r S t a t e s in t h i s f i e l d . 
(4) S t imula te the p r a c t i c a l cons ide ra t ion of nuc lea r energy in desal inat ion. 
In t h i s p r o p o s e d r o l e , the Agency would r e l y heavi ly on the suppor t of 

i t s M e m b e r S t a t e s . F r o m t i m e to t i m e m e m b e r s of the Agency staff a n d / o r 
s p e c i a l i s t s f r o m i t s M e m b e r S t a t e s would ac t a s a d v i s o r s , o b s e r v e r s and 
consu l t an t s f o r s p e c i f i c u n d e r t a k i n g s and p e r i o d i c work ing g roups , p a n e l s , 
and s y m p o s i a would be convened to a s s i s t t h e Agency a n d / o r i t s M e m b e r 
S t a t e s in a r e a s of n e e d . 

The Agency wil l have a d i r e c t i n t e r e s t in t h o s e desa l i na t i on p r o c e s s e s 
which a p p e a r to have f a v o u r a b l e po ten t i a l f o r the n e a r - t e r m appl ica t ion of 
nuc lea r ene rgy . It should devote spec ia l a t tent ion to those desal inat ion p r o -
c e s s e s which can be made in tegra l with nuc lear r e a c t o r s . The Agency should 
a l so keep under r e v i e w o the r de sa l i na t i on p r o c e s s e s which may have f u t u r e 
p o t e n t i a l f o r n u c l e a r e n e r g y a p p l i c a t i o n o r which migh t a f f e c t the o v e r a l l 
economic cons ide ra t ion of n u c l e a r ene rgy (e. g. desa l ina t ion p r o c e s s e s usin^ 
p r i m a r i l y e l e c t r i c a l e n e r g y ) . With r e g a r d to w a t e r r e s o u r c e s eva lua t ion , 
the Agency should re ly upon the in format ion and exper ience available in other 
in te rna t iona l a s wel l as nat ional o rgan iza t ions . 

8. 4. Proposed Agency activities 

8 . 4 . 1 . Collect ion, ana ly s i s and d i s semina t ion of in format ion 

It i s r e c o m m e n d e d that the Agency should c a r r y out the fol lowing f u n c -
t i o n s in r e l a t i o n to i n f o r m a t i o n on t h e t e c h n i c a l and e c o n o m i c a s p e c t s of 
n u c l e a r d e s a l t i n g : 

(1) The Agency should m a k e a s much use a s p o s s i b l e of the work done 
u n d e r the na t iona l p r o g r a m m e s and of the i n f o r m a t i o n gained by Agency 
p a r t i c i p a t i o n in v a r i o u s p r o j e c t s and s p e c i a l m i s s i o n s . 

(2) The Agency should a p p r o a c h the na t iona l o r g a n i z a t i o n s f o r any 
f u r t h e r c l a r i f i c a t i o n and de ta i l ed i n f o r m a t i o n not inc luded in the pub l i shed 
r e p o r t s and encourage t hem to extend t he i r s tudies to provide genera l benefit 
to the Member S ta tes . 
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(3) In c e r t a i n c i r c u m s t a n c e s the Agency should i n i t i a t e o r u n d e r t a k e 
s t u d i e s r e l a t i n g to s p e c i f i c p r o b l e m s in i t s c o m p e t e n c e and not o t h e r w i s e 
c o v e r e d . 

(4) The Agency should d iges t and eva lua te the in fo rma t ion obtained and 
d i s s e m i n a t e it to the M e m b e r S ta tes in an a p p r o p r i a t e f o r m . 

(5) In d i s s e m i n a t i n g i n f o r m a t i o n to M e m b e r S t a t e s the Agency should 
d r aw a t ten t ion to the e l e m e n t s e n t e r i n g into and the p r o c e d u r e s used in the 
d e t e r m i n a t i o n of the c o s t s of desa l t ing w a t e r by any p a r t i c u l a r n u c l e a r d e -
sa l i na t i on s c h e m e . 

(6) F r o m t ime to t ime , the Agency should p r e p a r e r e p o r t s on the s ta tus 
of nuc l ea r desa l ina t ion . In addition, the Agency should cons ider the p o s s i b -
i l i ty of d i s s e m i n a t i n g h igh l igh t s of the p r o g r e s s and d e v e l o p m e n t s in t h i s 
f i e ld among M e m b e r S ta t e s containing r e f e r e n c e s to r e l evan t l i t e r a t u r e , 
s o u r c e s of da ta , e t c . 

8 . 4 . 2 . Spec ia l s t ud i e s 

To a s s i s t i t s M e m b e r Sta tes in evaluat ing nuc lea r desa l ina t ion s c h e m e s 
the Agency should p r e p a r e a r e p o r t on d i f f e r en t p r o c e d u r e s f o r cos t ing and 
evaluat ing nuc lea r desa l ina t ion . Taking into account es tabl ished p rocedures 
and those cu r r en t l y being developed by the United Nations and o thers , both fo r 
the nuc l ea r power r e a c t o r and desa l ina t ion p lan ts , the r e p o r t should include 
a r e v i e w of v a r i o u s m e t h o d s of a s s e s s i n g t o t a l c ap i t a l and annua l c o s t s of 
s c h e m e s f o r p rov id ing e l e c t r i c power and wa t e r suppl ies , and the e f fec t s of 
u s i n g v a r i o u s p r o c e d u r e s of a l loca t ing c o s t s be tween w a t e r and p o w e r . It 
would not, however , be d e s i r a b l e to build n u m b e r s into the cost ing p r o c e d u r e s 
s i n c e the v a l u e s t o be u s e d m u s t be e s t a b l i s h e d f o r e a c h ind iv idua l c a s e . 

The Agency should rev iew the methods of opt imizing the design of dua l -
p u r p o s e p o w e r and w a t e r p l a n t s , with p a r t i c u l a r r e f e r e n c e to a p p l i c a t i o n 
of n u c l e a r e n e r g y . 

On the b a s i s of data collected by the Agency through the means descr ibed 
in sec t ion 8. 3. 1 above, the fol lowing appea r to be the mos t use fu l a r e a s f o r 
o ther spec i a l s tud ie s in the n e a r fu tu re : 

(1) The Agency shou ld m a k e a cont inu ing "study of r e a c t o r t y p e s and 
t h e i r appl icab i l i ty to v a r i o u s desa l ina t ion s i tua t ions in s ingle and dua l -pu rpose 
a p p l i c a t i o n s . S p e c i a l a t t e n t i o n should be paid t o the p r o b l e m s r e l a t i n g to 
coupling of such r e a c t o r s with de sa l t i ng un i t s , including the f lexibi l i ty and 
r e l i a b i l i t y . 

(2) The Agency should pay s p e c i a l r e g a r d to the p r o b l e m of s i t ing of 
n u c l e a r d e s a l t i n g p l a n t s , 

(3) The Agency should devote spec ia l at tention to dis t i l la t ion p r o c e s s e s , 
ma in ly to obtain those data which a r e needed f o r i t s t echn ica l and economic 
s t u d i e s . 

8 . 4 . 3. A s s i s t a n c e to M e m b e r S ta tes in spec i f i c p r o j e c t s 

The Agency should be p r e p a r e d to under take specif ic nuclear desalination 
s tud ies f o r given loca t ions in r eques t ing count r ies , based on the specia l con-
di t ions p r eva i l i ng at the loca t ion . T h e s e spec i f i c s tud ies a r e use fu l not 
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only f o r the r eques t ing count r ies , but a lso because the informat ion developed 
th rough t h e s e s t ud i e s m a y be of g r e a t value in r e l a t i o n to o the r s i t ua t i ons . 

9. F U T U R E PROGRAMME O F MEETINGS 

The Pane l , at the r e q u e s t of the Deputy D i r e c t o r G e n e r a l f o r Technical 
O p e r a t i o n s , h a s c o n s i d e r e d the f u t u r e r o l e of the Desa l ina t ion P a n e l in the 
Agency ' s desal inat ion p r o g r a m m e . As originally conceived, the Desalination 
P a n e l w a s a r a t h e r s m a l l e x p e r t g roup to a d v i s e the A g e n c y in i t s d i r e c t 
a c t i v i t i e s in the f i e l d . It w a s noted tha t t h e P a n e l s u b s e q u e n t l y a c q u i r e d 
o the r func t ions which d imin i shed i t s e f f e c t i v e n e s s in i t s o r ig ina l r o l e . The 
o t h e r func t i ons , h o w e v e r , a r e r e c o g n i z e d to be va luab le a d j u n c t s to the 
A g e n c y ' s p r o g r a m m e . 

It i s sugges t ed tha t the f u n c t i o n s , which u n d e r the a e g i s of the Agency 
can be a p p r o p r i a t e l y fu l f i l l ed by i n t e r n a t i o n a l g a t h e r i n g s , a r e : 

(1) To adv i se the Agency r e g a r d i n g t e c h n i c a l and e c o n o m i c q u e s t i o n s 
which the Agency h a s a need to a n s w e r , 

(2) To p rov ide a f o r u m f o r f r e e d i s c u s s i o n be tween e x p e r t s and o the r 
i n t e r e s t e d p a r t i e s in spec i f i c top ics and the s t a tus of m a t t e r s of nuc lea r de-
sa l ina t ion , and 

(3) To p rov ide a m e a n s by which the Agency ' s p r o g r a m m e in the f ie ld 
can be rev iewed and commented on by r e p r e s e n t a t i v e s of i t s Member Sta tes . 

It i s fe l t tha t t h e s e t h r e e f u n c t i o n s can be s e p a r a t e d . The f i r s t might 
a p p r o p r i a t e l y be a c h i e v e d by the Agency conven ing s m a l l w o r k i n g g r o u p s 
f r o m t i m e to t i m e to a s s i s t and adv i se it on p a r t i c u l a r t o p i c s iden t i f i ed by 
the Agency . T h e second could be m e t by open m e e t i n g s , such a s t e c h n i c a l 
s e m i n a r s , in which t h e r e would be m a x i m u m oppor tuni ty f o r the exchange 
of v iews on t e c h n i c a l and economic top ic s . The f r e q u e n c y of such mee t ings 
would depend on the r a t e of a d v a n c e m e n t in the a r t and the o c c u r r a n c e 
of r e l e v a n t g a t h e r i n g s e l s e w h e r e . The l a s t funct ion , while not n e c e s s a r i l y 
of a t e c h n i c a l n a t u r e , i s one which needs t o be me t occas iona l ly and would 
not have to be of an ex tended du ra t ion . It i s be l ieved tha t a one o r two day 
m e e t i n g could be held i m m e d i a t e l y b e f o r e o r a f t e r a scheduled mee t ing 
of the Agency which a t t r a c t s g e n e r a l r e p r e s e n t a t i o n and thus impose a min i -
m u m burden both on the Agency and the pa r t i c ipan t s . 
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INTRODUCTION 

The water problem 

T h e annua l p r e c i p i t a t i o n which f a l l s in t h e l and a r e a s of t h e e a r t h i s 
m u c h m o r e t h a n s u f f i c i e n t t o supp ly t h e n e e d s of t h e e a r t h ' s p o p u l a t i o n . 
S i m i l a r l y , t he a v e r a g e annual p r e c i p i t a t i o n of 30 inches ove r the 48 s t a t e s 
of cont inenta l United S ta tes of A m e r i c a would supply ал adequate amount of 
f r e s h wa te r for all p u r p o s e s . Yet t h e r e a r e reg ions both in the United States 
and the world at l a rge in which the amounts of available water a re insufficient. 
Converse ly t h e r e a r e a r e a s in which an overabundance of f r e s h wate r ex i s t s . 
The r e l a t ive ly high cost of t r anspo r t i ng wate r appea r s to l imit red i s t r ibu t ion 
to m o d e r a t e d i s t a n c e s . Consequent ly , in sonde a r e a s of the w o r l d and the 
Uni ted S t a t e s , e c o n o m i c g r o w t h has b e e n r e s t r i c t e d b e c a u s e of a l i m i t e d 
w a t e r supp ly . 

The eve r inc reas ing use of wate r is due to the combination of inc reas ing 
popula t ion , r i s i n g l iving s t a n d a r d s , p r o g r e s s i v e i ndus t r i a l i z a t i on , and ex-
pansion of ag r i cu l tu ra l i r r iga t ion . In the United States the p rob lem is f u r t h e r 
a g g r a v a t e d s i n c e an i n c r e a s i n g f r a c t i o n of t he popu la t ion l i v e s in the a r i d 
o r s e m i - a r i d p a r t s of t he c o u n t r y . It h a s b e e n e s t i m a t e d t h a t w i th in t h e 
next two decades the fu l l development of convent ional w a t e r s o u r c e s wil l be 
r e q u i r e d in such a r e a s a s thé South P a c i f i c b a s i n , Co lo rado R i v e r , u p p e r 
R i o - G r a n d e - P e c o s R i v e r , G r e a t B a s i n and u p p e r M i s s o u r i R i v e r . 

Of the a p p r o x i m a t e l y one f o u r t h of the e a r t h ' s s u r f a c e which i s l and , 
about 60% is a r id . Much of the wa te r in such a r e a s i s minera l i zed in varying 
d e g r e e s of s eve r i t y , and the ave rage d is tance to potable wa te r suppl ies in a 
g iven a r e a i s u sua l ly g r e a t . F u r t h e r , t h i s 60% of the e a r t h ' s l and s u r f a c e 
s u p p o r t s only about 5% of the e a r t h ' s t h r e e thousand mi l l i on peop le . In the 
coming y e a r s , the w o r l d ' s i n c r e a s e d popula t ion wi l l m a k e it i m p e r a t i v e to 
i n c r e a s e the p r o d u c t i v i t y of t h i s d r y land . In the m a j o r i t y of t h e s e a r e a s 
the only u n l i m i t e d s o u r c e of w a t e r i s s a l t w a t e r . 

Thus the p r o b l e m of ava i lab i l i ty of w a t e r in su f f i c i en t quant i ty , and of 
adequa te qual i ty , ava i l ab le when and w h e r e needed and at r e a s o n a b l e cos t 

17 



18 HUNTER 

i s one of w o r l d - w i d e i m p o r t a n c e . The g r e a t d i v e r s i t y of t h i s p r o b l e m and 
i ts r e la t ionsh ip to socia l , technologica l and economic f a c t o r s is not yet fully 
unders tood . 

Solutions to the problem 

Wate r p r o b l e m s a r e so n u m e r o u s and d ive r s i f i ed that no s ingle plan or 
c o u r s e of ac t ion a p p e a r s c a p a b l e of a l l ev i a t ing o r so lv ing t h e m . C e r t a i n 
r e m e d i a l approaches to the p rob l em, such as m o r e eff ic ient u se of available 
w a t e r , a r e s e l f - e v i d e n t . F o r example , in a r eg ion having a l imi t ed supply 
of w a t e r o r a f o r e s e e a b l e l i m i t of a v a i l a b l e f r e s h w a t e r , s t e p s m i g h t b e 
taken to r educe p e r capi ta consumption, r educe the loca l population drawing 
on the supply, r e d u c e l o s s e s in s t o r a g e , t r a n s i t and u s e , develop m o r e e f -
f icient indus t r i a l p r a c t i c e s as they r e l a t e to wate r use , grow c rops that con-
sume l e s s wate r and develop o thers that a r e more to lerant to b rack ish water . 
Multiple use of water a lso will a s s i s t in extending the water supply. 

However , the r e - u s e of wa t e r has c e r t a i n inherent p r o b l e m s . The bes t 
p r a c t i c a l t r e a t m e n t of m u n i c i p a l and i n d u s t r i a l w a t e r e f f luen t s m a y r e t u r n 
to s t r e a m s s u b s t a n c e s d e t r i m e n t a l to aqua t i c l i f e and to d i r e c t r e - u s e of 
s t r e a m w a t e r s . E v e n a s o - c a l l e d c o m p l e t e t r e a t m e n t , if it does not a l s o 
r e m o v e d i s s o l v e d . n u t r i e n t s in the f o r m of p h o s p h o r u s and n i t r o g e n c o m -
pounds , wi l l p rov ide a good m e d i u m f o r a lga l g rowth in r i v e r w a t e r . Such 
a s i tua t ion could upse t the n a t u r a l ba l ance of plant and an ima l l i fe and l imit 
d i r e c t r e - u s e of t h i s w a t e r . S t r e a m d i lu t ion i s a p a r t i a l s o l u t i o n to t h i s 
p r o b l e m , but wi l l l im i t any sav ing a t t r i b u t a b l e t o r e - u s e b e c a u s e m o r e 
s t o r a g e r e s e r v o i r s wil l be needed to supply the w a t e r to d i lu te t he w a s t e s 
du r ing p e r i o d s of low s t r e a m f low. 

Another obvious at tack on the p r o b l e m is to i n c r e a s e the available supply 
of w a t e r by desa l t ing loca l s a l ine w a t e r , by t r a n s p o r t i n g f r e s h w a t e r f r o m 
a w a t e r - r i c h r e g i o n o r f r o m a r e m o t e desa l ina t ion p lan t . 

Even though wel l over 25 mi l l ion ga l lons of f r e s h w a t e r a r e being p r o -
duced daily f r o m sa l ine s o u r c e s , s a l i ne w a t e r c o n v e r s i o n i s s t i l l in i ts in-
fancy . The cos t of desa l ina t ion has been d r a s t i c a l l y r e d u c e d ove r the pas t 
ten y e a r s , but i s s t i l l r e l a t i ve ly high. N e v e r t h e l e s s , in some a r e a s desa l i -
nat ion is even now compet i t ive with o ther m e a n s of obtaining potable w a t e r . 
The cos t of desa l ina t ion i s be ing r e d u c e d cont inuous ly and in an i n c r e a s i n g 
n u m b e r of s i tua t ions it wi l l p rov ide the cheapes t o r only m e a n s of obtaining 
new w a t e r . It shou ld .be no ted tha t the c o s t of d e s a l i n a t e d w a t e r m u s t b e 
c o m p a r e d with the t r u e cos t of the i n c r e m e n t a l supply of conventional wa te r 
ob ta ined by the c o n s t r u c t i o n of new r e s e r v o i r s , a q u e d u c t s , e t c . To both 
m u s t be added the cos t of d i s t r i bu t ion . In cons ide r ing a spec i f i c wate r 
supply p r o b l e m in any p a r t of the wor ld it is n e c e s s a r y to cons ider the over-
al l p r o b l e m of wate r s o u r c e s , u se , r e - u s e and dis t r ibut ion. 

It i s a p p a r e n t that d e s a l i n a t i o n wi l l f i r s t c o n t r i b u t e t o the so lu t ion o r 
a l leviat ion of wa te r supply p r o b l e m s in f a i r l y i sola ted a r e a s requi r ing r e l a -
t i ve ly s m a l l a m o u n t s of p o t a b l e w a t e r w h e r e a l t e r n a t i v e s a r e e i t h e r non-
e x i s t e n t o r e x p e n s i v e . D i s t i l l a t i o n and e l e c t r o d i a l y s i s d e s a l i n a t i o n u n i t s 
a r e a l r e a d y supplying po tab le w a t e r in many such loca t ions th roughout the 
w o r l d . It would a p p e a r tha t t he g r e a t e s t d e m a n d in the i m m e d i a t e f u t u r e 
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will be fo r conve r s ion p lan t s having capac i t i e s ranging f r o m a few thousand 
ga l lons p e r day up to 10 or 20 mi l l i on US g a l / d (Mgd). F o r t h i s s i z e plant 
f o s s i l f u e l a p p e a r s t o have a c o s t a d v a n t a g e o v e r n u c l e a r f u e l f o r m o s t 
a p p l i c a t i o n s . 

On the o ther hand, if one c o n s i d e r s the product ion of v e r y l a rge quanti-
t i e s of d e s a l i n a t e d w a t e r ( e . g . 150 Mgd to 2 X 1 0 9 g a l / d ) n u c l e a r - p o w e r e d 
p lants appear to be the only answer . Dua l -purpose p o w e r - w a t e r plants offer 
spec ia l advantages in economics for those a r e a s which can ut i l ize the power 
a s wel l a s the w a t e r p r o d u c e d . In the i m m e d i a t e f u t u r e the m o s t l ike ly 
c a n d i d a t e s f o r such l a r g e d u a l - p u r p o s e p l a n t s a r e r e g i o n s having a l a r g e 
popu la t ion , a w e l l - d e v e l o p e d t e c h n i c a l c u l t u r e , and no r e a d i l y a v a i l a b l e 
s o u r c e of addi t ional n a t u r a l f r e s h w a t e r . Such a r e g i o n may be typi f ied by 
our sou the rn C a l i f o r n i a r eg ion . In such a r eg ion the i n c r e m e n t a l addi t ions 
in both power and w a t e r wi l l be l a r g e and the ex i s t ing p o w e r n e t w o r k s and 
wa t e r d i s t r ibu t ion s y s t e m s p r e s e n t g r e a t f lex ib i l i ty in the u s e of the output 
of such a l a r g e p lant . 

It m u s t be r e c o g n i z e d , h o w e v e r , tha t t he e c o n o m y of o p e r a t i o n of t he 
l a r g e d u a l - p u r p o s e plant can be r e a l i z e d only u n d e r l i m i t e d condi t ions . It 
i s a l m o s t m a n d a t o r y that t h e s e p l an t s o p e r a t e u n d e r b a s e load condi t ions -
tha t i s at fu l l des ign power cont inuous ly . One way to ach ieve th i s is to t ie 
into a power gr id which is capable of absorbing ful l plant output at a l l t i m e s . 

Another approach which o f f e r s i n t e r e s t i ng poss ib i l i t i e s is to t ie a dual-
p u r p o s e p lant to a n u m b e r of d i s c r e t e in land o r r e m o t e s a l i n e w a t e r con -
v e r s i o n p l a n t s which o p e r a t e on e l e c t r i c i t y . Thus the d u a l - p u r p o s e p l an t 
would gene ra t e e l ec t r i c i ty and dis t i l l s e a wa te r ; during off -peak load pe r iods 
the s u r p l u s e l e c t r i c power would d r ive r e v e r s e - o s m o s i s , vapour c o m p r e s -
s ion , f r e e z i n g o r e l e c t r o d i a l y s i s p l a n t s . T h i s s y s t e m would a c h i e v e the 
d e s i r e d " b a s e l o a d " condi t ion f o r t he m a i n p l a n t . 

It m u s t a l s o be r e c o g n i z e d tha t , w h e r e t h e r e i s not a r e q u i r e m e n t f o r 
l a r g e quant i t ies of power, l a rge s ing le -purpose wate r plants may be just i f ied 
solely on the value of the wate r produced. 

CURRENT TECHNOLOGY OF DESALINATION » 

Background 

The second law of t h e r m o d y n a m i c s p r o v i d e s a b a s i s fo r the ca lcu la t ion 
of the absolu te m i n i m u m e n e r g y r e q u i r e d for desa l ina t ion r e g a r d l e s s of the 
p r o c e s s . F o r s e a wa t e r t h i s e n e r g y amount s to about 2.8 kWh p e r 1000 gal 
of p roduc t w a t e r . Somewhat l e s s e n e r g y would be r e q u i r e d fo r c o n v e r s i o n 
of b r a c k i s h w a t e r s . Th i s i s the m i n i m u m e n e r g y r e q u i r e d fo r an inf in i te ly 
slow opera t ion and with no l o s s e s o r i ne f f i c i enc ie s of any kind. E v e r y r e a l 
o r p r a c t i c a l p r o c e s s wi l l r e q u i r e m o r e than the m i n i m u m f i g u r e and it ap -
p e a r s that about f o u r t i m e s t h i s t h e r m o d y n a m i c m i n i m u m i s the b e s t tha t 
one could hope to a t t a in . 

T h e e n e r g y r e q u i r e m e n t s f o r s i x c u r r e n t c o n v e r s i o n p r o c e s s e s a r e 
l i s t ed in Tab le I. It i s e s t i m a t e d tha t by the y e a r 1980, r e s e a r c h and de -
ve lopmen t wi l l have r e d u c e d the e n e r g y r e q u i r e m e n t of c e r t a i n p r o c e s s e s 
t o a r o u n d 10 kWh of h i g h - q u a l i t y e n e r g y p e r 1000 g a l of p r o d u c t w a t e r . 
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TABLE I 

E N E R G Y R E Q U I R E M E N T S F O R SIX D E S A L I N A T I O N P R O C E S S E S 

Energy required 
per 1000 gal product water 

1964 
Technology 

(Btu X 103 ) (kWh) 

Estimate for 1980 
Technology 

(BtuXlO 3 ) (kWh) 

Processes using heat 

Multistage flash distillation 1020 300 610 a 180 

Long tube vertical distillation (LTV) 1020 300 610 a 180 

Processes using electricity'3 

Electrodialysis (brackish water only) 83 25 50 15 

Vapour compression distillation 610 180 360 105 

Freezing 610 180 360 105 

Reverse osmosis 170 50 102 30 

a The estimated 1980 energy requirements are for high eff ic iency processes and are not 
applicable to processes using low cost energy, 

k The energy values given for the "electrical" processes are the thermal energies for the 
appropriate electrical power generation at 33% plant ef f ic iency. 

If a sa l ine solut ion i s s e p a r a t e d f r o m p u r e wate r by a s e m i - p e r m e a b l e 
m e m b r a n e (one which r e j e c t s sa l t ) , p u r e wa t e r will flow spontaneously into 
the sa l ine solut ion. However , if suff ic ient p r e s s u r e is applied to the sal ine 
so lu t i on the f low of w a t e r wi l l b e r e v e r s e d , p e r m i t t i n g p u r e w a t e r t o b e 
f o r c e d out of t h e s a l t so lu t ion . 

Th is p r o c e s s i s one which holds p r o m i s e of outstanding economy in the 
c o n v e r s i o n of s a l ine w a t e r to f r e s h w a t e r . Such a p r ed i c t i on i s b a s e d upon 
the p r e m i s e s that no phase change is involved, such as i s e s s e n t i a l in many 
of the be t t e r -known p r o c e s s e s ( e .g . dist i l lat ion), with the r e su l t that energy 
c o s t s m a y b e he ld t o an e x t r e m e l y low v a l u e and b e c a u s e of t he i n h e r e n t 
s i m p l i c i t y of t h e s y s t e m . It i s appa ren t tha t p r o g r e s s in the deve lopment 
of the r e v e r s e - o s m o s i s p r o c e s s i s highly dependent upon the avai labi l i ty of 
su i t ab le m e m b r a n e s and that the economy of the p r o c e s s is c lo se ly r e l a t e d 
to the f lux (flow) of po tab le w a t e r which p a s s e s t h r o u g h s u c h a m e m b r a n e 
u n d e r a g iven appl ied p r e s s u r e . 

In the p r e p a r a t i o n of m e m b r a n e s , the p r o c e s s i n g condit ions con t ro l the 
p e r m e a b i l i t y with r e s p e c t to both sa l t and w a t e r . This m a k e s it poss ib le to 
p r e p a r e s p e c i f i c m e m b r a n e s f o r u s e wi th g iven f e e d s t r e a m s s o t h a t t he 
sa l t in the p roduc t is ma in ta ined n e a r 500 ppm, r e g a r d l e s s of feed concen-
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t r a t i on . Such con t ro l of m e m b r a n e p e r m e a b i l i t y ha s been achieved and has 
r e s u l t e d in m a x i m i z a t i o n of t he p r o d u c t i v i t y of m e m b r a n e s f o r e a c h f e e d 
c o m p o s i t i o n t e s t e d whi le m a i n t a i n i n g the r e q u i r e d qua l i t y . C e r t a i n f e e d 
addi t ives such as polyvinylmethyl e ther , fo r example , have a l so been shown 
t o r e d u c e p r e f e r e n t i a l l y s a l t p e r m e a t i o n , f u r t h e r m a x i m i z i n g m e m b r a n e 
p r o d u c t i v i t y . 

P i lo t p l a n t s (500 and 1000 g a l / d ) have been o p e r a t e d s u c c e s s f u l l y f o r 
c o n s i d e r a b l e p e r i o d s of t i m e by the Un ive r s i t y of C a l i f o r n i a , an Of f ice of 
Saline Water c o n t r a c t o r . Excel lent r e s u l t s have been obtained; one of p a r a -
mount i m p o r t a n c e was the demons t ra t ion of m e m b r a n e l i fe unde r f ie ld con-
di t ions. This is a m a j o r achievement in the development of r e v e r s e - o s m o s i s 
p r o c e s s e s . The f i r s t m e m b r a n e s had v e r y s h o r t u s e f u l l i v e s . At p r e s e n t 
a m e m b r a n e l i fe of we l l o v e r s i x mon ths has been d e m o n s t r a t e d and t h e r e 
i s e v e r y r e a s o n to b e l i e v e tha t m e m b r a n e l i f e m e a s u r e d in y e a r s wi l l be 
ach i eved . A des ign s tudy h a s b e e n m a d e wi th r e s p e c t to the c o n s t r u c t i o n 
of a l a r g e r e v e r s e - o s m o s i s p roduc t ion plant and des ign c r i t e r i a have been 
e s t a b l i s h e d . 

A continuing p r o g r a m m e of b a s i c and applied r e s e a r c h has been c a r r i e d 
out to a s s u r e f u r t h e r advances in technology and even more efficient r e v e r s e -
o s m o s i s p lants in the fu tu r e . As a resu l t of these s tudies cons ide rab le p r o -
g r e s s has been made in unders t and ing the fundamenta l p r inc ip l e s of r e v e r s e 
o s m o s i s . Equat ions of flow have been developed, boundary layer l imi ta t ions 
a r e b e t t e r u n d e r s t o o d , m e m b r a n e ca s t i ng t e c h n i q u e s have been i m p r o v e d , 
and t h e o r i e s have been advanced to explain the ro l e of spec i a l s a l t s in m e m -
b r a n e f a b r i c a t i o n . T h e o r i e s have been advanced to expla in the m e c h a n i s m 
of wa t e r t r a n s p o r t and sa l t r e j ec t i on , and some of the phys ica l and chemica l 
c h a r a c t e r i s t i c s which i m p a r t un ique p r o p e r t i e s t o c e l l u l o s e a c e t a t e m e m -
b r a n e s have b e e n e l u c i d a t e d . W h e r e a s the e a r l y m e m b r a n e s had a w a t e r 
flux of 0.2 ga l / f t 2 p e r day, m e m b r a n e s have been developed under the cur ren t 
p r o g r a m m e which have w a t e r fluxes as high a s 22 g a l / f t 2 p e r day, an in -
c r e a s e of m o r e than a hundredfo ld . P r e l i m i n a r y cos t e s t i m a t e s of r e v e r s e -
o s m o s i s s y s t e m s show that the l a r g e s t cost i t em in the s y s t e m is the capi ta l 
inves tment and that the m a j o r con t r ibu to r to cap i t a l c o s t s is the m e m b r a n e -
s e p a r a t o r un i t . The p r a c t i c a l i t y of m o r e s o p h i s t i c a t e d d e s i g n s r e q u i r e s 
e x t e n s i v e s tudy . At p r e s e n t f o u r des ign c o n f i g u r a t i o n s f o r m e m b r a n e -
s e p a r a t o r un i t s a r e u n d e r c o n s i d e r a t i o n . T h e f la t p l a t e and f r a m e d e s i g n 
was u s e d in bo th p i lo t p l a n t s which w e r e jus t m e n t i o n e d . S t i l l to be con -
s t r u c t e d and t e s t ed a r e the shel l and tube configurat ion (Havens), the ve r t i ca l 
s p i r a l conf igura t ion , and the n a r r o w channel conf igura t ion . The l a t t e r con-
f i g u r a t i o n , which , i n c i d e n t a l l y , h a s b e e n s u c c e s s f u l l y p e r f e c t e d by n a t u r e 
in l i fe p r o c e s s e s th rough mi l l i ons of y e a r s of evolution, involves ut i l iza t ion 
of th in channe l s having d i m e n s i o n s s m a l l e r t han the b o u n d a r y l a y e r which 
o rd ina r i l y would be bu i l t -up . The design p r o b l e m s of s u c c e s s f u l l y applying 
th i s solut ion a r e e x t r e m e l y f o r m i d a b l e , but t h i s and o ther innovations ( tur -
bu lence p romot ion , pu ls ing , e t c . ) a r e being t e s t e d , eva lua ted , and brought 
to f ru i t i on . 

It m u s t be r ecogn ized that r e v e r s e - o s m o s i s desa l ina t ion is a new t ech -
nology. T e c h n i c a l and eng inee r ing p r o b l e m s wi l l develop. However , p r o -
g r e s s t o da te e n c o u r a g e s o p t i m i s m . The s u c c e s s of t he p l a t e and f r a m e 
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1000 g a l / d p i lo t p l an t and d r a m a t i c i m p r o v e m e n t s in m e m b r a n e l i f e t i m e 
have put u s in a pos i t ion to des ign and c o n s t r u c t an e x p e r i m e n t a l plant cap-
able of p roduc ing 50 000 to 200 000 g a l / d of c o n v e r t e d w a t e r on the b a s i s of 
exist ing technology. We ful ly expect, in the next five y e a r s , to see r e v e r s e -
o s m o s i s desa l ina t ion p lan ts supplying pu re , potable wate r to sa t i s fy munici-
pa l and indus t r i a l needs . 

Processes 

Elec t rod ia ly t i c p r o c e s s e s 

While the Off ice of Sal ine Wate r i s v e r y o p t i m i s t i c about the po ten t i a l 
of r e v e r s e - o s m o s i s p r o c e s s e s , the most impor tan t m e m b r a n e p r o c e s s today 
in t e r m s of o p e r a t i o n a l un i t s i s undoubtedly e l e c t r o d i a l y s i s . We a r e , a c -
c o r d i n g l y , a c t i v e l y e n g a g e d in the d e v e l o p m e n t of a d v a n c e d c o n c e p t s of 
e l e c t r o d i a l y s i s which g e n e r a l l y m a y be d e s c r i b e d a s a d v a n c e d t r a n s p o r t 
deplet ion. Conventional e l ec t rod i a ly s i s u s e s both cation and anion-se lec t ive 
m e m b r a n e s . The Deming t r a n s p o r t depletion p r o c e s s u s e s a cat ion-select ive 
m e m b r a n e and a neu t r a l m e m b r a n e to s e p a r a t e the depleted and concentrated 
s t r e a m s . The e l e c t r o g r a v i t a t i o n t r a n s p o r t dep le t ion p r o c e s s u s e s only a 
c a t i o n - s e l e c t i v e m e m b r a n e and u t i l i z e s d i f f e r e n c e s in so lu t ion dens i ty t o 
s e p a r a t e the c o n c e n t r a t e d and d e m i n e r a l i z e d s t r e a m s r a t h e r than an i n t e r -
m e d i a t e m e m b r a n e . T h e a d v a n t a g e of t h e a d v a n c e d t r a n s p o r t d e p l e t i o n 
p r o c e s s o v e r conven t iona l e l e c t r o d i a l y s i s m a y be s u m m a r i z e d a s fo l lows : 

(a) They avoid the u s e of expens ive and h i s t o r i c a l l y t r o u b l e s o m e anion-
se l ec t ive m e m b r a n e s 

(b) They e l i m i n a t e the d e l e t e r i o u s p o l a r i z a t i o n e f f e c t s a s s o c i a t e d with 
an ion-se lec t ive m e m b r a n e s , and thus p e r m i t the use of high cu r ren t densi t ies 

(c) T h e y p r o v i d e an advan tageous p o l a r i z a t i o n e f f e c t at t he ca t ion -
s e l e c t i v e m e m b r a n e t h a t a u t o m a t i c a l l y a c i d i f i e s t h e c o n c e n t r a t e s t r e a m 

(d) They p e r m i t r a d i c a l l y s i m p l e r de s igns of d e m i n e r a l i z e r s that wi l l 
be m u c h l o w e r in c o s t , and p e r m i t g r e a t e r u t i l i z a t i o n of m e m b r a n e a r e a 

(e) T h e e l e c t r o g r a v i t a t i o n t r a n s p o r t d e p l e t i o n p r o c e s s o f f e r s a h igh 
degree of d e m i n e r a l i z a t i q n p e r length of solut ion p a s s a g e and f r e e d o m f r o m 
p r o b l e m s with m e m b r a n e damage 

(f) As a r e s u l t of t he above f a c t o r s , t h e y a r e m o r e a d a p t a b l e t o l ow-
cos t househo ld and s m a l l i n d u s t r i a l w a t e r d e m i n e r a l i z a t i o n r e q u i r e m e n t s . 

The t e c h n i c a l f e a s i b i l i t y of t he e l e c t r o g r a v i t a t i o n t r a n s p o r t dep le t ion 
p r o c e s s and the e f f e c t s of s o m e of the opera t ing v a r i a b l e s have been eva lu-
ated in a s m a l l e x p e r i m e n t a l un i t . Th i s work showed tha t a high degree of 
d e m i n e r a l i z a t i o n cou ld b e ob t a ined in a s h o r t p a t h l eng th at s a t i s f a c t o r y 
c u r r e n t e f f i c i enc i e s and at product ion r a t e s p e r unit a r e a of m e m b r a n e com-
p a r a b l e t o t h o s e u s e d in e l e c t r o d i a l y s i s . T h e p r o c e s s p e r m i t s s i m p l e r 
des igns of d e m i n e r a l i z e r s that have low main tenance cos t and f r e e d o m f r o m 
opera t ing p r o b l e m s , and it can t o l e r a t e w a t e r conta in ing suspended so l ids 
a s wel l a s a high c o n c e n t r a t i o n of s c a l e - f o r m e r s . 

It i s t h u s a p p a r e n t tha t s u b s t a n t i a l e c o n o m i e s c a n ye t b e r e a l i z e d in 
e l e c t r o d i a l y t i c p r o c e s s e s , and tha t i m p r o v e d d e m i n e r a l i z e r d e s i g n s and 
m e m b r a n e s wil l a s s u r e an inc reas ing ly impor tan t ro l e for e l e c t r o m e m b r a n e 
p r o c e s s e s in the desa l t ing of b r a c k i s h w a t e r s . 
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E l e c t r o c h e m i c a l desa l ina t ion 

Looking beyond r e v e r s e - o s m o s i s and advanced e lec t rodia ly t ic p r o c e s s e s , 
we a r e s eek ing new m e t h o d s and new c o n c e p t s of s e p a r a t i o n which do not 
r e q u i r e a phase change, which do not involve m e m b r a n e s and boundary l aye r 
p h e n o m e n a , and wh ich s e p a r a t e s a l t f r o m w a t e r , r a t h e r t h a n w a t e r f r o m 
s a l t . One such me thod which i s u n d e r deve lopment i s e l e c t r o c h e m i c a l de-
s a l i n a t i o n b a s e d on p a i r s of s p e c i a l l y p r e p a r e d c a r b o n e l e c t r o d e s , one of 
which s p e c i f i c a l l y r e m o v e s c a t i o n s and the o t h e r a n i o n s upon a p p l i c a t i o n 
of an a p p r o p r i a t e low vo l t age . T h i s m e t h o d i s un l ike m o s t d e s a l t i n g p r o -
c e s s e s which r e q u i r e e x p e n d i t u r e of w o r k ( t h e r m a l cyc l ing in d i s t i l l a t i o n 
and f reez ing , mechan ica l work in r e v e r s e osmos i s ) on the to ta l liquid volume 
in o r d e r to r e c o v e r only a f r a c t i o n of t he t o t a l w a t e r . T h e new p r o c e s s 
has inheren t cost and cycl ing advantages which a r e p a r t i c u l a r l y pronounced 
with r e s p e c t to b r a c k i s h w a t e r s . A 3234 ppm b r a c k i s h w a t e r h a s one s a l t 
m o l e c u l e fo r each one t housand w a t e r m o l e c u l e s . The i n h e r e n t advan tage 
of removing the sal t f r o m the wate r r a t h e r than vice v e r s a is obvious. Thus 
f a r w o r k h a s c e n t r e d on t h e u s e of c a r b o n e l e c t r o d e s f o r r e a s o n s of (1) 
e c o n o m y , (2) e a s e of c h e m i c a l m o d i f i c a t i o n s , (3) t o t a l a v a i l a b l e s u r f a c e 
a r e a , and (4) t h e fac t tha t it i s e l e c t r i c a l l y conduc t ive . R e c e n t r e s e a r c h 
h a s i n c r e a s e d the f a r a d a i c e f f i c i e n c y of t h e s e e l e c t r o d e s f r o m 25 to o v e r 
90% and the i o n - a d s o r p t i v e capac i ty of the c a r b o n s has a l so been i n c r e a s e d 
subs t an t i a l l y . T h e s e two deve lopmen t s m a k e the economic po ten t i a l of the 
p r o c e s s much m o r e a t t r ac t ive , and b e n c h - s c a l e evaluation is cu r ren t ly being 
u n d e r t a k e n . A s m a l l l a b o r a t o r y un i t h a s b e e n o p e r a t i n g f o r o v e r a y e a r 
without s i g n i f i c a n t d e c r e a s e in t h e c a p a c i t y of t h e s e e l e c t r o d e s t o a b s o r b 
and d e s o r b ions f r o m s a l i n e s o l u t i o n s . As a r e s u l t of r e c e n t e n c o u r a g i n g 
l a b o r a t o r y deve lopments , it i s p lanned to c o n s t r u c t and ope ra t e a somewhat 
l a r g e r b e n c h - s c a l e uni t f r o m wh ich m e a n i n g f u l e c o n o m i c d a t a can b e 
ob ta ined . 

Pilot plants 

T h e Of f i ce of Sa l ine W a t e r r e c e n t l y c o n s t r u c t e d a R e s e a r c h and D e -
velopment Tes t Station at Wrightsv i l le Beach , North Carol ina , and cu r ren t ly 
h a s f ive p i lo t p l a n t s in o p e r a t i o n . T h r e e a r e d i s t i l l a t i o n p r o c e s s e s , ' one 
i s a f r e e z i n g p r o c e s s and one i s c o n c e r n e d wi th c h e m i c a l p r e - t r e a t m e n t 
of s e a w a t e r . The p l a n t s r a n g e in c a p a c i t y f r o m 5000 to 35 000 g a l / d . A 
s i x t h p i lo t p l an t t o i n v e s t i g a t e the h y d r a t e p r o c e s s i s n e a r i n g c o m p l e t i o n . 
B r i e f l y the p i lo t p l a n t s a r e a s f o l l o w s : 

(1) D i s t i l l a t i o n ( v e r t i c a l t ube type) 
(a) D e v e l o p m e n t w o r k i s u n d e r way on à 37 000 g a l / d p l an t equ ipped wi th 

v e r t i c a l double- f lu ted (evapora t ive and condensing s u r f a c e s ) tubes . Invest i -
gat ion is conce rned m a i n l y with heat t r a n s f e r . Recent pilot plant r uns have 
d e m o n s t r a t e d t h a t coef f ic ien t s can be main ta ined at 2000to 2500 Btu ft"2 degF"1h"1 

- a s you know, th i s c o m p a r e s v e r y f avou rab ly with the c u s t o m a r y 400-800 
v a l u e s . The r e s u l t s a p p e a r p r o m i s i n g and t h e d o u b l e - f l u t é d tube cohcep t 
i s be ing c o n s i d e r e d f o r i n c o r p o r a t i o n in the F r e e p o r t D e m o n s t r a t i o n P l an t . 
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(b) F l a s h . Addi t ional w o r k on heat t r a n s f e r and s c a l e con t ro l i s being con-
duc ted on a 10 000 g a l / d s i x - s t a g e f l a s h un i t . M e a n s of s c a l e c o n t r o l up 
t o t e m p e r a t u r e s of 3 0 0 6 F by m e a n s of pH c o n t r o l , a d d i t i v e s , and s l u d g e s 
a r e u n d e r i n v e s t i g a t i o n . 

Ano the r pi lot p lan t , involving a nove l a r r a n g e m e n t of a f l a s h p r o c e s s 
( m u l t i e f f e c t - m u l t i s t a g e ) i s a l s o u n d e r t e s t . T h i s un i t i s an e i g h t - e f f e c t , 
6 4 - s t a g e f l a s h p i lo t p l an t hav ing a c a p a c i t y of 10 000 g a l / d . 

(2) F r e e z i n g . F r e e z i n g m a y be appropr i a t e ly c h a r a c t e r i z e d as a c r y s -
t a l l i z a t i o n p r o c e s s in which ice c r y s t a l s a r e f o r m e d by u s e of a p r i m a r y 
o r s e c o n d a r y r e f r i g e r a n t , washed f r e e of b r i n e and m e l t e d to f o r m potable 
w a t e r . Two s y s t e m s a r e b e i n g d e v e l o p e d ; one s y s t e m e m p l o y i n g a r e -
f r i g e r a n t such a s bu tane in d i r e c t con tac t with p r e - c o o l e d s e a w a t e r , and 
the o the r us ing f l a sh e v a p o r a t i o n of p r e - c o o l e d s e a w a t e r at a p r e s s u r e of 
about 3 m m Hg abso lu te to e f f ec t f r e e z i n g . 

(a) Secondary r e f r i g e r a n t method . Two p lan ts , of 15 000 and 200 000 ga l /d , 
a r e u n d e r c o n s t r u c t i o n . The s m a l l e r unit i s jus t beginning o p e r a t i o n s and 
the l a r g e r i s not yet c o m p l e t e . 

(b) F l a s h t y p e . Two u n i t s h a v e b e e n bu i l t , of 15 000 and 60 000 g a l / d , 
by US c o m p a n i e s . The l a t t e r ha s been moved to Wr igh t sv i l l e Beach w h e r e 
it wi l l o p e r a t e at about 100 000 g a l / d . 

(3) Hydra te s y s t e m . Following l a b o r a t o r y sca le opera t ions , two p lan ts 
a r e be ing bu i l t . One of t h e s e i s jus t beg inn ing to o p e r a t e but da t a a r e not 
ye t a v a i l a b l e . 

(4) P r e - t r e a t m e n t of sa l ine wa te r . F o u r methods of p r e - t r e a t m e n t a r e 
being inves t iga ted as a m e a n s of p reven t ing o r reducing sca l ing , e spec ia l ly 
for d is t i l la t ion s y s t e m s . 

(a) Acid t r e a t m e n t . H2 SÖ4 is added to the sea wa t e r which r e d u c e s scal ing 
by СаСОз and MgOH2. Acid t r e a t m e n t i s not e f f e c t i v e f o r C a S 0 4 but h a s 
p e r m i t t e d r a i s i n g d i s t i l l a t i on t e m p e r a t u r e s f r o m 190 to 250°F. 

(b) Sludge s y s t e m s . T h i s m e t h o d c o n s i s t s of c i r c u l a t i n g a " s e e d " s ludge 
and is e f f ec t i ve for r e m o v a l of CaS04 . It m a y be u s e d in con junc t ion with 
ac id t r e a t m e n t . 

(c) Ion exchange i s used in the Roswell vapour compres s ion plant as ah inte-
g r a l p a r t . o f the s y s t e m . The p lan t would not o p e r a t e p r o p e r l y without i t . 

(d) C h e m i c a l . MgNH3PC>3 is p r e c i p i t a t e d . Th is s y s t e m has thus f a r only 
o p e r a t e d on a p i lo t plant , s c a l e . It h a s w o r k e d w e l l and s h o w s e c o n o m i c 
p r o m i s e . . 

Demonstration plants . . . 

The Demonst ra t ion P lan t s P r o g r a m had as its p r i m a r y object ives: ( l ) the 
d e t e r m i n a t i o n of the economic po ten t i a l s of p r o c e s s e s ; and (2) the démon-
s t r a t i o n of t h e i r o p e r a t i o n a l r e l i a b i l i t y . E a c h p lan t d e s i g n i n c o r p o r a t e d 
e x p e r i m e n t a l f e a t u r e s .for the p u r p o s e of e s t a b l i s h i n g des ign da ta that can 
be app l i ed d i r e c t l y to s econd g e n e r a t i o n p l a n t s . In addi t ion, e v e r y e f f o r t 
is made to ma in t a in product ion in o r d e r to develop costs , cons is tent with the 
s i ze of the p lant . , 
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F r e e p o r t P lant (LTV) 

The F r e e p o r t plant has opera ted s ince May 1961 under a va r i e ty of con-
di t ions and has p roduced fo r u s e of c u s t o m e r s m o r e than 900 mi l l ion ga l of 
w a t e r . T h i s p lan t w a s t h e f i r s t d i s t i l l a t i o n p lan t t o o p e r a t e s u c c e s s f u l l y 
u n d e r the pH m e t h o d of s c a l e c o n t r o l at t e m p e r a t u r e s up to 23 5°F. With 
the h i g h e r o p e r a t i n g t e m p e r a t u r e , it h a s b e e n p o s s i b l e t o p r o d u c e the 
1 m i l l i o n r a t e d c a p a c i t y w i t h one t h i r d of t h e e q u i p m e n t out of s e r v i c e . 

The v a c u u m d e - a e r a t o r was c o m p l e t e l y changed in o r d e r to e l i m i n a t e 
the a lka l ine s c a l e - f o r m i n g i n g r e d i e n t of t he s e a w a t e r . The b r i n e d i s t r i -
bution in the e v a p o r a t o r s was brought under m o r e p r e c i s e control and, last ly, 
some of the condensa te type pumps w e r e r e p l a c e d with spec ia l design pumps 
capab le of handl ing the boi l ing b r i n e so lu t ions without undue c o r r o s i o n and 
e r o s i o n of the p u m p s . 

The r e s u l t of t h i s e x p e r i e n c e wi l l be r e f l e c t e d in f u t u r e p l a n t s of t h i s 
d e s i g n ach iev ing s m a l l e r p l an t s i z e f o r t he s a m e p r o d u c t i o n r a t e a s t h e 
F r e e p o r t p l a n t . 

San Diego (MSG) 

The San Diego plant has o p e r a t e d fo r 23 mon ths , dur ing which t i m e the 
plant p roduced 517 mi l l ion ga l of p roduc t w a t e r . Modif ica t ions to th i s plant 
r e s u l t e d in net output i n c r e a s e of 40% beyond des ign . Th i s plant a l so u s e d 
the pH method of sca le cont ro l which p e r m i t t e d the operat ion of the evapora-
to r at t empera tu re s as high as 250°F compared to the more conventional 
190°F u s e d in c o m m e r c i a l p l a n t s employ ing p r o p r i e t a r y a g e n t s to p r e v e n t 
sca le format ion . This plant demons t ra ted re l iab le operat ion over a consider-
able per iod of t ime . 

R e c e n t l y the des ign of an advanced v e r s i o n of t h i s p r o c e s s h a s b e e n 
p e r f o r m e d . T h i s d e s i g n i s b a s e d on p i lo t p l an t w o r k p e r f o r m e d o v e r t h e 
p a s t t h r e e y e a r s and wi l l i n c o r p o r a t e the b e s t f e a t u r e s of both m u l t i s t a g e 
and mu l t i e f f ec t d i s t i l l a t ion . Th i s des ign f o r m s the b a s i s fo r a r e p l a c e m e n t 
plant fo r the p r ev ious San Diego p lan t . 

The r e p l a c e m e n t p lant i s e x p e c t e d to p rodur e at the s a m e r a t e a s t h e 
f i r s t p l an t - 1 m i l l i o n g a l / d . T h i s uni t wi l l (1) nave two t h i r d s t h e h e a t 
t r a n s f e r s u r f a c e of the o r i g i n a l p lan t ; (2) r e q u i r e half a s m u c h s t e a m ; (3) 
u s e 70% as much acid f o r p r e - t r e a t m e n t a s t he o r i g i n a l p lant ; and (4) p r o -
duce half as much blowdown or c o n c e n t r a t e d s e a w a t e r . 

W e b s t e r ( e l e c t r o d i a l y s i s ) 

The e l e c t r o d i a l y s i s plant at Webs te r has opera ted as the sole s o u r c e of 
wa te r fo r the City of Webs te r , South Dakota, s ince March 1962. This plant, 
u s ing the shee t flow type of m e m b r a n e , h a s d e m o n s t r a t e d the p r a c t i c a l i t y 
of p r o c e s s i n g h igh h a r d n e s s w a t e r by t h i s p r o c e s s . Whi le c o n s i d e r a b l e 
advance has been m a d e in th i s d i r ec t ion , r e v i s i o n s to the p r o c e s s a r e c u r -
ren t ly under way which will make the p r o c e s s m o r e r e l i ab l e . Over the pas t 
t h r e e y e a r s , it has been o b s e r v e d that s m a l l amoun t s of o rgan ic m a t e r i a l s 
tend to plug up the m e m b r a n e s . 
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Roswel l (VC) 

The v a p o u r c o m p r e s s i o n d i s t i l l a t i on p r o c e s s w a s i n s t a l l e d at R o s w e l l 
f o r t h e p u r p o s e of deve loping a p r o c e s s which could be u s e d in a r e a s not 
hav ing l a r g e hea t s i n k s f o r t he d i s p o s a l of e n e r g y in t h e w a s t e s t r e a m s . 
T h i s i s a c c o m p l i s h e d by r e c o m p r e s s i n g l o w - p r e s s u r e s t e a m t o a h i g h e r 
u s a b l e p r e s s u r e . T h i s p l an t o p e r a t e s u n d e r a d e l i c a t e c h e m i c a l b a l a n c e 
in which the h a r d n e s s c o n s t i t u e n t c a l c i u m is r e m o v e d f r o m the incoming 
b r a c k i s h wate r s t r e a m by m e a n s of ion exchange. It was intended or iginal ly 
that the r egene ra t ion of the ion exchange be accompl i shed by the highly saline 
w a t e r s of the blowdown. To date, this has not been completely achieved, but 
by a s e r i e s of equipment changes this goal is being approached. 

The vapour c o m p r e s s i o n plant as in s t a l l ed is expec ted to u se only 70% 
a s m u c h e n e r g y a s t h e f i r s t San Diego p l a n t . T h i s , of c o u r s e , i s b a s e d 
upon s u c c e s s f u l d e v e l o p m e n t of a s c a l e - p r e v e n t i o n t e c h n i q u e . 

Should the ion exchange p r o c e s s f o r s c a l e p r e v e n t i o n be too cos t l y , a 
second technique of s ca l e p reven t ion , the seed s l u r r y technique, is provided 
in the equipment on hand and i s p a r t of the next development p r o g r a m m e to 
be conduc t ed in t h i s p l a n t . The c o m p r e s s o r u s e d in t h i s p l an t i s of h igh 
ef f ic iency, but the e f f ic iency i s v e r y sens i t ive to scal ing in the sys t em. This 
a p p e a r s a s a m a r k e d d e c r e a s e in c a p a c i t y wi th only a s l i gh t i n c r e a s e in 
p r e s s u r e drop a c r o s s the s y s t e m . Thus it is easy to s t a rve the c o m p r e s s o r 
o r c a u s e it t o s u r g e , which r e q u i r e s s h u t - d o w n of t he p l a n t . As wi th the 
deve lopment of any d i s t i l l a t ion p r o c e s s in which we expec t b e t t e r than 90% 
p e r f o r m a n c e o n - s t r e a m , t h i s h a n d i c a p i s of c o n c e r n to u s now b e c a u s e it 
g i v e s r e l a t i v e l y few o p e r a t i n g h o u r s . When and if t h e p r o c e s s can b e de-
veloped to o p e r a t e with no s c a l e f o r m a t i o n on the heat e x c h a n g e r s u r f a c e s , 
the c o m p r e s s o r should p e r f o r m v e r y wel l . 

Large plant design and construction programme 

The Office of Saline Water has embarked on a p r o g r a m m e of design that 
wi l l l e a d to the c o n s t r u c t i o n of p l a n t s m a n y t i m e s the s i z e of t h o s e now in 
e x i s t e n c e . The p r i m a r y o b j e c t i v e of t h e " l a r g e p l an t p r o g r a m m e " i s t o 
develop the technology of desa l t ing wa t e r and the capab i l i t i e s of i ndus t ry to 
take advantage of the reduct ion in unit cost a s soc ia ted with l a r g e - s c a l e oper-
a t ion. The a c h i e v e m e n t of economic desa l ina t ion in l a r g e p l a n t s wil l pave 
the way f o r e c o n o m i c s m a l l e r u n i t s by s u s t a i n i n g an i n d u s t r i a l b a s e f o r 
d e s a l i n a t i o n . 

T h i s p r o g r a m m e is p a c e d by the r e q u i r e m e n t s u n d e r s tudy by the 
Metropol i tan Water Dis t r ic t of Southern Cal i forn ia and I s r a e l . These studies 
a r e f o r p l a n t s in the s i z e r a n g e of 100 to 150 Mgd and t h e t i m e p e r i o d of 
1970-71 . While p l a n t s in t h i s s i z e r a n g e cou ld undoub ted ly be bu i l t wi th 
today ' s technology, they would be u n n e c e s s a r i l y costly and would incorpora te 
f e a t u r e s which would be doubtful f r o m a technological viewpoint. 

To b r ing the indus t ry to a s t a t e of r e a d i n e s s t o build such p lan ts within 
the t i m e pe r iod of i n t e r e s t , an in tens ive deve lopment p r o g r a m m e has been 
in i t i a ted . Th i s c o n s i s t s of the following c o n c u r r e n t s u b - p r o g r a m m e s : 
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(1) C o n c e p t u a l d e s i g n s t u d i e s : 16 c o n t r a c t s have b e e n e x e c u t e d wi th 
m a n u f a c t u r e r s and engineer ing f i r m s both "exper ienced" and " inexperienced" 
with r e s p e c t to desal t ing f o r the p u r p o s e of e l ic i t ing new ideas in dis t i l la t ion 
technology and s t imula t ing compet i t ion . 

(2) Support ing s t u d i e s : C o n t r a c t s wil l be i s s u e d for s tud ies of spec i f i c 
p lant c o m p o n e n t s with the s a m e b a s i c o b j e c t i v e s a s t he c o n c e p t u a l d e s i g n 
s t u d i e s . 

(3) Module and component t e s t p r o g r a m m e : One or m o r e "modules" or 
"building b locks" of f u l l - s i z e d p lants will be e r ec t ed and tes ted at West Coast 
t e s t s i t e s . These modu les might take the f o r m of eight s t ages of a 60-s tage 
plant with the s t ages having one t h i rd the b r ine flow of a 50 Mgd plant (on the 
a s s u m p t i o n that the s c a l e - u p to a fu l l plant would not involve a l a r g e r i sk ) . 
Also, such componen t s a s a f u l l - s i z e d r e c y c l e pump wil l be t e s t e d . 

(4) Advanced technology f l a sh d is t i l l a t ion p lan t : To t e s t t he en t i re flow 
s y s t e m , and to have a t e s t v e h i c l e s u i t a b l e f o r work ing on h y d r a u l i c hea t 
t r a n s f e r , t h e r m o d y n a m i c s , and m a t e r i a l s p r o b l e m s , it i s p l anned to r e -
p l ace the m u l t i s t a g e f l a sh plant (Point L o m a I) with a comple te ly new plant 
(Point Loma II) incorpora t ing many e x p e r i m e n t a l f e a t u r e s , as well as oper -
a t i o n a l i m p r o v e m e n t s b a s e d on e x p e r i e n c e wi th the o r i g i n a l p l a n t . With 
t h i s p lant we expec t to advance the a r t of f l a s h d i s t i l l a t ion by working with 
m a n u f a c t u r e r s t o develop i m p r o v e d f l a s h i n g d e v i c e s , d e m i s t e r s , r e d u c e d 
width of b r i n e flow p a s s a g e s , ob ta in m o r e a c c u r a t e da t a on hea t t r a n s f e r 
in condense r s , and run s o m e t e s t s on conc re t e exposed to ac tual evapora to r 
cond i t ions . Th i s p lant i s p l anned to i n c o r p o r a t e a m u l t i p l e - r e c i r c u l a t i o n 
cyc le which is expec ted to f a c i l i t a t e o p e r a t i o n of the plant at t e m p e r a t u r e s 
up to 300°F or h ighe r , f o r t e s t i n g improved s c a l e con t ro l me thods . T h e r e 
w i l l be c r o s s - f e e d of t e s t r e s u l t s b e t w e e n t h i s p l an t and t h e l a r g e p l a n t 
m o d u l e s be ing t e s t e d c o n c u r r e n t l y . 

(5) L a r g e p lan t f e a s i b i l i t y s t u d i e s : C o n c u r r e n t l y wi th the f o r e g o i n g 
t h e r e a r e now u n d e r way the two f e a s i b i l i t y s t u d i e s fo r l a r g e p l an t s tha t I 
have a l r e a d y ment ioned , the Met ropo l i t an W a t e r D i s t r i c t of Southern Cal i -
fo rn ia study which is jointly suppor ted by MWD, Office of Saline Water-USDI, 
and USAEC, and the s tudy f o r I s r a e l . T h e s e s t u d i e s r e p r e s e n t r e a l s i t u -
a t ions and a c c o r d i n g l y wi l l p r o v i d e va luab l e gu idance f o r the l a r g e plaint 
p r o g r a m m e . 

SUMMARY 

In s u m m a r y 1 would like to o f f e r the following sugges t ions and tenta t ive 
conc lus ions : 

(1) In cons ide r ing the w a t e r p r o b l e m of any munic ipa l i ty , a r e a , reg ion , 
o r country, it is impera t ive that one look at the en t i r e wate r supply question, 
i nc lud ing p o t e n t i a l a l t e r n a t i v e s o l u t i o n s . Such s o l u t i o n s invo lve s o c i a l , 
t e c h n o l o g i c a l and e c o n o m i c f a c t o r s . No s ing l e p l a n i s c a p a b l e of so lv ing 
e v e r y wa t e r p r o b l e m and no s ingle approach such as desa l ina t ion or r e - u s e 
i s a lways s u p e r i o r . 

(2) Up to the p r e s e n t t i m e , p r a c t i c a l desa l ina t ion p lan t s have n e c e s s a r i l y , 
b e e n l i m i t e d to d i s t i l l a t i on . It m u s t be kept in m ind , h o w e v e r , tha t o t h e r 
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p r o c e s s e s w i l l soon be a v a i l a b l e having l o w e r e n e r g y r e q u i r e m e n t s t h a n 
d i s t i l l a t i o n . C o n s e q u e n t l y t h e s e l e c t i o n of t he d e s a l i n a t i o n p r o c e s s and 
ene rgy s o u r c e b e c o m e s m o r e involved but with a co r re spond ing potent ia l fo r 
a b e t t e r solut ion. 

(3) It would a p p e a r tha t in the i m m e d i a t e f u t u r e , the g r e a t e s t demand, 
and thus the l a r g e s t m a r k e t , wi l l be for conve r s ion plaints having capac i t i e s 
ranging f r o m a few thousand ga l lons p e r day to 10 o r 20 Mgd. 

(4) N u c l e a r p o w e r m u s t be c o n s i d e r e d a s an e n e r g y s o u r c e in c o m p e -
t i t i on wi th o t h e r f o r m s of e n e r g y . E x c e p t w h e r e s o m e u n u s u a l p r o b l e m 
e x i s t s , s u c h a s l o g i s t i c s , t he l e a s t e x p e n s i v e e n e r g y s o u r c e i s t he b e s t 
s o u r c e . 

(5) N u c l e a r - f i r e d l a r g e c a p a c i t y d u a l - p u r p o s e p l a n t s can supply r e l a -
t ive ly low cos t p o w e r and w a t e r . T h e i r app l i ca t ion in the deve lopmen t of 
l a r g e i n t e g r a t e d r e g i o n s a p p e a r s to be n a t u r a l . Such app l i ca t i ons m a y b e 
l i m i t e d at t he p r e s e n t t i m e s i n c e r e l a t i v e l y few a r e a s can s i m u l t a n e o u s l y 
a s s i m i l a t e such l a r g e b l o c k s of p o w e r a n d v o l u m e s of w a t e r . 

(6) If t h e p r i m a r y n e e d i s low cos t d e s a l i n a t e d w a t e r , d u a l - p u r p o s e 
p lants may not n e c e s s a r i l y be m o r e advantageous than s ing le -purpose plants . 

(7) We have s u g g e s t e d t h e concept of " B a s e Load P o w e r G e n e r a t i o n 
th rough M u l t i - P r o c e s s S y s t e m s " as a p o s s i b l e m e a n s of supplying r eg iona l 
w a t e r needs by huge d u a l - p u r p o s e i n s t a l l a t i ons . 

(8) F i n a l l y , I e a r n e s t l y r e c o m m e n d t h a t m o r e e f f o r t be m a d e to d e -
ve lop r e a l i s t i c w a t e r cos t i ng p r o c e d u r e s . 
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It was sa id c l a s s i c a l l y that m a n ' s bas i c r e q u i r e m e n t s a r e food, she l t e r , 
and c lo th ing . A s a cons t i t uen t p a r t of food , and a p r i m a r y n e c e s s i t y , we 
m u s t include w a t e r . But what do we m e a n by w a t e r ? It is. sa id that one en -
t h u s i a s t i c s a l e s m a n of bo t t l ed w a t e r in the A m e r i c a n W e s t s t uck on l a b e l s 
c l a iming 'Our w a t e r i s 99 p e r cent p u r e ' , and th i s sounds s u p e r f i c i a l l y quite 
a c l a im - until you r e f l e c t that 1 p e r cent i s 10 000 p a r t s p e r mil l ion (ppm). 
Ne i the r human beings nor food - s tock a n i m a l s nor the n o r m a l land c rops can 
t o l e r a t e w a t e r with s u c h a c o n c e n t r a t i o n of s a l t s . About 2000 p p m i s t h e 
m a x i m u m to l e r ance of humans and food-s tock an imals and crops , and in fact 
f o r heal thy humans it i s about 500 ppm. Thus , s ince men and a n i m a l s have 
lived over many thousands of y e a r s , they mus t have been able to obtain quite 
e a s i l y w a t e r of pu r i ty g r e a t e r than 99. 8%, i. e . l e s s than 0. 2% of s a l t s . As 
we know, t h i s h a s b e e n "possible only b e c a u s e of t he low solubi l i ty of m o s t 
m i n e r a l s in wa te r , so that in the giant d i s t i l l a t ion cycle opera ted by the sun 
the pick up of m i n e r a l s i s such a s to p roduce only a concen t ra t ion of the 
o r d e r 3. 5% in the ma in r e s e r v o i r , the sea , and usual ly much l e s s than 0.1% 
in the r e f l u x s t r e a m s which we ca l l r i v e r s and the ho ld -up a r e a s which we 
ca l l l ochs o r l a k e s . 

But f o r m o d e r n m a n we m u s t s u r e l y add to food, s h e l t e r and c lo th ing 
a f o u r t h b a s i c r e q u i r e m e n t , p o w e r . In f a c t c i v i l i z e d m a n h a s n e v e r been 
able to ex i s t without h a r n e s s i n g e n e r g y beyond h i s own, w h e t h e r by wind, 
wa t e r , an ima l power o r , a s now, by t h e r m a l conver s ion . Without power he 
could not have m a d e the jump f r o m the n o m a d i c h u n t e r t o the p a s t o r a l and 
f a r m i n g s e t t l e r on which c iv i l i za t ion depends . Without power he could 
n e i t h e r grow his food n o r e l a b o r a t e h i s s h e l t e r into dwel l ings and t e m p l e s . 
And cer ta in ly without the i n c r e a s e in power which the advent of t h e r m a l con-
ve r s ion brought in the 18th cen tury the world of man a s we know it could not 
ex i s t . T h e r e s e e m s t h e r e f o r e s o m e r e a s o n to r e g a r d w a t e r and power a s 
the u l t imate basic phys ica l needs of man on which food, she l t e r and clothing, 
a s well as al l civil ized e labora t ions , depend. 

Now the m a s s i v e t h e r m a l capac i ty of the s e a and i t s vapour p r e s s u r e 
and la tent hea t a r e the m a i n th ings which d e t e r m i n e the a v e r a g e t e m p e r a -
t u r e of our envi ronment under the act ion of the sun. Hence the engineer will 
e a s i l y r e c o g n i z e that it i s p r i m a r i l y the s e a which d e t e r m i n e s the t h e r m o -
d y n a m i c ava i l ab i l i t y of any e n e r g y which he w a n t s t o u s e a s p o w e r on t h i s 
ea r th , s ince it f i x e s the g e n e r a l l eve l of ambien t condit ions of t e m p e r a t u r e . 

* The text of this paper originates from a Nominated Lecture delivered by Professor Silver on 
5 November 1964 at a meeting of the Institution of Mechanical Engineers. This Institution has kindly 
authorized the publication of the full text in these Proceedings. 
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It i s h i s u l t i m a t e s ink of hea t r e j e c t i o n , and t h e r m o d y n a m i c a l l y a s ink i s 
jus t a s much a ' s o u r c e ' of power potent ia l i ty a s what we ca l l t echnica l ly a 
s o u r c e . Thus we can p r o p e r l y r e g a r d the sea a s the bas i c essen t i a l fo r our 
two fundamen ta l needs , power and w a t e r . Li fe evolved f i r s t in the sea and 
then e m e r g e d f r o m it, but it i s i n t e r e s t i n g to r e a l i z e that in what we choose 
to cal l l i f e ' s highest f o r m , ou r se lves , we have never shaken off a dependence 
on it . 

H i s to r i ca l ly , so f a r a s w a t e r and food suppl ies a r e concerned , we have 
r e l i e d on the c o n d e n s a t i o n p a r t of t h e d i s t i l l a t i o n cyc l e , depend ing on the 
r a i n f o r o u r c r o p s , and t app ing off t he r e f l u x s t r e a m s and ho ld -up a r e a s , 
i . e. the r i v e r s and lakes , fo r our wate r r e q u i r e m e n t s . In some a r e a s where 
the d i s t r i b u t i o n of r a i n w a s not su i t ab le f o r a g r i c u l t u r e we have i r r i g a t e d 
f r o m the r i v e r s and l akes . As c ivi l iza t ion developed and city s i ze s i nc r ea sed , 
t he n a t u r a l h o l d - u p a r e a s b e c a m e i n a d e q u a t e . A r t i f i c i a l r e s e r v o i r s w e r e 
made making a s much use a s poss ib le of local contours , but inevitably being 
si ted f u r t h e r and f u r t h e r away f r o m the c e n t r e s of wa te r consumption. Thus 
the t r a d i t i o n a l e n g i n e e r i n g a s s o c i a t e d with w a t e r supply i s that of the c iv i l 
e n g i n e e r r a t h e r t han the m e c h a n i c a l e n g i n e e r , a l though the l a t t e r h a s , of 
c o u r s e , been involved in the p u m p s and the d i s t r i bu t ion s y s t e m . However , the 
point I want to m a k e i s that in a l l th i s t r e m e n d o u s and complex s y s t e m d e -
ve lopment of w a t e r supply we have chosen to u se r e s e r v o i r s of f r e s h wa t e r 
which a r e m i n u t e in c o m p a r i s o n with t h e g iant r e s e r v o i r of 96. 5% w a t e r 
which we have in the s e a . Not only a r e s u c h r e s e r v o i r s s m a l l c o m p a r e d 
with the s e a , but f o r s o m e i m p o r t a n t popula t ion c e n t r e s they a r e much 
f u r t h e r away t h a n the s e a . But we have had to u s e t h e m - al l b e c a u s e of 
th i s of s a l t . Ul t imate ly of c o u r s e the r e a s o n was economic . It cost us 
much l e s s , in m o s t of the c e n t r e s of the wor ld which developed with the in-
d u s t r i a l revolu t ion , to tap off the na tu ra l s o l a r d i s t i l l a t ion-cyc le ref lux than 
to s e p a r a t e t h i s s a l t . Tha t t h i s economic f ac t was the b a s i c r e a s o n can be 
r ea l i zed f r o m the r e v e r s e s i tuat ion on board ship. With the coming of s team 
p o w e r it b e c a m e c h e a p e r to u s e the sea a s t he r e s e r v o i r and d i s t i l f r e s h -
w a t e r supp l i e s on sh ips . And when in t h i s cen tu ry the development of a r id 
zones began, it was cheape r to d is t i l f r e s h wa t e r f r o m the sea than to t r a n s -
f e r it f r o m l e s s a r i d t e r r i t o r i e s . 

Thus we see that if we want to make a r a t i o n a l eng ineer ing approach to 
the p r o b l e m of w a t e r supply, and u l t ima te ly a l so a g r i c u l t u r a l deve lopment , 
in any a r ea , we ought now to begin by a s s e s s i n g compara t ive ly the two a l t e r -
nat ive p r o c e s s e s : (1) cost of ca tchment , s t o r age and t r a n s p o r t of ra in water ; 
(2) cost of conve r s ion of s ea w a t e r and t r a n s p o r t of the product . It i s p r e -
sumed in (2) that the cpnvers ion plant can be designed to mee t the main load 
so that s t o r a g e i s m i n i m a l , the r e a l s t o r e being in the s ea . In any a r e a 
a l r e a d y w e l l deve loped , such a s m o s t of B r i t a i n and W e s t e r n E u r o p e , we 
have the compl ica t ion that subs tan t i a l ca tchment , s to rage and t r a n s p o r t ne t -
w o r k s f o r r a i n w a t e r a l r e a d y e x i s t . Whi le t h e s e a r e cont inual ly be ing e x -
tended, it i s diff icul t to know p r e c i s e l y the t r u e cost of such extensions since 
they undoubtedly benef i t f r o m the ex i s tence of f ac i l i t i e s cons t ruc ted in t i m e s 
of c h e a p e r l abou r and of cap i t a l long s ince w r i t t e n off o r paid f o r . But f o r 
any newly deve loping t e r r i t o r y th i s inves t iga t ion should ce r t a in ly be m a d e . 
I would u r g e that it should be done a l s o in B r i t a i n and o the r t e r r i t o r i e s a l -
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r e a d y deve loped and tha t we should t r y m o r e a c c u r a t e l y to a s s e s s the cos t 
of extens ions to conventional supply s y s t e m s . The value of land and ameni t ies 
should c l e a r l y be inc luded in a s s e s s i n g the cos t of c a t c h m e n t and s t o r a g e . 
It w a s g r a t i f y i n g to note the announcemen t e a r l i e r t h i s y e a r that DSIR h a s 
given a grant to the Wate r R e s e a r c h Associa t ion which will in ter alia be used 
to i nves t i ga t e the t r u e i n c r e m e n t a l c o s t s of add i t ions to convent iona l w a t e r 
supp l i e s . Only when t h e s e a r e ava i lab le can we p r o p e r l y make compar i son 
with the a l t e r n a t i v e of supply by s e a - w a t e r conve r s ion . 

RELATION B E T W E E N WATER AND POWER CONSUMPTIONS 

Now I have a l r e a d y m e n t i o n e d w a t e r and p o w e r a s t h e b a s i c r e q u i r e -
m e n t s of m o d e r n l i f e . You wi l l not t h e r e f o r e be s u r p r i s e d when I go on to 
a r g u e tha t when c o n s i d e r i n g w a t e r supply to a new a r e a o r e x t e n s i o n s in 
an ex is t ing s c h e m e we should not r e g a r d th i s s e p a r a t e l y f r o m the developing 
power r e q u i r e m e n t s in the s a m e a r e a s . Nothing i s so c h a r a c t e r i s t i c of 
m o d e r n l i fe a s the r a t e of i n c r e a s e of power capac i ty in c iv i l ized c o u n t r i e s 
and the c o r r e s p o n d i n g p o w e r i n s t a l l a t i o n s in deve lop ing t e r r i t o r i e s . F o r 
t h e r m o d y n a m i c r e a s o n s t h e r e i s an i nhe ren t l ink b e t w e e n the cos t of s e a -
w a t e r conve r s ion and power and th i s I sha l l d i s c u s s ful ly l a t e r . Meanwhile, 
h o w e v e r , le t m e give s o m e i n t e r e s t i n g s t a t i s t i c s . About 40 y e a r s ago in 
both Br i t a in and A m e r i c a , the average consumption of wa te r and e lec t r i c i ty , 
a l though indiv idual ly v e r y d i f f e r e n t in the two c o u n t r i e s , w a s such that the 
r a t i o of w a t e r c o n s u m p t i o n to p o w e r c o n s u m p t i o n w a s of t he o r d e r of 
100 ga l /kWh. At the p r e s e n t day the r a t e s , while again ve ry d i f fe ren t , both 
show a r a t i o of the o r d e r of 10 g a l / k W h . The huge i n c r e a s e in e l e c t r i c i t y 
c o n s u m p t i o n in both c o u n t r i e s i s the chief c a u s e . W a t e r c o n s u m p t i o n 
i s c l e a r l y p r e s s i n g on d i m i n i s h i n g r e s o u r c e s . Now t h i s t r e n d p o s e s to u s 
a v e r y i n t e r e s t i n g ques t ion . As c iv i l i za t ion deve lops i s i t p o s s i b l e that the 
r a t i o of w a t e r consumpt ion to power consumpt ion can cont inual ly d e c r e a s e ? 
Or i s t h e r e p e r h a p s some lower l im i t which i s technica l ly n e c e s s a r y f o r the 
s t a n d a r d s of c l e a n l i n e s s and h e a l t h which we want to ma in t a in? I th ink that 
in p r inc ip l e we mus t accept that such a l imi t mus t exis t and we should t ry to 
get s o m e p o i n t e r s to i t s v a l u e . If we c o n s i d e r t h a t m i c r o c o s m of h u m a n 
socie ty , a t o u r i s t ship, it i s i n t e r e s t i n g to note that t h e r e has been p r e s s u r e 
f o r i n c r e a s e d w a t e r f a c i l i t i e s , and one of the l a t e s t of such v e s s e l s h a s i n -
s t a l l ed f r e s h - w a t e r supply f a c i l i t i e s - exc luding t h o s e r e q u i r e d f o r the 
b o i l e r and t u r b i n e p lan t - of 134 000 g a l / d whi le t he e l e c t r i c i t y s u p p l i e s 
a r e 3000 kW. T h u s we have 72 000 kWh p e r day , so tha t t he w a t e r / p o w e r 
consumption r a t io h e r e i s 1.86 gal /kWh. In Kuwait, which may be r ega rded 
a s a typ ica l developing t e r r i t o r y , the ra t io of wate r consumption to e l e c t r i c i -
ty c o n s u m p t i o n w a s a p p r o x i m a t e l y 3 ga l /kWh in 1960. T h e s e f i g u r e s can, 
I think, be t a k e n to point to a f i g u r e of the o r d e r 2 - 5 ga l /kWh a s the lower 
l im i t s of w a t e r / p o w e r consumpt ion which we can expect to apply in mode rn c iv i -
l izat ion. Note that t h i s exc ludes a l l a g r i c u l t u r a l w a t e r , i . e . wa t e r f o r food 
supp l i e s . If we a s s u m e t h i s soc io log i ca l s t a t i s t i c , s o m e v e r y i n t e r e s t i n g 
c o n s e q u e n c e s fo l low in r e s p e c t of any p o s s i b l e r e l i a n c e on s e a - w a t e r con-
v e r s i o n f o r w a t e r s u p p l i e s . 
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S E A - W A T E R CONVERSION AND POWER 

The m a x i m u m p e r f o r m a n c e r a t i o ye t ach ieved in d i s t i l l a t i on p lan t s is 
about 12, i . e . 12 lb f r e s h w a t e r p r o d u c e d p e r 1000 B tu of h e a t input , i . e . 
1.2 gal p e r 1000 Btu heat , which we can e x p r e s s a s 4. 1 gal /kWh(th) . Where 
a d i s t i l l a t i o n p lan t t a k e s i t s hea t input e n t i r e l y f r o m the r e j e c t hea t f r o m 
e l e c t r i c i t y g e n e r a t i o n at t e m p e r a t u r e s in the r ange 2 0 0 - 2 5 0 ° F , with s t e a m 
supply condi t ions r e p r e s e n t a t i v e of m o d e r n p r a c t i c e the e f f i c i ency of e l e c -
t r i c a l power p roduc t ion wi l l be of the o r d e r of j , i . е. 1 kWh of p o w e r will 
be p r o d u c e d a long with e v e r y 2 kWh(th) r e j e c t . Hence such a s y s t e m can 
give a b a s i c w a t e r / p o w e r r a t i o of the o r d e r 8 g a l / k W h . T h i s can c l e a r l y 
mee t our sociological r e q u i r e m e n t fo r , if the ra t io i s lower , i. e. if the e lec-
t r i c a l power demand i s g r e a t e r , the r e m a i n d e r of the power can be produced 
m o r e e f f i c i en t ly in t u r b i n e s condens ing at much l o w e r t e m p e r a t u r e s . But 
equal ly obvious ly a d i s t i l l a t i on p lant p e r f o r m a n c e r a t i o of only 3 can give 
only about 2 g a l / k W h and canno t t h e r e f o r e m e e t t h e w a t e r / p o w e r n e e d s . 

Le t us now cons ide r the posi t ion of convers ion p r o c e s s e s which consume 
e n e r g y in the f o r m of p o w e r i n s t e a d of h e a t . Two obv ious e x a m p l e s a r e 
vapou r c o m p r e s s i o n d is t i l l a t ion and f r e e z i n g . Both of these a r e e s sen t i a l ly 
h e a t - p u m p p r o c e s s e s , the f o r m e r pumping about 1000 B t u / l b of w a t e r p r o -
d u c e d and the l a t t e r p u m p i n g about 140 B t u / l b of w a t e r p r o d u c e d . If we 
a s s u m e that both p r o c e s s e s a r e designed with r egene ra t i ve heat exchange so 
tha t the e f f e c t i v e h e a t - p u m p ac t ion i s t h r o u g h a m i n i m a l t e m p e r a t u r e d i f -
f e r e n c e of 10 d e g F , we can c o n s t r u c t Tab le I . 

TABLE I 

C A L C U L A T I O N O F O R D E R O F M A G N I T U D E O F P O W E R 
R E Q U I R E M E N T S F O R V A P O U R C O M P R E S S I O N D I S T I L L A T I O N 

AND F R E E Z I N G 

Vapour 
compression 

Freezing 

M i n i m u m order of temperature di f ference (degR) 10 10 

Order base temperature (degR) 670 4 8 0 

Thus order of Carnot refrigeration factor 67 48 

Thus order of pract ical refrigeration factor 22 16 

Thus order of power required (Btu/lb) 45 9 

Thus order of power required (kWh/gal ) 0 . 1 3 2 0. 026 

Thus gallons produced per kWh consumed 7. 6 38. 5 

With the f i g u r e s de r ived in Tab le I we can now do the fol lowing s imple 
ca l cu la t ion : 

C o m m u n i t y n o r ç i a l r e q u i r e m e n t s of p o w e r in kWh - 0 . 5 W w h e r e W i s 
the wa t e r r e q u i r e m e n t in ga l lons . Addit ional power r e q u i r e m e n t if all water 
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i s p roduced by vapour c o m p r e s s i o n convers ion of s ea wa te r = 0. 132 W. Thus . 
i n c r e a s e i n p o w e r c o n s u m p t i o n c o m p a r e d wi th n o r m a l = 26%. S i m i l a r l y , 
f o r f r e e z i n g , the i n c r e a s e in power consumpt ion c o m p a r e d with n o r m a l r e -
q u i r e m e n t s c o m e s to be 5%. 

To c o m p l e t e the p i c t u r e we should note t h a t a l l p r o c e s s e s , i nc lud ing 
d i s t i l l a t ion , a lso consume power f o r aux i l i a r i e s such as pumps . The mul t i -
s t age flash p r o c e s s has i t s m a j o r power load in the r e c i r c u l a t i o n pump, to 
which nothing in o t h e r p r o c e s s e s c o r r e s p o n d s . Hence we m a y i gno re feed 
and br ine r e j e c t pump power f o r al l p r o c e s s e s which will be sma l l and com-
p a r a b l e , but fo r f l a sh d is t i l la t ion should take note of the r ec i r cu la t ion power. 
F o r a p e r f o r m a n c e r a t i o of 12 th i s will be about 0 .012 kWh/ga l , i . e . about 
one-ha l f that of the f r e e z i n g p r o c e s s . 

If the s o c i a l s t r u c t u r e r e q u i r e s a g r e a t e r w a t e r / p o w e r c o n s u m p t i o n 
r a t i o than the amount of 2 ga l /kWh a s s u m e d h e r e , then the additional power 
consumpt ions needed f o r wa t e r convers ion mean g r e a t e r additions to normal 
consumpt ions . Table II shows th is e f fec t . 

TABLE II 

P E R C E N T A G E ADDITIONS T O N O R M A L P O W E R C O N S U M P T I O N 
T O P R O V I D E A L L W A T E R BY C O N V E R S I O N P R O C E S S 

Water/power , , . Percentage addition 
Percentage addition , Percentage addition 

consumption , „ , ,. due to vapour 
due to flash distillation r . due to freezing 

ratio compression distillation 

2 2 . 5 26 5 

5 6 . 5 66 13 

10 13 132 26 

The f i g u r e s in Tab le II s e e m to me to be w o r t h s e r i o u s c o n s i d e r a t i o n . 
E v e r y o n e knows tha t one of the b e s e t t i n g p r o b l e m s of p o w e r g e n e r a t i o n i s 
the p r o b l e m of load f a c t o r . I s i t pos s ib l e that combina t ion with wa t e r con-
v e r s i o n would e a s e t h i s s i t u a t i o n , and b e n e f i t the e c o n o m i c s of both p r o -
c e s s e s ? A s d i s t inc t f r o m e l e c t r i c i t y , p r o d u c t w a t e r c a n be s t o r e d — and 
p r o v i d e d the s t o r a g e a m o u n t i s s m a l l c o m p a r e d wi th conven t iona l w a t e r -
supp ly r e s e r v o i r s we a r e s t i l l w i th in the p r o p e r ph i l o sophy of s e a - w a t e r 
c o n v e r s i o n , i . e . s t o r a g e in the s e a . S to rage of one d a y ' s p roduc t i s quite 
an a c c e p t a b l e c o n c e p t and h e n c e t h i s cou ld be u s e d to flatten out d i u r n a l 
l o a d v a r i a t i o n s on the s t a t i o n . The m o s t s t r i k i n g e x a m p l e f r o m T a b l e II 
is obviously vapour c o m p r e s s i o n in the s i tuat ion of a 10 gal /kWh consumption 
r a t i o . A g e n e r a t i n g s t a t i on with a n o r m a l d i u r n a l load f a c t o r of 43% could 
be r u n at 100% e l e c t r i c i t y load the whole day p rov ided the vapour c o m -
p r e s s i o n plant can be smoothly operated at any wate r production rate between 
z e r o and f u l l l oad , wi th r a p i d v a r i a t i o n s in oppos i t e p h a s e to the e x t e r n a l 
e l e c t r i c i t y d e m a n d . A s s u m i n g tha t any of the c o n v e r s i o n p lan t s can be d e -
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TABLE III 

S T A T I O N E L E C T R I C P O W E R L O A D F A C T O R S I M P R O V E D T O 
100% BY C O M B I N A T I O N W I T H C O N V E R S I O N P R O C E S S E S 

Water/power 
Load factor per cent before combination with: 

production 
ratio Flash distillation 

Vapour compression 
distillation 

Freezing 

0 100 100 100 

2 97. 5 79. 5 95 .2 

5 93 .8 60 .2 88. 5 

10 8 8 . 5 4 3 . 1 79. 5 

s igned to give tha t type of v a r i a t i o n — which i s by no m e a n s c e r t a i n as the-
des ign p r o b l e m s involved a r e cjifficult — w e c a n cons t ruc t Table III, show-
i n g the e l e c t r i c i t y l o a d f a c t o r s w h i c h c o u l d b e i m p r o v e d to 100% by the 
adoption of combined power and w a t e r conve r s ion . Note that the c h a r a c t e r -
i s t i c r a t io in the f i r s t column is now the ac tua l supply ra t io f r o m the s ta t ion. 
Hence i t need no l o n g e r be thought of as a consumpt ion r a t i o c h a r a c t e r i s t i c 
of a c o m m u n i t y , bu t a s the d e s i g n e d c o n t r i b u t i o n r a t i o of the p a r t i c u l a r 
s t a t i on . T h u s , f o r e x a m p l e , in a coun t ry l ike p r e s e n t - d a y B r i t a i n a c o m -
bined s t a t i on m i g h t be d e s i g n e d to give only 1 g a l / k W h o r l e s s , a s a con-
t r i b u t i o n to the w a t e r supp ly which would r e m a i n m a i n l y conven t iona l , to 
m a t c h the c o m m u n i t y r a t i o of the o r d e r 10 g a l / k W h . 

It will be r e a l i z e d that v a p o u r c o m p r e s s i o n and f r e e z i n g , as p r o c e s s e s 
consuming power , have th is advantage o v e r the t h e r m a l consuming p r o c e s s 
of f l a s h d i s t i l l a t i on , t ha t if t hey e x i s t e d a s v i ab l e p r o c e s s e s they could be 
i n s t a l l e d to u s e the p e a k c a p a c i t y of e x i s t i n g p o w e r s t a t i o n s to the ex t en t 
shown by Table III. F l a s h d i s t i l l a t ion , al though of c o u r s e it can be opera ted 
by p r i m a r y t h e r m a l consumpt ion , i s obviously m o s t economic when it t akes 
i t s hea t as r e j e c t hea t f r o m power g e n e r a t i o n , and hence i ts inc lus ion in a 
s ta t ion does m e a n spec i f i c combinat ion and appropr i a t e design modif icat ions . 
M o r e o v e r , i t m u s t be s i ted along with the genera t ing s ta t ion. 

In making t h e s e c o m p a r i s o n s we a r e up aga ins t the di f f icul ty that f l a sh 
d i s t i l l a t ion a l r e a d y e x i s t s , in quite a few s i zeab l e c o m m e r c i a l ins ta l l a t ions 
by d i f f e r e n t m a n u f a c t u r e r s , wh i l e t he o t h e r p r o c e s s e s have not ye t gone 
beyond the p i lo t p lan t o r d e m o n s t r a t i o n p lan t s t a g e . Re l i ab le e n e r g y con-
s u m p t i o n s and c o s t s a r e known f o r f l a s h , but a r e unknown f o r the o t h e r s . 
T h u s , f o r e x a m p l e , the f i g u r e s f o r f r e e z i n g in T a b l e I -are only on a t h e o -
r e t i c a l b a s i s . N e v e r t h e l e s s we have t h e r e a t o t a l e n e r g y consumpt ion of 
the o r d e r 9 Btu power p e r lb w h e r e a s with f l a s h d is t i l l a t ion at p e r f o r m a n c e 
r a t i o 12 we n e e d 83 B tu t h e r m a l p e r l b . T h e r e i s t h e r e f o r e an a p p a r e n t 
f a c t o r of t he o r d e r 9 t o 1 i n f a v o u r of f r e e z i n g f r o m the po in t of v i e w of 
e n e r g y consumpt ion . B e f o r e d i s c u s s i n g the m a t t e r of cap i ta l c o s t s to r e -
al ize t h e s e c o n s u m p t i o n s we h a v e , h o w e v e r , to c o n s i d e r the r e l a t i v e c o s t s 
of the f o r m s of e n e r g y requi re .d f o r t h e s e two d i f f e r e n t p r o c e s s e s . 
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ENERGY COSTS IN S E A - W A T E R CONVERSION 

The power consumpt ion of 9 B t u / l b f o r f r e e z i n g imp l i e s a t h e r m a l con-
s u m p t i o n in the p o w e r - p r o d u c i n g d e v i c e of abou t 27 B t u / l b . H e n c e if we 
w e r e to c o m p a r e f r e e z i n g with a f l a sh d is t i l la t ion plant us ing d i r ec t t h e r m a l 
supply fo r the s ame fuel , the energy cost r a t io would be about 3 to 1 in favour 
of f r e e z i n g . However , in mos t c a s e s , as a l r eady d i scussed , f l ash dist i l lat ion 
wi l l be o p e r a t e d by r e j e c t h e a t f r o m a p o w e r i n s t a l l a t i o n , which m u s t ob-
v i o u s l y be a s s e s s e d a t s o m e c o s t l o w e r t han the o r i g i n a l f u e l c o s t . I t i s 
now commonly accep ted that the p r o p e r way to a s s e s s th is cos t i s in t e r m s 
of the fue l consumpt ion r e q u i r e d to produce power when the heat i s r e j e c t e d 
a t the t e m p e r a t u r e r e q u i r e d f o r d i s t i l l a t ion as c o m p a r e d with r e j e c t i n g the 
heat at the m o s t e f f ic ien t vacuum poss ib le at the s a m e s i t e . F o r r e p r e s e n t -
a t ive m o d e r n s t e a m condi t ions the f a c t o r i s of the o r d e r of about 0 . 4 , i . e . 
the add i t iona l t h e r m a l c o n s u m p t i o n at the b o i l e r n e e d e d to p rov ide 1 Btu of 
r e j e c t heat at t e m p e r a t u r e s in the range r equ i r ed for dis t i l la t ion (200-250°F) 
a s c o m p a r e d wi th r e j e c t i o n at v a c u u m of about 85°F i s 0 . 4 B tu . Hence 
83 Btu t h e r m a l c o n s u m p t i o n p e r pound of p r o d u c t w a t e r by a d i s t i l l a t i o n 
p lan t u s i n g r e j e c t h e a t r e q u i r e s only about 33 Btu of e q u i v a l e n t f u e l c o n -
sumpt ion . Thus the d i f f e r ence between d is t i l l a t ion and f r eez ing i s na r rowed 
down to the o r d e r of 33 Btu as c o m p a r e d with 27 Btu . We m u s t , h o w e v e r , 
i n c l u d e the a p p r e c i a b l e p u m p i n g p o w e r a s s o c i a t e d wi th d i s t i l l a t i o n . We 
have a l r e a d y s e e n tha t t h i s i s of the o r d e r 4. 5 Btu p o w e r p e r pound, and 
t h e r e f o r e equivalent to about 13 Btu fuel . The t r u e o r d e r of r e la t ive ene rgy 
cos t s i s t h e r e f o r e 46 to 27, i . e . d is t i l la t ion energy cos ts will be of the o r d e r 
1. 7 t i m e s f r e e z i n g e n e r g y c o s t s . While t h i s i s m u c h l e s s than the 9 t i m e s 
e n e r g y c o n s u m p t i o n which h a s s o m e t i m e s m i s t a k e n l y b e e n quoted a s r e -
p r e s e n t a t i v e of r e l a t i v e e n e r g y c o s t s , i t i s n e v e r t h e l e s s s u b s t a n t i a l . 

Tab le I shows that t he e n e r g y r e q u i r e m e n t s of vapour c o m p r e s s i o n a r e 
about 5 t i m e s those of f r e e z i n g . The energy i s in the s a m e f o r m , hence the 
c o s t s p e r unit e n e r g y a r e the s a m e . Thus f l a s h d i s t i l l a t i on e n e r g y c o s t s , 
on the a s s u m e d p e r f o r m a n c e r a t i o 12, wi l l be 1. 7 /5 , i . e . about o n e - t h i r d 
of the e n e r g y c o s t s of vapou r c o m p r e s s i o n . 

Hence f o r t h e s e t h r e e p r o c e s s e s we have the c o m p a r a t i v e energy cos t s 
shown in Tab le IV, us ing f l a s h d is t i l l a t ion a s b a s e . 

T a b l e IV h a s been p roduced to show the point , which i s s o m e t i m e s not 
r e a l i z e d , that desp i t e the appa ren t t h e r m o d y n a m i c a t t r a c t i v e n e s s of the 

( vapour c o m p r e s s i o n p r o c e s s , f l a sh d i s t i l l a t ion h a s a l r e a d y ach ieved lower 
e n e r g y c o s t s . 

However , to c o m p a r e the economics of the p r o c e s s e s p r o p e r l y we r e -
q u i r e to know the c a p i t a l c o s t . In p r i n c i p l e it h a s a lways been p o s s i b l e to 
get low energy cos t s by d is t i l la t ion - the p rob lem has been that al l methods 
of ach iev ing lower e n e r g y cos t t ended to i n c r e a s e cap i ta l cos t . The b r e a k -
through which o c c u r r e d in the la te 1950's, when sea—water convers ion cos t s 
by dis t i l la t ion were p rac t i ca l ly halved, was because the new mul t i - s t age f lash 
p r o c e s s could give t h e s a m e e n e r g y c o s t s a s the p r e v i o u s m u l t i p l e - e f f e c t 
pool bo i l ing p r o c e s s at l e s s t h a n half t he c o m p a r a b l e c a p i t a l cos t - and 
m u c h lower. e n e r g y c o s t s f o r s t i l l a c c e p t a b l e c a p i t a l c o s t . 

O t h e r new p r o c e s s e s b e s i d e s vapour c o m p r e s s i o n and f r e e z i n g a r e of 
c o u r s e under inves t iga t ion . E l e c t r o d i a l y s i s , at p r e s e n t p roved s a t i s f a c t o r y 
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TABLE IV 

C O M P A R A T I V E E N E R G Y COSTS ( F L A S H AS UNITY) 

Flash distillation Vapour compression Freezing 
performance (theoretical on minimal (theoretical on minimal 

ratio 12 temperature differences) and temperature difference) and 
(already achieved) full regenerative exchange full regenerative exchange 

1 3 0. 59 

1 2 or 3 0. 55 - 0. 59 

The second row of figures includes an allowance based on Table III for the load factor e f fect 
discussed ear l ier . It is difficult in this paper to give more detail on this because it clearly de-
pends so much on the relevant product ratio, but the range indicated seems probable. 

f o r b r a c k i s h w a t e r , i s be ing deve loped in the hope, of t a c k l i n g s e a - w a t e r . 
R e v e r s e o s m o s i s i s a l s o unde r ac t ive r e s e a r c h but i s s t i l l at the l abora to ry 
s t a g e . Too l i t t le i s ye t known on these and o the r i d e a s f o r inc lus ion in th i s 
p a p e r . My own s p e c i a l i s t e x p e r i e n c e h a s been with d i s t i l l a t ion . It s e e m s 
to m e a p p r o p r i a t e t h e r e f o r e that I should now give s o m e d i s cus s ion of t echnica l 
a s p e c t s which govern t h i s p r o c e s s . 

MULTI-STAGE FLASH DISTILLATION PROCESS 

In the e a r l i e r d i s c u s s i o n in th i s p a p e r I have spoken of d i s t i l l a t i on as 
g iving p e r f o r m a n c e r a t i o s of t he o r d e r 12 lb p e r 1000 Btu hea t input , i . e. 
about 12 lb of vapour can be produced and condensed f r o m br ine by the latent 
heat of about 1 lb of s t e a m at a t m o s p h e r i c r ange . I have a s s u m e d t h e r e f o r e 
that you know roughly how th i s mul t ip l i ca t ion e f fec t i s obtained. In e s sence 
it i s done by us ing the condensa t ion hea t r e l e a s e of p a r t of the vapour 
produced to provide par t of the heat input n e c e s s a r y fo r the total evaporation. 
In the in i t ia l h i s t o r y of d i s t i l l a t ion th i s was done by what was called the 
mul t ip le e f fec t p r i nc ip l e . Vapour was p roduced l i t e ra l ly by boiling b r ine in 
a vesse l , and condensed by being used to boil br ine in another vesse l at lower 
p r e s s u r e . Th i s m u l t i p l e - e f f e c t pool boi l ing s y s t e m was s t anda rd f o r many 
y e a r s and i s s t i l l va luable in p a r t i c u l a r c a s e s , including m a r i n e dist i l lat ion. 
In i t s m a x i m u m d e v e l o p m e n t it w a s embod ied in the p l a n t s at Aruba and 
Curaçao , with six e f f ec t s giving a p e r f o r m a n c e ra t io of 4. 9, and a maximum 
unit capac i ty of 450 000 g a l / d . To ach ieve h ighe r p e r f o r m a n c e r a t i o s with 
t h i s p r i n c i p l e w a s not only v e r y d i f f i cu l t t e c h n i c a l l y , but a l s o exceed ing ly 
expens ive , so that in f ac t t h i s p a r t i c u l a r plant r e p r e s e n t e d s imul taneous ly 
the m a x i m u m ach i evemen t and the end of that s y s t e m . The r e a s o n s f o r i t s 
being s u p e r s e d e d have been given in de ta i l e l s e w h e r e [1J. The mu l t i - s t age 
f l a s h p r o c e s s was i n t roduced in 1956 and s ince 1958 h a s comple t e ly t r a n s -
f o r m e d t h e s i t u a t i o n . It i s now p o s s i b l e t o ge t p e r f o r m a n c e r a t i o s of the 
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o r d e r of 10 m o r e c h e a p l y t h a n w a s p o s s i b l e f o r 5 wi th t h e m u l t i p l e - e f f e c t 
s y s t é m . More i m p o r t a n t , it i s a l s o known tha t t he s a m e type of p r a c t i c a l 
l imi ta t ions to p e r f o r m a n c e r a t io and to unit s ize do not exis t f o r this p r o c e s s . 
H e n c e t h e r e i s no doubt we a r e in f o r a p e r i o d of e x t e n s i v e e x p a n s i o n of 
m u l t i - f l a s h plant c a p a c i t i e s and p e r f o r m a n c e s wi th a consequen t r e d u c t i o n 
in p roduc t w a t e r cos t . I p r o p o s e t h e r e f o r e to l im i t m y l e c t u r e to t h i s 
p r o c e s s and not to include any f u r t h e r d i s c u s s i o n of mul t ip le e f fec t d is t i l la t ion . 

The e s s e n t i a l f e a t u r e s of the m u l t i - s t a g e f l a s h d i s t i l l a t ion p r o c e s s can 
be s een f r o m Fig . 1. Suppose we have a given t e m p e r a t u r e range, say t* - t y . 
Then the o r d e r of magni tude of vapour which can be f l a s h e d off a s t r e a m of 
s a t u r a t e d b r i n e f a l l i n g down t h i s r a n g e i s a f r a c t i o n s ( t x - t y ^ / L . 1 Hence 
the o r d e r of magn i tude of f l a s h vapou r o b t a i n a b l e i s 

s ( t x - ty )Q 
L 

With tx - t y of o r d e r 100 degF, where Q i s the r a t e of flow of sa tu ra ted br ine 
down the s t a g e s , a b a s i c r e q u i r e m e n t of the m u l t i - f l a s h s y s t e m i s that we 
m u s t c i r c u l a t e t h r o u g h t h e s y s t e m a b r i n e r a t e of o r d e r 10 t i m e s the d e -
s i r e d p r o d u c t r a t e . 

Th i s can be done in e i the r of two ma in ways . One obvious method i s to 
u s e a f eed r a t e of o r d e r 10 t i m e s the d i s t i l l a t e p r o d u c t r a t e . T h i s m e a n s 
that the assoc ia ted b r ine r e j e c t r a t e i s of o r d e r nine t i m e s the dist i l late r a te . 
Hence a high r a t e of en tha lpy r e j e c t i o n in t h i s b r i n e i s i m p l i e d and such a 
s y s t e m is not sui table f o r high p e r f o r m a n c e r a t i o plant - un less the additional 
compl i ca t ion of l iqu id- l iqu id hea t e x c h a n g e r s i s u s e d to r e c o v e r heat f r o m 
the b r i n e into the i n c o m i n g f e e d . M o r e o v e r , in c a s e s w h e r e , a s i s usual , 
s o m e c h e m i c a l t r e a t m e n t i s e m p l o y e d f o r p r e v e n t i o n of s c a l e f o r m a t i o n , 
such t r e a t m e n t h a s t o be p r o p o r t i o n a l t o t h e f e e d r a t e , and b e c o m e s v e r y 
high f o r high feed r a t e s . Hence I shal l do no m o r e than mention the existence 
of th i s method. 

F i g u r e 1 shows the b e t t e r method . The r e q u i r e d b r i n e f low r a t e i s ob-
ta ined by r e c i r c u l a t i o n . In the d i a g r a m the feed to the plant i s Mf, which is 
usual ly about 2Md. The r e c i r c u l a t e d quanti ty i s M r which f lows through the 
m a i n banks of h e a t e r s , f r o m that in the ( n - j ) t h s t age to the f i r s t s tage . On 
e m e r g i n g f r o m the h e a t e r in t h e f i r s t s t a g e it h a s r e a c h e d a t e m p e r a t u r e 
ind ica ted by t t . It then p a s s e s t h rough the hea t input h e a t e r whe re i t s 
t e m p e r a t u r e r i s e s to to. In a l l t h i s f low it i s at a p r e s s u r e g r e a t e r than the 
sa tu ra t ion p r e s s u r e p0 co r responding to to, so that no boiling or f lash occurs . 
It then e n t e r s the f l a s h c h a m b e r of the f i r s t s t age where the p r e s s u r e i s r e -
duced below pQ . A f r a c t i o n f l a s h e s , becomes vapour at t e m p e r a t u r e T j c o r -
responding to the pu re wa t e r sa tu ra t ion p r e s s u r e p i at which the chamber i s 
mainta ined, while all the b r ine f a l l s in t e m p e r a t u r e ideally to t u which is the 
s a t u r a t i o n t e m p e r a t u r e of the b r i n e c o r r e s p o n d i n g to p i , tha t i s t j = T i + Atx . 
The f l a s h e d vapour i s condensed by r e j e c t i n g i t s la tent heat to M t as shown. 

T h i s ac t ion con t inues a l l the way down the d e c r e a s i n g p r e s s u r e s t a g e s 
to the (n-j) th s tage . These f i r s t (n- j ) s t ages const i tute what i s called the heat 

1 Notation is given in the Annex. 
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FIG. 1. Diagram of multi-stage flash process 
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r e c o v e r y sec t ion . Th is t e r m i s p r e c i s e in that a l l heat given out by conden-
sat ion in th i s sec t ion i s in fac t r e c o v e r e d . 

T h e r e m a i n i n g j s t a g e s shown in the d i a g r a m a r e u sua l l y r e f e r r e d to 
co l l ec t ive ly a s cons t i t u t i ng the h e a t r e j e c t i o n s ec t i on . 

A notable p a p e r on t h i s type of p lant was p r e s e n t e d to the Inst i tut ion in 
1959 by F r a n k e l [2] and whi le I have p r e v i o u s l y men t ioned the fol lowing 
c i r c u m s t a n c e in publ ic , I think it would be n e v e r t h e l e s s app rop r i a t e that in 
a Nominated L e c t u r e I should do so again . The poss ib le the rmodynamic and 
economic advan tages of the m u l t i - s t a g e f l a s h d i s t i l l a t ion s y s t e m w e r e f i r s t 
r e a l i z e d and put into p r a c t i c e both by D r . F r a n k e l and myself s imul taneously 
and work ing quite independen t ly . It was one of t hose p e c u l i a r co inc idences 
which mus t happen f r o m t i m e to t i m e in t e c h n i c a l deve lopment . Ne i the r of 
us knew of the o t h e r ' s w o r k , and s ince the a r g u m e n t s which s e e m e l e m e n t -
a r y now were then quite novel, when we did l e a r n of the o t h e r ' s developments 
we were , I a m su re , both encouraged and s t imulated, despi te the competitive 
s i t ua t ion . T h e r e w e r e of c o u r s e s o m e d i f f e r e n c e s in the a c t u a l e m b o d i -
m e n t s in des ign and t h e s e a r e c o m m e n t e d on in the d i s c u s s i o n of F r a n k e l ' s 
p a p e r . It should a l so be r e c o r d e d h e r e that the f i r s t ins ta l la t ion using f lash 
d i s t i l l a t i on f o r the p r o d u c t i o n of s u b s t a n t i a l quan t i t i e s of f r e s h w a t e r f r o m 
the sea (units of 500 000 ga l /d ) w a s due to ne i t he r of us but to the Amer ican 
company, West inghouse . Th i s was , however , on the design bas i s previously 
a s s o c i a t e d with m a r i n e f l a s h d i s t i l l a t i on in which the n u m b e r of s t a g e s was 
jus t s l igh t ly h i g h e r t h a n the p e r f o r m a n c e r a t i o , j u s t a s in m u l t i p l e - e f f e c t 
boi l ing d i s t i l l a t ion the n u m b e r of e f f e c t s i s n e c e s s a r i l y sl ightly h igher than 
the p e r f o r m a n c e r a t i o . T h e new point which w a s r e a l i z e d and appl ied by 
F r a n k e l and by myself can be e x p r e s s e d mos t s imply by saying that fo r f lash 
d is t i l l a t ion t h e r e i s no such n e c e s s a r y r e l a t ionsh ip . You can make the num-
b e r of s t a g e s a s l a r g e a s you l ike , qu i te independent ly of the p e r f o r m a n c e 
r a t i o . The r e s u l t i s tha t f o r a given p e r f o r m a n c e r a t i o you can continually, 
although asympto t i ca l ly , improve your mean t e m p e r a t u r e d i f fe rence for heat 
exchange, by cont inual ly i n c r e a s i n g the n u m b e r of s t a g e s . I have given the 
t h e o r y of t h i s in d e t a i l in a book which i s in c o u r s e of pub l i ca t i on [3] . It 
i s shown tha t t h e h e a t t r a n s f e r s u r f a c e r e q u i r e d i s of o r d e r 

It c a n a l s o be s h o w n t h a t t o a good a p p r o x i m a t i o n t h e a m o u n t of 
cons t ruc t iona l m a t e r i a l r e q u i r e d in a plant containing n s t ages i s of the f o r m 
a ' + b V ( n / M d ) . 

H e n c e when we i nc lude c a p i t a l cos t f a c t o r s p e r uni t of c o n s t r u c t i o n a l 
m a t e r i a l and hea t t r a n s f e r a r e a , we f ind that the cap i ta l cost of a plant i s of 
the f o r m 

и l i* 
M d ~ U(t0 - t b ) П n - R 
S nL . n 

(1) 

(2) 

Since the ene rgy consumpt ion cost (neglect ing pump power) i s inve r se ly 
p ropor t iona l to R, it i s c l e a r that the m a j o r operat ing cost of water produced 
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by d i s t i l l a t i on , inc lud ing i n t e r e s t and a m o r t i z a t i o n c h a r g e s on cap i t a l and 
e n e r g y c o n s u m p t i o n c o s t s , i s of the f o r m 

K - л . В n E 
• м 7 " A + 7 W ^ + C n l n ^ R + R (3) 

T h i s i s m i n i m i z e d f o r a f ixed n and M j at an o p t i m u m va lue of R= R 0 

given by 

Rn ~ 
E 

2nC 1 + W - l E 
E E . 4n2 С • . . - - w h e r e — i s l a r g e (4) 

Hence in des igning a d is t i l l a t ion plant f o r a c e r t a in a r e a it i s not n e c e s -
s a r i l y c o r r e c t t o d e s i g n f o r t h e h i g h e s t t e c h n i c a l l y p o s s i b l e p e r f o r m a n c e 
ra t io , a s th i s may give expens ive wa te r p roduc t . The i n t e r e s t and f inancing 
p r o c e d u r e s f o r the p r o p o s a l m u s t be examined and an op t imum p e r f o r m a n c e 
r a t i o chosen f r o m E q . (4). 

We have s t i l l to m a k e a choice of n. F o r a given R and M j the second 
t e r m in E q . (2) i n c r e a s e s a s n i n c r e a s e s whi le t h e t h i r d t e r m d i m i n i s h e s . 
D i f f e r en t i a t i on to f ind a m i n i m u m is not p e r m i s s i b l e h e r e s ince n i s by de -
f in i t i on n e c e s s a r i l y an i n t e g e r and t h e r e f o r e d i s c o n t i n u o u s . But by c o m -
pu ta t i on a b e s t va lue n 0 a long wi th a b e s t v a l u e R 0 c an be found . 

We m a y i n v e s t i g a t e o r d e r s of magn i tude , howeve r , on the a s s u m p t i o n 
tha t n i s a con t inuous func t ion and noting tha t while R 0 a c c o r d i n g to -Eq . (4) 
i n c r e a s e s with n, the funct ion R 0 / n has a m a x i m u m value at n= ^ E / C , where 
R 0 = i - J E / С = n / 2 . Thus the o r d e r of magnitude of wate r cost when optimized 
fo r a given Md mus t be 

M~à
 =
 A+A©^ + (EC)* I n 2 + 2 (EC)* 

= A + J W d 0 + 2 . 6 9 ( E C ) i (5) 

(N. B. The a s s u m p t i o n of n M 2R contained h e r e i n i s f o r o r d e r of magni tude 
p u r p o s e s . In m o s t c a s e s o p t i m u m d e s i g n f o r s p e c i f i c cond i t ions r e q u i r e s 
n > 2 R and t h e c o s t s a r e s l i gh t ly l e s s t han t h o s e d i s c u s s e d h e r e i n . ) 

I have l ed up t o E q . (5) b e c a u s e it i s f u n d a m e n t a l i n u n d e r s t a n d i n g the 
p o s s i b i l i t i e s of e c o n o m i c w a t e r desa l ina t ion by d i s t i l l a t ion . Th i s i s the 
o r d e r of magni tude of the unit cos t of the wa t e r p roduc t , and we see c lea r ly 
that it i s governed by only f ive c h a r a c t e r i s t i c s , namely А, В, С, E and Ma-
Al l p o s s i b l e ways of r e d u c i n g uni t p r o d u c t cos t m u s t depend on m o d i f y i n g 
s o m e o r a l l of t h e s e f a c t o r s a p p r o p r i a t e l y . Hence the m o s t u s e f u l t e c h n o -
log ica l s tudy which we can give i s to show or d i s c u s s what eng inee r ing 
f e a t u r e s d e t e r m i n e t h e s e p a r a m e t e r s . We can t h e r e f o r e d i s c u s s t h e m in 
t u r n . 
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P R O D U C T R A T E Md 

Many hopes of lower ing w a t e r desa l ina t ion c o s t s depend on the idea that 
l a r g e r unit s ize wil l r e d u c e c o s t s . On th i s a s s u m p t i o n the A m e r i c a n Of f i ce 
of Sal ine W a t e r and Atomic E n e r g y C o m m i s s i o n have cons ide red ins t i tu t ing 
d e t a i l e d e n g i n e e r i n g d e s i g n s t u d i e s f o r p l a n t s of unit c a p a c i t y a s l a r g e a s 
500 mil l ion ga l /d . Since the max imum unit s ize yet achieved does not exceed 
5 m i l l i o n g a l / d , t h e r e i s a long way to go. E q u a t i o n (5) r e v e a l s t h e t r u e 
b a s i s of t h e s e hopes . Only the second t e r m i s a d iminish ing funct ion of M<j, 
the o t h e r s a r e u n a f f e c t e d . E v e n f o r a p lant of in f in i t e capac i ty , we should 
have 

The r e l a t ive utility of the l a rge plant concept in reducing cos t s depends, 
t h e r e f o r e , on the r e l a t i ve cont r ibut ions of the th ree t e r m s in Eq. (5) in ex i s t -
ing p l a n t s of f e a s i b l e s i z e . B e f o r e c o n s i d e r i n g t h i s it i s a s wel l to have a 
look at E q . (6). which gives the abso lu te m i n i m u m w a t e r cos t . It depends on 
A, E and С only and we may t h e r e f o r e continue our d i scuss ion of the p a -
r a m e t e r s leaving В to the l a s t . 

VOLUME OR TIME P A R A M E T E R A 

The t echno log ica l o r ig in of A i s in the b a s i c r e q u i r e m e n t that the b r ine 
and the vapour a s c e n d i n g f r o m it and the heat t r a n s f e r s u r f a c e mus t be en -
c lo sed in an envelope of such m a t e r i a l and d i m e n s i o n s a s to (a) al low a d e -
quate r e s i d e n c e t i m e f o r equ i l i b r a t i on to t ake p l ace ; (b) allow vapour flow 
to o c c u r without e x c e s s i v e c a r r y - o v e r e n t r a i n m e n t of b r i n e to con tamina te 
the p roduc t ; (c) wi ths tand the l oads a r i s i n g f r o m the d i f f e r e n t p r e s s u r e r e -
l a t i ve t o t h e a t m o s p h e r e ; and (d) r e s i s t a d e q u a t e l y c o r r o s i v e and e r o s i v e 
ac t ion . The d e s i g n e r ha s to c o n s i d e r a l l t h e s e f a c t o r s toge ther and his de -
c i s i o n s wi l l d e t e r m i n e the a m o u n t and kind of m a t e r i a l envelope r e q u i r e d . 
The r e s i d e n c e t i m e i s the vo lume of b r i n e in the v e s s e l divided by the r a t e 
of c i r cu l a t i on . However , the depth of b r i n e i s f ixed p rac t i ca l ly constant by 
h y d r o s t a t i c and t h e r m o d y n a m i c r e q u i r e m e n t s , and hence only the plan a r e a 
A p of the v e s s e l i s a va l id v a r i a b l e t o g e t h e r with r a t e of c i r c u l a t i o n . The 
r a t e of c i r cu la t ion p e r unit product i s a p p r o x i m a t e l y L / ( t o ~ t b ) , s o that the 
r e s i d e n c e t i m e i s p r o p o r t i o n a l to A p ( t o ~ t b ) . Not much i s yet known about 
r e s i d e n c e t ime r e q u i r e m e n t s and much r e s e a r c h i s needed. F o r the p resen t 
we have to a s s u m e tha t s i n c e the f r a c t i o n of f l a s h i s a l s o p r o p o r t i o n a l to 
t0 - t b we need a s p e c i f i c p lan a r e a Ap p e r unit of p roduc t w a t e r . The need 
f o r l oca t i on of h e a t i n g s u r f a c e and of a v o i d a n c e of c a r r y - o v e r a r e the 
u l t ima te d e t e r m i n a n t s of the height . C a r r y - o v e r l imi ta t ions also de te rmine 
the o r d e r of magni tude of p e r m i s s i b l e r i s i n g vapour veloci ty and hence a l so 
de t e rmine a plan a r e a in a s soc ia t ion with a height . The des igner must adopt 
w h i c h e v e r p l an a r e a i s l a r g e r , of t h e two r e q u i r e m e n t s s o f a r a s he c a n 
a s s e s s t h e m . Having done so he s t i l l h a s s o m e choice in how he d i s p o s e s 

(6) 
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h i s p l a n a r e a w h e t h e r n e a r l y s q u a r e o r v e r y e longated , but he h a s somehow 
t o m a t c h wi th h i s hea t i ng s u r f a c e tube l eng th . He h a s then to choose a m a -
t e r i a l and i t s t h i c k n e s s to m e e t cond i t i ons (c) and (d). Up to now s t e e l h a s 
b e e n u s e d and it h a s w o r k e d out t ha t , on. an i n t e r e s t p l u s a m o r t i z a t i o n r a t e 
of 10% p e r annum, i . е . 1 .14X10" 6 p e r hour , we obtain f o r A a value of o r d e r 
3X10" 6 £ / l b p roduc t , i . e . 3X10" 5 £ / g a l o r approx ima te ly 7d. /1000 gal. 

SURFACE P A R A M E T E R С 

F r o m the p r e v i o u s theo ry it wi l l be r ea l i z ed that the p a r a m e t e r C, which 
r e p r e s e n t s the h e a t t r a n s f e r s u r f a c e , wi l l be m a i n l y i n v e r s e l y p r o p o r t i o n a l 
to U(to - t b ) . Hence it can be r e d u c e d by i m p r o v e d hea t t r a n s f e r r a t e o r e x -
tended t e m p e r a t u r e r a n g e . T h i s i s the o r ig in of a l l the r e l evan t r e s e a r c h on 
s c a l e f o r m a t i o n , not only f o r i m p r o v e d hea t t r a n s f e r but a l s o to p e r m i t e x -
t e n s i o n of t he t e m p e r a t u r e r a n g e . M u l t i - f l a s h p lan t s w e r e or ig ina l ly l imi ted 
to abou t t h e r a n g e 2 0 0 - 1 0 0 ° F . E x t e n s i o n of the top t e m p e r a t u r e t o 2 5 0 ° F 
h a s now p r o v e d p o s s i b l e and t h i s r e d u c e s С in t he r a t i o 2 / 3 . F u r t h e r r e -
duct ion m a y ye t p r o v e w o r t h w h i l e . Howeve r , such e x t e n s i o n s in t roduce 
p r e s s u r e des ign and c o r r o s i o n p r o b l e m s which a r e absent in the lower ranges , 
and hence i n c r e a s e the value of A and of B. The value of С is a l so influenced 
by the hea t e x c h a n g e r des ign , t he t u b e - p l a t e s , and the way in which the d e -
s i g n e r d i s p o s e s h i s s u r f a c e s r e a c t s on A and В a l s o . Howeve r , in p r e s e n t 
p r a c t i c e the o r d e r of magni tude of C, aga in on i n t e r e s t and amor t i za t i on ra te 
of 10%, i s about 2.5X10-7 £ / i b , i . e . 6X10-5 p e n c e / l b . 

ENERGY P A R A M E T E R E 

E is the cos t of 1000 Btu of hea t supply, o r a p p r o x i m a t e l y 1 lb of supply 
s t e a m . I t s va lue i s t h e r e f o r e a f f e c t e d by the p r i m e f u e l cos t a t the s i t e and 
a l s o by the ques t ion of whe the r the d i s t i l l a t ion plant i s combined with a power 
s y s t e m in t he m a n n e r d i s c u s s e d e a r l i e r . F o r p r e s e n t p u r p o s e s we may r e -
g a r d it a s a v a r i a b l e in the r a n g e 0.02 - 0.06 p e n c e / l b s t e a m o r p e r 1000 Btu. 

DEDUCTIONS F R O M THE VALUES O F E AND С 

T h u s we have va lue s of EC of o r d e r in the r ange 12X10-7 to 36X10"1 pence 2 / lb 2 

and (EC) 1 / 2 of o r d e r 1. 1X10" 3 to 1 . 9 X 1 0 - 3 p e n c e / l b . Thus the second t e r m 
of Eq . (6) i s of o r d e r 3X10-3 to 5X10-3 p e n c e / l b , i . e. 30 to 50d. pe r 1000 gal. 
Inc luding A we h a v e a w a t e r cos t in the r a n g e 37 to 57d. p e r 1000 gal , c o r -
r e s p o n d i n g t o t h e e n e r g y c o s t r a n g e of 0. 02 to 0. 06d. p e r 1000 B tu . The 
n u m b e r of s t a g e s to be expec ted i s g r e a t e r than ( E / C ) 1 ' 2 , i . e . g r e a t e r than 
17 t o 30, and t h e o r d e r of m a g n i t u d e of o p t i m i z e d p e r f o r m a n c e r a t i o i s 8 
t o 15 ( s e e n o t e a f t e r E q . (5)). 

STAGING P A R A M E T E R В 

We now come to the f i n a l p a r a m e t e r B, which p e r m i t s the cons ide ra t ion 
of f i n i t e p l a n t s i z e . T h e t e c h n o l o g y u n d e r l y i n g t h i s p a r a m e t e r i s p e r h a p s 
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t he m o s t d i f f i cu l t t o d e s c r i b e in g e n e r a l t e r m s , p r e c i s e l y s i n c e it r e l a t e s 
t o f i n i t e p lan t s i z e . It i s t h e r e f o r e p a r t i c u l a r l y s u b j e c t t o t h e d e s i g n e r ' s 
ingenui ty in a r r a n g i n g hea t ing s u r f a c e , t u b e - p l a t e s , s t a g e s and t h e i r i n t e r -
flow p a s s a g e s , e tc . It depends on, and i s a f fec ted by, p rac t i ca l ly al l the phe-
nomena of equi l ibra t ion, f lash ing flow, c a r r y - o v e r , e t c . , and the l imitat ion 
to ingenuity in design i s the extent of our ignorance of many of these f e a t u r e s . 
I c a n t h e r e f o r e give only a t y p i c a l v a l u e f o r t h e o r d e r of m a g n i t u d e of B, 
with t h e cavea t tha t it m a y v a r y v e r y wide ly . In d e s i g n s with which I have 
been concerned it has worked out that , again on an i n t e r e s t and amor t i za t ion 
r a t e of 10%, В has a value of o r d e r 3X10"4 £ / ^ l b h . 

F o r a plant of 1 mi l l ion ga l /d Md = 417 000 l b / h thus 

-jM=r = 4.65X10-"? £ / l b 

Tak ing E / C at the top va lue given p r e v i o u s l y we have ( E / C ) 1 / 4 = 5.6, and 
hence the second t e r m in E q . (5) b e c o m e s 2.6 X10 ' 6 £ / l b , o r 6 .2d . /1000 gal . 
The p r o d u c t w a t e r cos t i s t h e r e f o r e f r o m 43 to 63d . / 1000 gal a c c o r d i n g to 
the r a n g e of E . 

The point to note h e r e i s that a l r e a d y at the s i ze of only 1 mi l l ion ga l / d 
th i s por t ion of the wa t e r p roduc t cos t i s only of the o r d e r of 10% of the to ta l . 

Now s ince the ene rgy consumption p a r t of the cost i s E / R , it i s approx i -
m a t e l y 2 E / ( E / C ) 1 / 2 = 2 ( E C ) 1 / 2 , t ha t i s 2 . 2X10-3 to 3 .8X10-a p e n c e / l b , o r 
22-38 d . /1000 gal . Hence in the opt imized inf ini te plant, the capi tal cha rges 
por t ion of the w a t e r cost f r o m the f o r m u l a i s about 15-19 d . /1000 gal, and in 
t h e o p t i m i z e d p lan t f o r 1 m i l l i o n g a l / d t h e c a p i t a l c h a r g e s p o r t i o n i s 
2 1 - 2 5 d . / 1 0 0 0 ga l . T h u s the p r o p o r t i o n of t he cap i t a l cos t which can v a r y 
with s i z e in the f o r m u l a i s about 28 to 24% of the c a p i t a l c o s t of a unit f o r 
1 m i l l i o n g a l / d , in t h e p e r f o r m a n c e r a t i o r a n g e f r o m about 8 t o 15. It i s 
t h e r e f o r e i m p o r t a n t to note that t h i s l a r g e p ropor t ion of capi ta l cost , at that 
s i z e , b e c o m e s l e s s i m p o r t a n t a s s i z e i n c r e a s e s , and the a c t u a l s av ings in 
o p t i m i z e d w a t e r c o s t in going beyond t h a t s i z e cannot be m o r e t h a n about 
10%. I do not want to a r g u e f r o m t h i s tha t we should not s e e k the s av ings 
to be obtained f r o m v e r y l a r g e unit plant design, but I do think it i s important 
t o show tha t t h e s e s a v i n g s m a y not be p r e p o n d e r a n t . In p a r t i c u l a r , p l a c e s 
which a r e now needing w a t e r supply by desa l ina t ion should not f e e l that they 
mus t wait unt i l technology i s competent to supply ve ry l a rge unit p lants . The 
e x t r a cos t of ob ta in ing a l a r g e i n s t a l l a t i o n by m u l t i p l e un i t s of s i z e wi th in 
p r e s e n t a s s u r e d c o m p e t e n c e m a y not be e x c e s s i v e . 

ANCILLARY P L A N T AND ADDITIONAL COSTS 

It wi l l be à p p r e c i a t e d t h a t in E q . (2), and in the s u b s e q u e n t m a t e r i a l , 
1 have been a iming at p r e s e n t i n g a rough g e n e r a l phi losophy of des ign of the 
m a i n desa l ina t ion plant s t r u c t u r e , and hence have omit ted impor tan t anc i l l a ry 
i t e m s l ike pumps , va lves , con t ro l gea r , e t c . T h e r e i s cons ide rab le i n t r i n s i c 
i n t e r e s t in t he t e c h n o l o g y of t h e s e , p a r t i c u l a r l y the p u m p s , but f r o m t h e 
cost point of view it may be sa id that they add someth ing of the o r d e r of 15% 
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t o t he c a p i t a l c o s t s . H e n c e f o r an i n f i n i t e - s i z e p l an t t h i s r o u g h a n a l y s i s 
p r e d i c t s o p t i m i z e d w a t e r c o s t s in the r a n g e 

22 + 1.15(15)= 39d. / 1 0 0 0 g a l 

to 3 8 + 1.15(19) = 6 0 d . / 1 0 0 0 g a l 

f o r t h e r m a l energy costs 0. 02 pence to 0. 06 pence pe r 1000 Btu respect ively . 
F o r a unit s i z e of 1 mi l l i on g a l / d the c o r r e s p o n d i n g f i g u r e s a r e 46 to 

6 7 d . / 1 0 0 0 ga l . 
It wi l l be unde r s tood that in t h i s g e n e r a l ana lys i s , which has been done 

to r e v e a l the unde r ly ing t e c h n i c a l f e a t u r e s and p r o b l e m s in a b a s i c way, I 
m a k e no c l a i m n o r have any c o m m i t m e n t t o c o m m e r c i a l a c c u r a c y . A l so 
be fo re c los ing th i s sec t ion I should r emind yo,u that spec i f i c design will give 
be t t e r f i g u r e s with n > 2 R , and that a 10% p e r annum ra t e of combined in teres t 
and amor t i za t ion has been used on the capi ta l . 

POSSIBLE IMPROVEMENTS IN DISTILLATION 

With t h e s e p r o v i s o s I b e l i e v e , h o w e v e r , t ha t t h e f i g u r e s g iven a r e a 
val id guide a s t o what i s r e a s o n a b l y p o s s i b l e with d i s t i l l a t i on today . They 
r e v e a l that while r e s e a r c h and development on those phenomena which d e t e r -
mine A and В wil l be usefu l , the p reponde ra t ing t e r m is that in (EC) 1 / 2 . Re-
s e a r c h and deve lopment to r e d u c e С will be the mos t e f fec t ive , and s y s t e m 
des ign along with power to give low E i s of m a j o r i m p o r t a n c e . 

The concent ra t ion of e f fo r t on improvemen t of heat t r a n s f e r coeff ic ients 
by prevent ion of sca le and by b e t t e r unders tanding of condensation heat t r a n s -
f e r i s t h e r e f o r e w e l l w o r t h whi l e , s i n c e t h e s e c o e f f i c i e n t s p r i m a r i l y d e -
t e r m i n e C. It will a l so be unders tood that p roposa l s to r emove tubular hea t -
exchange s u r f a c e a l t o g e t h e r have the s a m e ob jec t ive . Some a t t e m p t s have 
been m a d e to u s e an i m m i s c i b l e f lu id a s heat t r a n s f e r m e d i u m . In one 
p a r t i c u l a r p r o c e s s , r e f e r r e d to a s the v a p o u r - r e h e a t s y s t e m f o r no r e a s o n 
o t h e r t han tha t t h i s n a m e w a s u s e d by i t s o r i g i n a t o r s , we have e s s e n t i a l l y 
a m u l t i - f l a s h s y s t e m in which r e c y c l e d f r e s h wa t e r i s used to condense the 
f l a s h e d vapour by d i r e c t contac t . T h i s r e c y c l e d wa t e r f lows c o u n t e r - c u r r e n t l y , 
i . e . upwards f r o m s tage to s tage in r e spec t of t e m p e r a t u r e , and on exit f r o m 
the top s t a g e g o e s t h r o u g h a hea t e x c h a n g e r t o p r e h e a t t he i n c o m i n g s e a -
wa t e r feed, which is subsequent ly f u r t h e r heated in a heat input sect ion. No 
such p lan t h a s ye t b e e n bu i l t . T h e r e c y c l e f r e s h - w a t e r s t r e a m , s i n c e it 
mus t flow unconfined up the p r e s s u r e gradient , r e q u i r e s a s many pumps as it 
h a s s t a g e s . It s e e m s to m e u n n e c e s s a r i l y compl ica ted and I doubt whether 
it wil l p r o v e wor thwhi le . 

The ques t ion of r a i s i n g the top t e m p e r a t u r e to r educe С has been m e n -
t ioned e a r l i e r in the p a p e r . It i s wor th cons ide r ing whe the r we can get any 
indica t ion a s to how high we should go. A fu l l a n s w e r to th i s r e q u i r e s con-
s i d e r a t i o n of s t r e s s and c o r r o s i o n r e q u i r e m e n t s which r a i s e the va lues of 
A and В a s we r educe С by r a i s i n g the top t e m p e r a t u r e - and the re i s a lso 
the quest ion of i n c r e a s e d r i s k of sca le fo rma t ion . But t he re is one deduction 
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I should l ike to show which i s independent of t h e s e . Suppose we a r e working 
on a r e j e c t h e a t s y s t e m . T h e c o s t of e n e r g y E wi l l i n c r e a s e a s we r a i s e 
the t e m p e r a t u r e of ex t rac t ion , and a s we have seen , it i s the product (EC)1/1! 

which i s i m p o r t a n t . Now the r e p l a c e m e n t cos t f a c t o r f o r bled s t e a m i s ap -
p r o x i m a t e l y ( H b - H c ) / ( H o - H c ) , where H b , H c , H 0 a r e the enthalpies at bleed, 
t u r b i n e exhaus t , and b o i l e r exit r e s p e c t i v e l y . Thus E C f o r given bo i le r and 
c o n d e n s e r condi t ions i s p r o p o r t i o n a l t o (Нь - H c ) / ( t b - 1 0 ) . Now even f o r 
t r a n s i t i o n f r o m s u p e r h e a t e d to wet s t e a m and subsequent wet expansion, the 
enthalpy drop along an adiabat ic - and even when not i sen t rop ic - i s p r a c t -
i ca l ly p r o p o r t i o n a l t o the s a t u r a t i o n t e m p e r a t u r e d r o p . Hence, in f ac t , on 
a r e j e c t h e a t s y s t e m the p r o d u c t E C i s qu i te i n s e n s i t i v e to e x t r a c t i o n 
p r e s s u r e and t e m p e r a t u r e . F o r t h i s r e a s o n it i s my view that whenever we 
a r e working on an ex t r ac t ion s y s t e m , a s we should no rma l ly be fo r bes t e co -
n o m y , t h e r e i s l i t t l e a d v a n t a g e in s e e k i n g f o r a d v a n c e d t e m p e r a t u r e s and 
m e e t i n g a l l the p r o b l e m s which then a r i s e . T h e s e a r e only wor th mee t ing , 
o r t r y i n g to m e e t , when dea l ing with a d i r e c t hea t ing s y s t e m , i . e. a s ing le -
p u r p o s e plant p roduc ing w a t e r only and not power a l s o . 

As soon a s I s t a te t h i s p r inc ip le you may ask whether it i s pe rhaps wor th-
whi le coming l o w e r in top t e m p e r a t u r e and p r e s s u r e . The a n s w e r l i e s not 
in the e f f ec t on С but in A and B. Low p r e s s u r e s m e a n l a r g e v o l u m e s and 
c o n s i d e r a b l e p l an t d i m e n s i o n s . High p r e s s u r e s m e a n l o w e r v o l u m e s and 
d i m e n s i o n s but h i g h e r s t r e s s e s and m o r e e x p e n s i v e s c a n t l i n g s . It i s m y 
own view that t h e r e i s l ike ly t o be l i t t le advantage in going much above 
a t m o s p h e r i c p r e s s u r e , i . e . tha t we a r e a l r e a d y at about the op t imum. Th i s 
m a y s e e m a v e r y t i m i d and u n a d v e n t u r o u s c o n c l u s i o n , but t h e a r g u m e n t s 
a r e obvious in the negl ig ib le e f f ec t of changing p r e s s u r e on the chief p a r a -
m e t e r EC, in e x t r a c t i o n s y s t e m s . M o r e o v e r , many o t h e r m a t t e r s have to 
be c o n s i d e r e d , and I l ike t o think of l a r g e r p l an t s in c h e a p e r cons t ruc t iona l 
m a t e r i a l s t h a n s t e e l and h e n c e p r e f e r t o th ink a long l i n e s which wi l l s t e e r 
c l e a r of i n c r e a s e d t e m p e r a t u r e p r o b l e m s . 

B e f o r e l eav ing t h i s point I should jus t add tha t i n c r e a s i n g the t e m p e r a -
t u r e does not even help the r e c i r c u l a t i o n pumping c o s t s a p p r e c i a b l y . T r u e 
the r e c i r c u l a t i o n quant i ty f a l l s , but the head goes up, and the power con-
sumpt ion i s h a r d l y a f f e c t e d . The c a p i t a l cos t of t he pump may be r e d u c e d 
but the e f f e c t i s s l igh t . 

COST POSSIBILITIES O F OTHER PROCESSES 

Now what I should l ike t o have done - and you would no doubt have 
wished it - i s t o give a s i m i l a r cos t a n a l y s i s and d i s c u s s i o n f o r o ther p r o -
c e s s e s such a s f r e e z i n g . Unfor tuna te ly t h i s i s i m p o s s i b l e , because the ex -
p e r i e n c e and w o r k i n g da t a tha t p e r m i t the f o r e g o i n g a n a l y s i s to be o f f e r e d 
with r e a s o n a b l e con f idence do not ex i s t f o r any p r o c e s s o t h e r t han d i s t i l l a t i on . 
Hence I have t r i e d to dea l with the m a t t e r by a m o r e devious route , a s 
fo l lows , and I hope you wil l f ind it of i n t e r e s t and u s e . 

We h a v e u s e d a b a s i c p r i m e t h e r m a l e n e r g y c o s t of 0 . 0 6 d . / 1 0 0 0 Btu . 
On th i s , p o w e r e n e r g y wi l l cos t about t h r e e t i m e s , i . e . 0. 18d. /1000 Btu 
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(0 .615d . /kWh) . Tak ing the e n e r g y r e q u i r e m e n t s f r o m Tab le I we t h e r e f o r e 
have the ene rgy c o s t s a s fo l lows : 

V a p o u r 
c o m p r e s s i o n F r e e z i n g 

d i s t i l l a t i o n 

E n e r g y p o r t i o n of p r o d u c t 
w a t e r c o s t , d . / l b 0. 008 0 . 0 0 1 6 

d . / 1 0 0 0 ga l 80 16 

C o m p a r i n g t h e s e wi th t h e w a t e r c o s t s by f l a s h d i s t i l l a t i o n d i s c u s s e d 
e a r l i e r we see that vapour c o m p r e s s i o n d is t i l l a t ion i s out immedia te ly . F o r 
f r e e z i n g , however , compar ing with the very l a rge s i ze f lash-plant total cos ts , 
we have a balance of f r o m 23d. /1000 gal, which can be allowed fo r the capital 
c o s t s of f r e e z i n g to compete with d is t i l la t ion under ve ry good extract ion con-
di t ions , and 46d. /1000 gal to compete with dis t i l la t ion unhelped by extract ion. 
Reca l l ing the a s s u m e d i n t e r e s t r a t e of 10% p e r annum (1.15X10"5 p e r hour), 
t h i s m e a n s tha t f r e e z i n g wi l l be c h e a p e r than the cheapes t f l a sh dis t i l la t ion 
p r o v i d e d the c a p i t a l c o s t of t he equ ipmen t i s l e s s t han 0 .0023 /1 .15X 10-5d. 
p e r l b / h , i . e . 200d. p e r l b / h . F o r a f r e e z i n g p r o c e s s we a r e en t i t l ed to 
c o n s i d e r a p roduc t of 1 l b / h a s be ing a h e a t - p u m p load of o r d e r 140 B t u / h . 
Hence to be compe t i t i ve we need r e f r i g e r a t i o n p lant cos t ing l e s s than 1.4d. 
p e r B t u / h capac i ty , i . e . l e s s t h a n £6 p e r 1000 B t u / h o r £6000 p e r mi l l ion 
B t u / h . 

While c rude , I be l ieve th i s calculat ion i s suff ic ient to show that f r eez ing 
t e c h n i q u e s a r e p o t e n t i a l l y a p p l i c a b l e . M o d e r n a i r - c o n d i t i o n i n g p lant with 
cen t r i fuga l c o m p r e s s o r s can be obtained f o r p r i c e s in the range £8000-10 000 
per. mi l l ion B tu /h . Admit tedly any p roposed f r e e z i n g p r o c e s s has additional 
c o s t s ' f o r s e p a r a t i o n and washing of ice c r y s t a l s , but c l ea r l y the c o s t s must 
be r e g a r d e d a s capable of be ing brought within the s a m e r ange by r e s e a r c h 
and deve lopment . But of c o u r s e d i s t i l l a t ion h a s a long s t a r t , with much a c -
cumula ted expe r i ence , and wil l p r o g r e s s i v e l y r e d u c e i t s cos t s a l so . T h e r e 
i s c l e a r l y an i n t e r e s t i n g t i m e ahead . 

As f o r o the r p r o c e s s e s , l i t t le i s known, but we can sum up the si tuation 
l ike t h i s : No p r o c e s s can poss ib ly use l e s s ene rgy than the heat of solution, 
which i s about 1.2 B t u / l b . Assuming a m a x i m u m ef f ic iency of the o r d e r of 
50%, it s e e m s p r o b a b l e t h e r e f o r e tha t we s h a l l n e v e r get a p r o c e s s u s i n g 
l e s s than about 2 . 5 B t u / l b , giving an e n e r g y cos t of o r d e r 5 d . / 1 0 0 0 gal . 
Doing a s i m i l a r s u m to that f o r f r e e z i n g , we see that an ambi t ious inventor 
wil l have to r e a l i z e th i s with a plant of cap i ta l cos t l e s s than £1. 25 p e r l b / h 
capac i ty if h i s p r o c e s s i s t o be compet i t ive with f l a s h d i s t i l l a t ion . The i n -
ventor who did the i m p o s s i b l e and produced a plant with no energy consump-
t ion would s i m i l a r l y h a v e t o do it f o r a c a p i t a l c o s t of £1 . 42 p e r l b / h c a -
paci ty to be compet i t ive . But, did I say the inventor who did the impossible? 
Sure ly in t h i s context t h i s i s the convent ional w a t e r eng ineer cons t ruc t ing a 
ca tchment a r e a and r e s e r v o i r . Can he do it today f o r £1 .42 p e r lb /h , that i s 
12s. p e r ga l /d capac i ty? And not f o r a 30-d or a s ix -mon th supply, but f o r 
an inexhaust ib le a s s u r e d s t o r e ? 
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T h a t q u e s t i o n i s c l e a r l y the b a s i c one to d e t e r m i n e f u t u r e p o l i c y in 
w a t e r supply . All o t h e r c o s t s , m a i n t e n a n c e , d i s t r ibu t ion , e t c . , a r e addi t ion-
a l to a l l s y s t e m s , inc luding convent iona l supply . 

STABILITY AND CONTROL P R O B L E M IN FLASH DISTILLATION 

N o w I h o p e I h a v e , a s r e q u i r e d f o r t h i s k i n d of p a p e r , g i v e n a n 
a c c e p t a b l e p r e s e n t a t i o n of the g e n e r a l e n g i n e e r i n g of the s u b j e c t . Such g e n -
e r a l e n g i n e e r i n g and cos t s t u d i e s a r e of g r e a t i m p o r t a n c e b e c a u s e they i n t e r -
e s t e v e r y o n e . But I a m now go ing t o y i e l d t o a t e m p t a t i o n w h i c h h a s b e e n 
w i t h m e t h r o u g h o u t t h e p r e p a r a t i o n of t h e p a p e r , and i n c l u d e a n a c c o u n t of 
one de t a i l ed m a t t e r of e n g i n e e r i n g des ign in f l a s h d i s t i l l a t ion . I have chosen 
t h e q u e s t i o n of s t a b i l i t y and c o n t r o l f o r two r e a s o n s : (a) d i s c u s s i o n of m o s t 
of t h e o t h e r m a i n d e s i g n f e a t u r e s i s a l r e a d y given in my p a p e r at Athens and 
in o t h e r r e f e r e n c e s , but t h i s m a t t e r h a s not t o m y knowledge p rev ious ly been 
p r e s e n t e d a n a l y t i c a l l y ; (b) a s a r e m i n d e r t o o u r e c o n o m i s t f r i e n d s tha t h o w -
e v e r c h e a p o r e x p e n s i v e a d e v i c e m a y b e i t i s u s e l e s s if t h o s e w o r k i n g it 
f i n d i t u n s t a b l e , u n r e l i a b l e , o r v e r y d i f f i c u l t t o c o n t r o l r e l i a b l y . 

In a m u l t i - f l a s h d i s t i l l a t i o n p l a n t we h a v e 20 o r m o r e s t a g e s . In e a c h 
t h e r e i s of n e c e s s i t y a f r e e l e v e l of b r i n e . T h e a t t a i n m e n t of t h e d e s i g n e d 
p e r f o r m a n c e r a t i o d e p e n d s c r i t i c a l l y upon r e a c h i n g and m a i n t a i n i n g the c o r -
r e c t t e m p e r a t u r e s i n d i v i d u a l l y in e a c h s t a g e , and t h e r e f o r e t h e c o r r e c t 
p r e s s u r e s a b o v e e a c h l e v e l . T h e f low of b r i n e f r o m s t a g e t o s t a g e i s i n f l u -
e n c e d by t h e p r e s s u r e a n d t e m p e r a t u r e d i f f e r e n c e , a n d b y t h e l e v e l s . If 
a l e v e l r i s e s t o o h igh , o r if s p l a s h i n g i s t o o v i o l e n t , t h e p u r i t y of t h e d i s -
t i l l a t e can be lo s t by c a r r y - o v e r . If a l e v e l f a l l s t oo low v a p o u r can e s c a p e 
and e f f i c i e n c y s u f f e r d i s a s t r o u s l y . How a r e we go ing t o c o n t r o l s o m a n y 
t e m p e r a t u r e s and l e v e l s a l l s i m u l t a n e o u s l y , w i thou t undue c o m p l e x i t y and 
c o s t ? 

C o n s i d e r F i g . 2 w h i c h s h o w s s a t u r a t e d w a t e r a t r a t e Q s at t e m p e r a t u r e 
T i e n t e r i n g a c h a m b e r in wh ich it m a y be a l lowed t o f l a s h . In the u p p e r 
r e g i o n of t h i s c h a m b e r c o o l i n g w a t e r f l o w s t h r o u g h a b a n k of t u b e s a t r a t e 
Q c wi th e n t e r i n g t e m p e r a t u r e t i . T h e p r o b l e m i s t o d e t e r m i n e t h e s a t u r a -
t i o n t e m p e r a t u r e T , a n d t h e r e f o r e c o r r e s p o n d i n g p r e s s u r e , a t w h i c h t h e 
c h a m b e r w i l l o p e r a t e . In t h i s s i m p l i f i e d t r e a t m e n t we a s s u m e p u r e w a t e r 
in bo th c i r c u i t s and h e n c e a v o i d c o m p l i c a t i o n s of . v a r y i n g s p e c i f i c hea t and 
bo i l i ng po in t e l e v a t i o n . We h a v e t h e f o l l o w i n g r e l a t i o n s : 

U s i n g t h e c o n d e n s e r p a r a m e t e r a = U S / Q c c = l n [ ( T - t j ) / ( T - t 2 ) ] , w e h a v e 
T - t i = T e a - t 2 e a . T h u s T i - T = T i - t i - T e « + t2e«. A l s o t 2 - t i = (Qs/Qc)(Ti - T ) . 
D e f i n e q= Qs /Qc , t h u s t2 = t i + q (T i - T) . 

By s u b s t i t u t i o n and m a n i p u l a t i o n we f i n d e v e n t u a l l y t h a t 

Q s c ( T i - T ) = M L = Q c c ( t 2 - t i ) = USe (7) 

T i - T = 
( T i - t i ) ( l - e ' a ) 

1 - e _ a + q (8) 
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PRESSURIZED LIQUID 
(UNSATURATED) 

FIG. 2. Diagram illustrating determination of chamber temperature 

Equa t ion (8) d e t e r m i n e s the t e m p e r a t u r e drop, and t h e r e f o r e p r e s s u r e 
d r o p in t e r m s of t h e t e m p e r a t u r e d i f f e r e n c e b e t w e e n t h e two e n t e r i n g 
s t r e a m s . It shows tha t the r e s u l t i s a f r a c t i o n of that d i f f e r e n c e , the value 
of the f r a c t i o n be ing 

l - e " t t 

l - e " « + q 

F r o m F ig . 1 we see that in the heat r e c o v e r y s t ages at l eas t , and a s s u m -
ing s teady opera t ion , the value of q wil l be 1. Hence an inf ini te s u r f a c e 
(a = oo) would give a d rop jus t half of the in i t i a l d i f f e r e n c e in such sec t ions . 

I think that the p r e sen t a t i on of th i s equation will help you to r e a l i z e fully 
the complex i ty of r e a l i z i n g f l a s h d i s t i l l a t ion des ign o b j e c t i v e s succes s fu l l y 
in p r a c t i c e . F o r a given q the f r a c t i o n i s comple te ly dependent on the p e r -
f o r m a n c e of t he h e a t - e x c h a n g e s u r f a c e , a s i nd i ca t ed by the p r e s e n c e of a . 
Any s u r g i n g o r v a r i a t i o n of cool ing f low quant i ty Q c , any fou l ing which up-
se t s U, will a l t e r th i s f r a c t i o n . Even m o r e impor tant , any surging in q - and 
t h i s i s e a s i l y p o s s i b l e s i n c e Q s i s f l o w i n g b e t w e e n f r e e l e v e l s in two 
c h a m b e r s •- will a f fec t the f r a c t i o n . F u r t h e r , the ac tua l value of the avail-
able d i f f e r ence Ti - t t depends on the opera t ion of the s t ages above and below 
the one u n d e r c o n s i d e r a t i o n , s i n c e the u p p e r d e t e r m i n e s T j and the lower 
d e t e r m i n e s t i . T h e whole f u n c t i o n i n g of t h e p l an t , t h e a m o u n t of vapour-
produced, and the t he rmodynamic eff ic iency, depends on getting the p r e s s u r e 
and t e m p e r a t u r e d r o p s b e t w e e n s t a g e s o p e r a t i n g s t a b l y a t t h e i r d e s i g n e d 
va lues . Hence the con t ro l p r o b l e m i s r evea l ed a s that of mainta in ing steady 
v a l u e s of a and of q, and of c o u r s e , b e c a u s e of t he f r e e l e v e l s , t h e m o s t 
d i f f i cu l t i s q . It i s f o r t h i s r e a s o n that t h e s u c c e s s o r f a i l u r e of a m u l t i -
s t age f l a s h d i s t i l l a t i o n plant d e p e n d s c r i t i c a l l y upon the des ign of the b r i n e 
f low p a s s a g e s b e t w e e n s t a g e s . 

At t h i s p o i n t ,a p e r s o n a l r e m i n i s c e n c e m a y not be out of p l a c e . The 
p r o b l e m of des ign ing b r i n e f low p a s s a g e s i s d i f f icul t b e c a u s e the flow t akes 
p l ace u n d e r f l a s h i n g condi t ions , i . e . it i s a p r o b l e m in t w o - p h a s e flow. 
Having a l r e a d y done s o m e t h e o r e t i c a l w o r k on t h i s about 15 y e a r s b e f o r e 
[4 ] , I thought I knew s o m e t h i n g about t h i s - a t l e a s t enough t o know what 
I w a s up a g a i n s t and t o a p p r e c i a t e the r i s k s of i n s t a b i l i t y . In planfi ing the 
f i r s t l a r g e m u l t i - s t a g e f l a s h d i s t i l l a t ion plant I worked out a c e r t a i n des ign 
philosophy on th i s b a s i s and t e s t ed it out on a pilot plant which had a capacity. 
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of 1000 g a l / d . The t h e o r y showed the poss ib i l i ty of ins tabi l i ty above ce r t a in 
l o a d s . With what I thought to be r e a s o n a b l e e x t r a p o l a t i o n we went s t r a i g h t 
f r o m th i s to our f i r s t o r d e r f o r a unit capaci ty of 1 mi l l ion ga l /d - a f a c t o r 
of 1000 f r o m t h e p i lo t p l a n t . Dur ing the c o n s t r u c t i o n p e r i o d , a s you m a y 
imag ine , I had s o m e n i g h t m a r e thoughts of t he s t ab i l i ty p r o b l e m , and when 
the plant was f i r s t c o m m i s s i o n e d it s e e m e d that t h e s e n i g h t m a r e s were c o m -
ing t r u e . Up to about a r e c o r d e d 85% load the plant behaved well and stabiy, 
but above tha t i t went qui te suddenly comple t e ly uns tab le , so that d i s t i l l a t e 
pur i ty shot up f r o m below the guaran tee of 100 to about 10 000 ppm. We took 
some has ty ac t ion to put in ba f f l e s and the l ike to mee t the fu l l load r e q u i r e -
men t s , and it looked a s if my ext rapola t ion ideas had been-unre l iab le . How-
e v e r , it was soon found that a comple te ly unexpected i n s t r u m e n t a t i o n defec t 
ex is ted and that we had in fac t been s table up to 110% load. The c u s t o m e r ' s 
chief e n g i n e e r b e c a m e s o i n t e r e s t e d in t h i s m a t t e r t h a t a t a l a t e r d a t e on 
h i s own in i t i a t ive he took out the e x t r a b a f f l e s which we had ins ta l l ed in our 
e m e r g e n c y ac t ion and r a n the plant a s o r ig ina l ly des igned , and p roved that 
t h i s w a s in f a c t c o m p l e t e l y s a t i s f a c t o r y up to 110% load. 

T h e point about t h i s r e m i n i s c e n c e i s tha t d e s p i t e m u c h w o r k which i s 
now being done on the t h e o r y of t w o - p h a s e flow, and desp i t e much a c c u m u l -
ated exper i ence now on the behaviour of s e v e r a l mu l t i - s t age f l a sh dis t i l la t ion 
p lants , th i s i s s t i l l a key p r o b l e m in designing f o r a s ize beyond that a l ready 
known. My own view i s that t o a t t empt to des ign any kind of a u t o m a t i c a l l y 
v a r i a b l e p a s s a g e s would be t r e m e n d o u s l y cos t ly , and p robab ly u n s a t i s f a c t o r y . 
F ixed p a s s a g e s have been des igned with g rea t sa t i s f ac t ion f o r ex is t ing s i z e s 
of p l an t (up to unit s i z e 2 mi l l i on g a l / d ) on a p p r o x i m a t e t h e o r e t i c a l u n d e r -
s tand ing of the f l a sh ing p r o c e s s . I be l ieve we sha l l be able to continue t h i s 
d e s i g n p r o c e d u r e t o l a r g e r s i z e s a s we l e a r n m o r e about t he t h e r m o - and 
h y d r o - d y n a m i c s of t w o - p h a s e f low. The p a s s a g e s t h e m s e l v e s add l i t t l e to 
the capi ta l cos t , but the d imens ions r equ i red to locate t hem affect profoundly 
the s i z e and d i spos i t i on of s t a g e s and hea t ing s u r f a c e , a.nd hence a f f ec t a l l 
the p a r a m e t e r s А, В and С d i s c u s s e d e a r l i e r . 

L o n g - t e r m va r i a t i ons in a due to fouling upset eff ic iency but do not p r e -
sent a cont ro l p r o b l e m a s such. However, f luc tuat ions in a a r e unfor tunate-
ly pos s ib l e and do e n t e r the con t ro l p r o b l e m if the behaviour of the r e c i r c u -
la t ion pump i s not s t a b l e . Now the r e c i r c u l a t i n g pump in l a r g e m u l t i - f l a s h 
dis t i l la t ion has quite a new kind of duty, unprecedented in prev ious eng inee r -
ing. The capac i ty it h a s to handle i s of the o r d e r of c o n d e n s e r c i r cu l a t i ng 
p u m p s , t he head i s g r e a t e r but , m o s t i m p o r t a n t , i t s suc t ion condi t ions a r e 
even w o r s e than those of a condense r ex t rac t ion pump. In the l a t t e r the 
w a t e r i s u s u a l l y j u s t s l i g h t l y be low s a t u r a t i o n t e m p e r a t u r e . In t h e f l a s h 
r e c i r c u l a t i o n pump it i s at o r - if fu l l equ i l i b r ium i s not r e ached - above 
s a t u r a t i o n t e m p e r a t u r e . It m u s t be des igned and i n s t a l l e d with adequa te net 
pos i t i ve suc t ion head to p r e v e n t even the onse t of cavi ta t ion , b e c a u s e of the 
in s t ab i l i t y c r e a t e d th roughout the plant if the r e c i r c u l a t i o n quant i ty s u r g e s . 
M o r e o v e r , s ince the load i s app rec i ab l e the e f f ic iency mus t be high, o t h e r -
wi se ene rgy c o s t s wil l be a d v e r s e l y a f fec ted . 
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CONCLUSION 

I r e t u r n now to gene ra l m a t t e r s fo r my conclusion. The fôllowing f igure s 
were given by Colas at Athens in 1962 [5]. 

3X10 9 

6X109 

220 000 g a l / y r 

1 .3ХЮ 1 5 g a l / y r 

1.4X1016 ga l / y r 

All food, and civilization, 
depends on the a c c e s s i b l e p o r t i o n s of t h i s w a t e r at p r e s e n t . The to ta l in -
s t a l l ed capac i ty of m a j o r d e s a l i n a t i o n p lan t in the w o r l d today i s l e s s than 
100 m i l l i o n g a l / d and no uni t i s ye t l a r g e r t h a n 2 m i l l i o n g a l / d (a unit 
of 8. 34 mi l l ion g a l / d i s at p r e s e n t p r o j e c t e d f o r F l o r i d a ) . The w a t e r con-
sumpt ion of Glasgow alone i s about 100 mi l l ion ga l / d and i s rap id ly inc reas ing . 
The w a t e r consumpt ion of Ed inburgh i s about 36 mi l l i on g a l / d and, desp i t e 
o u r r a i n f a l l , r e s t r i c t i o n s h a v e s o m e t i m e s b e e n n e c e s s a r y . T h e Lake 
D i s t r i c t i s t h r e a t e n e d wi th f u r t h e r exp lo i t a t i on of i t s r e s o u r c e s , wi th 
p robab le damage to i t s a m e n i t i e s . S i m i l a r ag i ta t ions a r e re levant to Wales . 
The South of England deve lopment i s de f in i t e ly s h o r t of w a t e r . In a r e a s of 
the world where well wa te r i s exploited, excess ive use i s lowering the water 
t a b l e and i n t r o d u c i n g s a l i n i t y . In C u r a ç a o such ac t ion led to w i t h e r i n g of 
the i s l a n d ' s f r u i t g roves and p a l m s , and hence desal ina t ion of s e a - w a t e r has 
been developed t h e r e v e r y subs tant ia l ly and to ve ry good effect on the is land 
economy. AU the indicat ions a r e that the expected population expansion can-
not t a k e p l a c e with any c iv i l i zed s t a n d a r d of l iv ing u n l e s s we beg in to t ake 
o u r f r e s h w a t e r f r o m t h e s ea , w h e r e it i s needed . 

A s an e n g i n e e r i n g v e n t u r e d e s a l i n a t i o n i s t e c h n i c a l l y i n t e r e s t i n g and 
c h a l l e n g i n g . It i s a l s o , f o r obv ious r e a s o n s , i n t e n s e l y c o m p e t i t i v e , and 
undeniably conce rned at p r e s e n t main ly with expor t . Up to the p r e sen t 
B r i t i s h i n d u s t r y h a s been f o r e m o s t in t h i s f i e l d . The c u r r e n t US r e s e a r c h 
e f f o r t , p a r t i c u l a r l y in r e g a r d to the n e w e r p r o c e s s e s , i s f o r m i d a b l e , and 
we mus t s ee to it tha t we work to main ta in our pos i t ion . The i n t e r e s t which 
the DSIR i s now showing i s m o s t g r a t i f y i n g . M o r e o v e r , l i ke the USAEC, 
the U. К. A . E . A . h a s begun to s tudy ac t ive ly the ways in which n u c l e a r 
e n e r g y and d e s a l i n a t i o n can combine . 

To conclude , t h e r e f o r e , I think t h e r e i s no doubt that the product ion of 
f r e s h wa te r f r o m the sea i s one of the growing points of mechanical engineer -
ing, that we shal l see it much m o r e in action in the fu tu re . 

P r e s e n t world population 
Expected world population in A. D. 2000 
Tota l c u r r e n t f r e s h wa te r r e q u i r e m e n t s 

p e r head in developed count r ies 
(including indus t r i a l and ag r i cu l tu ra l use) 

Thus expected world to ta l f r e s h wate r 
needs f o r al l count r ies by A. D. 2000 

Maximum amount of ut i l izable f r e s h wate r 
flow f r o m al l s o u r c e s in the world 

Much of th i s f r e s h wa te r flow is i naccess ib l e . 
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N O T A T I O N 

A V o l u m e o r t i m e p a r a m e t e r s S p e c i f i c h e a t of b r i n e 
A p P l a n a r e a of v e s s e l S H e a t t r a n s f e r s u r f a c e 
В S t a g i n g p a r a m e t e r T V a p o u r s a t u r a t i o n 
С S u r f a c e p a r a m e t e r t e m p e r a t u r e 
с S p e c i f i c h e a t of c o o l i n g w a t e r Ti T e m p e r a t u r e of s a t u r a t e d 
E E n e r g y p a r a m e t e r w a t e r e n t e r i n g c h a m b e r 
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Не E n t h a l p y a t t u r b i n e e x h a u s t tx B r i n e i n l e t t e m p e r a t u r e 
Но E n t h a l p y a t b o i l e r e x i t t y B r i n e o u t l e t t e m p e r a t u r e 
к M a j o r o p e r a t i n g c o s t t i C o o l i n g w a t e r i n l e t 
L L a t e n t h e a t of v a p o u r t e m p e r a t u r e 
M R a t e of c o n d e n s a t e t2 C o o l i n g w a t e r o u t l e t 
Md R a t e of d i s t i l l a t e p r o d u c t t e m p e r a t u r e 
M f R a t e of f e e d tr T e m p e r a t u r e of b r i n e 
M r R e c i r c u l a t i o n r a t e l e a v i n g f i r s t s t a g e 
n N u m b e r of s t a g e s t l B r i n e t e m p e r a t u r e i n 
«o O p t i m u m n u m b e r of s t a g e s f i r s t s t a g e 
Po S a t u r a t i o n p r e s s u r e to T e m p e r a t u r e of b r i n e 

c o r r e s p o n d i n g t o to l e a v i n g inpu t h e a t e r 
P i P u r e w a t e r s a t u r a t i o n tb L o w e s t s t a g e b r i n e 

p r e s s u r e t e m p e r a t u r e 
Q R a t e of f l o w of s a t u r a t e d Atx B o i l i n g po in t e l e v a t i o n 

b r i n e U O v e r a l l h e a t t r a n s f e r 
Qc R a t e of c o o l i n g w a t e r f l o w c o e f f i c i e n t 

t h r o u g h a b a n k of t u b e s W W e i g h t of w a t e r r e q u i r e d 
Qs R a t e of f l o w of s a t u r a t e d in g a l l o n s 

w a t e r e n t e r i n g c h a m b e r a C o n d e n s e r p a r a m e t e r 
R P e r f o r m a n c e r a t i o of p l a n t в L o g a r i t h m i c m e a n 
Ro O p t i m u m p e r f o r m a n c e r a t i o t e m p e r a t u r e d i f f e r e n c e 

of p l a n t 



EXPERIENCE WITH ELECTRODIALYSIS 

J.W. MIN KEN* 

INTRODUCTION 

B e f o r e 1952 e l e c t r o d i a l y s i s was only known as a l a b o r a t o r y technique . 
A t p r e s e n t , l a r g e e l e c t r o d i a l y s i s u n i t s f o r i n d u s t r i a l p u r p o s e s a r e c o m -
m e r c i a l l y a v a i l a b l e . Al though e l e c t r o d i a l y s i s ha s been d i s c u s s e d in a 
n u m b e r of p a p e r s , too l i t t le has been sa id about the f a c t o r s which inf luence 
the p e r f o r m a n c e of an e l e c t r o d i a l y s e r . 

PRINCIPLE OF THE METHOD 

E l e c t r o d i a l y s i s us ing ion-exchange m a t e r i a l s in m e m b r a n e f o r m is well 
known today . A s i s shown in F i g . 1, a s e r i e s of c o m p a r t m e n t s s e p a r a t e d 
by a l t e rna t e cat ionic and anionic m e m b r a n e s i s placed between a set of e lec-
t r o d e s . Cat ionic m e m b r a n e s a r e p e r m e a b l e fo r ca t ions but a r e p rac t i ca l l y 
i m p e r m e a b l e f o r an ions . The r e v e r s e holds f o r anionic m e m b r a n e s . An 
i m p r e s s e d c u r r e n t c a u s e s sa l t to be t r a n s f e r r e d . One s t r e a m b e c o m e s en-
r i ched and the o the r i s dep le ted . 

The p e r f o r m a n c e of an e l e c t r o d i a l y s i s appa ra tu s i s d e t e r m i n e d a lmos t 
e n t i r e l y by the p r o p e r t i e s and d i m e n s i o n s of two a d j a c e n t c o m p a r t m e n t s 
o r b a s i c c e l l p a i r . 

FIG. 1. Schematic electrodialysis stack 

C E L L P A I R 

A ce l l p a i r c o m p r i s e s an anionic m e m b r a n e , a ca t ionic m e m b r a n e , a 
l a y e r of dep le ted l iquid , a l a y e r of c o n c e n t r a t e d l iqu id , s p a c e r s and in le t s 
and ou t le t s f o r the l iquid s t r e a m s . 

The s p a c e r s which m a y be c o r r u g a t e d and p e r f o r a t e d p l a s t i c s h e e t s 
suppor t the m e m b r a n e s and e n s u r e an even liquid flow in the c o m p a r t m e n t s . 
They a l s o o b s t r u c t the pa th of the i m p r e s s e d c u r r e n t , which i s r e f l e c t e d 
in an i n c r e a s e in c e l l - p a i r r e s i s t a n c e . A h i n d r a n c e f a c t o r of 1. 2 to 1. 3 
i s app l i cab le f o r m o s t s e p a r a t o r s . 

* Technical adviser; correspondence address: 22 Duval Drive, Toronto 15, Ont, , Canada. 

52 



P L - 9 9 - 5 / 1 2 53 

The in l e t s and ou t l e t s of a l t e r n a t e c o m p a r t m e n t s a r e connected to one 
common feed conduit and one common d i s cha rge conduit . Equal amounts 
of l iqu id m u s t f low t h r o u g h e a c h c o m p a r t m e n t . S iz ing of the condui t s and 
in l e t and out le t can be done by c o m m o n e n g i n e e r i n g p r a c t i c e . 

A p a r t of the total c u r r e n t will b y - p a s s the m e m b r a n e s via the inlets and 
ou t l e t s . The c u r r e n t l eakage i n c r e a s e s when the r a t i o of the r e s i s t a n c e of 
the deple ted s t r e a m to the r e s i s t a n c e of the e n r i c h e d s t r e a m i n c r e a s e s . 
H o w e v e r , the e l e c t r i c a l r e s i s t a n c e of the s m a l l openings of the i n l e t s and 
ou t l e t s of a c o m p a r t m e n t i s g r e a t in c o m p a r i s o n wi th the r e s i s t a n c e of a 
c e l l . T h e r e f o r e in m o s t c a s e s the c u r r e n t l e a k a g e i s s m a l l . 

C a t i o n i c m e m b r a n e s a r e n e v e r c o m p l e t e l y i m p e r m e a b l e f o r a n i o n s . 
The r e v e r s e i s t r u e f o r an ion ic m e m b r a n e s . T h e r e f o r e a s m a l l f r a c t i o n 
of s a l t s f r o m the e n r i c h e d s t r e a m e n t e r s the dep l e t ed s t r e a m and i s t hen 
t r a n s f e r r e d again to the e n r i c h e d s t r e a m . Consequen t ly a p a r t of the i m -
p r e s s e d c u r r e n t i s w a s t e d . 

T h e e f f e c t i v e n e s s of the i m p r e s s e d c u r r e n t i s c a l l e d " the C o u l o m b 
e f f i c i ency" . The ove ra l l c u r r e n t ef f ic iency r e f l e c t s the Coulomb eff ic iencies 
and c u r r e n t l e akages . Typica l va lues f o r c u r r e n t e f f i c i enc i e s a re : 0. 7 ( for 
s e a w a t e r c o n v e r s i o n ) , 0 . 8 ( fo r high s a l i n e and m o d e r a t e b r a c k i s h w a t e r ) 
and 0. 85 ( fo r the s l i gh t l y b r a c k i s h w a t e r s ) . 

T h e m e m b r a n e s m u s t h a v e a low e l e c t r i c a l r e s i s t a n c e u n d e r a c t u a l 
o p e r a t i o n cond i t ions and a good c h e m i c a l s t a b i l i t y to any c o r r o s i v e a g e n t 
which the p r o c e s s and w a s t e l i q u o r s con ta in . 

In e l e c t r o d i a l y s i s t h e r e i s a t endency to p o l a r i z a t i o n which m a y l i m i t 
the m a x i m u m c u r r e n t dens i t y and r e d u c e the o v e r a l l e f f i c i e n c y . To avoid 
p o l a r i z a t i o n p h e n o m e n a , the s e l e c t i o n of the o p e r a t i n g condi t ions m u s t be 
b a s e d on the fo l lowing equa t ion : 

t = y v x (1) 

whe re i i s the c u r r e n t dens i ty , с i s s a l in i ty , V i s the s u p e r f i c i a l l iquid ve -
loci ty in di luate c o m p a r t m e n t , and x and у a r e e m p i r i c a l constants , depend-
ing on the p r o p e r t i e s of the m e m b r a n e s and the compos i t i on of the l iqu ids . 
Th is equat ion ind ica tes that the c u r r e n t dens i ty should not exceed a c e r t a i n 
va lue f o r a given с and V o r that f o r a given с and i the l iquid veloci ty m u s t 
have a c e r t a i n m i n i m u m va lue . Th is value should not be exceeded too much 
s ince th is only r e s u l t s in u n n e c e s s a r y p u m p - e n e r g y . 

The compos i t ion of the w a t e r m a y i m p o s e l im i t a t i ons on the m a x i m u m 
t o l e r a b l e c o n c e n t r a t i o n s in the c o n c e n t r a t e d c o m p a r t m e n t s to avoid p r e -
c ip i ta t ion of s a l t s . In m o s t c a s e s s c a l e p reven t ion me thods a re n e c e s s a r y . 

OPERATING CONDITIONS 

The opt imum opera t ing condi t ions , on which an e l ec t rod ia ly s i s plant i s 
des igned ,a re a lmos t en t i r e ly de t e rmined by economic f a c t o r s . The opt imum 
c u r r e n t d e n s i t y can be c a l c u l a t e d by e x p r e s s i n g the s e p a r a t e c o s t i t e m s 
which make up the total cos t , in t e r m s of the c u r r e n t densi ty , d i f ferent ia t ing 
and set t ing the der iva t ive at z e r o . 
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The cos t of an e l e c t r o d i a l y s i s plant , as wel l as the m e m b r a n e r e p l a c e -
ment cost , can be e x p r e s s e d in t e r m s of cos t p e r unit cel l pa i r a rea ; a f igure 
depending on the s i z e of the p lant . F o r a s m a l l p lant the c o s t s of the 
a u x i l i a r y equ ipment ( i n s t r u m e n t a t i o n , w i r ing , piping-, pump, e t c . ) wi l l be 
r e l a t i v e l y g r e a t e r than f o r a l a r g e plant ; i t m a y , in f a c t , exceed the c o s t s 
of the a c t u a l d i a l y s e r . 

At p r e s e n t the cos t s fo r a l a r g e plant can be as low as $200 p e r m 2 and 
f o r sma l l p lants , $300 to $500 p e r m 2 . Only m a s s production of membranes 
and equipment can reduce those cos t s . 

The net cel l p a i r a r e a can be calculated as follows: 

(M) (Ci - C2 ) (F) 
Net cel l p a i r a r e a in m2 = ( Q ) ( 3 6 0 0 ) ( i ) ( 1 0 -3 ) ( 1 0 4 ) <2> 

w h e r e M = volume of l iquid to be p r o c e s s e d ( m 3 / h ) , C i = sa l in i ty of inf luent 
(g e q u i v / m 3 ), C 2 = s a l i n i t y of e f f l uen t , F = 96 500 С, i = c u r r e n t d e n s i t y 
( m A / c m 2 ) , and Q = c u r r e n t e f f ic iency ( f rac t ion of total i m p r e s s e d cu r ren t ) . 

An e lec t rod ia lys i s plant should be deprec ia ted over a period of 15 y e a r s . 
The l i f e t i m e of t he m e m b r a n e s i s c o n s i d e r a b l y s h o r t e r , e s p e c i a l l y when 
m o r e agg re s s ive w a t e r s a r e e l ec t rod ia lysed . P r o p e r l y manufac tu red m e m -
b r a n e s , when used f o r desa l ina t ion of n o n - a g g r e s s i v e w a t e r s , may l a s t fo r 
m o r e than t h r e e y e a r s b e f o r e r e p l a c e m e n t i s n e e d e d . When d u r i n g s u c h 
a r e p l a c e m e n t a s t a c k i s o p e n e d , i t w i l l be found t h a t m a n y i t e m s , s u c h 
a s g a s k e t s , flow-distributors, end p l a t e s , s p a c e r s e t c . , can be used again. 
It i s m o r e economic f o r l a r g e r plants to have t h e i r own r e p l a c e m e n t f a c i l i -
t i e s , such as f ac i l i t i e s f o r cut t ing m e m b r a n e s and mount ing the s t a c k s . A 
m e m b r a n e r e p l a c e m e n t m a y then amount to $60 p e r m 2 . A s an o p e r a t o r 
can only check a l i m i t e d n u m b e r of un i t s , the c o s t of l a b o u r wi l l d e c r e a s e 
wi th an i n c r e a s i n g c u r r e n t d e n s i t y and i n c r e a s e when m o r e s a l t h a s to be 
r e m o v e d . The s a m e app l i e s to the c o s t of m a i n t e n a n c e . . T h r e e p e r cen t 
of the i nves tmen t would c o v e r the to ta l annual c o s t s of l a b o u r , ma in tenance 
and i n s u r a n c e . 

The p o w e r consumpt ion i n c r e a s e s with i n c r e a s i n g c u r r e n t dens i ty . A 
r e c e n t study on the p e r f o r m a n c e of a n u m b e r of e f f ic ien t p lants showed that 
the power consumpt ion f o r the conve r s ion of sa l ine wa t e r into potable wa te r 
of a sa l in i ty 5 e . p . m . could be c o r r e l a t e d (within 20%) as fol lows: 

, ,„, , , (i) ( influent concen t r a t i on in e . p. m . )°-7 ,„. kWh/ m 3 = ^ (3) 

The s c a l e p r e v e n t i o n c o s t s 'depend on the c o m p o s i t i o n of the s a l i n e w a t e r 
and i s a f ixed amount p e r cubic m e t r e of w a t e r . If the individual i t e m s a r e 
w o r k e d out with the a p p r o p r i a t e v a l u e s f o r d e p r e c i a t i o n , i n t e r e s t and kWh 
c o s t , the to ta l cos t equa t ion b e c o m e s even tua l ly : 

Cos t p e r m 3 of w a t e r = ^ + (i) (K2 ) + K 3 (4) 
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K i r e f l e c t s a m o r t i z a t i o n of i n v e s t m e n t and m e m b r a n e r e p l a c e m e n t c o s t 
p e r m 3 , K2 r e f l e c t s the power cos t and power consumpt ion p e r m ä , and K3 
r e f l e c t s the r e c t i f i e r and sca l e prevent ion cos t . Hence the opt imum c u r r e n t 
densi ty i s : 

i = 4 Щ 7 Щ (5) 

DISCUSSION 

The m a i n p r o b l e m s in e l e c t r o d i a l y s i s a r e a s s o c i a t e d wi th the u s e of 
p e r m s e l e c t i v e m e m b r a n e s . A m a n u a l , d e s c r i b i n g l a b o r a t o r y t e c h n i q u e s 
f o r t e s t i ng m e m b r a n e s , ha s been p r e p a r e d by the Off ice of Saline W a t e r [1]. 
Each of these l a b o r a t o r y , o r " s t a t i c " , t e s t s gives valuable informat ion about 
the p r o p e r t i e s of the m e m b r a n e s . However , unde r s t and ing of the behaviour 
of the m e m b r a n e s u n d e r ac tua l ope ra t ing condi t ions has not yet r e ached the 
s t a g e of m a t u r i t y . T h e r e f o r e a p r e d i c t i o n of the p e r f o r m a n c e of an e l e c -
t r o d i a l y s e r , based solely on the r e s u l t s of s ta t ic analys is , should be regarded 
with r e s e r v a t i o n . 

M o r e r e l i a b l e e n g i n e e r i n g da t a can be ob t a ined if the p r o p e r t i e s of a 
ce l l p a i r a r e de t e rmined under ac tual opera t ing o r dynamic condit ions. F o r 
dynamic t es t ing of the i m p r e s s e d c u r r e n t , the voltage drop a c r o s s a number 
of ce l l p a i r s and the conductivi ty of the depleted liquid a r e m e a s u r e d . 

The c a l c u l a t e d c e l l p ^ i r r e s i s t a n c e and the s p e c i f i c r e s i s t a n c e of t he 
dep le ted l iquid can be p lo t ted a s i s shown, s c h e m a t i c a l l y , in F i g . 2. The 
s lope of the l ine ind ica tes the th ickness of the depleted cel l . The ca lcula ted 
ce l l p a i r r e s i s t a n c e i s not the t r u e r e s i s t a n c e but an a p p a r e n t r e s i s t a n c e . 

FIG. 2. Performance of electrodialysis apparatus 

It r e f l e c t s the inf luence of the s p a c e r and c u r r e n t l eakage . Hence, the slope 
of the l ine does not indicate the t rue cel l th ickness but an apparent cel l thick-
n e s s . The dynamic c e l l - p a i r r e s i s t a n c e can be e x p r e s s e d as follows: 

R = K i + ( K 2 ) ( D ) (6) 

w h e r e R i s the c e l l - p a i r r e s i s t a n c e (Ï2cm2 ), D i s the s p e c i f i c r e s i s t a n c e 
of deple ted l iquid {U cm) , K j i s the i n t e r s e c t i o n of c u r v e and c e l l - p a i r r e -
s i s t a n c e c o - o r d i n a t e , and K 2 i s the a p p a r e n t c e l l - p a i r t h i c k n e s s ( cm) . 
U n d e r f a v o u r a b l e c o n d i t i o n s K j and К2 m a y a m o u n t t o 25 and 0. 2 . F o r 
m o s t s a l ine w a t e r c o n v e r s i o n p u r p o s e s a K j of 50 and a K 2 of 0. 5 i s accep tab le . 
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If pure sodium chlor ide solut ions a r e e l ec t rod ia lysed , the dynamic cel l -
p a i r r e s i s t a n c e s a r e a lmos t a lways low and r e m a i n the s a m e fo r p rac t i ca l ly 
a l l types of m e m b r a n e s that a r e now on the m a r k e t . Th i s is not a lways the 
c a s e if o the r sa l t so lu t ions a r e e l e c t r o d i a l y s e d . It has been o b s e r v e d that 
the dynamic c e l l - p a i r r e s i s t a n c e s m a y i n c r e a s e v e r y r ap id ly w h e n , f o r ex-
a m p l e , a s o d i u m s u l p h a t e so lu t ion i s u s e d . M e m b r a n e s of unknown p r o -
p e r t i e s should, t h e r e f o r e , be d y n a m i c a l l y t e s t e d . 

I t i s we l l known t h a t an ion e x c h a n g e r e s i n s r e a d i l y a b s o r b o r g a n i c 
m a t t e r . I t i s only to be expec t ed tha t an ionic m e m b r a n e s a r e s u s c e p t i b l e 
to a b s o r p t i o n of o r g a n i c m a t t e r too . In t h i s c o n n e c t i o n , the fo l lowing i n - ' 
t e r e s t i n g f i e ld e x p e r i e n c e h a s b e e n r e p o r t e d [2]. 

An e l e c t r o d i a l y s i s p l an t h a s b e e n d e s i g n e d to r e d u c e the s a l i n i t y of 
c l a r i f i e d r i v e r w a t e r by 36%. The r i v e r w a t e r was bound to conta in m i n o r 
amounts of a g r e a t v a r i e t y of i n d u s t r i a l and munic ipa l was te p roduc t s . The 
p e r m a n g a n a t e v a l u e of the c l a r i f i e d w a t e r i s n o r m a l l y we l l be low 15 but 
i n c r e a s e d due to s e a s o n a l v a r i a t i o n s to 40. Two d i f f e r e n t types of anionic 
m e m b r a n e s w e r e u s e d , but the ca t ion ic m e m b r a n e s w e r e both of the s a m e 
type . The act ive g r o u p s of both types of anionic g roups w e r e the s a m e but 
the p h y s i c a l s t r u c t u r e s w e r e d i f f e r e n t : one w a s h o m o g e n e o u s , the o t h e r 
h e t e r o g e n e o u s . 

Dur ing the pe r iod of high p e r m a n g a n a t e v a l u e s , the sa l t r e m o v i n g ca -
paci ty of the uni ts with he te rogeneous m e m b r a n e s was 50% below the r a t ed 
capac i ty , f o r the uni t s with homogeneous m e m b r a n e s the capac i ty was 75% 
be low the r a t e d v a l u e . I t w a s a l s o o b s e r v e d t h a t p e r f o r m a n c e t e n d e d to 
i m p r o v e when the qua l i t y of the w a t e r i m p r o v e d . A p p a r e n t l y a l i m i t i n g 
c u r r e n t densi ty was encounte red f a r below va lues that were known f r o m other 
desa l ina t ion c a s e s . The d i f f e r e n c e be tween the two types of anionic m e m -
b r a n e s i s v e r y m a r k e d . It shows tha t the p h y s i c a l s t r u c t u r e i s i m p o r t a n t . 

It has been s ta ted by Matz [3] that if the wa te r has a permanganate value 
of approximate ly 2, no dif f icul t ies may be expected. 

Anion exchange m a t e r i a l s r e a d i l y a b s o r b deg rada t ion p roduc t s of c a t -
ion ic ion exchange m a t e r i a l s . C a t i o n i c m e m b r a n e s shou ld t h e r e f o r e be 
t ight and not conta in any l eachab l e m a t e r i a l s . Ion exchange r e s i n s expand 
and s h r i n k when they a r e t r a n s f e r r e d f r o m one ion f o r m to a n o t h e r . Th i s 
p r o p e r t y i s used to r e m o v e o rgan ic compounds . The anion exchange r e s i n s 
a r e then brought into the hydroxyl f o r m and a f t e r w a r d s in the chloride f o r m . 
This could be compared to the manua l cleaning of a sponge. 

M e m b r a n e s c a n be c l e a n e d in the s a m e w a y . . The d i f f i cu l t y h e r e , 
however , i s tha t an expans ion of 2% on a cel l length of 1. 5 m a l r eady means 
an i n c r e a s e in l e n g t h of 3 c m . S ince the c o m p a r t m e n t s a r e only 0. 1 to 
0. 15 c m th ick and a r e f i l l ed wi th a s p a c e r , the i n c r e a s e in l eng th r e s u l t s 
in a w r i n k l i n g and fo ld ing of the m e m b r a n e s . N e e d l e s s to s a y , the m e m -
b r a n e s m a y e a s i l y t e a r at the fo lds . In view of poss ib le d imension changes , 
the m e m b r a n e s should f i r s t be equ i l i b r a t ed in the n a t u r a l wa t e r o r in a s o -
lu t ion con ta in ing ions wh ich g ive the s a m e e x p a n s i o n o r s h r i n k a g e a s the 
n a t u r a l w a t e r , b e f o r e cu t t i ng . M e m b r a n e s a r e s o m e t i m e s r e i n f o r c e d to 
h inder i n c r e a s e in length and width. The d imens iona l change will then mainly 
o c c u r a s a c h a n g e in t h i c k n e s s and m a y c a u s e p i e c e s of m e m b r a n e to 
b r e a k off at the r e i n f o r c e m e n t . R e i n f o r c e m e n t a l so i n t roduces a h indrance 
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f a c t o r . The solution mus t be sought by making the actual m e m b r a n e m a t e r i a l 
d imens ional ly as s table as poss ib le . 

The opera t ing capac i t i e s of ion exchange r e s i n s d iminish owing to fouling 
and c h e m i c a l demol i t i on . The m a n u f a c t u r e r s of w a t e r condi t ioning equip-
men t usual ly guaran tee an opera t ing capaci ty reduct ion of < 0 . 8% per 1000шЗ 
t r e a t e d w a t e r f o r ca t ion exchange r e s i n s (6-8% div inyl b e n z e n e ) and <6% 
f o r anion exchange r e s i n s , p r o v i d i n g the w a t e r s u s e d a r e n o n - a g g r e s s i v e . 
The l i f e t i m e of the c o m m e r c i a l l y a v a i l a b l e m e m b r a n e s h a s not b e e n f i r m l y 
e s t a b l i s h e d ye t . T h e r e i s , h o w e v e r , f a i r ev idence tha t a l i f e t i m e of t h r e e 
y e a r s can be ach ieved if n o n - a g g r e s s i v e w a t e r s a r e u s e d . 

The s o m e t i m e s u n e x p e c t e d b e h a v i o u r of the m e m b r a n e s u n d e r a c t u a l 
o p e r a t i n g condi t ions a r e , in e f f e c t , p o l a r i z a t i o n p h e n o m e n a . P o l a r i z a t i o n 
is defined as phenomena, o ther than ohmic r e s i s t a n c e s , which in a cell under 
a c t u a l o p e r a t i n g cond i t i ons c a u s e the p o t e n t i a l d r o p a c r o s s a m e m b r a n e 
s t a c k to d e p a r t f r o m the t h e o r e t i c a l v a l u e [4] . 

In e l e c t r o d i a l y s i s , the l imi t i ng c u r r e n t i s o f ten d e t e r m i n e d by keeping 
the s u p e r f i c i a l l iquid ve loc i t i e s in the depleted c o m p a r t m e n t s constant us ing 
once - th rough ope ra t ion and i m p r e s s i n g a c u r r e n t . The vol tage drop a c r o s s 
the ce l l p a i r s and the i m p r e s s e d c u r r e n t a r e m e a s u r e d . At the point where 
the ohmic r e s i s t a n c e i n c r e a s e s , the l imi t ing c u r r e n t value fo r the pa r t i cu l a r 
sa l in i ty i s obtained. 

G. Solt ha s d r a w n a t t en t i on to the f a c t t h a t s u c h an i n c r e a s e m a y not 
be obse rved if pu re sodium ch lor ide solut ions a r e used (private communica-
t ion) . He had a l s o o b s e r v e d t h a t , If f o r g iven m e m b r a n e s and w a t e r s the 
appa ren t ce l l t h i c k n e s s i s d e t e r m i n e d at a c e r t a i n vol tage p e r ce l l p a i r , an 
i n c r e a s e in vol tage m a y only r e s u l t in an i n c r e a s e in apparent cel l th ickness . 
Apparent ly a coun te r -po ten t i a l o c c u r s a c r o s s the m e m b r a n e s , which des t roys 
the i n f l u e n c e of t he p o t e n t i a l app l i ed and w h i c h i n c r e a s e s p r o p o r t i o n a l l y 
with the i n c r e a s e in applied vo l tage . Thus it s e e m s that both the p r o p e r t i e s 
of the m e m b r a n e s and the c o m p o s i t i o n of the w a t e r d e t e r m i n e the l i m i t i n g 
c u r r e n t dens i t y . 

M o r e i n f o r m a t i o n c a n be o b t a i n e d f r o m the l i m i t i n g c u r r e n t d e n s i t y 
t r i a l s if the pH v a l u e s of the dep le t ed and e n r i c h e d s t r e a m s a r e m e a s u r e d 
and the d i f f e r ence in sa l in i ty between the inf luent and ef f luent of the depleted 
s t r e a m is m e a s u r e d . If no po la r i za t ion o c c u r s , the pH va lues r e m a i n f a i r l y 
cons tan t and the amount of s a l t r e m o v e d i s p r o p o r t i o n a l to the i n c r e a s e in 
c u r r e n t . When po la r i za t i on o c c u r s , the pH v a l u e s change and the d e c r e a s e 
in sa l in i ty i s no l onge r p r o p o r t i o n a l with the i m p r e s s e d c u r r e n t . A change 
in ohmic r e s i s t a n c e m a y o c c u r if ions a r e p r e s e n t which c r e a t e condi t ions 
f o r a c o u n t e r po ten t i a l to o c c u r . A l s o the c o m p o s i t i o n of the r i n s e w a t e r 
a f f e c t s the l i m i t i n g c u r r e n t . I t h a s been found tha t the h a r d n e s s - f o r m i n g 
ions and an ions l ike su lpha te and phospha te m a y have a p ronounced e f f e c t 
on t h e l i m i t i n g c u r r e n t . T h i s a p p a r e n t l y a l s o a p p l i e s to o r g a n i c m a t t e r . 
In m o s t c a s e s the e c o n o m i c cond i t ions a r e s u c h tha t the o p t i m u m c u r r e n t 
dens i ty i s low. However , if the economics d ic ta te that the plant m u s t o p e r -
ate at i t s m a x i m u m poss ib l e de sa l t i ng capac i ty , p r e c a u t i o n s m u s t be taken 
to avoid the o c c u r r e n c e of l i m i t i n g c u r r e n t s . 

Cooke [5] has designed a unique method f o r tes t ing pe rmse l ec t i ve m e m -
b r a n e s . A m e m b r a n e i s p laced in an env i ronment of "poisoning" subs tances 
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and i s exposed to i m p r e s s e d c u r r e n t s . The ove r -po t en t i a l s a r e de te rmined . 
This method enab les h im to s e l ec t the m o s t su i tab le m e m b r a n e . 

In e l e c t r o d i a l y s i s s c a l e f o r m a t i o n o c c u r s p a r t i c u l a r l y on the an ion ic 
m e m b r a n e s in the e n r i c h e d c o m p a r t m e n t . S c a l e p r e v e n t i o n m e t h o d s a r e 
ac id i fy ing the c o n c e n t r a t e d l iqu id , app l i ca t ion of t u r b u l e n t f low condi t ions 
and t h r e s h o l d t r e a t m e n t wi th g l a s s y p h o s p h a t e s . A l s o p o l a r i t y r e v e r s a l , 
p u l s a t i o n , o r s u p e r i m p o s i n g an a l t e r n a t e c u r r e n t o v e r the d i r e c t c u r r e n t 
e a s e s the s c a l e p r o b l e m . 

Mos t m e m b r a n e s a r e m a d e f r o m the s a m e m a t e r i a l s as ion exchange 
r e s i n s . The South A f r i c a n Counc i l f o r S c i e n t i f i c and I n d u s t r i a l R e s e a r c h 
h a s m a d e p a r c h m e n t p e r m s e l e c t i v e m e m b r a n e s . I t s e e m s t h a t t hey a r e 
c h e a p e r to m a n u f a c t u r e but have a s h o r t e r l i f e t i m e . 

CONCLUSIONS 

E l e c t r o d i a l y s i s u s i n g p e r m s e l e c t i v e m e m b r a n e s c a n be u s e d f o r d e -
m i n e r a l i z a t i o n o r c o n c e n t r a t i o n . Thé m a i n p r o b l e m s a r e a s s o c i a t e d wi th 
the use of p e r m s e l e c t i v e m e m b r a n e s . The i m p r e s s e d c u r r e n t cannot exceed 
a c e r t a i n va lue which e n t i r e l y depends on the p r o p e r t i e s of the m e m b r a n e s 
and the compos i t i on of the w a t e r and w a s t e l i q u o r s . M i n o r amount s of o r -
ganic m a t t e r may d r a s t i c a l l y influence the p e r f o r m a n c e of ane l ec t rod i a ly se r . 
T h e s e s u b s t a n c e s m u s t be r e m o v e d . L a b o r a t o r y t echn iques have been de -
ve loped to e s t a b l i s h the s e n s i t i v i t y of a m e m b r a n e a g a i n s t "po i son ing" 
s u b s t a n c e s . 

E l e c t r o d i a l y s i s ha s p r o v e n to be an e x c e l l e n t s a l i ne w a t e r c o n v e r s i o n 
m e t h o d and if the n e c e s s a r y p r e c a u t i o n s a r e t a k e n a g a i n s t po i son ing s u b -
s t a n c e s , l i t t l e d i f f i cu l t y n e e d be e x p e c t e d . 
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OPTIMUM SIZE DETERMINATION OF 
NUCLEAR DUAL-PURPOSE DESALINATION PLANTS 

J. GAUSSENS 
COMMISSARIAT A L'ENERGIE ATOMIQUE, FRANCE 

ABSTRACT 

The e c o n o m i c s of d u a l - p u r p o s e desa l ina t ion p lan t s i s p r e s e n t e d f r o m a 
g e n e r a l s tandpoin t . The concept of demand c u r v e s f o r w a t e r and e l ec t r i c i ty 
i s i n t roduced , which l eads to a r a t i o n a l s h a r i n g of p roduc t ion c o s t s be tween 
both c o m m o d i t i e s within the f r a m e w o r k of a m a r k e t . 

The pu rpose of the study, which i s based upon the p r inc ip les of c l a s s i ca l 
e c o n o m i c s , i s to deve lop o b j e c t i v e c r i t e r i a f o r t he d e s i g n of d e s a l i n a t i o n 
p l a n t s and to d e r i v e f r o m t h e s e a n o r m a t i v e m e t h o d f o r p r i c i n g both jo in t 
p roduc t s , w a t e r and e l ec t r i c i t y , following as much as poss ib le the s t r u c t u r e 
of the demand . 

Such c r i t e r i a a r e in p a r t i c u l a r e i t h e r the max imiza t ion of benef i t f o r the 
o p e r a t o r o r the m a x i m u m w e l f a r e f o r the c o m m u n i t y . They involve e i t h e r 
equal i ty between m a r g i n a l c o s t s and r e v e n u e s , o r equali ty between m a r g i n a l 
c o s t s and m a r g i n a l s a t i s f a c t i o n s ( theory of s u r p l u s ) . 

As the s i z e of the plant i s o f t en the p r e d o m i n a n t f a c t o r in s e l ec t ing the 
p r o c e s s to be used , it follows f r o m the above cons idera t ions that this se lec t ion 
i s c lose ly r e l a t ed to: 

(a) The shape of the demand cu rve f o r wa te r 
(b) The economic c r i t e r i o n s e l ec t ed and the re levant cons t r a in t s (public 

o r p r i va t e ownersh ip , l imi ta t ion of the inves tmen t s , e t c . ) . 
T h i s m a k e s m a r k e t s u r v e y s and a r a t h e r r e f i n e d e c o n o m i c a n a l y s i s i n d i s -
p e n s a b l e b e f o r e any d e c i s i o n i s t a k e n on the d e s a l i n a t i o n t e c h n i q u e to b e 
a d o p t e d . 
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TECHNICAL AND ECONOMIC ASPECTS 
OF THE USE OF NUCLEAR REACTORS FOR 
DESALINATION OF WATER AND ELECTRIC 

POWER GENERATION 

A. A. LOGINOV AND Yu. I. KORYAKIN 
STATE COMMITTEE ON THE UTILIZATION OF ATOMIC ENERGY, 

USSR 

INTRODUCTION 

An a s s e s s m e n t of the p o t e n t i a l s u p p l i e s of f r e s h w a t e r and t h e r a p i d 
i n c r e a s e in i t s c o n s u m p t i o n show tha t the p r o b l e m of p r o v i d i n g w a t e r f o r 
d o m e s t i c and i n d u s t r i a l u s e i s of p r i m a r y i m p o r t a n c e in a n u m b e r of 
c o u n t r i e s . 

Al though, f r o m the point of view of p o w e r r e s o u r c e s and f r e s h - w a t e r 
supp l ies , the n a t u r a l condit ions in the Soviet Union a r e , on the whole, m o r e 
f a v o u r a b l e than in a n u m b e r of o the r c o u n t r i e s , the p r o b l e m of w a t e r sup-
p l i e s i s n e v e r t h e l e s s acu te in c e r t a i n r e g i o n s . T h e a b s e n c e of a d e q u a t e 
f r e s h - w a t e r s o u r c e s h a m p e r s i n d u s t r i a l and a g r i c u l t u r a l deve lopmen t and 
the explo i ta t ion of n a t u r a l r e s o u r c e s in t h e s e r e g i o n s . The r eg ions main ly 
conce rned a r e the a r e a s west and eas t of the Casp ian Sea, C e n t r a l As ia and 
Kazakhs tan . E s t i m a t e s show that the supply of f r e s h wa te r in these reg ions 
f r o m s o u r c e s hund reds of k i l o m e t r e s away would r e q u i r e v e r y heavy capi ta l 
i nves tmen t . 

In Soviet t e r r i t o r y t h e r e a r e a l s o i n d u s t r i a l r e g i o n s , e . g . t he Done t s 
bas in , in which f o r c e d pumping of sal t wa te r f r o m mines has led to the sa l i -
nation of r i v e r s and r e s e r v o i r s , which a r e , in any c a s e , not v e r y abundant. 
The i n d u s t r i a l deve lopmen t of t h e s e r e g i o n s a l so r e q u i r e s a l a r g e amount 
of e l e c t r i c power . Thus the p rov is ion of wa t e r must not be cons ide red with-
out r e f e r e n c e to p o w e r s u p p l i e s and, c o n s e q u e n t l y , in t he c o n d i t i o n s ob-
t a in ing in t h e Sovie t Union, e q u a l i m p o r t a n c e m u s t be a t t a c h e d to f r e s h -
w a t e r and to e l e c t r i c - p o w e r p roduc t ion in cons ide r ing n u c l e a r desa l ina t ion 
p l a n t s . 

The r e s e a r c h c a r r i e d out ( see e . g . , R e f s . [1-4]) shows tha t at p r e s e n t 
f r e s h w a t e r can b e s t be suppl ied by evapo ra t i ng sa l t w a t e r . However , the 
t e c h n o l o g i c a l p r o b l e m s invo lved in the p r o d u c t i o n of f r e s h w a t e r and the 
c h o i c e of e l e c t r i c p o w e r s o u r c e s h a v e not y e t b e e n a d e q u a t e l y s t u d i e d . 

P r e l i m i n a r y t e c h n i c a l and economic s t ud i e s show that the employment 
of n u c l e a r r e a c t o r s f o r w a t e r d e s a l i n a t i o n and e l e c t r i c - p o w e r p r o d u c t i o n 
r e p r e s e n t s one of the m o r e p r o m i s i n g developments in t he i r u se . F r o m the 
t e c h n o l o g i c a l point of v iew t h e r e i s no doubt tha t n u c l e a r r e a c t o r s can be 
used as a heat s o u r c e for s imul t aneous ly producing f r e s h wa te r and e l ec t r i c 
power . The ques t ion of whe the r t h e i r appl ica t ion fo r th is p u r p o s e would be 
economic i s m u c h m o r e c o m p l i c a t e d s i n c e the pos s ib i l i t y of us ing t h e m on 
a l a r g e s c a l e wi l l depend on t h e i r e c o n o m i c c o m p e t i t i v e n e s s with con-
v e n t i o n a l h e a t s o u r c e s . T h u s the s t u d y of t h e e c o n o m i c a s p e c t of d u a l -
p u r p o s e n u c l e a r f a c i l i t i e s i s of p a r t i c u l a r i n t e r e s t at t h e p r e s e n t t i m e . 

6 0 
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G E N E R A L ASSESSMENT O F T H E C H A R A C T E R I S T I C S 
O F T H E R E A C T O R T Y P E S IN Q U E S T I O N 

It i s known tha t , wi th the i n c r e a s e in t h e c a p a c i t y of n u c l e a r p l a n t s , 
t h e i r economic c h a r a c t e r i s t i c s improve m o r e rap id ly than those of fac i l i t i es 
u s i n g o r g a n i c f u e l . T h e r e i s , g e n e r a l l y s p e a k i n g , r e a s o n to b e l i e v e t h a t , 
o t h e r t h ings be ing equa l , h i g h - c a p a c i t y n u c l e a r f a c i l i t i e s s i m u l t a n e o u s l y 
p r o d u c i n g e l e c t r i c p o w e r and f r e s h w a t e r wi l l be m o r e e c o n o m i c t h a n f a -
c i l i t i e s u s ing f o s s i l f u e l . 

The c o m p e t i t i v e n e s s of d u a l - p u r p o s e n u c l e a r p l a n t s wi l l depend, t o a 
g r e a t ex ten t , on the p a r t i c u l a r a r e a in which t h e y a r e l o c a t e d , t h e f r e s h -
w a t e r and e l e c t r i c - p o w e r r e q u i r e m e n t s and the m i n i m u m l eve l of economy 
which h a s to be o b s e r v e d . 

It i s , howeve r , v e r y i m p o r t a n t to d e t e r m i n e the g e n e r a l r e q u i r e m e n t s 
which, i r r e s p e c t i v e of the f a c t o r s mentioned, mus t be met by nuc lea r desa l i -
na t ion p l a n t s . The e v a p o r a t o r s in such p l an t s in which f r e s h w a t e r i s p r o -
duced by d i s t i l l a t i o n m a y be r e g a r d e d a s a s t a b l e c o n s u m e r of h e a t of a 
c e r t a i n po ten t i a l . It i s obvious in th i s c a s e , as with a convent iona l heat ing 
p lan t , tha t the s i m u l t a n e o u s g e n e r a t i o n of e l e c t r i c p o w e r and hea t i s m o r e 
e c o n o m i c than t h e i r p r o d u c t i o n in s e p a r a t e o p e r a t i o n s . 

The t h e r m o d y n a m i c c y c l e of a p o w e r p lant wi th a high hea t output 
e s s e n t i a l l y depends on i t s po ten t i a l and a l so on the in i t ia l p a r a m e t e r s of the 
s t e a m g e n e r a t e d . 

In n u c l e a r p l a n t s , a s in conven t iona l ones , t he g e n e r a t i o n of h igh-
t e m p e r a t u r e h i g h - p r e s s u r e s t e a m en ta i l s a spec i f i c i n c r e a s e in cap i ta l cos t . 
This i n c r e a s e is jus t i f ied , however , s ince the r e su l t an t the rmodynamic cycle 
in the f ac i l i t y i s m o r e a d v a n t a g e o u s , p e r m i t t i n g the h i g h - p o t e n t i a l e n e r g y 
to be u s e d f o r e l e c t r i c p o w e r g e n e r a t i o n , and the l o w - p o t e n t i a l hea t of the 
exhaus t s t e a m in the b a c k - p r e s s u r e t u r b i n e s f o r m e e t i n g the r e q u i r e m e n t s 
of c o n s u m e r s of hea t . 

D u a l - p u r p o s e f a c i l i t i e s a l s o e l i m i n a t e the n e e d f o r c e r t a i n e q u i p m e n t 
which is r e q u i r e d when two s e p a r a t e p lants a r e used , e . g . tu rb ine condense r s , 
l o w - p r e s s u r e r e g e n e r a t i v e h e a t e r s and c o m p o n e n t s of t h e coo l ing w a t e r 
s y s t e m . 

It should be no ted , in p a r t i c u l a r , t ha t high c a p a c i t y i s n e c e s s a r y in a 
nuc lea r faci l i ty not only to e n s u r e economic opera t ion but a lso because of the 
n a t u r e and m a g n i t u d e of t he t a s k involved , s i n c e l o w - p o t e n t i a l hea t m u s t 
be a v a i l a b l e in v e r y l a r g e a m o u n t s to m e e t p o w e r r e q u i r e m e n t s and m a k e 
good the p r e s e n t and p r o s p e c t i v e s h o r t a g e of f r e s h w a t e r . The u r g e n c y of 
the p rob lem c l ea r ly r e q u i r e s that u se should be made of m a t e r i a l s and equip-
ment which a r e a l r e a d y ava i lab le and which have been t r i e d out in p r a c t i c e , 
and of w e l l - e s t a b l i s h e d s t e a m p a r a m e t e r s and ope ra t i ona l l y -deve loped a s -
s e m b l i e s and un i t s . It i s a l so c l e a r that the m o s t p r o m i s i n g type of nuc lea r 
r e a c t o r f o r the p u r p o s e in view is one in which the c o s t of the e n e r g y p r o -
duced inc ludes a low f u e l componen t and whose unit c a p i t a l cos t d e c r e a s e s 
m o s t s h a r p l y with i n c r e a s i n g uni t t h e r m a l capac i ty . F o r such r e a c t o r s an 
i n c r e a s e in the ins ta l led capac i ty u t i l iza t ion f ac to r is pa r t i cu l a r l y impor tant , 
of c o u r s e , s ince the fue l component is not dependent on the ut i l izat ion fac to r 
and the cap i ta l component i s i n v e r s e l y p r o p o r t i o n a l to i t . The poss ib i l i ty of 
u s e of a n u c l e a r desa l ina t ion p lant with a v e r y high in s t a l l ed capac i ty u t i l i -
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za t ion f a c t o r f u n d a m e n t a l l y depends on t h e abi l i ty to s t o r e the f r e s h w a t e r 
p roduced , and th i s a l so enhances the c o m p e t i t i v e n e s s of nuc l ea r p lants with 
convent ional p l a n t s . 

Among the m o s t h igh ly -deve loped t y p e s of r e a c t o r in the Soviet Union 
a r e those of the Be loya r sk [5, 6], the Novo-Voronezh [7], and the Shevchenko 
a tomic power s ta t ions [8]. 

The only f e a t u r e common to a l l desa l ina t ion p l an t s with t h e s e r e a c t o r s 
i s the combined p roduc t ion of e l e c t r i c p o w e r sind heat with an iden t i ca l 
h e a t i n g - s t e a m potent ia l for desal t ing w a t e r . This potent ia l is de te rmined by 
the o p e r a t i n g condi t ions of the h e a t - t r a n s f e r s u r f a c e of t he d i s t i l l a t i on 
f ac i l i t y . 

The r e l a t i o n s h i p be tween the two types of p roduc t ion , i . e . e l e c t r i c 
power and f r e s h w a t e r , is an impor t an t f a c t o r in cons ide r ing d u a l - p u r p o s e 
p lan t s . At a given t e m p e r a t u r e leve l of heating s t eam used for wate r desal i -
nation, th is re la t ionship depends on the ini t ia l s t eam p a r a m e t e r s - the higher 
t h e p a r a m e t e r s , t he g r e a t e r t h e r e l a t i v e output of e l e c t r i c p o w e r . T h u s 
p lan t s us ing r e a c t o r s of the B e l o y a r s k and Shevchenko a tomic power s ta t ion 
types wil l show a cons iderab ly h igher e l ec t r i c i ty genera t ing fac tor than plants 
us ing r e a c t o r s of the Novo-Voronezh type [8]. This should be borne in mind 
when c h o o s i n g p l a n t s f o r a s p e c i f i c r e g i o n , s i n c e t h e e l e c t r i c - p o w e r and 
f r e s h - w a t e r r e q u i r e m e n t s a s we l l a s t h e i r cos t m a y v a r y c o n s i d e r a b l y f o r 
d i f f e r e n t r e g i o n s . 

T h e uni t c a p a c i t y of t he r e a c t o r i s a l s o i m p o r t a n t . The p r o b l e m in -
vo lved in i n c r e a s i n g the uni t output can be m o r e e a s i l y s o l v e d in the c a s e 
of channe l r e a c t o r s , e . g . t h o s e of the B e l o y a r s k a tomic power s ta t ion type. 

The extent and u r g e n c y of t he need fo r f r e s h w a t e r and e l e c t r i c p o w e r 
a l s o have a v e r y i m p o r t a n t b e a r i n g on t h e cho ice of r e a c t o r t ype f o r dua l -
p u r p o s e n u c l e a r p l a n t s . T h e s e f a c t o r s in e f f e c t p r e d e t e r m i n e the way in 
which t h e n u c l e a r f u e l i s u s e d . A c l o s e d f u e l c y c l e i s e s s e n t i a l f o r f a s t -
b r e e d e r r e a c t o r s , i . e . a s u b s t a n t i a l a d d i t o n a l c a p i t a l i n v e s t m e n t i s r e -
qui red fo r a plant to r e g e n e r a t e i r r a d i a t e d fuel , for fabr ica t ing fuel e lements 
f r o m r e g e n e r a t e d fue l , e t c . , not to men t ion the fac t that l e s s t echnolog ica l 
expe r i ence is avai lable r ega rd ing fas t r e a c t o r s than t h e r m a l fac i l i t i e s . How-
e v e r , when the need for w a t e r and power i s r e l a t ive ly s m a l l but when at the 
s a m e t i m e the n e e d i s an u r g e n t one, it i s b e t t e r to u s e t h e r m a l r e a c t o r s , 
not only b e c a u s e of t h e i r g r e a t e r f a m i l i a r i t y but b e c a u s e s u c h a h igh f u e l 
b u r n - u p can be achieved that the fue l need not be r e g e n e r a t e d a f t e r unloading 
f r o m t h e r e a c t o r . T h e s e c o n s i d e r a t i o n s a r e obviously v e r y i m p o r t a n t f o r 
t he deve lop ing c o u n t r i e s . 

METHODS O F DETERMINING T H E COST 
O F F R E S H WATER AND E L E C T R I C P O W E R 

T h e f a c t t h a t two t y p e s of p r o d u c t i o n t a k e p l a c e in t h e d u a l - p u r p o s e 
p lant g i v e s r i s e t o a n u m b e r of d i f f i c u l t i e s and u n c e r t a i n t i e s in a s s e s s i n g 
t h e i r e c o n o m i c i n d i c e s . In d i f f e r e n t c o u n t r i e s a n u m b e r of m e t h o d s a r e 
u s e d f o r ca l cu la t ing the cos t of e l e c t r i c p o w e r and f r e s h w a t e r . The m o s t 
widely u s e d method , fo r example , c o n s i s t s of des ignat ing (fixing) the p r i c e 
of e l e c t r i c p o w e r c o n s i d e r e d a s a b y - p r o d u c t of t h e n u c l e a r d e s a l i n a t i o n 
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p lan t [2]. If a d u a l - p u r p o s e p l an t i s i n t e g r a t e d in a h i g h - c a p a c i t y p o w e r 
s y s t e m , the cos t of e l e c t r i c p o w e r g e n e r a t e d a s a b y - p r o d u c t of t he f r e s h -
w a t e r output is b a s e d on the m i n i m u m cos t of the p o w e r p r o d u c e d f r o m the 
o t h e r s o u r c e s i n t e g r a t e d in the p o w e r s y s t e m . T h i s g i v e s t h e m i n i m u m 
a r b i t r a r i l y adopted f igure for the cost of e l ec t r i c power . If on the other hand 
the d u a l - p u r p o s e n u c e l a r p l an t i s e r e c t e d in a r e g i o n w h e r e t h e r e i s no p o w e r 
s y s t e m o r no p o w e r s t a t i o n s at a l l , t h e c o s t of e l e c t r i c p o w e r p r o d u c e d by the 
d u a l - p u r p o s e p lant m a y be b a s e d on f a c t o r s i n h e r e n t in the e c o n o m i c s i t ua t i on . 
Th is g ives the m a x i m u m a r b i t r a r i l y adopted f igure fo r the cost of e l e c t r i c power . 

When s u c h a m e t h o d of c a l c u l a t i o n i s u s e d , t h e c o s t of f r e s h w a t e r i s 
b a s e d on the annual cos t of opera t ing a d u a l - p u r p o s e plant minus the income 
der ived f r o m the s a l e of e l e c t r i c power at the a r b i t r a r i l y f ixed p r i c e . 

Howeve r , in the condi t ions obta in ing in the Soviet Union, the f ac t t ha t , 
the two types of p roduc t y ie lded by d u a l - p u r p o s e n u c l e a r p l an t s a r e equal ly 
i m p o r t a n t f r o m the n a t i o n a l e c o n o m i c poin t of v i ew c a l l s f o r t h e adop t ion 
of a m e t h o d of c a l c u l a t i n g the e c o n o m i c i n d i c e s of s u c h p l a n t s wh ich w i l l 
m a k e it p o s s i b l e to d e t e r m i n e s e p a r a t e l y , and with su f f i c ien t a c c u r a c y , the 
cos t of p roduc ing e l e c t r i c power and of p roduc ing f r e s h w a t e r , and t h e r e b y 
to d e t e r m i n e t h e i r p r i m e cos t . To m e e t th i s r e q u i r e m e n t , the method used 
is as fo l lows. 

In g e n e r a l , the annual p roduc t ion c o s t s at a d u a l - p u r p o s e nuc lea r plant 
cons i s t of the cos t of p roduc ing f r e s h wa t e r (Sf.w.) and e l e c t r i c power (Sei. ) 

With a g iven t h e r m a l c a p a c i t y (and p a r a m e t e r s ) of a n u c l e a r r e a c t o r 
ope ra t ing at a d u a l - p u r p o s e p lant , the e l e c t r i c capac i ty wi l l a lways be l e s s 
t h a n when the r e a c t o r o p e r a t e s at an a t o m i c p o w e r s t a t i o n employ ing con-
d e n s e r s . Th i s is due to the fac t that the p roduc t ion of f r e s h w a t e r r e q u i r e s 
heat ing s t e a m of a po ten t ia l which could have been u s e d in a condensing t u r -
b i n e . T h u s t h e c o s t pi p r o d u c i n g f r e s h w a t e r c a n b e d e f i n e d a s t h e t o t a l 
cos t of providing the ac tua l evapora t ing component of the faci l i ty (Se c ) and 
the heat ing s t e a m (St,.s. ): 

The cos t of p roduc ing the evapo ra t i ng component of the plant (Se .c. ) i s 
d e t e r m i n e d by a m o r t i z a t i o n p a y m e n t s on c a p i t a l i n v e s t m e n t s f o r in s t a l l ing 
t h i s componen t , m a i n t e n a n c e c o s t s , w a g e s , e t c . 

T h e annua l cos t of p r o d u c i n g hea t ing s t e a m can be def ined a s the d i f -
f e r e n c e be tween the cos t of p roduc ing e l e c t r i c p o w e r alone at a condens ing 
a t o m i c p o w e r s t a t i on and i t s cos t (with the s a m e p r i m e cos t l eve l ) when it 
i s p r o d u c e d in d u a l - p u r p o s e p l a n t s . 

s = S f . w . + S e l . ; ( roub. / y r ) ( 1 ) 

Sf.w. ~ Sh.s. + S e c (2) 

Sh . s . = P C e ( W k - W p ) ; (3) 

where PC e = p r i m e cos t , in kopecks /kWh, of e l e c t r i c power when the r e a c -
to r concerned is operat ing at a condensing atomic power station; Wk = output, 
in kWh/yr , of e l e c t r i c power at a condensing a tomic power s tat ion; and Wp = 
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p r o d u c t i o n , in k W h / y r , of e l e c t r i c p o w e r when t h e r e a c t o r c o n c e r n e d i s 
o p e r a t i n g at a d u a l - p u r p o s e p l a n t . 

T h u s the annua l p r o d u c t i o n c o s t s at a d u a l - p u r p o s e n u c l e a r p lant a r e 
• exp res sed a s f o l l ows : 

S = S e . c . + S h . , . + P C e Wp (4) 

The a i m i s to ca l cu l a t e the annua l p roduc t ion cos t (and, consequen t ly , 
the p r i m e cos t ) of f r e s h w a t e r - exc luding the cos t of hea t - and of hea t ing 
s t e a m at a given p r i m e cost of e l e c t r i c power , which is the s a m e both.for a 
condensing a tomic power s ta t ion and a dua l -purpose plant . Str ic t ly speaking, 
the l a t t e r i s t r u e p rov ided the t r a n s i t i o n f r o m the condensing a tomic power 
s t a t i o n to the d u a l - p u r p o s e p lant does not involve the e x c l u s i o n of c e r t a i n 
equ ipmen t which f o r m s a p a r t of the condens ing s t a t i on only. Thus , when 
calcula t ing the p r i m e cost of e l ec t r i c power produced in a dual -purpose plant, 
s o m e c o r r e c t i o n m u s t be m a d e to t a k e account of t he r e d u c t i o n in the cos t 
of g e n e r a t i n g p o w e r r e s u l t i n g f r o m the exc lu s ion of c e r t a i n equ ipmen t 
( t u rb ine condense r s , r egene ra t i ve h e a t e r s , condenser cooling sys t em, e tc . ) . 
E s t i m a t e s show-that a s m a l l c o r r e c t i o n (3-5%) is suf f ic ient . 

ANALYSIS OF THE PRIME COST O F FRESH 
WATER AND ELECTRIC POWER 

Cost of fresh water, excluding cost of heating steam 

Of the m a n y ex is t ing m e t h o d s of desa l ina t ion it was decided to t ake the 
d is t i l l a t ion method a s the object of a t echn ica l and economic ana lys i s , s ince 
it i s t he one on which m o s t t e c h n i c a l da ta a r e now ava i lab le and it s a t i s f i e s 
f r e s h - w a t e r r e q u i r e m e n t s m o s t e f f ec t ive ly . 

Both f r o m the point of view of opera t ing t e m p e r a t u r e s and an inc rease in 
output, it is advisable to u se mul t ip l e -e f f ec t evapora to r s with forced c i rcu la-
t ion in d u a l - p u r p o s e n u c l e a r p l an t s . The h e a t - t r a n s f e r coef f ic ien t can then 
be i n c r e a s e d t h r e e to four t i m e s over the na tu ra l l eve l and the h e a t - t r a n s f e r 
s u r f a c e of the e v a p o r a t o r s can t h e r e f o r e be r educed ; if, on the o the r hand, 
t h e h e a t - t r a n s f e r s u r f a c e i s kept c o n s t a n t , the output of e a c h e v a p o r a t o r 
un i t c a n be i n c r e a s e d . 

T h e q u e s t i o n of w h e t h e r an e v a p o r a t o r p lan t i s e c o n o m i c o r not a l s o 
depends to a g r e a t extent on the sa l t condi t ions of i t s ope ra t ion . At p r e s e n t 
the p e r m i s s i b l e d e g r e e of sa l in i ty of w a t e r f o r evapora t ion m u s t not exceed 
120 k g / t . In the Caspian Sea, fo r example , the average sal ini ty of the water 
out at s e a i s 13 k g / t (near the s h o r e it i s somewha t l e s s ) , the m a i n compo-
nent be ing NaCl . 

The sal t content of s t e a m and, hence, of the condensate of desal ted water 
i s d e t e r m i n e d only by t h e m e c h a n i c a l r e m o v a l of m o i s t u r e , s i n c e t h e 
r e m o v a l of s a l t s t h r o u g h t h e i r so lub i l i ty in s t e a m beg ins to have a m a r k e d 
e f f e c t only at high p r e s s u r e s [9]. 

Thus the m a x i m u m m o i s t u r e l eve l in s t e a m f r o m desa l t ed wa t e r can be 
d e t e r m i n e d f r o m t h e s t a n d a r d s p e c i f i c a t i o n s f o r d r y r e s i d u e s in d r ink ing 
w a t e r (unde r Sovie t s t a n d a r d s - GOST 2 7 6 1 - 4 4 - d r i n k i n g w a t e r m a y not 
h a v e a d r y r e s i d u e e x c e e d i n g 1000 m g / k g ) . 
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When feed w a t e r is suppl ied to the e v a p o r a t o r the m a x i m u m m o i s t u r e 
content of the s t eam is 0.8% in accordance with the specif icat ion for the pe r -
m i s s i b l e c o n c e n t r a t i o n of b r i n e , i . e . 120 k g / t . T h e m a x i m u m m o i s t u r e 
content m a y be i n c r e a s e d when the s t e a m is washed by the feed w a t e r , and 
in th i s ca se it amounts to about 8%. Specia l s t e a m drying agents m a y then 
be d i spensed with, the void content m a y be r e d u c e d , and the s i ze and cos t 
of the e v a p o r a t o r m a y t h e r e f o r e a l so be r e d u c e d . 

T h e uni t cos t of hea t r e q u i r e d to p r o d u c e 1 kg of f r e s h w a t e r c a n be 
r educed by r egene ra t i ve heating of the wa te r fed into the e v a p o r a t o r s . The 
amount of equipment r e q u i r e d i s then i n c r e a s e d b y the number of r egene ra t i ve 
h e a t e r s involved, but the unit cost of heat is cons iderab ly reduced . In th is 
p a p e r we have t h e r e f o r e ana lysed the e f fec t of the b a s i c f a c t o r s connec ted 
with a desa l ina t ion plant as such on the p r i m e cost of the f r e s h w a t e r . To 
a s c e r t a i n the deve lopments and condit ions r e q u i r e d to' obtain the m i n i m u m 
p r i m e cos t of f r e s h w a t e r , we a s s u m e d a c o n s i d e r a b l y g r e a t e r r a n g e of 
v a r i a t i o n in s o m e of t h e s e f a c t o r s than i s ob ta inab le at p r e s e n t . 

In g e n e r a l the unit cos t of f r e s h w a t e r , excluding the cos t of hea t ing 
s t e a m , i s b a s e d on t h e s u m of the fol lowing c o m p o n e n t s : 

C°f.w. =ca+m+ce + c,.w. + cw+c0.e.: 
kopecks 

(5) 

w h e r e M = annua l p r o d u c t i o n of f r e s h w a t e r , in t / y r ; C a + m = componen t 
r ep re sen t ing amor t i za t ion and maintenance; C e .= cost of the e l ec t r i c power 
r e q u i r e d to opera te the desal ina t ion component of the plant ; Cs. w. = cost of 
p repa r ing sal t water for desalination; Cw = wages of staff; and C0 . e . = other 
expenditure. 

The unit cost of f r e s h water (C°f.w.) depends, of course , on the assumed 
and p e r m i s s i b l e c h a r a c t e r i s t i c s of the p lan t : hea t ing s t e a m t e m p e r a t u r e 
(Tio). t e m p e r a t u r e drop p e r s tage ( ATs t) and the number of s t ages of eva-
pora t ion (nSt). Thus, calculat ion of the С°f.w. component taking account of 
the var ia t ion in the bas i c f a c t o r s affecting i ts value 

Cf.„. = f (Tso, AT s t ; 
kopecks j ( 6 ) 

was c a r r i e d out fo r va r i a t i ons in T s o ranging f r o m 40 to 250°C, va r i a t i ons 
in ATs t ranging f r o m 10 to 35°C and var ia t ions in nst ranging f r o m 1 to 15, 
and was b a s e d on the a s sumpt ion that the Ca+m value was d i r ec t l y p r o p o r t i o n a l 
to the hea t -exchange s u r f a c e throughout the desal inat ion plant (evapora tors , 
r e g e n e r a t o r s , condensers , etc) and that the remaining ca tegor ies of expendi-
t u r e p e r ton of f r e s h wa te r p roduced r e m a i n e d cons tan t fo r a desa l ina t ion 
plant with a given f r e s h - w a t e r output. 

F igu re 1 shows the dependence of the cost of f r e s h water (excluding the 
cos t of heat ) on the s a tu r a t i on t e m p e r a t u r e of the heat ing s t e a m (Tso ) fo r 
v a r i o u s n u m b e r s of s t ages (ns t) in the desal ina t ion faci l i ty and fo r va r i ous 
va lues of t e m p e r a t u r e drop p e r s tage (ATst). 

The g r a p h s show that , as the n s t and ATst va lues i n c r e a s e , the C°f.w. 
va lues t end toward sa tu ra t ion . 
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FIG. 1. Effect of heating-steam temperature on prime cost of fresh water excluding cost of heat 

Cost of heating steam 

In a c c o r d a n c e with f o r m u l a (3) t h e cos t of p roduc ing hea t ing s t e a m was 
d e t e r m i n e d on t h e b a s i s of t h e c o s t of e l e c t r i c p o w e r f o r t h r e e t y p e s of r e -
a c t o r ( those u s e d in the B e l o y a r s k , N o v o - V o r o n e z h and Shevchenko a t o m i c 
p o w e r s t a t i o n s ) w i th an i n s t a l l e d c a p a c i t y u t i l i z a t i o n f a c t o r of 0.8. 

U s i n g t h e d a t a g i v e n i n R e f . [10], t h e c o s t ( k o p e c k s / k W h ) of e l e c t r i c 
p o w e r f o r c o n d e n s i n g a t o m i c p o w e r s t a t i o n s w i t h c a p a c i t i e s in t h e r a n g e 
1 0 0 - 1 0 0 0 MW c a n b e a p p r o x i m a t e d b y t h e e x p r e s s i o n : 

C e = 0.457 + 3.8 exp ( -0 .916X10" 2 N e ) (7) 

f o r t h e B e l o y a r s k and N o v o - V o r o n e z h a t o m i c p o w e r s t a t i o n s ; and 

C e = 1073 Ne"1'272 ; (8) 

f o r t he Shevchenko a tomic p o w e r s ta t ion , w h e r e N e = e l e c t r i c p o w e r , in MW. 
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An analys is of the cost of heating s t e a m : 

'h . s . 
_ S h . s . 

Q h 

roub . 
ca l (9) 

w h e r e Q h = quan t i ty of h e a t u s e d f o r d e s a l i n a t i o n , w a s c a r r i e d out a s a 
funct ion of the t h e r m a l capac i ty of a r e a c t o r of the type in ques t ion at 
v a r i o u s h e a t i n g - s t e a m s a t u r a t i o n t e m p e r a t u r e s , n a m e l y , 80-200°C f o r the 
B e l o y a r s k and Shevchenko r e a c t o r s arid 80-140°C f o r t he N o v o - V o r o n e z h 
r e a c t o r s , wi th i n i t i a l s t e a m p a r a m e t e r s of 240 a t m a b s and 53 5°C in t h e 
f i r s t c a s e , and 20 a t m a b s and 230°C in t h e s e c o n d . 

However , bea r ing in mind that at p r e s e n t the p e r m i s s i b l e t e m p e r a t u r e s 
of d e s a l i n a t e d w a t e r ( f r o m t h e poin t of v iew of s a l t depos i t i on ) a r e in t h e 
r a n g e of about 110-120°C, the r e s u l t s of c a l cu l a t i ons fo r hea t ing- s t e a m 
t e m p e r a t u r e s of 130°C a r e g iven h e r e . F o r t h e s e c o n d i t i o n s F i g . 2 g i v e s 
the cos t of heat ing s t e a m (C^ s ) as a funct ion of the t h e r m a l capac i ty of the 
r e a c t o r s in ques t ion u s e d in d u a l - p u r p o s e p l a n t s , and F i g . 3 shows t h e 
e l ec t r i c capaci ty (Ne) and the output of heat (Qh) fo r desal inat ion as a function 
of the t h e r m a l capaci ty of the s ame types of r e a c t o r . 
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T H E R M A L C A P A C I T Y O F REACTOR (MW) 

FIG. 2. Effect of reactor thermal capacity on cost of heat generated 
1. Reactor of type used at Novo-Voronezh atomic power station 
2. Reactor of type used at Shevchenko atomic power station 
3. Reactor of type used at Beloyarsk atomic power station 

Totsd cost of fresh water 

The t o t a l c o s t of f r e s h w a t e r p r o d u c e d in a d u a l - p u r p o s e p l an t i s de -
t e r m i n e d by the e x p r e s s i o n : 

1 - . 
-i.v. * c 

f .w. + c h . , x q ; 
kopecks 

( 1 0 ) 

w h e r e q = the spec i f i c heat r a t e r e q u i r e d to p r o d u c e one ton of f r e s h w a t e r : 
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THERMAL CAPACITY OF REACTOR (MW) . 

FIG. 3. Electric capacity of plant and output of heat to produce fresh water with varying thermal capacity 
' of the reactor 
1. Output of heat for reactor of type used at Novo-Voronezh atomic power station 
2. Output of heat for reactors of type used at.Shevchenko and Beloyarsk atomic power stations 
3. Electric capacity of plant for reactors of type used at Shevchenko and Beloyarsk atomic power stations 
4. Electric capacity of plant for reactor of type used at Novo-Voronezh atomic power station 

F i g u r e 4 s h o w s the dependence of t he v a l u e of q on the h e a t i n g - s t e a m 
sa tu ra t i on t e m p e r a t u r e (Tso) fo r va r i ous n u m b e r s of desalination plant s tages 
and va r i ous va lues of the t e m p e r a t u r e drop p e r s tage . 

T h u s we can p lo t , f o r the condi t ions p o s t u l a t e d , the dependence of t he 
t o t a l c o s t of f r e s h w a t e r on the n u m b e r of s t a g e s in t h e e v a p o r a t i n g p lan t 
f o r t h e t y p e s of r e a c t o r in q u e s t i o n at v a r i o u s v a l u e s of t he un i t t h e r m a l 
c a p a c i t y of t h e r e a c t o r ( Q p ) . T h i s d e p e n d e n c e i s s h o w n i n F i g . 5 - 7 . 

T h e f i g u r e s show t h a t , when t h e t h e r m a l c a p a c i t y of a r e a c t o r i s 
cons tan t , t h e r e is a m i n i m u m f r e s h - w a t e r cos t dependent on the n u m b e r of 
s t a g e s and t ha t , f o r l a r g e r t h e r m a l c a p a c i t y v a l u e s , t h i s c o r r e s p o n d s to a 
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HEATING-STEAM TEMPERATURE ' ("С ) 

FIG. 4. Unit cost of heat for producing fresh water as a function of heating-steam temperature 

FIG. 5. Effect of number of stages on cost of fresh water at various thermal capacities of reactor of type 
used at Novo-Voronezh atomic power station 
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FIG. 6. Effect of number of stages on cost of fresh water at various thermal capacities of reactor of type 
used at Beloyarsk atomic power station 
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FIG. 7. Effect of number of stages on cost of fresh water at various thermal capacities of reactor of type 
used at Shevchenko atomic power station 

lower n u m b e r of s t a g e s . Th is i s explained by the fact that in Eq. (10), when 
the t h e r m a l c apac i t y i s f ixed , an i n c r e a s e in the n u m b e r of s t a g e s l e a d s t o 
ah i n c r e a s e in the va lue of C°f w and a r e d u c t i o n in the va lue of q. In the 
descend ing p a r t of the c u r v e (Q^ = cons t . ) the d e c r e a s e in the va lue of q i s 
m o r e r a p i d than t h e d e c r e a s e .in tha t of C°f .w . , whi le in the a scend ing p a r t 
t h e r e v e r s e i s t h e c a s e , 
c o r r e s p o n d i n g to e a c h n s t 

In add i t ion , t h e r e 
v a l u e ( s e e F i g . 4). 

i s a s p e c i f i c AT s t v a l u e 

Technical and economic characteristics of plants 

Using t h e p r o c e d u r e d e s c r i b e d in t h i s p a p e r , we h a v e c a l c u l a t e d t h e 
t e c h n i c a l and e c o n o m i c c h a r a c t e r i s t i c s of d u a l - p u r p o s e p l a n t s at v a r i o u s 
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TABLE I 

T E C H N I C A L AND E C O N O M I C D A T A ON N U C L E A R D U A L - P U R P O S E 
P L A N T S USING D I F F E R E N T T Y P E S O F R E A C T O R 

Type 
of 

reactor 

Thermal capacity 
of reactor 

(MW) 

Electric 
capacity 

(MW) 

Fresh-water 
. production 

(t/h) (t /d) 

Cost of 
electric power 
(kopecks/kWh) 

Cost of 
fresh, water 
(kopecks/t) 

г 

B
el

oy
ar

sk
 

at
om

ic
 p

ow
er

 s
ta

ti
on

 

250 

500 

1000 

2 000 

75 

150 

300 

600 

2320 55 600 

4170 100 000 

7 310 175 500 

14620 352 000 

1.64 

0.92 

0.51 

0.45 

29.6 

i 9 . 8 

14.4 

14.1 

N
ov

o-
V

or
on

ez
h 

at
om

ic
 p

ow
er

 s
ta

ti
on

 

250 

500 

1000 

2000 

40 

80 

160 

320 

2 810 67 500 

5 620 135 000 

8 850 212000 

17 700 425 000 

2.5 

1.49 

0.74 

0.48 

42.2 

28.9 

18.7 

15.4 

Sh
ev

ch
en

ko
 

at
om

ic
 p

ow
er

 s
ta

ti
on

 250 

500 

1000 

2000 

75 

150 

300 

600 

2320 55 600 

4640 111000 

7 310 175 500 

12 600 302 000 

2.1 

1.09 

0.45 

0.30 

47.0 

26.4 

16.4 

11.0 

t h e r m a l c a p a c i t i e s of the r e a c t o r types in ques t ion . The r e s u l t s of the ca l -
cu la t ions a r e g iven in T a b l e I. It shou ld be b o r n e in m i n d tha t t h e s e da t a 
a r e va l id only f o r t he in i t i a l cond i t ions p o s t u l a t e d and on the a s s u m p t i o n s 
m e n t i o n e d above . 

The cos t of e l e c t r i c power f r o m condens ing a tomic power s t a t i o n s ha s 
a s u b s t a n t i a l i n f l u e n c e on t h e t e c h n i c a l and e c o n o m i c c h a r a c t e r i s t i c s of 
nuc lea r desal inat ion p lan ts . The data on the cost of e lec t r i c power genera ted 
by the r e a c t o r s c o n s i d e r e d in t h i s p a p e r , g iven in Ref . [10] a n d u s e d by u s 
to c a l c u l a t e p r o d u c t i o n c o s t s in d u a l - p u r p o s e p l a n t s , r e f l e c t t h e l e v e l of 
r e a c t o r t e chno logy a t t a i n e d by 1964 and t h e e f f i c i e n c y wi th which n u c l e a r 
fue l i s u s e d in the a t o m i c p o w e r s t a t i on p r o j e c t s now being c a r r i e d out . It 
i s obvious tha t l a r g e - s c a l e m a n u f a c t u r e of a tomic power s t a t ion equipment , 
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f u r t h e r i m p r o v e m e n t in r e a c t o r technology, h ighe r b u r n - u p of n u c l e a r fue l 
and a n u m b e r of o t h e r a d v a n c e s should l e a d to a s u b s t a n t i a l i m p r o v e m e n t 
in t h e e c o n o m i c c h a r a c t e r i s t i c s of both condens ing a t o m i c p o w e r s t a t i o n s 
and dua l -pu rpose p lan ts . The economic data given in Table I mus t t h e r e f o r e 
be c o n s i d e r e d a s conse rva t i ve , but at the s a m e t i m e as enabling u s to make 
an in i t ia l a s s e s s m e n t of the t e c h n i c a l and economic c h a r a c t e r i s t i c s of dual-
p u r p o s e p l an t s . 

T h e d a t a a v a i l a b l e on the c o s t of p r o d u c i n g e l e c t r i c p o w e r ^and f r e s h 
w a t e r in p l a n t s u s i n g v a r i o u s r e a c t o r t y p e s do not , a s i s w e l l known, ye t 
enable us to a s s e s s the e f f ic iency and re la t ive compet i t iveness of such plants 
f r o m the na t iona l economic point of v iew. The c r i t e r i o n appl ied in making 
s u c h a c o m p a r i s o n , in l ine with the m e t h o d s u s e d in the Soviet Union [11], 
i s r e p r e s e n t e d by a mul t ip l e f a c t o r , v iz . t he c a l c u l a t e d cos t , which can be 
se t out a s fo l lows fo r d u a l - p u r p o s e n u c l e a r p l a n t s : 

C = Sf.w. + Sei. + ( K a + K e . c . ) X P ; 

w h e r e K a = cap i t a l i n v e s t m e n t in a n u c l e a r plant gene ra t i ng e l e c t r i c power 
and hea t f o r de sa l t i ng w a t e r ; K e c = c a p i t a l i n v e s t m e n t in the e v a p o r a t i n g 
c o m p o n e n t of t he p lan t ; and P = the s t a n d a r d c o e f f i c i e n t of c a p i t a l i n v e s t -
m e n t e f f i c i e n c y (P = 0.125). 

In addi t ion to the cos t of the ma in ins ta l l a t ion (in t h i s c a s e a dual-
p u r p o s e n u c l e a r plant) , cap i ta l inves tment m u s t cover the cost of assoc ia ted 
o p e r a t i o n s , e . g . t he f u e l cyc l ing r e q u i r e d in the c a s e of n u c l e a r p o w e r . 

In d e t e r m i n i n g the e f f i c i e n c y of d u a l - p u r p o s e n u c l e a r p l a n t s f r o m the 
na t iona l economic point of view by m e a n s of the ca lcu la ted cos t method, the 
p l a n t s m u s t of c o u r s e be c o m p a r e d with o t h e r , conven t iona l , hea t and 
e l e c t r i c - p o w e r s o u r c e s ava i l ab le with a v iew to a s c e r t a i n i n g the m i n i m u m 
economic r e q u i r e m e n t s in the c a s e of n u c l e a r p lan t s . In doing so , the sca le 
of t he w a t e r and p o w e r supp ly and the r e l e v a n t cond i t i ons in a p a r t i c u l a r 
r e g i o n m u s t be c o n s i d e r e d in the a g g r e g a t e and c o - o r d i n a t e d with the 
p lann ing and l o n g - t e r m d e v e l o p m e n t of t he e c o n o m y in t h a t r e g i o n . Such 
m a t t e r s a r e , h o w e v e r , o u t s i d e t h e s c o p e of t h i s p a p e r . 

roub . 
y r ( И ) 
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I N T R O D U C T I O N 

T h e e c o n o m i c s of w a t e r s u p p l y t h r o u g h o u t t h e w o r l d a r e a f f e c t e d by 
m a n y f a c t o r s o t h e r t h a n s t r i c t l y t e c h n i c a l o n e s . D e s a l i n a t i o n , a s a r e l a -
t i v e l y new m e a n s of w a t e r s u p p l y , m u s t f ind i t s a p p l i c a t i o n w h e r e i t i s e c o -
n o m i c a l l y s u p e r i o r to o t h e r m e t h o d s . T h u s , i t h a s g rown up in an e n v i r o n -
m e n t of h a r s h t e c h n i c a l and e c o n o m i c a p p r a i s a l . Now that d e v e l o p m e n t ha s 
r e a c h e d the s t a g e w h e r e m a j o r i n c r e m e n t s of w a t e r supp ly by d e s a l i n a t i o n 
can be r e a l i s t i c a l l y c o n s i d e r e d , m a n y a t t e m p t s to c o m p a r e d e s a l t i n g p l an t s 
wi th conven t i ona l a l t e r n a t e s a r e be ing m a d e . What we f ind i s the fol lowing: 

(1) The p r i c e of w a t e r i s not the s a m e a s i t s c o s t . W a t e r u se i s heavi ly 
s u b s i d i z e d in s o m e a r e a s , e x c e s s i v e l y taxed in o t h e r s . Some supp l i e s a r i s e 
f r o m c o m p l e x s y s t e m s in which d i f f e r e n t s o u r c e s with widely d i f f e r e n t cos t s 
a r e c o m b i n e d . D i f f e r e n t u s e r s of the s a m e supply of ten pay d i f f e r e n t p r i c e s . 
In m a n y c a s e s in the USA, the t r u e c o s t of t he w a t e r i s v e r y d i f f i c u l t 
to d e t e r m i n e . 

(2) T h e i m p o r t a n t f a c t o r i s no t c u r r e n t c o s t ; r a t h e r i t i s t h e c o s t of 
t he n e x t ad d i t i o n to the s u p p l y . T h i s would s e e m t o be s e l f - e v i d e n t , but i t 
i s o v e r l o o k e d in m a n y d i s c u s s i o n s . C o n v e n t i o n a l m e t h o d s and d e s a l i n a t i o n 
shou ld be c o m p a r e d in e a c h s i t u a t i o n on the s a m e b a s i s — tha t of adding a 
g iven c a p a c i t y to a g iven s y s t e m . 

(3) The a n a l y s i s of cos t m u s t inc lude l o n g - r a n g e f a c t o r s . A s p e c t s such 
a s d e p l e t i o n of u n d e r g r o u n d r e s e r v e s , a v a i l a b i l i t y of f u e l , r a t e of g r o w t h 
of w a t e r m a r k e t , and e x p e c t e d i m p r o v e m e n t s in t echno logy m u s t be included 
in a va l id s t u d y . F o r e x a m p l e , m a j o r w a t e r d i v e r s i o n p r o j e c t s ( d a m s , 
c a n a l s , e t c . ) m u s t u s u a l l y be p lanned to a n t i c i p a t e n e e d s m a n y y e a r s in the 
f u t u r e , and the c o s t of t h i s e x c e s s c a p a c i t y h a s t o be t a k e n in to a c c o u n t in 
c o m p a r i s o n s wi th w a t e r m i n i n g o r d e s a l i n a t i o n p l a n t s . 

(4) The qual i ty of the w a t e r i s i m p o r t a n t . Of ten , s e m i s a l i n e r i v e r w a t e r 
i s c o n s i d e r e d equ iva l en t to d i s t i l l e d w a t e r , and ye t the e c o n o m i c v a l u e s a r e 
not the s a m e . A l s o , t he qua l i t y of the w a t e r i s i m p o r t a n t in c o m p a r i n g a l -
t e r n a t e m e a n s of d e s a l i n a t i o n . 

(5) T h e s i z e of t h e u n d e r t a k i n g a f f e c t s t h e w e i g h t of t he f a c t o r s . To 
s o l v e a t e m p o r a r y o r h igh ly l o c a l w a t e r p r o b l e m , e m p h a s i s i s n e e d e d on 
s h o r t - r a n g e c o s t and c u r r e n t t e c h n o l o g y , whi le a c o m m i t m e n t f o r a l a r g e r 
r e g i o n a l s u p p l y s y s t e m m u s t a n t i c i p a t e g r o w t h , d e p l e t i o n , and t e c h n i c a l 
a d v a n c e s . 

* Research sponsored by the US Atomic Energy Commission under contract with the Union Carbide 
Corporation. 
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Al l t h e s e f a c t o r s a r e d i f f i cu l t enough to e v a l u a t e in s tudying a l t e r n a t e 
w a t e r supp ly m e t h o d s , but the p r o b l e m i s compounded by the p r o s p e c t of 
d u a l - p u r p o s e p l a n t s i . The e c o n o m i c a n a l y s i s of s u c h p l a n t s i s c o m p l e x . 
In addit ion to al l the f a c t o r s ment ioned above, ano ther se t r e l a t ing to power 
mus t be reckoned with. Then the re i s a se t of c r o s s - p r o d u c t s , as the mathe-
mat i c i ans cal l them, in which a change in the wa te r p a r a m e t e r s has an effect 
in the p o w e r s y s t e m and v i ce v e r s a . One US execu t ive , v iewing th i s , p r o -
posed that we should not build d u a l - p u r p o s e p lants because they would cause 
too m u c h t roub l e with the bookkeeping. . 

We do not be l i eve i t wi l l be n e c e s s a r y to f o r e g o the r e a l advan tage of 
dua l -pu rpose p lan t s , and we a r e p resen t ing in this pape r some of the methods 
we a r e developing at Oak Ridge to dea l with the p r o b l e m s of op t imiz ing and 
eva lua t ing d u a l - p u r p o s e p l a n t s . The context f o r m o s t of the work has been 
the use of n u c l e a r r e a c t o r s as heat s o u r c e s and l a r g e r egene ra t i ve evapora -
t o r s fo r s e a - w a t e r d is t i l l a t ion , but the s a m e p r inc ip les would apply for other 
s i tua t ions . 

THE DUAL-PLANT PRODUCT RATIO 

The dual plant p roduces two p roduc t s in s e r i e s , power and w a t e r , f r o m 
a s i ng l e s o u r c e of h e a t . The p r o d u c t s a r e not n e c e s s a r i l y c o n s u m e d by a 
s ing le m a r k e t , and thus i t i s n e c e s s a r y in the des ign to c o n s i d e r what p rod -
uc t r a t i o can be m a r k e t e d and how the c o s t of the two p r o d u c t s i s a f f e c t e d 
by v a r y i n g the p r o d u c t r a t i o . 

The produc t r a t i o m a y be given the symbol и and be defined as the wa te r 
output c a p a c i t y in m i l l i o n - U S - g a l l o n - p e r - d a y (Mgd) i n c r e m e n t s d ivided by 
the p o w e r capab i l i t y in m i l l i o n - w a t t i n c r e m e n t s . T h u s , 

Mgd 
W MW(e) 

It i s a conven ien t de f in i t i on , which wi l l n o r m a l l y have a va lue be tween 0. 1 
and 1. H o w e v e r , i t s v a l u e m a y v a r y b e t w e e n 0 and oo f o r p o w e r - o n l y and 
w a t e r - o n l y p l a n t s , r e s p e c t i v e l y . F o r a g iven quant i ty of hea t p roduced by 
the s t e a m g e n e r a t o r , the p o w e r output i s d e t e r m i n e d p r i m a r i l y by the inle t 
and ou t le t t e m p e r a t u r e s of the t u r b i n e , and the w a t e r output i s d e t e r m i n e d 
by the a m o u n t of h e a t t r a n s f e r s u r f a c e u s e d and the s u p p l y and d i s c h a r g e 
t e m p e r a t u r e s of t he h e a t . T h u s , со i s n o r m a l l y l i m i t e d to r e l a t i v e l y low 
va lues (< 0 .5 ) by the s t e a m condi t ions at the turb ine th ro t t l e and by the max i -
m u m br ine t e m p e r a t u r e the e v a p o r a t o r can accep t . 2 

'There are, of course, situations where water-only plants are required, and their development is 
included in the US programme. Our studies at Oak Ridge have shown that while there are prospects for 
reducing the penalty for a water-only plant, the dual-purpose system wil l produce cheaper water where-
ever power can be marketed equitably. 

2 Temperatures in excess of 250°F create scale formation and corrosion problems in present-day 
equipment that cance l the benefits of a higher temperature. 
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EXHAUST STEAM EVAPORATOR 

FIG. 1. Multiple process desalination plant 

When the m e c h a n i c a l ou tpu t of t he s t e a m c y c l e e x c e e d s the n e e d f o r 
p o w e r , и can be i n c r e a s e d by u s ing the e x c e s s w o r k i n t e r n a l l y in a second 
w a t e r - p r o d u c i n g p r o c e s s . An e x a m p l e of such a m u l t i p l e - p r o c e s s plant i s 
shown s c h e m a t i c a l l y in F i g . 1. P r i m e s t e a m is expanded in a t u r b i n e , and 
the t u r b i n e e x h a u s t s t e a m i s u s e d in the n o r m a l way as an e v a p o r a t o r heat 
s o u r c e . The tu rb ine sha f t e n e r g y not needed f o r e l e c t r i c i t y i s used to dr ive 
a vapour c o m p r e s s o r . The c o m p r e s s o r s e r v e s as a heat pump and suppl ies 
e n e r g y to a second e v a p o r a t o r f o r the product ion of m o r e w a t e r . S imi la r ly , 
the m e c h a n i c a l output could be u s e d to o p e r a t e f r e e z i n g , r e v e r s e o s m o s i s , 
o r e l e c t r o d i a l y s i s p r o c e s s e s . 

Re tu rn ing now to the d u a l - p r o d u c t s y s t e m , l e t us s e e how i t s economic 
behav iour can be ana lysed and i t s des ign op t imized . 

A N A L Y T I C A L P R O C E D U R E 

A n a l y s i s of a l l the p o s s i b l e c o m b i n a t i o n s of p r o c e s s e s and v a r i a t i o n s 
within a given p r o c e s s can be a v e r y complex p r o b l e m . It i s f requent ly u se -
fu l to ana lyse the e f f ec t s of a few i m p o r t a n t p a r a m e t e r s in a v e r y s impl i f ied 
f a sh ion to ga in ins igh t into how the s y s t e m should r e s p o n d . Then , when the 
behaviour of the cont ro l l ing v a r i a b l e s i s unders tood , the l e s s impor tan t con-
s i d e r a t i o n s m a y be inc luded in a m o r e c o m p l e t e s t a t e m e n t of the r e l a t i o n -
s h i p . F o r the d u a l - p u r p o s e p lan t , a p r i n c i p a l c o m p l i c a t i o n i s the f ac t tha t 
the c o s t s of p roduc t ion m u s t be a r b i t r a r i l y d i s t r ibu ted between two products 
in a cons i s t en t f a sh ion . A p r o c e d u r e f o r a l loca t ion of s t e a m cos t to the two 
p roduc t s would prov ide the m o s t s t r a i g h t f o r w a r d ana lys i s , s ince o ther p a r t s 
of the cos t a r e r e l a t ive ly s e p a r a b l e into power and wa t e r g roups . 

We have deve loped a p r o c e d u r e tha t i s c o n s i s t e n t , d i r e c t , and widely 
app l icab le . The method has an a t t r ac t i ve s y m m e t r y in that the cos t s of both 
p o w e r and w a t e r a r e e s s e n t i a l l y u n a f f e c t e d by changing the tu rb ine exhaus t 
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t e m p e r a t u r e in an opt imized s y s t e m . This m e a n s that between ce r t a in l imi t s 
t h e p r o d u c t r a t i o c a n be a d j u s t e d a r b i t r a r i l y wi thou t a f f e c t i n g the c o s t of 
e i t h e r p r o d u c t . We d e v e l o p e d f i r s t a s i m p l i f i e d e q u a t i o n t h a t s o l v e s the 
p rob lem of ass ign ing s t e a m cos t s to the two p roduc t s in approximate fashion, 
and we u s e the r e s u l t a n t r e l a t i o n s h i p a n a l y t i c a l l y t o i n d i c a t e s o l u t i o n s to 
p r o b l e m s such a s the e f f ec t of t u rb ine exhaus t t e m p e r a t u r e on the f ina l cos t 
of w a t e r . F i n a l l y , we a d j u s t t he s i m p l e r e s u l t to i nc lude l e s s i m p o r t a n t 
f a c t o r s and u t i l i z e a c o m p u t e r to c a r r y out the o p e r a t i o n . 

F r o m the s tandpoin t of a p o w e r p lant , the va lue of the t u r b i n e exhaus t 
s t e a m i s m e a s u r e d by the r e m a i n i n g ava i lab le e n e r g y tha t could have been 
obta ined f r o m i t . S ince i t i s we l l known tha t the e l e c t r i c a l y ie ld obta inable 
f r o m s t e a m e x p a n d i n g in a t u r b i n e i s c l o s e to l i n e a r wi th t e m p e r a t u r e in 
the r a n g e be low 2 5 0 ° F , 3 the v a l u e of e x h a u s t s t e a m c a n be t a k e n a s p r o -
p o r t i o n a l t o the o r i g i n a l c o s t of the p r i m e s t e a m and to the r e m a i n i n g 
t e m p e r a t u r e span above the condense r point (90°F, fo r example) . S imi la r ly , 
f o r e v a p o r a t o r s , the va lue of s t e a m in t e r m s of d r i v i n g f o r c e f o r hea t e x -
c h a n g e i s a l s o p r o p o r t i o n a l to i t s t e m p e r a t u r e s p a n above a p p r o x i m a t e l y 
the s a m e c o n d e n s e r point . (The economic c o n d e n s e r t e m p e r a t u r e in e i t h e r 
c a s e i s a f f ec t ed by the c o o l i n g - w a t e r o r s e a - w a t e r t e m p e r a t u r e . ) 

F o r the a n a l y s i s we l e t the uni t c o s t of p r i m e s t e a m be S and l e t f be 
the f r ac t i on of the e l e c t r i c a l yield los t by diver t ing the s t eam to the evapora -
t o r in the dua l -pu rpose plant; that i s . 

1 _ back pressure e f f i c i ency ^ _ ß 
condensing e f f i c i ency ~ e 

Since yield i s p ropor t iona l to t e m p e r a t u r e , the yield los t i s a lso propor t ional 
to the t e m p e r a t u r e los t , and thus we can define 

i - ' 

w h e r e D i s the t u r b i n e t e m p e r a t u r e r a n g e (texhaust - tcondenser) d i v e r t e d to 
the e v a p o r a t o r , and A is the p ropor t iona l i ty cons tan t f o r given p r i m e s t e a m 
cond i t i ons . T h u s , o u r cond i t ion of m a i n t a i n i n g c o n s t a n t p o w e r c o s t g i v e s 
the un i t va lue of e x h a u s t s t e a m a s 

which i s a p p r o x i m a t e l y the c o s t of the h e a t to the e v a p o r a t o r . 
The p r e c e d i n g a n a l y t i c a l s t a t e m e n t s a r e shown g r a p h i c a l l y in F i g . 2, 

w h e r e t u r b i n e e f f i c i e n c y i s p lo t t ed a g a i n s t s t e a m t e m p e r a t u r e . I t m a y be 
s e e n t h a t the e l e c t r i c a l y i e l d , e -13, t ha t i s s a c r i f i c e d by d i v e r t i n g s t e a m 

3 Some qualification of this statement is necessary if reheat steam cycles are included. 
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FIG. 2. Cycle efficiency versus temperature 

t o t he e v a p o r a t o r m a y be e x p r e s s e d in t e r m s of t e m p e r a t u r e by the p r o -
p o r t i o n a l i t y i n the l e n g t h s of s i d e s of s i m i l a r t r i a n g l e s ; t h u s , 

e - ß = D 
e Д 

Th i s e x p r e s s i o n i s equ iva len t to the a s s u m p t i o n tha t the power should cos t 
the s a m e f r o m a d u a l - p u r p o s e p l an t a s i t would f r o m a p o w e r - o n l y p l an t 
u s ing the s a m e r e a c t o r . The c o s t of p o w e r t h e r e b y d e r i v e s the benef i t of 
b e i n g p r o d u c e d i n a l a r g e r r e a c t o r , and the r e m a i n d e r of the c o m b i n e d -
plant s a v i n g s a r e c r e d i t e d to the cos t of w a t e r . F o r the m o m e n t , we have 
n e g l e c t e d the c r e d i t due the w a t e r p l an t f o r p r o v i d i n g a c o n d e n s e r f o r the 
t u r b i n e , bu t t h i s and o t h e r c o r r e c t i o n s wi l l be c o n s i d e r e d l a t e r . 

L e t u s now a s k : What i s the op t imum t e m p e r a t u r e at which the tu rb ine 
should c e a s e expand ing s t e a m to m a k e p o w e r and t u r n i t o v e r to the w a t e r 
p l a n t ? We have p r o v i d e d t h a t t h i s v a r i a b l e m a k e no d i f f e r e n c e to p o w e r 
c o s t — but wha t d o e s i t do to w a t e r c o s t ? The un i t c o s t of w a t e r c a n be 
divided into the cos t of the e v a p o r a t o r plus the cos t of heat . The evapora to r 
c o s t , E , i s l i n e a r wi th p e r f o r m a n c e r a t i o , R,4 and can be r e p r e s e n t e d by 
k i + k 2 R / D , w h e r e к г i s a c o n s t a n t , D i s the t e m p e r a t u r e r a n g e ava i l ab le 
f o r t he e v a p o r a t o r (as above) , and к2 i s d e t e r m i n e d by the c o s t and p e r -
f o r m a n c e of the hea t t r a n s f e r s u r f a c e . It i s a s s u m e d tha t the t e m p e r a t u r e 
r ange i s kept below the r e g i o n where the e v a p o r a t o r s u f f e r s cos t pena l t i e s . 
Thus , 

JJ 
Unit water cos t = W = E + 

4 The performance ratio, R, is a convenient index that relates the heat transfer surface required per 
unit of heat consumed by the water plant ; thus 

^ _ pounds of water produced 
1000 Btu of heat consumed ' 
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B y s u b s t i t u t i n g . 

ri , j. ksR ^ SD 
1 ~D ВД 

Then by d i f f e r e n t i a t i n g W with r e s p e c t to R and se t t i ng the d e r i v a t i v e equal 
to 0, we f ind tha t , 

_ I S I 1 / 2 

R o P t to) 

By s u b s t i t u t i n g R o p t f o r R in the equa t ion f o r w a t e r c o s t , we f ind tha t D i s 
e l i m i n a t e d , and the m i n i m u m w a t e r c o s t i s 

Wmin = k i + 2 R 2 
1/2 

T h u s the c o s t of w a t e r in a d u a l - p u r p o s e p lant i s (to a f i r s t app rox ima t ion ) 
independent of the c r o s s - o v e r t e m p e r a t u r e and dependent only on the p r i m e 
s t e a m cos t , the s t e a m condi t ions , and the e v a p o r a t o r hea t -conduc tance cos t . 
O u r m e t h o d of d i s t r i b u t i n g c o s t s has p r o d u c e d a s y s t e m in which u m a y be 
v a r i e d at will by ad jus t ing the c r o s s - o v e r t e m p e r a t u r e ove r a c e r t a i n range 
without a f fec t ing e i t h e r p o w e r o r w a t e r cos t . As you wil l r e c a l l , a s i m i l a r 
r e s u l t was obtained in an e a r l i e r s tudy, the r e s u l t s of which were p r e s e n t e d 
to th is P a n e l one y e a r ago. The conclus ion t h e r e was r eached by su rvey ing 
the t rend of a n u m b e r of individual plant opt imizat ions , whereas now we show 
i t to be of g e n e r a l v a l i d i t y when the p r o p o s e d a l l o c a t i o n of e n e r g y c o s t i s 
u s e d . 

Once a g e n e r a l r e l a t i o n s h i p was f o r m u l a t e d , we began to mod i fy it to 
include l e s s i m p o r t a n t e f f e c t s . We f i r s t c o n s i d e r e d how H, the cos t of heat 
cha rged to the e v a p o r a t o r , might be a f fec ted by the mod i f i ca t ions . 

One i t e m i s the c r e d i t ava i l ab l e to the e v a p o r a t o r f o r p e r f o r m i n g the 
condensing funct ion f o r the power s y s t e m . The c r e d i t i s applied in the f o r m 
of a r educ t ion in the cos t of exhaus t s t e a m , so that 

where k 3 i s a cons tant de t e rmined by the condense r cos t . Although this c r e -
dit i s n u m e r i c a l l y , s m a l l , i t f a v o u r s the s y s t e m s with the l o w e r c r o s s - o v e r 
t e m p e r a t u r e s w h e r e i n a l a r g e amoun t of p o w e r f u r n i s h e s c o n d e n s e r c r e d i t 
to a s m a l l a m o u n t of w a t e r . A n o t h e r m o d i f i c a t i o n to the v a l u e of H t a k e s 
in to accoun t the f a c t t h a t the e v a p o r a t o r d o e s not r e c e i v e the f u l l quan t i ty 
of h e a t going to the t u r b i n e . T h i s c o r r e c t i o n i n t r o d u c e s the f a c t o r 
Д/[ A- e(A-D)]. F ina l ly , the value of S i t se l f i s a complex funct ion of r e a c t o r 
s i z e , f u e l - c y c l e c o s t s , cap i ta l c h a r g e r a t e , e t c . Even the s t e a m condit ions 
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t he r e a c t o r p r o d u c e s a f f e c t the s t e a m c o s t , S. The s t e a m c o n d i t i o n s , in 
t u r n , a f f e c t Д, e , and D. A g e n e r a l e x p r e s s i o n f o r S i s 

S = It* + £ a ( P ) 7 n 

where k 4 , a n , and y n a r e cons tan ts , P is the t h e r m a l power, and the number 
of t e r m s , n , in t he s u m m a t i o n m a y be v a r i e d to i nc lude a s m a n y f a c t o r s 
a s d e s i r e d but m a y be p r a c t i c a l l y l i m i t e d t c about 10. 

Thus the m o r e detai led e x p r e s s i o n fo r the cos t of heat to the evapora to r 
a s s u m e s a f o r m such as 

H = 
Д - е(Д - D) 

U + Yj a n P 7 n - к з Л ( Д - D) 

w h e r e a i s the power exponent that r e f l e c t s the sca l ing law applicable to the 
c o n d e n s e r c o s t . The i m p r o v e m e n t in e v a p o r a t o r heat t r a n s f e r coe f f i c i en t s 
a t a h i g h e r a v e r a g e p lan t t e m p e r a t u r e , which f a v o u r s h i g h e r c r o s s - o v e r 
t e m p e r a t u r e s , h a s b e e n n e g l e c t e d . 

We have now r e a c h e d the poin t w h e r e i t i s no l o n g e r obvious to s t a t e 
how H (to s ay nothing of w a t e r c o s t ) i s a f f e c t e d by c h a n g e s in one o r m o r e 
of the f a c t o r s tha t d e t e r m i n e i t s va lue . Since the c o r r e c t i o n s a r e s m a l l and 
pa r t ly cance l each o ther , i t t u r n s out that the conclusion reached in our very 
s i m p l i f i e d a n a l y s i s i s , in f a c t , s t i l l va l id , but i t i s not so nea t ly obta ined. 

It h a s b e c o m e w o r t h w h i l e to deve lop c o m p u t e r c o d e s to c a l c u l a t e the 
e f f ec t s and to de t e rmine the r e s u l t s of varying one o r m o r e of the p a r a m e t e r s 
in the comple te se t of cos t equat ions that def ine the cos t s of wate r and power 
f r o m a given d u a l - p u r p o s e p lan t concep t . With a p r o p e r l y a r r a n g e d code , 
both a n a l y t i c a l e x p r e s s i o n s and e m p i r i c a l da t a f r o m a c t u a l de s igns can be 
a s s i m i l a t e d . An e x t e n s i v e c o m p u t e r code p r o g r a m m e be ing deve loped a t 
Oak Ridge u n d e r USAEC s p o n s o r s h i p i s b r i e f l y r e v i e w e d h e r e , and s o m e 
examples a r e given. We would l ike to emphas ize , however , that a code never 
c r e a t e s new i n f o r m a t i o n . It i s m e r e l y a m e a n s of ca ta loguing and ut i l iz ing 
the a v a i l a b l e knowledge , and g r e a t c a r e m u s t be t a k e n to apply c o m p u t e r 
r e s u l t s only in the s i t u a t i o n s w h e r e the input da ta a r e v a l i d . 

THE OAK RIDGE C O M P U T E R PROGRAMME 

Compute r codes have been developed as needed to handle specia l aspects 
o r d e t a i l s of the o v e r a l l d u a l - p l a n t p r o b l e m , as we l l a s the m a i n p r o b l e m 
of desa l ina t ion . New r e q u i r e m e n t s a r i s e f r equen t ly and, as t ime p e r m i t s , 
new codes a r e developed. At the p r e s e n t t i m e the code l i b r a r y contains ten 
v o l u m e s . T a b l e I l i s t s the t h r e e g e n e r a l c l a s s e s of c o d e s in the l i b r a r y 
and the n a m e s of the codes within each c l a s s . Since i t i s n e i t h e r p r a c t i c a l 
n o r d e s i r a b l e to d i s c u s s a l l the c o d e s in d e t a i l , e a c h code i s brifefly d e s -
c r ibed h e r e and se lec ted f e a t u r e s of one of the codes a r e i l l u s t r a t ed to show 
the g e n e r a l na tu r e of these computa t ional too l s . 
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TABLE I 

D E S A L I N A T I O N P R O G R A M M E C O M P U T E R C O D E L I B R A R Y 

Type Code name 

Suboptimization codes Fuel Element Design 

Partial Unit Energy Optimization of Fuel 

Energy Transport 

Heat Transfer and Pressure Drop in 
Vertical Evaporator Tubes 

Water-plant codes Multistage Flash — Stagewise 

Multistage Flash - Overall Basis 

Vertical Evaporator 

Vapor Compression 

Dual-plant codes Dual-Plant Optimization 

Parametric Dual Plant 

The codes inc luded u n d e r the g e n e r a l c a t e g o r y of subop t imiza t ion a r e 
t h o s e tha t o p t i m i z e s p e c i a l i z e d c o m p o n e n t s o r s y s t e m s in a p lan t a s p a r t 
of a l a r g e r code . Two f u e l e l e m e n t des ign codes a r e inc luded . The f i r s t 
code computes design c r i t e r i a fo r a single fue l e lement module fo r a na tu ra l -
u r a n i u m h e a v y - w a t e r - m o d e r a t e d r e a c t o r s i m i l a r to the H e a v y - W a t e r 
O r g a n i c - C o o l e d R e a c t o r (HWOCR). The des ign c r i t e r i a computed inc lude 
heat output , fue l conten t , d i m e n s i o n s of the d o u b l e - r i n g conf igura t ion , e t c . 
The second fuel e l emen t code f o r energy optimizat ion i s much m o r e genera l . 
It a c c o m m o d a t e s the d e s i g n of à fue l e l e m e n t with rod c l u s t e r s o r with an-
n u l a r r i n g s . The coolan t m a y be e i t h e r w a t e r o r o rgan i c m a t e r i a l , e i t h e r 
boi l ing o r in f o r c e d convec t ion . The code e i t h e r d e s i g n s an o p t i m u m f u e l 
e l e m e n t o r g ives the p e r f o r m a n c e of a f ixed d e s i g n . The code i s in tended 
to be coupled to a n e u t r o n p h y s i c s code in o r d e r to d e t e r m i n e the n e u t r o n 
f lux th rough the fue l e l e m e n t . It i s a l so planned to couple the code to f ue l -
cycle cos t da ta so that a comple te opt imizat ion can be done on the compu te r . 

The e n e r g y t r a n s p o r t code has been u s e d to s tudy the c o s t s of mov ing 
l a r g e a m o u n t s of e n e r g y o v e r the d i s t a n c e s tha t migh t be encoun te r ed with 
a l a r g e d e s a l i n a t i o n p l a n t . M e d i a i n c l u d e d in the s t u d y w e r e e l e c t r i c i t y , 
s t e a m , w a t e r , heavy w a t e r , sod ium, mol ten s a l t , and he l ium. The r e s u l t s 
of t h i s s tudy can be u s e d to d e t e r m i n e w h e t h e r p lan t a u x i l i a r i e s should be 
supp l i ed with t u r b i n e d r i v e s o r e l e c t r i c m o t o r s . I t migh t a l s o f u r n i s h in -
f o r m a t i o n about w h e t h e r o r not the r e a c t o r coolan t should be u s e d fo r feed 
hea t ing . 

The objec t of the four th code in the subopt imiza t ion group i s the opt imi-
zat ion of the tube g e o m e t r y in a v e r t i c a l - t u b e e v a p o r a t o r . E i t h e r the Wright 



82 BURWELL e t al . 

p r e s s u r e - d r o p c o r r e l a t i o n f o r v e r t i c a l tubes in dcwnflow o r the Mar t i ne l l i 
p r e s s u r e - d r o p c o r r e l a t i o n s fo r two-phase flow in v e r t i c a l tubes may be used 
by the code. F o r heat t r a n s f e r , the code accep t s e i t h e r the Dukler c o r r e l a -
t ion f o r an evapora t ive f i lm o r an e m p i r i c a l r e l a t i on , such as expe r imen ta l 
r e s u l t s with s p e c i a l h i g h - p e r f o r m a n c e tubes . 

The fou r w a t e r - p l a n t c o d e s cons t i tu te the s econd c a t e g o r y in the code 
l i b r a r y . Two of the fou r codes deal with mul t i s t age f l a sh evapo ra to r s . The 
f i r s t of these m a k e s deta i led ca l cu la t ions at e ach s tage and f u r n i s h e s mucli 
of' the in fo rmat ion needed f o r plant des ign. The second code m a k e s calcula-
t i ons on an o v e r a l l e v a p o r a t o r b a s i s and does not compute individual s tage 
p r o p e r t i e s . The th i rd and four th evapora to r codes a r e based on the mult iple-
e f fec t v e r t i c a l - t u b e e v a p o r a t o r concept , the d i f f e r ence being that the vapour 
c o m p r e s s o r code u t i l i z e s a hea t p u m p to f u r n i s h the hea t r e q u i r e d f o r the 
evapora t ion p r o c e s s . The p u r p o s e of the four e v a p o r a t o r codes i s to make 
a c c u r a t e m a t e r i a l and enthalpy b a l a n c e s . The r e s u l t s may then be used to 
s i z e the equ ipment r e q u i r e d and to ca lcu la te c o s t s . 

The l a s t two codes in the l i b r a r y a r e the d u a l - p l a n t codes . The opt i -
miza t ion code i s use fu l fo r conceptual design s tudies and for advanced sys tem 
a n a l y s i s . The p a r a m e t r i c code i s m u c h s i m p l e r , be ing e s s e n t i a l l y a cos t 
a s s emb ly code. In the p a r a m e t r i c code the equations descr ib ing the r e a c t o r , 
t u r b i n e - g e n e r a t o r , and wa t e r plants a r e a c c e s s i b l e , and sys t em in te rac t ions 
can be c o n s i d e r e d u s i n g a l l the v a r i a b l e s p rov ided f o r e a c h c o m p o n e n t . It 
i s v i s u a l i z e d tha t o t h e r s y s t e m s m a y be added to th i s code . E x a m p l e s of 
s u c h add i t ions m i g h t inc lude p o w e r and w a t e r d i s t r i bu t i on s y s t e m s , o t h e r 
p r o c e s s e s ut i l izing e x c e s s power for additional wa te r production, interact ion 
of the m a r k e t with the wa te r s y s t e m , e tc . 

The dua l -p l an t op t imiza t ion code i s d i s c u s s e d in m o r e de ta i l below as 
an i l l u s t r a t i o n of the n a t u r e of the codes in the l i b r a r y . 

THE D U A L - P L A N T OPTIMIZATION CODE 

F i g u r e 3 shows the s impl i f ied f lowsheet f o r the Dua l -P lan t Optimization 
Code. F r o m the input, the ca lcula t ion route flows to the r e a c t o r plant, thence 
to the t u r b i n e - g e n e r a t o r plant , and f r o m t h e r e to the wate r plant . The wa te r 
p l an t p r e s e n t l y in u s e with t h i s code i s a m u l t i l e v e l m u l t i s t a g e flash e v a -
p o r a t o r . At the f i r s t d e c i s i o n po in t , i t i s d e t e r m i n e d w h e t h e r o r no t the 
p o w e r f o r the c o m p l e x i s c o r r e c t . If i t i s no t , an i t e r a t i v e c a l c u l a t i o n i s 
m a d e t h r o u g h the t h r e e - p l a n t s e q u e n c e . When the p o w e r i s c o r r e c t , the 
o p e r a t o r ' s i npu t d e t e r m i n e s w h e t h e r o r no t t he p o w e r f o r the c o m p l e x i s 
c o r r e c t . If i t i s no t , an i t e r a t i v e c a l c u l a t i o n i s m a d e t h r o u g h the t h r e e -
plant s equence . When the power i s c o r r e c t , the o p e r a t o r ' s input de t e rmines 
whe ther o r not the plant will be opt imized. If so, the optimization sub-rout ine 
i s e n t e r e d . If not , the c a s e i s computed and the r e s u l t s a r e tabulated. Va r i -
ab l e s that may be opt imized a r e the blow-down t e m p e r a t u r e , the br ine velo-
ci ty , and the b r ine h e a t e r approach t e m p e r a t u r e . F u t u r e plans for this code 
inc lude the capab i l i ty of op t imiz ing tube d i a m e t e r , the o v e r a l l height of the 
p l a n t , the c o n c e n t r a t i o n r a t i o , and tube f low v e l o c i t i e s in the h e a t r e j e c t 
and heat r e c o v e r y s ec t i ons of the e v a p o r a t o r . Typ ica l s impl i f i ed equat ions 
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FIG. 3. Simplified flowsheet for the dual plant optimization code 

t h a t m a y be found in the r e a c t o r and t u r b i n e - g e n e r a t o r p lan t s u b - r o u t i n e s 
a r e : 

D u a l - p l a n t t u r b i n e - j = + 0 ( ) 0 0 8 ^ - T § - 460 
g e n e r a t o r e f f i c i e n c y J 

R e a c t o r c o s t in $ / M W ( t h ) =-
41 000 

MW(th) 
1000 

0. 643 
MW(th) s 1500 

37 000 

M W ( t h ) \ 37 

1000 J 
1500< MW(th)< 10000 

= 15 750 MW(th) s 10 000 

T u r b i n e - g e n e r a t o r 
c o s t in $ / M W ( e ) 

32 000 

M W [ e ) \ 0 , 2 7 8 

1000 J 

2668 

MW(e) 
1000 

0.438 
T s < 210 

23 000+ 4 0 T s 1982 + 3.36 Ts 
+ T s ^ 210 

M W ( e ) Y - 2 7 8 

1000 
MW(e)Y-438 

1000. 

The f i r s t equa t ion i s e m p i r i c a l and r e l a t e s the t h e r m a l e f f i c i e n c y to the 
t e m p e r a t u r e d r o p a c r o s s the t u r b i n e . The nex t s e t of t h r e e equa t ions r e -
l a t e s the c o s t s of the r e a c t o r p lants in do l l a r s p e r t h e r m a l megawat t to t he i r 
r e s p e c t i v e s i z e s . T h e s e equa t ions r e p r e s e n t a p a r t i c u l a r r e a c t o r concep t 
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and a r e to a c e r t a i n e x t e n t o p t i m i z e d . O t h e r r e a c t o r t y p e s would be r e -
p r e s e n t e d by s i m i l a r s e t s of e q u a t i o n s . The l a s t two equa t ions r e p r e s e n t 
the c o s t of the t u r b i n e - g e n e r a t o r p lant in d o l l a r s p e r e l e c t r i c a l m e g a w a t t 
of c a p a c i t y . The two equa t ions c o v e r d i f f e r e n t t e m p e r a t u r e r a n g e s f o r t he 
exhaus t s t e a m . 

The w a t e r - p l a n t s u b - r o u t i n e u s e s the a s s u m p t i o n s shown in Table И and 
the c o s t equa t ions l i s t e d in Tab le III. F o r e a c h c a s e being s tudied with the 
c o d e , t he w a t e r - p l a n t s u b - r o u t i n e c o m p u t e s a l l the flows, t e m p e r a t u r e s , 
v o l u m e s , p o w e r r e q u i r e m e n t s , and a r e a s in the p lan t . The c o s t s a r e then 
compu ted a s f u n c t i o n s of t h e s e r e s u l t s . The w a t e r c o s t m a y be computed 
in two w a y s . In one of t h e s e the c o s t of p o w e r i s c a l c u l a t e d a s though it 
had been p roduced in a p o w e r - o n l y p lan t . The power cos t thus de t e rmined 
i s s u b t r a c t e d f r o m the t o t a l c o s t of the dua l p l an t and the l e f t - o v e r c o s t i s 
a s s i g n e d to the w a t e r . The d i s a d v a n t a g e of t h i s m e t h o d i s t ha t a c c u r a t c 
t u r b i n e - g e n e r a t o r plant cos t s a r e r e q u i r e d fo r the computat ion. In the other 
method the cos t of power i s s imply a fixed input fo r each compute r case . 

TABLE II 

B A S E S F O R W A T E R - P L A N T C A L C U L A T I O N S 

Flash chamber size Data from Richardsons Westgarth 
and Co. Report [ 1] 

Heat transfer 

inside the tubes Dittus-Boelter equation 

condensation Chen equation 

fouling factor 0 .0002 or a temperature function 

Pumping friction Koo equation 

Heat losses Negligible 

Non-condensable gases in flash chambers None 

Boiling-point elevation [ 2 ] 

Enthalpy and brine transport [ 3 ] 

Cost equations ORG DP estimates [ 4 ] 

Inputs to the code a r e de l i be r a t e ly s e p a r a t e d into the ca t ego r i e s of cus -
t o m e r ' s input , cons t an t s of n a t u r e , and d e s i g n e r ' s input . It i s impor tan t to 
i n s i s t upon and m a i n t a i n th i s s e p a r a t i o n so tha t the code u s e r i s cons tant ly 
r e m i n d e d tha t c e r t a i n i n f o r m a t i o n i s not su i t ab le m a t e r i a l f o r computa t ion 
o r op t imiza t ion but m u s t be (perhaps a r b i t r a r i l y ) s e l ec t ed by the c u s t o m e r . 
The input i s included in the p r in t out of the r e s u l t s of each case studied. This 
is to v e r i f y that the c o r r e c t input was r ea l ly used . The detai led output p r in t -
out i s in compu te r code language. In addition to the detai led output, a formal 
cos t s u m m a r y in s t a t e m e n t language i s p r in t ed out . An example of the 
f o r m a l output i s shown in Tab le IV. 
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TABLE III 

W A T E R P L A N T COST E Q U A T I O N S F O R T H E D U A L - P L A N T 
O P T I M I Z A T I O N CODE 

Chemical cost = K^LF) (Wp + W b ) 

Deaerator cost = K2(Wp + W^) + K3 (Deaerator, power) 

Pumping cost = K4 (LF) .SWH 

Pumps and motor cost = K5 £W + Кб £(pump power) 

Electrical equipment = K7 (Pump power) 

Valves and piping = К sWf-5 

Water intake = K 9 W 0 

Site work = K 1 0 w£- 6 

Area cost = K n A ° - 9 7 

Shell cost = К i2V 

Concrete, buildings, etc . = K13 + Ki4Wp 

Operating = К15W»-267 

Maintenance and supplies = K16 (Capital cost) 

Heat cost = K n (LF)Q 

Definitions: 

к Constant 

w Flow rate 

LF Plant load factor 

H Pump pressure head 

A Tubing surface area 

V Shell volume 

Q Brine heater heat rate 

In addi t ion to t a b u l a r ou tpu t s the code has the capab i l i t y of p r e s e n t i n g 
s o m e of the computa t iona l r e s u l t s in g r a p h i c a l f o r m . The s u b - r o u t i n e that 
p r o d u c e s these g r a p h s has p r o v i s i o n s f o r se l ec t ing any of 25 d i f fe ren t p a r a -
m e t e r s f o r the o rd ina t e and any of s ix f o r the a b s c i s s a . A fami ly of c u r v e s 
r e s u l t i n g f r o m as m a n y a s s i x v a l u e s of a t h i r d p a r a m e t e r m a y be p lo t ted 
on each g r a p h . An example of a typ ica l plot i s shown in F ig . 4 (the opt imum 
b r i n e b low-down t e m p e r a t u r e i s p lo t ted v e r s u s the t u r b i n e - e x h a u s t s t e a m 
t e m p e r a t u r e f o r f o u r d i f f e r e n t w a t e r - p r o d u c t i o n c a p a c i t i e s and 600-MW(e) 
p o w e r p roduc t ion) . 
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TABLE IV 

F O R M A L O U T P U T O F D U A L - P L A N T O P T I M I Z A T I O N CODE 

Power 

Reactor power (MW(th)) 25 148.760 
Gross e lectr ical generation (MW(e)) 4 715.914 
Reactor auxiliaries (MW(e)) 365 .914 
Water plant use (MW(e)) 310 .674 
Net saleable (MW(e)) 4 0 0 0 . 0 0 0 
Price (mills/kWh) 2 . 1 1 9 
Annual revenue (M$) 66. 834 

Temperatures (°F) 

Turbine exhaust 265 .000 
Maximum brine 248. 812 
Brine blow-down 105. 836 
Ocean 65.000 

Water plant 

Capacity (Mgd) 1000 .000 
Performance ratio ( lb/1000 Btu) 4 . 9 9 1 
Water price (C/1000 gal) 23 .860 
Annual revenue (M$) 7 8 . 3 8 1 

Investments (M$) 

Initial fuel charge 346.047 
Reactor and steam plant 399 .080 
Turbine-generator 111. 682 
Interest on construction 4 6 . 6 7 1 
Non-depreciable items 12 .812 
Water plant 201 .904 

Total 1 1 1 8 . 1 7 6 

Annual costs (M$) 

Reactor investment 39. 660 
Water plant investment 14 .133 

Subtotal 53 .793 

Tubing replacement 2 . 9 8 2 
Reactor operation and maintenance 2 . 7 9 6 
Fuel 79 .223 
Water plant and maintenance 1 .165 
Water plant chemicals 5 . 2 6 1 

Subtotal' 91 .427 

Total 145.219 
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PRCSSURiZCD UATCR RE.ACT0R 1 0 / 1 2 / 6 4 
CLCCTR1CAL PRODUCTION 6 0 0 flW 

1. 40C 02 
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» I. 50C 02 
• 3. OOt 02 
• S. OOL 02 

1.20t 02 

I. OOt 02 
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6. OOC 01 
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FIG. 4. Typical graphical computer output 

CONCLUSION 

Although we have only a beginning in the f ie ld of s y s t e m s a n a l y s i s and 
o p t i m i z a t i o n of d e s a l i n a t i o n p l a n t s , we be l i eve tha t t e chn iques of th i s kind 
wil l play an impor t an t ro l e in f i t t ing d u a l - p u r p o s e n u c l e a r s ta t ions into t he i r 
a p p r o p r i a t e p l a c e in the p o w e r and w a t e r n e e d s of s o c i e t y . We in tend to 
r e l y heav i l y upon c o m p u t e r s in t h i s w o r k wi th the r e s t r i c t i o n t h a t con t inua l 
s c r u t i n y m u s t be m a i n t a i n e d to m a k e s u r e tha t the input da ta emp loyed in 
the code a r e a p p r o p r i a t e to the p r o b l e m at hand . 
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WATER DESALINATION: PROPOSALS FOR A 
COSTING PROCEDURE AND RELATED TECHNICAL 

AND ECONOMIC CONSIDERATIONS* 

DEPARTMENT OF ECONOMIC AND SOCIAL AFFAIRS 
UNITED NATIONS 

ABSTRACT 

W a t e r de sa l i na t i on i s j u s t one of the ways , and usua l ly a r e l a t i v e l y ex-
pens ive one, by which f r e s h w a t e r can be m a d e ava i l ab le . I ts r e l a t i v e cos t 
c l e a r l y ind ica tes that i t s appl icat ion should normal ly be cons idered only a f t e r 
a l l o t h e r s o u r c e s of supp ly h a v e b e e n r e a s o n a b l y fu l ly e v a l u a t e d . T h u s , 
hydro log ica l and hydrogeologica l s u r v e y s should usual ly p recede any detailed 
cons ide ra t ion of desa l ina t ion poss ib i l i t i e s . 

In v i e w of t h e f a c t t h a t d e s a l i n a t e d w a t e r m u s t by i t s v e r y n a t u r e b e 
r e l a t i v e l y cos t ly , both in t e r m s of i n v e s t m e n t p e r i n s t a l l ed unit of capac i ty 
and of to ta l c o s t p e r unit of p roduc t w a t e r , it i s p a r t i c u l a r l y i m p o r t a n t tha t 
a c l e a r and s imple cost ing method should be devised which would allow policy 
m a k e r s and a d m i n i s t r a t o r s to e s t a b l i s h an app rox ima te , but r e a l i s t i c , t r u e 
cos t f o r p roduc t w a t e r . 

The p r o c e d u r e outl ined in th is r e p o r t p rov ides a tool which should make 
i t p o s s i b l e to e s t a b l i s h the c o s t of w a t e r f r o m e x i s t i n g i n s t a l l a t i o n s on a 
un i fo rm b a s i s , and which may thus be used as a guide f o r r a t e set t ing po l ic ies . 
At the s a m e t ime , the method should be equally applicable to plants which a r e 
not ye t bui l t , but f o r which b a s i c da ta a r e ava i lab le and f o r which p r inc ipa l 
technica l spec i f ica t ions can be provided by m a n u f a c t u r e r s o r consulting f i r m s . 
If an adequate s y s t e m f o r cos t ing w a t e r f r o m convent ional s o u r c e s i s avai l -
able , a s m a y wel l be the c a s e in many c o u n t r i e s , the p r o c e d u r e out l ined in 
th i s r e p o r t should m a k e it pos s ib l e to c o m p a r e the cos t of desa l ina ted wa te r 
f r o m a plant with given s p e c i f i c a t i o n s with that of w a t e r f r o m an a l t e rna t ive 
s o u r c e f o r which it h a s b e e n p o s s i b l e to e s t a b l i s h the f u l l c o s t p e r uni t of 
p r o d u c t , u s ing p a r a m e t e r s c o m p a r a b l e to t h o s e employed f o r desa l ina t ion . 

T h i s s tudy d e a l s with p r o b l e m s of s i n g l e - p u r p o s e and d u a l - p u r p o s e de-
s a l i n a t i o n p l a n t s . A s i n g l e - p u r p o s e d e s a l i n a t i o n p lan t m a y be de f ined a s 
one which has f r e s h w a t e r a s i t s only p roduc t , while a d u a l - p u r p o s e i n s t a l -
la t ion r e s u l t s f r o m the combinat ion of a power s ta t ion and a d is t i l la t ion- type 
d e s a l i n a t i o n p lan t i n to a s i n g l e o p e r a t i n g c o m p l e x p r o d u c i n g bo th w a t e r 
and e l e c t r i c i t y . In such c a s e s , the desa l ina t ion plant u t i l i zes fo r the evapo-
r a t i on p r o c e s s the l a ten t hea t conta ined in the l o w - p r e s s u r e s t e a m which i s 
e x h a u s t e d f r o m b a c k - p r e s s u r e o r p a s s - o u t t u r b i n e s . The a d v a n t a g e s and 
d i sadvan tages inheren t in dua l -pu rpose ins ta l la t ions a r e d i scussed at g r e a t e r 
length in p a r t II. 

* United Nations Publication: 65. II. B. 5. 
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A STUDY OF DESALTING PLANTS (15 TO 150 Mgd) 
AND NUCLEAR POWER PLANTS (200 TO 1500 MW(th)) 
FOR COMBINED WATER AND POWER PRODUCTION* 

CATALYTIC CONSTRUCTION COMPANY 
UNITED STATES OF AMERICA 

ABSTRACT 

The s tudy iden t i f i e s and a n a l y s e s the v a r i o u s f a c t o r s a f fec t ing the eco-
n o m i c s of w a t e r p roduc t ion in m u l t i - s t a g e f l a sh evapora t ion type s e a - w a t e r 
d e s a l i n a t i o n p l a n t s o p e r a t e d in con junc t i on with e l e c t r i c p o w e r g e n e r a t i o n 
f a c i l i t i e s . 

The s tudy i nc ludes the fo l lowing: 

(a) An economic c o m p a r i s o n within the range of 200 MW(th) to 1500 MW(th), 
of f o u r types of s t e a m s o u r c e s : (1) l o w - t e m p e r a t u r e n u c l e a r r e a c t o r , (2) 
h i g h - t e m p e r a t u r e n u c l e a r r e a c t o r , (3) l o w - t e m p e r a t u r e , foss i l fuel led boiler, 
and (4) h i g h - t e m p e r a t u r e , f o s s i l fue l l ed b o i l e r . Ca lcu la t ions a r e made f o r 
p lant c a p a c i t i e s of 200, 600, 1000 and 1500 MW(th). 

(b) Op t imiza t i on , wi th in the s i z e r a n g e e s t a b l i s h e d by t h e r m a l input , 
of m u l t i - s t a g e f l a s h e v a p o r a t i o n p l a n t s . 

(c) A c o m p a r i s o n of t he e c o n o m i c s of d e s a l t i n g w a t e r and p r o d u c i n g 
e l e c t r i c power in d u a l - p u r p o s e p l an t s v e r s u s p roduc t ion of w a t e r in s ing le -
p u r p o s e w a t e r p l a n t s and e l e c t r i c p o w e r in s i n g l e - p u r p o s e p o w e r p l a n t s . 

(d) D e t e r m i n a t i o n of t he e f f e c t of v a r y i n g r a t e s of f ixed c h a r g e s upon 
the economics of w a t e r and e l e c t r i c p o w e r p roduc t ion . F ixed c h a r g e r a t e s 
of 4, 7 and 14% a r e c o n s i d e r e d . 

(e) Evaluat ion of the e f fec t of power c r ed i t f a c t o r upon wa te r c o s t s . Calcu-
l a t ions a r e m a d e a s s u m i n g p o w e r c r e d i t s r ang ing f r o m 3 .65 to 12 mi l l s /kWh. 

(f) E x a m i n a t i o n of t he e c o n o m i c i m p a c t of o p e r a t i o n of w a t e r p l a n t s 
at o f f - o p t i m u m c o n d i t i o n s . ' 

The s tudy conc ludes tha t , a l l f a c t o r s be ing equal , d u a l - p u r p o s e p lan t s 
can p roduce w a t e r m o r e cheaply than s e p a r a t e s i n g l e - p u r p o s e p lants of l ike 
c a p a c i t i e s . 

* Report NYO-3316-1, for the Department of the Interior and the United States Atomic Energy 
Commission. 
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SOME CONSIDERATIONS ON UTILIZING 
A CANADIAN HEAVY-WATER REACTOR IN A 

DUAL-PURPOSE POWER-DESALINATION PLANT 
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1. INTRODUCTION 

T h e f i r s t r e q u i r e m e n t of a d u a l - p u r p o s e p lan t i s to p r o d u c e the spec i f i ed 
p o w e r and f r e s h w a t e r a t an o p t i m u m c o s t . To des ign f o r t he o p t i m u m cos t , 
h o w e v e r , o n e m u s t h a v e a s e t of f i r m l y e s t a b l i s h e d g r o u n d r u l e s . F o r 
e x a m p l e : 

(1) I s t h e p l a n t t o p r o d u c e m a x i m u m p o w e r a n d m a x i m u m w a t e r 
s i m u l t a n e o u s l y ? 

(2) W h a t c a p a c i t y f a c t o r i s r e q u i r e d ? 
(3) Wha t i s t h e a p p l i c a b l e i n t e r e s t r a t e and f i x e d c h a r g e r a t e ? 
(4) In a s s e s s i n g w a t e r c o s t , h o w i s t h e p o w e r c o s t t o b e h a n d l e d ? 

(a) C r e d i t p o w e r a t s o m e a r b i t r a r y r a t e ; (b) c r e d i t p o w e r a t t h e 
m o s t c o m p e t i t i v e r a t e of a l t e r n a t i v e p o w e r s o u r c e s ; o r (c) c r e d i t 

, p o w e r a t t h e c o s t of a n u c l e a r - p o w e r o n l y s t a t i o n . 
T h e r e l a t i v e p o w e r and w a t e r q u a n t i t i e s wi l l d e t e r m i n e w h e t h e r a con -

d e n s i n g o r b a c k p r e s s u r e t u r b i n e i s u s e d . With r e l a t i v e l y l i t t l e w a t e r p r o -
d u c e d , a c o n d e n s i n g t u r b i n e would b e u s e d , and t h e c h o i c e of e x t r a c t i o n 
s t e a m p r e s s u r e i s t h e n d e t e r m i n e d not on ly by t h e d e s a l i n a t i o n p l a n t d e s i g n 
t e m p e r a t u r e but a l s o by t h e a n t i c i p a t e d p o w e r l o a d i n g on t h e t u r b i n e . T h e 
e x t r a c t i o n p r e s s u r e i s a funct ion of s t e a m flow th rough the t u rb ine , and if the 
e l e c t r i c l oad i s to v a r y wh i l e t h e w a t e r load i s c o n s t a n t , t h e n a h i g h e r e x -
t r a c t i o n p r e s s u r e s h o u l d be u s e d . 

If o n l y a s m a l l a m o u n t of s t e a m i s to be u s e d f o r d e s a l i n a t i o n , p r e s e n t 
d e s i g n s o p t i m i z e d f o r p o w e r - o n l y s t a t i o n s can be u s e d with l i t t l e o r no cos t 
p e n a l t y . 

If a l a r g e a m o u n t of s t e a m i s t o be u s e d f o r t h e d e s a l i n a t i o n p l a n t and 
h e n c e a b a c k p r e s s u r e t u r b i n e u s e d f o r p o w e r , t h e r e i s a n o p p o r t u n i t y t o 
d e s i g n the n u c l e a r p o w e r s y s t e m with d i f f e r e n t p a r a m e t e r s which o f f e r cos t 
r e d u c t i o n s . 

T h e s e two a p p r o a c h e s , u s i n g p r e s e n t r e a c t o r d e s i g n s , a r e i l l u s t r a t e d 
h e r e : 

(A) U s e of D o u g l a s P o i n t d e s i g n wi th a c o n d e n s i n g t u r b i n e to p r o d u c e 
m a i n l y p o w e r but with s o m e s t e a m e x t r a c t e d t o p r o d u c e a m o d e r a t e amoun t 
of d e s a l t e d w a t e r . 

(B) U s e of t y p i c a l P i c k e r i n g r e a c t o r wi th a b a c k p r e s s u r e t u r b i n e t o 
p r o d u c e a l a r g e q u a n t i t y of d e s a l i n a t e d w a t e r and a m o d e r a t e a m o u n t of 
p o w e r . 

91 
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2. DOUGLAS POINT STATION - LOW W A T E R / P O W E R RATIO 
A P P L I C A T I O N 

A s imple i l lus t ra t ion will indicate the sma l l effect of adding a modera te ly 
s i z e d d e s a l i n a t i o n p lan t to an e x i s t i n g n u c l e a r p l an t d e s i g n . Suppose the 
Canadian Douglas Po in t p lant w e r e buil t on the M e d i t e r r a n e a n Sea coas t and 
a m o d e r a t e a m o u n t of w a t e r was to be p r o d u c e d f r o m an a d j o i n i n g m u l t i -
s t a g e f l a s h e v a p o r a t o r p l a n t . A s i m p l i f i e d s t e a m cyc le d i a g r a m f o r such 
a plant i s shown in F i g . l . In Canada we have ample suppl ies of l o w t e m p e r a -
t u r e c o n d e n s e r cool ing w a t e r which, a t Douglas P o i n t , v a r i e s f r o m about 
32°F (0°C) to 52°F (11°C). With 52°F (11°C) cooling wa te r , the t u r b i n e -
gene ra to r will p roduce 220 MW(e) g ross , and a f t e r allowing 17 MW for stat ion 
s e r v i c e p o w e r a net output of 203 MW(e) i s p r o v i d e d . With 70°F (21°C) 
cooling wa te r , and the s a m e heat input, the t u r b i n e - g e n e r a t o r will only p r o -
duce 210 MW(e) g r o s s . 

FIG. 1. Simplified flow diagram of low water/power ratio plant 

The Douglas Po in t s t eam cycle happens to be well sui ted fo r a dual p u r -
p o s e p l an t b e c a u s e a t 75 l b / i n 2 a b s a l l t h e s t e a m i s t a k e n f r o m t h e h i g h -
p r e s s u r e t u r b i n e cyl inder and p a s s e d through a m o i s t u r e s e p a r a t o r and l ive 
s t e a m r e h e a t e r . T h e s t e a m f r o m the r e h e a t e r i s t hen led to t h r e e low-
p r e s s u r e sec t ions of the t u r b i n e . The c r o s s - o v e r pipe between the mois tu re 
s e p a r a t o r and r e h e a t e r i s an ideal p lace to ex t rac t s team for the desalination 
p l a n t . O r d i n a r i l y , 35 l b / i n 2 ab s s t e a m i s adequa te f o r a m u l t i - s t a g e flash 
e v a p o r a t o r . At p a r t i a l l o a d s t h e c r o s s - o v e r p r e s s u r e f a l l s a s f o l l o w s : 

F u l l L o a d 7 5 . 0 l b / i n 2 a b s 
75% L o a d 56 . 7 l b / i n 2 a b s 
50% L o a d 4 0 . 0 l b / i n 2 a b s 
25% L o a d 21 . 7 l b / i n 2 a b s 

T h e r e f o r e , even at p a r t loads , the s team condition to the desal t ing plant 
can be control led to a fixed p r e s s u r e in the o r d e r of 35 l b / i n 2 ab s . 
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If 204 000 l b / h of s t e a m i s t a k e n f r o m t h e p i p e b e t w e e n t h e m o i s t u r e 
s e p a r a t o r and r e h e a t e r and fed to the de sa l i na t i on p lan t , 20 000 m 3 / d 
(5. 28 mi l l ion US gal /d) of desa l ted wate r can be p roduced at a p e r f o r m a n c e 
r a t io of 9. 5. It should be noted that the ex t rac t ion of s t eam f r o m the c r o s s -
o v e r p ipe e l i m i n a t e s the need f o r e i t h e r a s e p a r a t e e x t r a c t i o n po in t on t h e 
t u r b i n e c a s i n g o r t h e u s e of an o v e r s i z e d f e e d w a t e r b l e e d po in t e x t r a c t i o n 
n o z z l e . 

T h e s t e a m e x t r a c t i o n f o r t h e d e s a l i n a t i o n p l a n t r e d u c e s the t u r b i n e -
g e n e r a t o r output f r o m 210 MW to 197 MW(e) . With 17 MW s ta t ion s e r v i c e 
p o w e r , the net output b e c o m e s 180 MW(e). 

In s u m m a r y , t h e Doug la s P o i n t n u c l e a r s t a t i o n bui l t on the M e d i t e r -
r a n e a n would p r o d u c e 180 MW(e) net and 20 000 m 3 of d e s a l i n a t e d w a t e r 
d a i l y . T e n MW of e l e c t r i c a l c a p a c i t y i s l o s t b e c a u s e of t h e d i f f e r e n c e in 
cooling w a t e r t e m p e r a t u r e and 13 MW of e l e c t r i c a l capac i ty i s l o s t b e c a u s e 
of the s t e a m e x t r a c t e d f o r the desa l ina t ion p l a n t . 

O p e r a t i n g e x p e r i e n c e on NPD and c o n s t r u c t i o n e x p e r i e n c e on Doug las 
P o i n t h a s led to m a n y d e s i g n i m p r o v e m e n t s . F o r e x a m p l e , a h i g h e r f u e l 
r a t i n g g ives a 37-j% i n c r e a s e in ne t p o w e r f o r an i n c r e a s e of on ly 12-§-% in 
the n u m b e r of r e a c t o r fue l c h a n n e l s . Improved r e a c t o r bui lding layout and 
shielding design has r e su l t ed in s i m p l e r s t r u c t u r e s with reduced capi tal cost 
and improved avai labi l i ty and re l i ab i l i ty . 

Exis t ing Canadian h e a v y - w a t e r r e a c t o r des igns , ut i l izing p r e s s u r e tubes 
with na tu ra l u ran ium on-power refuel l ing, o f f e r economical ly a t t rac t ive costs 
f o r l a r g e sca le power -desa l ina t ion p r o j e c t s . Development work on improved 
coolant s y s t e m s such a s boi l ing D2 O, boi l ing l i g h t - w a t e r d i r e c t cyc le , and 
o r g a n i c cooling, o f f e r s f u r t h e r cos t r e d u c t i o n s with t i m e . In addi t ion, the 
b a s i c d e s i g n i s w e l l s u i t e d f o r e x t r a p o l a t i o n t o t h e l a r g e t h e r m a l r a t i n g s 
needed for the ambi t ious p r o g r a m m e s f o r e s e e n in the United States and e l s e -
w h e r e . T h e r e wi l l be m u c h l e s s d i f f i c u l t y in p r o v i d i n g the n u c l e a r p l a n t 
t h a n in p r o v i d i n g d e s a l i n a t i o n p l a n t f o r t h e l a r g e s i z e s f o r e s e e n . P u t in 
a n o t h e r way, t he p r e s e n t r e a c t o r d e s i g n s n e e d on ly be e x t r a p o l a t e d by a 
f a c t o r of two o r t h r e e , w h e r e a s the p r e s e n t desa l ina t ion plant des igns m u s t 
be ex t rapola ted by a f a c t o r of 100 o r m o r e . 

The low fue l l ing cos t ava i l ab le in the n a t u r a l u r a n i u m HWR des ign can 
r e d u c e the desa l ina t ion p lant des ign ex t rapola t ion p r o b l e m to a cons ide rab le 
extent . It a p p e a r s , f o r example , that with an HWR sys t em the opt imum p e r -
f o r m a n c e r a t io i s about 6 o r 7. T h i s m e a n s tha t the p h y s i c a l s i ze and cos t 
of t he d e s a l i n a t i o n p l a n t would be c o n s i d e r a b l y l e s s t h a n with t h e p r e s e n t 
f o r e c a s t s of p e r f o r m a n c e r a t i o s f r o m 12 to 14. 

3. PICKERING T Y P E REACTOR - HIGH W A T E R / P O W E R RATIO 
APPLICATION 

The r e l a t i v e m e r i t of the HWR s y s t e m h a s been a n a l y s e d u s ing the 
ground r u l e s f r o m "Repor t of the United Sta tes - I s r a e l Desal t ing and Power 
T e a m " dated October 1964. 

Based on the s a m e ground r u l e s a s used in the r e p o r t , i . e . local p r i c e s 
p lus 25% i n c r e a s e f o r t r a n s p o r t and ins ta l l a t ion in I s r a e l f o r 200 MW(e) net 
and 125 mi l l i on US ga l /d (Mgd), the HWR s y s t e m o f f e r s an annual saving be-
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t w e e n $ 1 . 5 and 2 . 1 m i l l i o n (US) depend ing upon t h e f ixed c h a r g e r a t e a s -
s u m e d . T h e c a l c u l a t i o n s a r e b a s e d upon the p r e s e n t day cos t of fue l , but 
if the l i f e t i m e a v e r a g e cos t of f u e l w e r e a s s u m e d the s a m e a s that used by 
the Hydro E l e c t r i c P o w e r Commiss ion of Ontario in t he i r cost a s s e s s m e n t s , 
t he annual sav ings would be i n c r e a s e d by an addi t ional $ 1 . 5 mi l l i on . It ap -
p e a r s , t h e r e f o r e , tha t the HWR can o f f e r up to $ 3 .6 mi l l ion annual saving. 

The HWR t h e r m a l r a t i n g i s s o m e w h a t l a r g e r t han the e n r i c h e d w a t e r 
r e a c t o r in o r d e r to give 200 MW(e) ne t with l o w e r s t e a m p r e s s u r e . How-
e v e r , the e x t r a hea t ava i l ab le r e s u l t s in a s m a l l e r desa l ina t ion p l a n t . F o r 
125 Mgd, the p e r f o r m a n c e r a t i o would be 8 . 2 r a t h e r than the 9 . 5 a s s u m e d 
f o r the en r i ched r e a c t o r s y s t e m . The e s t i m a t e d cos t r educ t ion f o r the de-
s a l i n a t i o n p l an t i s $ 8 . 4 m i l l i o n . On the o t h e r hand , 144. 3 Mgd could be 
p roduced a t a p e r f o r m a n c e r a t i o of 9 . 5 . The a t tached cos t ana ly s i s shows 
a p p r o x i m a t e l y the s a m e unit w a t e r cos t f o r both c a p a c i t i e s (10 .0 c e n t s / m 3 

with 7% fixed c h a r g e s and t o d a y ' s fue l cos t , o r 9 .0 c e n t s / m 3 with p ro j ec t ed 
fue l c o s t s ) . 

290° F 
259.3 B tu / lb 

HEAT TO OESALINATION PUANT 126.2 «10® B t u / d 
WATER PRODUCTION AT PR 9.5 (105 Btu / lb ) = 144.3 Mgd 

AT PR 8.22(121.2 B tu / lb ) = 125 M g d 

TURBINE OUTPUT 268 MW 
STATION SERVICE 21 MW 

247 MW 

POWER TO OESALINATION PLANT 47 MW 

NET POWER 200 MW 

FIG. 2. Simplified flow diagram of high water/power ratio plant 

A s i m p l i f i e d f low d i a g r a m i s shown in F i g . 2. It should be noted tha t 
a l though the r e a c t o r t h e r m a l r a t i n g i s 1887 MW(t), the h e a t to the b o i l e r 
i s 1820 MW. T h i s d i f f e r e n c e r e f l e c t s the hea t lo s t in the m o d e r a t o r which 
i s p a r t i a l l y o f f s e t by heat added by the work of the p r i m a r y coolant p u m p s . 

The r e l a t i v e c o s t s f o r two d u a l - p u r p o s e p lan t s a r e shown in the t a b l e s . 
One p lan t p r o d u c e s 200 MW(e) net a f t e r p rov id ing p o w e r to the desa l ina t ion 
p l an t and a l s o p r o d u c e s 125 Mgd of d e s a l i n a t e d w a t e r . T h e second p lan t 
ha s the s a m e p o w e r output but p r o d u c e s 144. 3 Mgd of w a t e r . Table I gives 
the cap i ta l cos t e s t i m a t e f o r the n u c l e a r p l a n t . Tab le II g ives the fue l cost 
e s t i m a t e f o r the n u c l e a r p l an t . Tab le III g ives the capi ta l cos t e s t i m a t e f o r 
the desa l ina t ion p l a n t . Tab le IV gives the annual c o s t s and unit wa te r cos t s 
f o r a f ixed c h a r g e r a t e of 10, 7 and 5% with 125 Mgd output . Tab le V gives 
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TABLE I 

C A P I T A L COST E S T I M A T E F O R D U A L - P U R P O S E HWR -
D E S A L I N A T I O N P L A N T 

1887 MW(th) , 200 MW(e) n e t 125 Mgd 
T u r b i n e 268 MW, s t n . s e r v . 21 MW, d e s a l t 47 MW 

Item US $1000 

Site improvements 278 

Buildings 5400 

Reactor boiler and auxiliaries 22 130 

Heavy water at new Canadian price C $ 1 4 . 6 5 / l b (US$13.55/ lb) 11000 

Turbine generator and auxiliaries 6 750 

Electrical system 3 400 

Instrumentation and control 3 600 

Common services 4 0 6 0 

Indirects; construction plant, engineering services, training, commissiçning, 
etc. 13 420 

Interest during construction 8 3 2 5 

Total capital cost excluding fuel 78 363 

25% surcharge on all but D 2 0 16 840 

Total 95203 

Note: contingency assumed to be included in surcharge. 

t he annua l c o s t s and un i t w a t e r c o s t s f o r a f ixed c h a r g e r a t e of 10, 7 and 
5% with 144. 3 Mgd ou tpu t . T a b l e VI g ives the uni t w a t e r c o s t f o r t h e two 
p l a n t s b a s e d on p r o j e c t e d f u e l c o s t s . 

The dua l -pu rpose p lant was not op t imized f o r t h i s s tudy but i t a p p e a r s 
t h a t s u b s t a n t i a l s a v i n g s could be e f f e c t e d by an o p t i m i z a t i o n s t u d y . F o r 
e x a m p l e , t he r e a c t o r f lux could be f l a t t e n e d f u r t h e r , t h e r e a c t o r coo l an t 
t e m p e r a t u r e r i s e i n c r e a s e d , t he b o i l e r t e r m i n a l t e m p e r a t u r e d i f f e r e n c e s 
i n c r e a s e d and m o d e r a t o r hea t u s e d in a s e p a r a t e f l a s h e v a p o r a t o r . T h e 
i n d i c a t i o n s a r e tha t t he p r i m a r y coolan t s y s t e m and b o i l e r s would be d e -
c r e a s e d in s ize with a co r respond ing reduct ion in cost and heavy-wa te r hold-
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TABLE II 

F U E L COST E S T I M A T E F O R D U A L - P U R P O S E HWR -
D E S A L I N A T I O N P L A N T 

1887 MW(th) , 200 MW(e) n e t 125 Mgd 
T u r b i n e 268 MW, s t n . s e r v . 21 MW d e s a l t 47 MW 

Fuel charge 85 540 kg U 
Cost at US$69. 40 /kg U = $6 075 300 

135 days full power fuel inventory 

1887 (135) (69.40) 1000 = US$1804 000 
9800 

Annual fuel cost at 85% c. f. 

1887 (365) (0. 85) (69400) = U S $ 4 1 4 6 0 0 0 
9800 

Total annual fuel cost 

Charge rate 

Item 10% 7% 5% 

Annual fuel cost 4 . 146 4 . 1 4 6 4 .146 

Fuel write-off 1 / 2 charge 0 .304 0 .213 0 .152 

5% interest on inventory 0 .090 0 . 0 9 0 0 .090 

Total 4 . 5 4 0 4 . 4 4 9 4 .388 

Note: The Hydro Electric Power Commission of Ontario predict fuelling prices to aver-
age out at US $46/kg U and at this price the total annual fuel cost would be 
$3 mil l ion. 

u p . The p r i m a r y coolant p u m p s would be s m a l l e r , l e s s cost ly and use l e s s 
p o w e r . S imi la r ly , the b o i l e r feed p u m p s would be s m a l l e r , l e s s cos t ly and 
u s e l e s s p o w e r . 

T h e r e i s a s m a l l p e n a l t y in b u r n - u p if the r e a c t o r i s o p e r a t e d with in -
c r e a s e d m o d e r a t o r t e m p e r a t u r e . However , it s e e m s feas ib le to i nc r ea se the 
n o r m a l m o d e r a t o r t e m p e r a t u r e and, u s ing a c losed loop s y s t e m , heat b r i n e 
in a s e p a r a t e m u l t i - s t a g e f lash e v a p o r a t o r . Assuming a m o d e r a t o r t e m p e r a -
t u r e of about 180°F and a p e r f o r m a n c e r a t i o of 4, it would be p o s s i b l e to 
p r o d u c e about 3 . 7 Mgd. At a p e r f o r m a n c e r a t i o of 4, the f ixed c h a r g e s on 
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TABLE III 

D E S A L I N A T I O N P L A N T COST 'FROM U S - I S R A E L R E P O R T 

125 Mgd a t P R 9 . 5 (105 B t u / l b ) , 
C o s t i n I s r a e l = $ 87 . 5 m i l l i o n = 7 0 ç / g a l . d a y 

From the US-Israel report and data from OSW report PB 181470 - A Study of Large Saline 
Water Conversion Plants - it appears that a good approximate cost for varying performance 
ratios (and hence varying heat transfer surface area) can be obtained from a 0.7 exponential 
rule, i . e . for a given capacity 

c = a(PR>0-' o r c w -

For the base plant С = 70 f!/gal d С = 70 = a (9. 5)0'7 hence a = 14 .44 

and at 121.2 Btu/lb or PR 8 .22 

С = 14. 44 (8. 22)°'7 = 63 .3 £ / g a l d 

The capital cost = 125 M (0. 633) = $ 79 .125 mill ion or a saving of $ 8! 375 mil l ion 

It appears that the optimum heat rate for an HWR dual-purpose plant is between 170 Btu/lb 
and 145 Btu/lb or a PR between 5. 9 and 7. 

For 125 Mgd and a PR of 5. 9, the desalination plant would cost С = 14 .44 (5 .9) 0 - 7 

= 49 ^/gal d or 125 M (0 .49) = $ 61 .2 mill ion. The further saving in desalination plant 
would be 7 9 . 1 less 61 .2 or $ 17. 9 mill ion. 

For 125 Mgd and.a PR of 7, the desalination plant would cost С = 14 .44 (7 ) о л = 5 6 . 4 ^ / g a l d 
or 125 M (0. 564) = $ 70. 5 mill ion. The further saving in desalination plant would be 79 .1 
less 70. 5 or $ 8. 6 mill ion. 

t h i s s e c t i o n of t h e d e s a l t i n g p l an t a t 7% would a m o u n t t o 2 . 2 ç / m 3 , t h e 
ope ra t ing cos t s about 4 . 4 ç / m 3 , and the fue l cos t z e r o f o r a to ta l wa t e r cost 
of about 6 . 6 <?/m3 . At 10% f ixed c h a r g e r a t p t h i s w a t e r would c o s t about 
7 . 8 <?/m3 . 

P r e v i o u s w o r k done by CGE in a s s e s s i n g t h e d u a l - p u r p o s e p l an t i nd i -
cated an op t imum p e r f o r m a n c e r a t i o between 5 . 9 and 7. The U S - I s r a e l r e -
por t indica tes that the cos t of the desal inat ion plant v a r i e s as the p e r f o r m a n c e 
ra t io to the 0 . 7 power (PR 0 - 7 ) . The bas ic cost in the US-Is rae l r e p o r t , t h e r e -
f o r e , was $ 8 7 . 5 m i l l i o n a t a P R of 9 . 5 . T h e f i r s t a s s e s s m e n t s u g g e s t e d 
a P R of 8 . 2 in o r d e r to get 200 MW(e) net us ing the s a m e t u r b i n e back 
p r e s s u r e . T h e desa l t ing plant then b e c a m e $ 7.9,. 1 mi l l i on which gave $ 8 . 4 
mi l l ion saving . The cos t at a P R of 5 . 9 fa l l s to 49 <?/gal d o r $ 61. 2 mi l l ion 
sav ing s o m e add i t i ona l $ 1 7 . 9 m i l l i o n . The added r e a c t o r cos t , inc lud ing 
i n t e r e s t dur ing cons t ruc t ion , would amount to about $ 8 . 5 mi l l ion which indi-
c a t e s a ne t s a v i n g of abou t $ 9 . 4 m i l l i o n . i n t o t a l cap i t a l , c o s t . I t a p p e a r s 
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TABLE IV 

W A T E R COST E S T I M A T E 

200 MW(e) ne t 125 Mgd ( P R 8 . 2 ) 

Investment Total 
(US $ million) 

(a) Nuclear power plant 95 .00 
Water plant 125 gal/d at 63.3 4/gal d 79.13 

Total 174.13 

Annual cost 10% 7% 5% 

Power plant 9. 50 6 .65 4. 75 
Fuel (Total) 4. 54 4 . 4 5 4 . 3 9 
0 and M (incl. $ 0 . 1 Ц20 loss) 1 .40 1 .40 1.40 
Insurance 0. 50 0 . 5 0 0. 50 

Total conventional cost 15.94 13.00 11.04 

Less elect, credit (0. 53 ф/kVti) 9. 70 9 .70 9. 70 

Evaporator steam cost 6 .24 3 . 3 0 1 .34 

(b) Evaporator 

Fixed charges 7 . 9 1 5. 54 3 . 9 6 
О and M 1.30 1.30 1.30 
Chem icals 1 .10 1.10 1.10 
Interim replacement 1 .60 1.60 1.60 
Pumping cost 1 .90 1 .90 1.90 
Steam cost 6 .24 3 .30 1 .34 

Total annual water cost 20 .05 14.74 11.20 

Total annual cost 27 .85 22 .54 19.00 

(c) Water cost ^/kgal 51.7 38 .0 28. 9 

41 m3 13. 7 10.0 . 7 .6 

(d) Total annual cost: US-Israel report 2 9 . 4 24 .4 21. 1 

Total annual cost: HWR system 27 .9 22 .5 19.0 

Annual saving 1. 5 1.9 2 . 1 
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TABLE V 

W A T E R COST E S T I M A T E 

200 MW(e) ne t 144 . 3 Mgd ( P R 9 . 5 ) 

Investment Total 
(US $ mil l ion) 

(a) Nuclear power plant 
Water plant 144.3 Mgd at 70 tf/gal d 

Total 

95 
101 

196 

Annual cost (in US$ mill ion) 10% 7% 5% 

Power plant 9. 50 6 . 6 5 4. 75 
Fuel (Total) 4. 54 4 . 4 5 . 4. 39 
0 and M (incl. $ 0 . 1 E^O loss) 1 .40 1 . 4 0 1 .40 
Insurance 0. 50 0 . 5 0 0 . 5 0 

Total conventional cost 15 .94 13 .00 11 .04 

Less e lect , credit (0. 53 ^/kWh) 9. 70 9 . 7 0 9. 70 

Evaporator steam cost 6 . 2 4 3 . 3 0 ' 1 . 3 4 

(b) Evaporator 

Fixed charges 10. 10 7 .07 5 . 0 5 
О and M 1 . 3 0 1 . 3 0 1 .30 
Chemicals 1 . 2 0 1 . 2 0 1 . 2 0 
Interim replacement 2 . 0 0 2 . 0 0 2. 00 
Pumping cost 2 . 2 0 2 . 2 0 2 . 2 0 
Steam cost 6 . 2 4 3 . 3 0 1 . 3 4 

Total annual water cost 2 3 . 0 4 17.07 13.09 

Total annual cost 3 0 . 5 4 2 4 . 5 7 2 0 . 5 9 

(c) Water cost »i/kgal 51. 5 38. 1 2 9 . 2 

<!/m3 13 .6 1 0 . 1 7 . 7 
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TABLE VI 

COST O F W A T E R B A S E D ON P R O J E C T E D F U E L COSTS 

Cost estimate (144 .3 Mgd) io<7o 7<Ü> 5% 

Annual water cost 2 3 . 0 4 17 .07 13.09 

Possible fuel reduction 1 .58 1 . 5 5 1 .53 

Possible water cost 21 .46 15 .52 11.56 

df/kgal 4 7 . 9 3 4 . 6 2 5 . 8 

«!/ш3 12 .6 9 . 2 6 . 8 

Cost estimate (125 Mgd) 

Annual water cost 20. 05 1 4 . 7 4 11.20 

Possible fuel reduction 1. 58 1 . 5 5 1 .53 

Possible water cost 18 .47 13 .19 9 . 6 7 

üi/kgal 4 7 . 6 3 4 . 0 2 4 . 9 

*!/m3 1 2 . 5 9 . 0 6 . 6 

t ha t the f ixed c h a r g e sav ing on t h i s amount of cap i t a l would b a l a n c e the i n -
c r e a s e d f u e l cos t depending upon the f ixed c h a r g e r a t e . 

S i m i l a r l y , a t a p e r f o r m a n c e r a t io of 7, the addi t ional saving in de sa l i -
na t ion p lant cos t i s $ 8 . 6 m i l l i o n . With an added r e a c t o r cos t of about $ 3 . 8 
mi l l ion the net saving is about $ 4 . 8 mil l ion and the fixed charge saving m o r e 
o r l e s s ba lances the i nc rea sed fue l cos t . 

One o b v i o u s a d v a n t a g e in c o n s i d e r i n g an i n s t a l l a t i o n wi th a low p e r -
f o r m a n c e r a t i o i s t he o p p o r t u n i t y of add ing e v a p o r a t o r c a p a c i t y a t a l a t e r 
da te and i n c r e a s i n g the p e r f o r m a n c e r a t i o . Thus , a s the demand f o r wa te r 
g o e s up , t h e p e r f o r m a n c e r a t i o could be i n c r e a s e d with m i n i m u m i n c r e -
m e n t a l i n v e s t m e n t . At a p e r f o r m a n c e r a t i o of 9 . 5 , t he t o t a l w a t e r ou tpu t 
would then be about 200 Mgd . 

T h e r e a r e two f a c t o r s a s s o c i a t e d with the h e a v y - w a t e r p o w e r r e a c t o r 
that a r e n o r m a l l y not cons ide red in economic c o m p a r i s o n s . One i s the s a l -
v a g e v a l u e of h e a v y w a t e r and t h e o t h e r i s c r e d i t f o r p l u t o n i u m . T h e r e -
a c t o r be ing cons ide red h e r e conta ins $ 1 1 . 0 mi l l ion worth of D 2 0 which will 
s u r e l y have a subs t an t i a l sa lvage va lue , the ac tua l va lue depending upon the 
p r i c e of D 2 0 in 30 y e a r s . 

E a c h k i l o g r a m of spent f u e l f r o m an HWR conta ins about 2 .9 g r a m s of 
f i s s i l e p lu ton ium. With a r e a c t o r r a t i ng of 1887 MW(th), 9800MWd/ t bu rn -
up, and 85% c a p a c i t y f a c t o r , t he f u e l t h roughpu t wi l l a m o u n t t o about 
60 tonnes p e r y e a r which will contain about 174 kg of f i s s i l e p lu ton ium. The 
i n t e r e s t i n g ques t ion i s : "How m u c h i s t h i s p lu ton ium w o r t h ? " At $ 8 / g i t 
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h a s a p o t e n t i a l wor th of $ 1. 4 m i l l i o n p e r y e a r . If a c c u m u l a t e d in the f u e l 
s t o r a g e b a y f o r 30 y e a r s , i t would have a p o t e n t i a l w o r t h of $ 42 m i l l i o n . 
The ne t p o s s i b l e c r e d i t d e p e n d s upon the cos t of p r o c e s s i n g which in t u r n 
depends upon the c a p a c i t y of t h e p r o c e s s i n g p l a n t . It i s e s t i m a t e d to c o s t 
$ 4 /kg U to p r o c e s s at the r a t e of 10 t p e r day and, t h e r e f o r e , it i s r e a s o n -
ab le to a s s u m e tha t the fue l could be s t o r e d unt i l su f f i c ien t quant i ty was 
ava i l ab l e to t a k e advan tage of m a r k e t cond i t ions . The sa lvage va lue of the 
s p e n t f u e l on t h i s b a s i s would be $ 23. 20 l e s s $ 4 . 0 0 o r a net of $ 19. 20 /kg 
of f u e l . The l i f e t i m e s a lvage va lue could be $ 34 .7 m i l l i o n . 

4 . CONCLUSION 

It a p p e a r s that the p r e s e n t Canadian HWR des ign i s wel l sui ted f o r u s e 
in a dua l -purpose p l an t . F o r r e l a t ive ly low w a t e r / p o w e r r a t i o s , the p r e s e n t 
s t e a m cycle can be used without compl i ca t ing the t u r b i n e des ign . F o r high 
w a t e r / p o w e r r a t i o s , t h e low fue l l i ng c o s t can be u s e d to s u b s t a n t i a l l y r e -
duce the s i z e and cos t of the desa l ina t ion p l a n t . P r e s e n t deve lopment p r o -
g r a m m e s i nd i ca t e a cont inu ing cos t i m p r o v e m e n t . F i n a l l y , t h e r e a r e p o -
t e n t i a l l y l a r g e sa lvage v a l u e s ava i l ab l e a t t he end of the p l a n t ' s u s e f u l l i f e . 



NUCLEAR POWERED ELECTRODYALYSIS 
FOR DESALINATION* 

A. HITCHCOCK 
ATOMIC ENERGY ESTABLISHMENT, WINFRITH, 

DORCHESTER, DORSET, UNITED KINGDOM 
AND 

A.A.L. MINKEN AND J. W, MINKEN** 

ABSTRACT 

T h e p a p e r i s c o n c e r n e d to c o m p a r e e l e c t r o d i a l y s i s and f l a s h d i s t i l l a t ion 
a s m e a n s f o r t he p r o d u c t i o n of w a t e r when a n u c l e a r r e a c t o r a l s o p r o d u c i n g 
p o w e r i s the heat s o u r c e . Spec ia l a t ten t ion i s paid to the f lexibi l i ty in t roduced 
b y t h e p o s s i b i l i t y of d i v e r t i n g e l e c t r i c p o w e r f r o m the p r i m a r y load to e l e c t r o -
d i a l y s i s p l a n t . On the b a s i s of t h e c o s t s t aken , and a s s u m i n g tha t adequa t e 
r e l i a b i l i t y c a n be ob ta ined f r o m both p r o c e s s e s , i t i s c o n f i r m e d tha t e l e c t r o -
d i a l y s i s i s not an e c o n o m i c p r o c e s s a s c o m p a r e d wi th f l a s h d i s t i l l a t i o n f o r 
t h e d e s a l i n a t i o n of s e a w a t e r b u t i s f u l l y c o m p e t i t i v e w i t h s a l t c o n t e n t s up 
t o 5000 p p m . ( U s e of n u c l e a r p o w e r d o e s not a f f e c t t h e s i t u a t i o n . ) 

In t h e c a s e w h e r e a n u c l e a r r e a c t o r i s s u p p l y i n g a n i s o l a t e d e c o n o m y 
w i t h p o w e r and w a t e r and t h e e l e c t r i c load f a c t o r i s l e s s t h a n t h e r e a c t o r 
ava i l ab i l i t y , i t c a n b e e c o n o m i c t o u s e o f f - p e a k e l e c t r i c i t y to p r o d u c e f r e s h 
w a t e r by h i g h - c u r r ë n t e l e c t r o d i a l y s i s of b r a c k i s h w a t e r (up to 10 000 p p m ) . 
At the h i g h e r s a l t con ten t s t he amoun t of w a t e r which can be p roduced in th is 
way i s c o m p a r a t i v e l y s m a l l , bu t i t r i s e s r a p i d l y a s t h e i n i t i a l s a l t c o n c e n -
t r a t i o n f a l l s . If add i t iona l w a t e r i s needed , i t i s b e s t p roduced by b a s e - l o a d 
d i s t i l l a t i on . 
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ABSTRACT 

The use of n u c l e a r energy f o r the convers ion of s ea wate r to f r e s h wate r 
i s c o m p a r e d t e c h n i c a l l y and e c o n o m i c a l l y with c o r r e s p o n d i n g conven t iona l 
p l an t s , u n d e r condi t ions in I s r a e l . 

T h e p l a n t s c o n s i d e r e d a r e c o n v e n t i o n a l . o i l - f i r e d p l a n t s and n u c l e a r 
h e a v y - w a t e r n a t u r a l u r a n i u m , boiling and p r e s s u r i z e d l i gh t -wa te r , and g a s -
cooled r e a c t o r s . F i v e d i f f e r e n t g e n e r a t o r r a t i n g s a r e c o n s i d e r e d in i t ia l ly , 
n a m e l y 50, 75, 125, 150 and 200 MW(e). 

* Israel Atomic Energy Commission report IA-979. 

103 



. FEASIBILITY OF NUCLEAR REACTORS 
FOR SEÀ WATER DISTILLATION* 

F.S. ASCHNER, S. YIFTAH, J. R. WOLBERG AND P. GLUECKSTERN 
TECHNION - ISRAEL INSTITUTE OF TECHNOLOGY, 

DEPARTMENT OF NUCLEAR SCIENCE, 
HAIFA, ISRAEL . 

ABSTRACT 

This document i s the f i r s t annua l r e p o r t of r e s e a r c h made under con t rac t 
wi th t h e I A E A . A s s u c h i t c o n s t i t u t e s an i n t e r i m r e p o r t w h i c h w i l l not be 
p u b l i s h e d . R e s u l t s r e p o r t e d in t h i s d o c u m e n t w i l l b e i n c l u d e d in the f i n a l 
r e p o r t of t h e r e s e a r c h . 

S e v e r a l t y p e s of r e a c t o r s , PWR, BWR, HWN and GCN, a r e c o n s i d e r e d 
a s h e a t s o u r c e s f o r d u a l - p u r p o s e i n s t a l l a t i o n s . S e v e r a l d e s i g n s c h e m e s 
a r e e x a m i n e d and o p t i m i z a t i o n of both s t e a m plant and d i s t i l l a t i o n plant a r e 
s t u d i e d . 
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THE DEVELOPMENT OF THE ELECTRICAL 
ENERGY DEMAND IN GREECE 
AND OF THE WATER SUPPLY 

OF THE ATHENS AREA 

A. DELYANNIS 
ATHENS, GREECE 

1. INTRODUCTION 

T h e r a p i d e c o n o m i c deve lopmen t and the cont inuing high r a t e of i n d u s t r i -
a l i z a t i o n of G r e e c e h a v e c a u s e d a h i g h r a t e of i n c r e a s e in t h e d e m a n d of 
e l e c t r i c e n e r g y . T h i s i s e x p e c t e d t o c o n t i n u e and i s r e f l e c t e d in t h e e x -
t e n s i v e c o n s t r u c t i o n p r o g r a m m e of new power s t a t ions that ha s been p r e p a r e d 
b y t h e c o m p e t e n t a u t h o r i t i e s i n G r e e c e t o m e e t t h e d e m a n d i n t h e p e r i o d 
u p t o 1974 . 

On t h e o t h e r hand , i t i s e s t i m a t e d t h a t a s h o r t a g e in t h e w a t e r supp ly 
of A t h e n s s h o u l d be e x p e c t e d in t h e n e x t f e w y e a r s . S h o r t - t e r m and l o n g -
t e r m p r o g r a m m e s to c o v e r the w a t e r d e m a n d of the town a r e we l l unde r way. 

2. POWER PRODUCTION AND DEMAND 

T h e p r o d u c t i o n and d i s t r i b u t i o n of e l e c t r i c i t y in G r e e c e i s the r e s p o n s i -
b i l i t y of one u t i l i t y c o m p a n y , t h e P u b l i c P o w e r C o r p o r a t i o n ( P P C ) . It i s 
a s t a t e - o w n e d o r g a n i z a t i o n , w o r k i n g a s a p r i v a t e e n t e r p r i s e . 

T h e e x p e c t e d d e m a n d and the c a p a c i t y of t h e i n t e r c o n n e c t e d e l e c t r i c a l 
s y s t e m of G r e e c e f o r t he p e r i o d up to 1974 have been e s t i m a t e d by the P P C , 
w h i c h h a s a l s o w o r k e d out t h e p r o g r a m m e of n e w p o w e r s t a t i o n s to c o m e 
o n - l i n e d u r i n g t h a t p e r i o d . T a b l e I i l l u s t r a t e s t h e d e v e l o p m e n t of t h e d e -
m a n d and of t h e c a p a c i t y of t h e i n t e r c o n n e c t e d s y s t e m f o r t h e p e r i o d f r o m 
1961 u p t o 1974 . T h e f i r s t ha l f of t h e t a b l e g i v e s t h e t o t a l p o w e r n e t c a -
p a c i t y of t h e s y s t e m and t h e e x p e c t e d m a x i m u m d e m a n d in MW d u r i n g t h e 
c o r r e s p o n d i n g w i n t e r . T h e s e c o n d half of t he t a b l e s h o w s t h e a n n u a l p r o -
duct ion c a p a c i t y of the s y s t e m f o r each y e a r of the pe r iod unde r cons ide ra t i on 
and the an t i c ipa ted annua l d e m a n d . 

T h e p r o g r a m m e f o r a n a d e q u a t e i n c r e a s e of t h e c a p a c i t y of t h e P P C 
e l e c t r i c a l s y s t e m by the i n t e r c o n n e c t i o n of n e w p o w e r s t a t i o n s i s shown in 
T a b l e II . T h i s p r o g r a m m e p r o v i d e s t h e c o n s t r u c t i o n b o t h of h y d r o and 
t h e r m a l p o w e r s t a t i o n s s o t h a t t h e i n s t a l l e d c a p a c i t y of t he s y s t e m w i l l be 
t r i p l e d in t e n y e a r s . T h e d a t a and the p r o g r a m m e s p r e s e n t e d in T a b l e s I 
and II a r e b a s e d on e s t i m a t i o n s m a d e in 1964. 

3. CONCLUSIONS F R O M T H E P R O G R A M M E O F T H E P P C 

In t h e c a s e of a d u a l - p u r p o s e p l a n t , c o n s i d e r e d f o r p o w e r g e n e r a t i o n 
to supply the na t i ona l g r i d and f o r s e a - w a t e r c o n v e r s i o n to f a c e the expec ted 
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TABLE I 

D E V E L O P M E N T O F T H E P R O D U C T I O N AND C O N S U M P T I O N 
O F E L E C T R I C A L E N E R G Y IN G R E E C E 

Total system Maximum Annual production Annual 
Period net capacity demand Year capacity of the system demand 

(MW) (MW) (GWh) (GWh) 

1961/62 530 507 1961 2 870 2 3 3 7 , 9 

1962/63 685 552 1962 2 890 2 592 ,7 

1963/64 685 667 1963 3 720 2 9 4 7 , 8 

1964/65 776 765 1964 3760 3 5 3 0 , 0 

1965/66 1154 955 1965 4 4 2 0 4 323 .0 

1966/67 1373 1160 1966 6 780 5 904 ,0 

1967/68 1533 1275 1967 7150 6 6 1 7 , 0 

1968/69 1628 1400 1968 8080 7 1 9 0 , 0 

1969/70 1743 1540 1969 8 980 7 860 ,0 

1970/71 1943 1690 1970 9 730 8 574 ,0 

1971/72 2103 1850 1971 10 530 9 349 .0 

1972/73 2298 2020 1972 12 350 10 190 .0 

1973/74 2547 2200 1973 13480 1 1 0 0 0 , 0 

1974/75 2727 2400 1974 14 380 12 000 .0 

w a t e r s h o r t a g e of the town of Athens , the fol lowing i t e m s a r e e s s e n t i a l and 
shou ld be d e t e r m i n e d f r o m t h e p o w e r d e v e l o p m e n t p r o g r a m m e of P P C : 

(a) The s i ze of l a r g e base load t h e r m a l uni ts to be added to the s y s t e m 
(b) The y e a r of in te rconnec t ion to the s y s t e m of l a rge base load t h e r m a l 

uni ts 
(c) The s i t e of the l a r g e b a s e load t h e r m a l un i t s p lanned to c o m e into 

o p e r a t i o n . 
It should be noted that the power s t a t i ons to c o m e into o p e r a t i o n in the 

p e r i o d up to 1967 a r e a l r e a d y u n d e r c o n s t r u c t i o n . F u r t h e r m o r e , t e n d e r s 
have b e e n i nv i t ed f o r the t h e r m a l uni t to be c o m m i s s i o n e d in 1968. T h i s 
uni t i s to be l o c a t e d at the s i t e of the e x i s t i n g p o w e r s t a t i o n A l i v e r i , 
s o m e 100 k m f r o m A t h e n s . The next l a r g e t h e r m a l u n i t s to c o m e on - l i ne 
in 1969 and 1970 a r e r e spec t ive ly Megalopolis I and II. These will be located 
at the s i t e of the Megalopol i s l igni te depos i t s in Pe loponnese . Should, how-
eve r , f o r one r e a s o n o r a n o t h e r the c o n s t r u c t i o n of t h e s e un i t s be de layed. 
Mega lopo l i s I should inev i t ab ly be r e p l a c e d by a n o t h e r t h e r m a l uni t of the 
s a m e s i z e a t l e a s t . It i s m o s t p r o b a b l e t h a t t h i s a d d i t i o n a l t h e r m a l uni t 
wiH be l o c a t e d in the v i c i n i t y of A t h e n s . 

The l a r g e s t s i ze of t h e r m a l unit an t ic ipa ted to be in t eg ra t ed to the s y s -
t e m up to 1970 i s 150 MW. T h e r e f o r e , i t c an be a s s u m e d t h a t t he s i z e of 
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TABLE II 

D E V E L O P M E N T O F T H E I N S T A L L E D C A P A C I T Y 
AND O F T H E A N N U A L P R O D U C T I O N C A P A C I T Y 

O F T H E I N T E R C O N N E C T E D S Y S T E M O F G R E E C E 

Year Power stations 

Installed capacity 
(MW) 

Thermal Hydro Total 

Annual production capacity 
(GWh) 

Thermal Hydro Total 

1963 Existing power stations 469 265 734 3100 700 3 800 

1964 4 gas turbine units 56 - 790 60 - ' 3 860 

1965 LIPTOL - unit 33 - 230 -

Kremasta I and II - 200 - ' 770 

St. George Power Station 60 - 400 -

Ptolemais III 125 - 1208 900 - 6160 

1966 Kremasta III and IV - 200 1408 - 770 6 930 

1967 Kastraki I and II - 160 1568 - 800 7 730 

1968 New thermal unit 150 - 1718 1100 - 8 830 

1969 Megalopolis I 125 - 1843 900 - 9 730 

1970 Megalopolis II 125 - 900 -

Ptolemais IV 150 - 2118 1060 - 11690 

1971 Topo liana - 160 2278 - 860 12 550 

1972 Lignite fired thermal unit 125 - 900 -

Kastraki III - 80 2483 - 50 13500 

1973 New thermal unit 150 - 1100 

Kremasta V - 100 2733 30 14 630 

1974 Aliakmon I - 180 2913 820 15 450 

T o t a l 1568 1345 2913 10 650 4800 15 450 

the t h e r m a l unit tha t wi l l p robab ly be needed to r e p l a c e Megalopol is I could 
be 150 MW. N e v e r t h e l e s s , a l a r g e r uni t , of t he o r d e r of 200 MW, migh t 
a l so be cons ide red a s acceptable fo r the s y s t e m by the t ime of i t s in tegrat ion. 

In conclus ion , the above d i s c u s s i o n of the P P C p r o g r a m m e shows that 
i t s e e m s p r o b a b l e tha t by 1969-70 an add i t i ona l t h e r m a l unit of the s i z e of 
150 MW o r e v e n of 200 MW, wi l l be r e q u i r e d , if t h e c o n s t r u c t i o n of the 
Mega lopo l i s l i g n i t e - f i r e d p o w e r s t a t i on i s de l ayed and that t h i s unit can be 
l o c a t e d in the n e i g h b o u r h o o d of A t h e n s . It w i l l i n e v i t a b l y be an o i l - f i r e d 
p o w e r s t a t i o n . 
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TABLE III 

D E V E L O P M E N T O F T H E A N N U A L W A T E R C O N S U M P T I O N 
IN T H E A T H E N S A R E A 

( m i l l i o n m 3 ) 

1932 1 1 . 8 1964 91 1971 159 1978 211 

1935 1 7 . 2 1965 99 1972 167 1979 218 

1940 2 0 . 9 1966 108 1973 175 1980 225 

1945 1 5 . 8 1967 117 1974 183 1981 232 

1950 2 5 . 6 1968 128 1975 190 1982 239 

1955 3 6 . 9 1969 139 1976 197 1983 246 

1960 6 3 . 1 1970 150 1977 204 1984 254 

4. W A T E R DEMAND O F A T H E N S 

The munic ipa l w a t e r supply of Athens covered in 1932 an a r e a of 37 km 2 

with 70 021 c o n s u m e r s , By 1964 t h i s a r e a had i n c r e a s e d to about 150 km 2 

and the n u m b e r of c o n s u m e r s to about 387 000. A s a consequence , the annual 
w a t e r c o n s u m p t i o n of the A t h e n s a r e a h a s i n c r e a s e d roughly by a f a c t o r of 
t h r e e within two d e c a d e s (1932-1953) and by the s a m e f a c t o r in the following 
e l e v e n y e a r s . T h e a c t u a l f i g u r e s a r e : 1932: 1 1 . 8 m i l l i o n щ З , 1953: 
32 m i l l i o n m 3 and 1964: 91 m i l l i o n m 3 . T a b l e III s h o w s the d e v e l o p m e n t 
of the annua l w a t e r c o n s u m p t i o n in the A thens a r e a and the expec ted w a t e r 
demand fo r each of the next 20 y e a r s as it has been es t ima ted by the Minis t ry 
of Public Works . 

A s h o r t a g e in the w a t e r supp ly of t he A t h e n s a r e a i s expec t ed f o r t he 
t i m e a f t e r 1970. V a r i o u s p r o j e c t s , b a s e d on c o n v e n t i o n a l m e t h o d s a r e 
s t u d i e d , t o f a c e t h e a n t i c i p a t e d w a t e r s h o r t a g e . T h e m o s t i m p o r t a n t of 
t h e m a iming to solve the w a t e r p r o b l e m of Athens f o r a long per iod of t ime , 
p r o v i d e s the t r a n s p o r t a t i o n of w a t e r f r o m the M o r n o s r i v e r . A 1 2 0 - m high 
dam will f o r m a s t o r age lake with a capaci ty of 340 mil l ion m3. The 165-km 
long a q u e d u c t w i l l p a r t l y c o n s i s t of t u n n e l s hav ing a t o t a l l eng th of abou t 
40 k m . The t o t a l c o s t of the aqueduc t i s e s t i m a t e d to be about $54 m i l l i o n . 
The connec t i on to and e x t e n s i o n of the d i s t r i b u t i o n s y s t e m wi l l need ad -
d i t i o n a l c a p i t a l of $50 m i l l i o n . 

W h e r e a s the end of t h e M o r n o s a q u e d u c t w i l l be a t a l e v e l of 254 m 
above sea level and a new wa te r t r e a t m e n t plant i s n e c e s s a r y , the c o n s u m e r s 
a r e s p r e a d over an a r e a s t a r t i n g at s ea l eve l and r each ing 309 m above s e a 
l eve l . 

About half of the w a t e r c o n s u m p t i o n c o r r e s p o n d s to an a r e a of a l e v e l 
f r o m 0 to 100-125 m . On the o t h e r hand it can be noted f r o m Table III that 
an i n c r e a s e in the w a t e r c o n s u m p t i o n of about 48 mi l l i on m 3 i s to be e x -
pec ted by 1969, when a new t h e r m a l power plant wi l l probably be e r e c t e d in 
the ne ighbourhood of A thens . A f u r t h e r i n c r e a s e of about the s a m e amount 
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of w a t e r i s to be expected by 1974, when an addi t ional t h e r m a l unit (Table II) 
i s s c h e d u l e d to s t a r t o p e r a t i o n , p r o b a b l y aga in in the A t h e n s a r e a . 

5. CONCLUSION 

It fol lows, t h e r e f o r e , that by 1969, a dua l -purpose plant fo r power p r o -
duct ion and s e a - w a t e r desa l ina t ion , having a capac i ty of about 100 000 m3 /d 
(25 mi l l ion ga l /d ) , could both m e e t the n e e d s of e l e c t r i c a l ene rgy and of the 
w a t e r supply p rov ided tha t the c o n s t r u c t i o n of t h i s p lant i s f e a s i b l e by that 
t i m e and the c o s t of i t s p r o d u c t s с o m p e t i t i v e . The w a t e r of t h e e x i s t i n g 
supp ly s y s t e m cou ld s e r v e t h e a r e a s s i t u a t e d a t a l e v e l h i g h e r t h a n 100-
125 m, w h e r e a s t h e n e e d s of t he l o w e r l e v e l a r e a s cou ld be s a t i s f i e d by 
d e s a l i n a t i o n . 

A f u r t h e r d u a l - p u r p o s e p lan t f o r t he A t h e n s a r e a cou ld be a n t i c i p a t e d 
to m e e t the d e m a n d in p o w e r and w a t e r by 1974. T h i s p l an t m i g h t be a 
n u c l e a r f u e l l e d un i t . 



A BRIEF ACCOUNT OF WATER DESALINATION 
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INTRODUCTION 

In o u r l a s t s t a t e m e n t p r e s e n t e d to t h e p a n e l of e x p e r t s he ld d u r i n g the 
t h i rd Geneva C o n f e r e n c e on the P e a c e f u l U s e s of A tomic E n e r g y the p roposa l 
to u s e d e s a l i n a t e d w a t e r , ob ta ined f r o m a d u a l - p u r p o s e p l an t , f o r a g r i -
c u l t u r a l p u r p o s e s w a s s t r e s s e d . The UAR Nat iona l C o m m i t t e e s f o r N u c l e a r 
P o w e r and W a t e r D e s a l i n a t i o n i n i t i a t e d a f u l l - s c a l e s t u d y of t h e s i t u a t i o n 
of w a t e r and p o w e r d e m a n d s of t h e d i f f e r e n t r e g i o n s of t he c o u n t r y with the 
advent of the deve lopment po ten t ia l i nhe ren t in d u a l - p u r p o s e p l an t s . Thorough 
i n v e s t i g a t i o n s c o v e r e d such a s p e c t s as: 

(1) E l e c t r i c a l p o w e r d e m a n d s and load evolu t ion to s a t i s f y t h e g rowing 
d e m a n d of the popula t ion and the n e e d s of the p r o g r a m m e of i ndus t r i a l i z a t i on 

(2) T h e popu la t ion t r e n d s in the c o u n t r y , p a r t i c u l a r l y in t h e developing 
a r e a s 

(3) P e t r o l e u m p r o d u c t i o n , i m p o r t s and e x p o r t s and oil t r a d e de f i c i ency 
du r ing the l a s t d e c a d e 

(4) M e t e o r o l o g i c a l c o n d i t i o n s in t h e a r e a s u n d e r d e v e l o p m e n t 
(5) L a n d r e c l a m a t i o n p r o g r a m m e s on p r e s e n t w a t e r r e s o u r c e s and the 

p o s s i b i l i t i e s f o r t h e i r e x t e n s i o n 
(6) F u t u r e w a t e r d e m a n d s 
(7) S u r v e y of g round w a t e r s u p p l i e s 
(8) P o s s i b i l i t i e s of r e u s e of d r a i n a g e w a t e r f r o m a g r i c u l t u r a l l a n d s 
(9) R a i n f a l l , so i l a n a l y s i s , su i t ab le c r o p s , w a t e r u t i l i za t ion and c o n s e -

quent e c o n o m i c po ten t i a l of the M e d i t e r r a n e a n c o a s t a l r eg ion , and 
(10) D e s a l i n a t i o n of s e a a n d b r a c k i s h w a t e r s a s t h e f u t u r e s o u r c e t o 

m e e t t h e i n c r e a s i n g w a t e r d e m a n d s . 
T h r e e m a i n r e g i o n s h a v e b e e n s t u d i e d by t h e c o m m i t t e e s . 

T H E W E S T E R N D E S E R T R E G I O N 

T h i s r e g i o n e x t e n d s f r o m A l e x a n d r i a t o the b o r d e r , t e r m i n a t i n g at E l -
S a l l o u m (abou t 600 k m W e s t of A l e x a n d r i a ) . It r a n g e s in d e p t h f r o m 2 t o 
20 k m f r o m the s e a s h o r e , cons t i t u t i ng an e s t i m a t e d a r e a of abou t 3 mi l l ion 
a c r e s , m o s t of which i s v e r y f e r t i l e in n a t u r e . Many i m p o r t a n t c i t i e s a r e 
l o c a t e d a l o n g t h e s h o r e , i n c l u d i n g B u r g - E l - A r a b , E l - A l a m i e n , E l - D a b a a , 
R a s - E l - H e k m a , M e r s a - M a t r o u h , S i d i - B a r r a n i and E l - S a l l o u m . T h i s r eg ion 
i s we l l s e r v e d by f i r s t c l a s s m e a n s of c o m m u n i c a t i o n and t r a n s p o r t . 

B i d s h a v e a l r e a d y b e e n r e c e i v e d f r o m d i f f e r e n t l e a d i n g c o m p a n i e s f o r 
i n s t a l l i n g a d u a l - p u r p o s e 150-MW(e) n u c l e a r p o w e r and 20 000 m 3 of w a t e r 
p e r d a y d e s a l i n a t i o n p l a n t a t B u r g - E l - A r a b , 30 k m W e s t of A l e x a n d r i a . 

A s p r e v i o u s l y i n d i c a t e d in t h e s t a t e m e n t m a d e to t h e p a n e l he ld d u r i n g 
t h e l a s t G e n e v a C o n f e r e n c e , t h i s f i r s t UAR n u c l e a r d u a l - p u r p o s e p l an t i s 
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in tended to f u r n i s h da ta on the p roduc t ion and u s e of d e s a l i n a t e d s e a w a t e r 
m a i n l y u t i l i z ed f o r a g r i c u l t u r e . The p u r p o s e f o r which it i s i n t ended , a s 
wel l a s t he p r e s e n t s t a t e of the a r t , have i m p o s e d the low w a t e r - t o - p o w e r 
r a t i o . H o w e v e r , it i s expec ted tha t once the f e a s i b i l i t y of the p r o g r e s s i v e 
r e c l a m a t i o n of the po ten t ia l 3 mi l l ion a c r e s in the r eg ion conce rned i s well 
e s t a b l i s h e d and j u s t i f i ed by the r e s u l t s r e v e a l e d by the e x p e r i m e n t a s s o c i -
a t ed with the f i r s t p l an t , t he r e q u i r e d d u a l - p u r p o s e p l a n t s would be of t he 
high w a t e r - t o - p o w e r r a t i o t ype . 

Studies of ava i lab le f r e s h - w a t e r r e s o u r c e s , expected populat ion growth, 
and f u t u r e i n c r e a s e in demand f o r wa te r and power have been conducted fo r 
m o s t of s u m m e r r e s o r t s a long the M e d i t e r r a n e a n C o a s t . 

M e r s a - M a t r o u h i s h e r e su rveyed a s an example . At p r e s e n t 400 m 3 / d 
f r e s h w a t e r of 200 ppm to ta l d i s so lved so l ids and 600 m 3 / d b r a c k i s h w a t e r 
of 1000 ppm total d i sso lved sol ids a r e d i s t r ibu ted in M e r s a - M a t r o u h through 
a dual d i s t r ibu t ion s y s t e m . The f r e s h wa t e r i s conveyed to M e r s a - M a t r o u h 
through a 300-km long pipel ine f r o m Alexandr i a . The population of M e r s a -
Mat rouh i s p r e s e n t l y about 30.000 and i n c r e a s e s to 40 000 during the season . 
A s s u m i n g a r a t e of i n c r e a s e of 3. 5%, the popu la t ion i s expec t ed to r e a c h 
70 000 by 1980. The s h o r t a g e of f r e s h w a t e r i s the m a i n hand icap f o r the 
d e v e l o p m e n t of M e r s a - M a t r o u h . 

A w a t e r d e v e l o p m e n t p r o g r a m m e h a s been w o r k e d out to be e x e c u t e d 
within the next 15 y e a r s . The m a i n f e a t u r e s of the s tudy a r e : 

(1) S e a - w a t e r c o n v e r s i o n by f l a s h e v a p o r a t i o n p r o c e s s 
(2) Es t ab l i shmen t of one wa te r sys tem ins tead of the p r e sen t dual piping 

s y s t e m through mixing, main ta in ing 600 ppm tota l d i s so lved so l ids , ins tead 
of the exis t ing supply containing 1000 ppm 

(3) I n c r e a s e of t h e to ta l supply of w a t e r f r o m a p p r o x i m a t e l y 1000 to 
5000 m 3 / d , and 

(4) I n c r e a s e in p e r capi ta daily wate r consumption f r o m 27 to 75 l i t r e s / d . 
Taking a l l t h i s into cons ide ra t i on , t he study r e v e a l e d the poss ib i l i t y of 

obtaining f r e s h wate r at a cos t of 15 p i a s t r e s / m 3 (equivalent to $ 1 . 4 / 1 0 0 0 US 
gal) in compar i son to the p r e s e n t 42 p i a s t r e s / m 3 (equivalent to $4/1000 gal). 

THE EASTERN REGION 

Th i s reg ion c o m p r i s e s the d e s e r t a r e a E a s t of the Nile Valley up to the 
Red Sea, and the Sinai Pen insu la . It d i f f e r s f r o m the wes te rn region in being 
the m a i n UAR min ing and p e t r o l e u m a r e a . D e v e l o p m e n t and a c t i v i t i e s in 
t h i s p a r t have been g r e a t l y impeded so f a r by the s h o r t a g e of f r e s h w a t e r . 

D i s t i l l a t i on p l a n t s of the s u b m e r g e d - t u b e type w e r e e r e c t e d n e a r l y 40 
y e a r s ago at t h e p h o s p h a t e m i n i n g d i s t r i c t s of Q u s s i e r and S a f a g a . T h i s 
type of p lant i s s t i l l in ope ra t i on , p roduc ing w a t e r a t about 50 p i a s t r e s / m 3 

(equivalent to $ 4 . 6 /1000 ga l ) . 
T h e i n c r e a s e in f r e s h w a t e r d e m a n d at m o s t of t h e s e l o c a l i t i e s a long 

the Red Sea a r e a h a s n e c e s s i t a t e d f r e s h wa t e r t r a n s p o r t by t a n k e r at a cos t 
of 1 Egypt ian p o u n d / m 3 (equivalent to $ 9 . 3 /1000 gal) . 

The l a t e s t s e a - w a t e r desa l ina t ion plant in th is region i s at Abu-Zuneima. 
It i s a combined 7500-kW g a s t u r b i n e and 2400 m 3 / d f l a s h - e v a p o r a t i o n d e -
sa l ina t ion p lan t . A s th i s plant i s loca ted at the head of an oil f i e ld , n a t u r a l 
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gas and naphta a r e used a s fue l . The plant i s now in opera t ion under gua ran -
t ee t e s t s . 

THE DELTA REGION 

L a r g e a m o u n t s of d r a i n a g e w a t e r f r o m i r r i g a t i o n a r e be ing pumped to 
the s e a . At p r e s e n t a p r o g r a m m e i s be ing p u r s u e d f o r t he r econd i t i on ing 
and r e u s e of th i s wa t e r f o r r ec l a iming land in the Nile Delta in a r e a s beyond 
that which would be supplied by Nile water f r o m the High Dam Scheme. The 
sa l in i ty of t h i s b r a k i s h d r a i n a g e w a t e r does not exceed 4000 ppm tota l d i s -
solved s o l i d s . E l e c t r o d i a l y s i s i s expected to be the m o s t su i tab le p r o c e s s 
f o r th i s w a t e r c o n v e r s i o n . 

To solve the p r o b l e m s expected to be encoun te red , and to comple te the 
economic s t ud i e s c o n c e r n i n g t h i s p r o j e c t , a wel l -known in t e rna t i ona l f i r m 
has been approached about the supply of an exper imenta l e lec t rodia lys i s plant 
f o r obtaining al l the r e q u i r e d in format ion and data . This plant , if succesfu l , 
wi l l j u s t i f y i n s t a l l i n g l a r g e r p l a n t s of t he s a m e type f o r u s e in t h e N o r t h 
D e l t a . 

P R E S E N T DESALTING ACTIVITIES IN T H E UAR 

In addition to the ac t iv i t i e s and s tudies c a r r i e d out by the National Com-
mi t tee of Wate r Desal inat ion sponsored by the UAR Atomic Energy Es tab l i sh -
men t , the f e a s i b i l i t y of w a t e r de sa l i na t i on in the UAR h a s been s tudied by 
a United Nat ions t e a m of e x p e r t s . The i r f inal r e p o r t ha s not yet been sub -
mi t t ed . O t h e r t e c h n i c a l t e a m s f r o m the USA and UK have a l s o con t r ibu ted 
s t u d i e s . The i n t e r e s t and co l l abora t ion shown by the I n t e r n a t i o n a l A tomic 
E n e r g y Agency and the Food and A g r i c u l t u r e O r g a n i z a t i o n a r e v e r y much 
a p p r e c i a t e d . 

In the development and expe r imen ta l f ie ld , the Commi t t ee i s at p r e sen t 
engaged in bu i ld ing in A l e x a n d r i a a f l a s h - e v a p o r a t i o n e x p e r i m e n t a l p l an t 
w h e r e v a r i o u s t e c h n i c a l m o d i f i c a t i o n s have b e e n i n t r o d u c e d . A s m o s t of 
component p a r t s f o r a flash d is t i l la t ion unit can be m a n u f a c t u r e d local ly , it 
i s an t i c i pa t ed tha t bui ld ing f l a s h - e v a p o r a t i o n p l a n t s of m o d e r a t e s i z e wi l l 
be p o s s i b l e to m e e t t he p l a n s of the UAR p r o g r a m m e . 

T h e r e l a t e d s e r i o u s e x t e n s i v e s t u d i e s and e n d e a v o u r s , s u p p o r t e d by 
r e s e a r c h work c a r r i e d out in va r i ous r e s e a r c h c e n t r e s and un ive r s i t i e s , will 
f u r n i s h the way to the UAR to t a k e a l ead in s e r v i n g a l l a r i d and s e m i - a r i d 
r e g i o n s of t he w o r l d by c o n t r i b u t i n g knowledge and s h a r i n g e x p e r i e n c e in 
t h e f i e ld of w a t e r c o n v e r s i o n . 



WATER PROBLEMS IN MEXICO CITY 

N. CARRILLO 
COMISION NACIONAL DE ENERGIA NUCLEAR, 

MEXICO 

SUMMARY OF STATEMENT 

The u s e of n u c l e a r e n e r g y in a d u a l - p u r p o s e p lant f o r gene ra t i ng e l e c t r i -
c i ty and desa l t i ng w a t e r could so lve a n u m b e r of p r o b l e m s which a r e p a r t i c u -
l a r l y a c u t e in Mexico Ci ty . A p a r t f r o m w a t e r and e l e c t r i c a l p o w e r r e q u i r e -
m e n t s , t h e s e p r o b l e m s r e l a t e to m a i n t e n a n c e of the condi t ion of the s u b s o i l , 
which has v e r y s p e c i a l c h a r a c t e r i s t i c s , in o r d e r to p r e v e n t subs idence of the 
g round on which the c i ty i s bui l t . The a v e r a g e r a t e of s u b s i d e n c e i s 0.30 m e t r e 
p e r y e a r , an e x t r e m e l y h igh f i g u r e . The m a i n r e a s o n f o r t h e s u b s i d e n c e i s 
t ha t t h e c i ty i s m e e t i n g i t s h e e d s by tak ing w a t e r f r o m the s u b s o i l . 

T h e g r o u n d on which Mex ico City s t a n d s c o n s i s t s of a n u m b e r of s t r a t a 
( f i l l , c lay , s and and g r a v e l ) , a s shown in F i g . 1. As an indica t ion , the th ick-
n e s s e s of t h e s t r a t a c o m m o n l y m e t ' w i t h a r e g i v e n i n t h e f i g u r e . R o c k i s 
u s u a l l y found at a depth of m o r e than 1000 m . The s u b s o i l i s s a t u r a t e d with 
w a t e r . T h e s o f t c l a y c o n t a i n s s e v e n p a r t s by v o l u m e of w a t e r t o one p a r t 
so l id , whi le the h a r d c l ay c o n t a i n s f o u r p a r t s by v o l u m e of w a t e r to one p a r t 
s o l i d ; T h e w e l l s (wh ich h a v e an a v e r a g e d e p t h of 300 m ) e x t r a c t 8 m 3 of 
w a t e r p e r s e c o n d f r o m the g r a v e l s t r a t a , t h e r e b y e x e r t i n g a suc t ion e f fec t on 
the h i g h e r s t r a t a and l ead ing to s u b s i d e n c e of the g r o u n d . 

T h e c o s t , in t e r m s of b u i l d i n g - f o u n d a t i o n s , of so lv ing t h i s p r o b l e m has 
b e e n v e r y h igh . It h a s b e e n n e c e s s a r y e i t h e r to s u p p o r t bu i ld ings on e x t r a 
l a r g e p i l e s ( r e a c h i n g down to the s a n d o r h a r d c lay s t r a t a ) in o r d e r to o f f s e t 
t h e d o w n w a r d - a c t i n g f r i c t i o n a l f o r c e s e x e r t e d b y t h e g r o u n d i t s e l f u n d e r 
the s u c t i o n e f f e c t , in a d d i t i o n to t h e f o r c e s e x e r t e d by t h e we igh t of t h e 
b u i l d i n g s t h e m s e l v e s , o r to r e s o r t to e x p e n s i v e s o l u t i o n s s u c h a s " f l o a t i n g 
s t r u c t u r e s . " 

S t r u c t u r e s with l e s s e l a b o r a t e foundat ions tend to lean o r develop c r a c k s . 
A c c o r d i n g t o o f f i c i a l e s t i m a t e s t h e c o s t t o t h e m u n i c i p a l a u t h o r i t i e s a l o n e 
of M e x i c o C i t y ' s m a i n t e n a n c e w o r k n e c e s s i t a t e d by s u b s i d e n c e a m o u n t s to 
US $80 000 p e r day . T h i s g i v e s an i d e a of t he e x p e n d i t u r e which i s i n c u r r e d 
by p r i v a t e i nd iv idua l s f o r the s a m e p u r p o s e . T h e p r i c e of w a t e r to the con-
s u m e r v a r i e s a c c o r d i n g t o t h e a m o u n t c o n s u m e d , r a n g i n g f r o m abou t 
US $ 0 . 0 2 4 / m 3 t o US $ 0 . 0 6 / m 3 . H o w e v e r , t h e c o s t of t h e w a t e r t o the c i t y 
could be m o r e than US $ 0 . 5 0 / m 3 , due to the p r o b l e m s d i s c u s s e d above. The 
a v e r a g e p r i c e of e l e c t r i c i t y to t h e pub l i c a t p r e s e n t i s 30 m i l l s / k W h . 

T h e V a l l e d e M e x i c o c o n t a i n s a n u m b e r of n a t u r a l b a s i n s , : i n c l u d i n g 
t h o s e in w h i c h M e x i c o C i ty l i e s and the f o r m e r L a k e T e x c o c o ( s e e F i g . 2). 
The w a t e r of L a k e T e x c o c o i s b r a c k i s h and i s p r e s e n t in a n u m b e r of s t r a t a 
of the s u b s o i l in a c o n c e n t r a t i o n of 16 p a r t s by vo lume to one p a r t so l id . The 
r eg ion has an annual r a i n f a l l of 750 m m which, if s t o r e d , would be suf f ic ien t 
to supply Mexico Ci ty with w a t e r . However , t h i s i s not p o s s i b l e b e c a u s e the 
r a in i s t o r r e n t i a l and m u s t be d r a i n e d away to p r e v e n t f looding. Lake Texcoco 
has been p a r t l y d r a ined by m e a n s of a cana l and two tunne l s . 
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FIG. 1. Strata of Mexico City subsoil 

FIG. 2. Elevation of Valle de Mexico showing Mexico City and Lake Texcoco basins 

At p r e s e n t the s u r f a c e of the f o r m e r Lake Texcoco cons i s t s of fine solid 
p a r t i c l e s which cons t i tu te a new prob lem f o r Mexico City, i . e . dust s t o r m s . 
A s m a l l p a r t of the b r a c k i s h w a t e r in the f o r m e r lake i s u s e d in producing 
s a l t by s o l a r e v a p o r a t i o n . 

T h e r e i s no evidence of underground communica t ion between the subsoi l 
of the Lake and that of Mexico City: (a) the w a t e r in the subso i l beneath the 
city i s not b r ack i sh ; (b) the p r e s s u r e of the wa te r in the subsoi l beneath the 
l ake i s s u f f i c i e n t to m a k e it r i s e in a r t e s i a n w e l l s , which would be v e r y 
d i f f i cu l t if s u c h c o m m u n i c a t i o n e x i s t e d s i n c e the d i s t r i b u t i o n of p r e s s u r e 
b e n e a t h the c i ty i s not h y d r o s t a t i c due to the pumping of w a t e r . 

The r e s p o n s i b l e a u t h o r i t i e s have m a d e a thorough s tudy of me thods of 
solving t h e s e p r o b l e m s and, s c a r c e l y two months ago, the idea was put 
f o r w a r d of c o n s i d e r i n g the i n s t a l l a t i o n of a d u a l - p u r p o s e n u c l e a r p lant f o r 
desa l t ing the b r a c k i s h w a t e r of Lake Texcoco as a way of supplying the city 
with w a t e r and p o w e r . No t e c h n i c a l o r economic study has ye t been made , 
and the purpose in se t t ing fo r th th is p rob lem at such an ear ly s tage has simply 
been to obtain the opinions of m e m b e r s of the P a n e l on the feas ib i l i ty of the 
s c h e m e . T h e d u a l - p u r p o s e p l an t would a l s o m a k e it p o s s i b l e t o p r e v e n t 
s u b s i d e n c e of the g round , with consequen t l a r g e sav ings in expend i tu r e on 
lay ing , m a i n t a i n i n g and r e p a i r i n g the founda t ions of bu i l d ings . 



PRELIMINARY STUDY ON COMBINATION SEA WATER 
DESALTING AND ELECTRIC POWER PLANT 

FOR ISRAEL 

JOINT UNITED STATES - ISRAEL POWER AND DESALTING TEAM* 

ABSTRACT 

T h i s documen t i s a p r e l i m i n a r y study on combina t ion s e a - w a t e r desa l t ing 
and e l e c t r i c p o w e r p lan t f o r I s r a e l . The r e p o r t r e v i e w s p r o j e c t e d w a t e r and 
p o w e r n e e d s of I s r a e l , a n a l y s e s the p o s s i b i l i t y of s a t i s f y i n g t h e s e n e e d s with 
a l a r g e d u a l - p u r p o s e d e s a l t i n g p l a n t , and c o n t a i n s r e c o m m e n d a t i o n s f o r a 
m o r e de ta i l ed e n g i n e e r i n g f ea s ib i l i t y s tudy . In addi t ion, the r e p o r t d e s c r i b e s 
a p r o p o s e d p r o g r a m m e f o r deve lopmen t of l a r g e - s c a l e w a t e r - d e s a l t i n g plants 
i n c l u d i n g l e t t i n g of c o n c e p t u a l d e s i g n , d e s i g n , c o n s t r u c t i o n and t e s t i n g of 
l a r g e m o d u l a r s e c t i o n s . T h e c o n s t r u c t i o n of a p r o t o t y p e d e s a l t i n g p lan t o r 
at l e a s t of p a r t i a l m o d u l e s i s e s s e n t i a l f o r a s u c c e s s f u l and e c o n o m i c des ign 
of a p l an t of t he s i z e u n d e r c o n s i d e r a t i o n . 

F i n a l l y , t h e r e p o r t g i v e s a t e n t a t i v e t i m e - t a b l e of the m a i n s t e p s of the 
p r o j e c t c o n s i d e r i n g t h a t t h e i n s t a l l a t i o n would s t a r t in 1971. 

* Members, Israel: A. Wiener, Water Planning for Israel, Te l -Av iv ; C. Cats, Israel Electric Cor-
poration; R. Thieberger, Israel Atomic Energy Commission, Tel-Aviv; United States of America: 
M. A. Chase, Department of the Interior, Washington, D. C. ; S. F. Mulford, Office of Saline Water, 
San Diego, Calif. ; I. Spiewak, Oak Ridge National Laboratory, Oak Ridge, Tenn. Copies available from 
US Department of the Interior. 
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SPECIFIC SITUATION IN THE FORTALEZA AREA 
IN BRAZIL 

F.B. FRANCO-NETTO 
RESIDENT REPRESENTATIVE TO THE IAEA 

BRAZIL 

ABSTRACT 

B r a z i l , with a popu la t ion of 80 mi l l i on and a t e r r i t o r y of a p p r o x i m a t e l y 
8.5 mi l l i on km 2 p r e s e n t s an uneven p a t t e r n of popula t ion dens i ty and economic 
d e v e l o p m e n t . My r e m a r k s wi l l b e d i r e c t e d to the p o s s i b i l i t y of i n s t a l l i n g a 
d u a l - p u r p o s e n u c l e a r fac i l i ty , in the c i ty of F o r t a l e z a which i s s i t u a t e d in a 
s e m i - a r i d r e g i o n p r e s e n t i n g a h igh popu la t i on index and a low d e v e l o p m e n t 
r a t e . T h i s i s in t h e n o r t h e a s t e r n r e g i o n of B r a z i l , with 1.2 mi l l ion k m 2 and 
a p o p u l a t i o n of a p p r o x i m a t e l y 22 m i l l i o n . T h e m a i n f a c t o r c o n d i t i o n i n g 
u n d e r - d e v e l o p m e n t i s t h e s h o r t a g e in the supp ly of f r e s h w a t e r , e i t h e r f o r 
u t i l i z a t i o n in a g r i c u l t u r e o r c o n s u m p t i o n in u r b a n c e n t r e s . 

F o r t a l e z a , a c o a s t a l c i t y on t h e A t l a n t i c , h a s now 700 000 i n h a b i t a n t s . 
I t s r a d i u s of e c o n o m i c i n f l u e n c e i s 300 000 k m 2 . T h e e s t i m a t e d popu la t ion 
i n 1980 wi l l b e 1.5 m i l l i o n i n c l u d i n g i m m i g r a t i o n . T h e r a n g e of i n d u s t r i a l 
a c t i v i t y c o m p r i s e s a m o d e r a t e p r o d u c t i o n of c a r n a u b a wax, v e g e t a b l e o i l , 
t e x t i l e f i b r e s and c a n n e d f i s h e r y . I n d u s t r i a l e x p a n s i o n i s s e r i o u s l y h a n d i -
c a p p e d by the l a c k of p o w e r . 

T h e fo l lowing a n a l y s i s of f a c t o r s po in t ing to the d e s i r a b i l i t y of bui ld ing 
a d u a l - p u r p o s e f a c i l i t y i s a s u m m a r y of a p a p e r p r e s e n t e d a t t h e r e c e n t 
P u e r t o R i c o I n t e r - A m e r i c a n m e e t i n g on t h e t e c h n i c a l and e c o n o m i c a s p e c t s 
of t h e p r o d u c t i o n of n u c l e a r p o w e r . T h e a u t h o r s of t he p a p e r , bo th m e m b e r s of 
the T e c h n i c a l Staff of the B r a z i l i a n N u c l e a r C o m m i s s i o n , a r e D r . H. A. F e r r e i r a 
J u n i o r and D r . W. P o l l i s . 

T h e s h o r t a g e i n t h e s u p p l y of f r e s h w a t e r f o r p u b l i c c o n s u m p t i o n i n 
F o r t a l e z a i s a c u t e . Running w a t e r i s a v a i l a b l e to only 15% of the popula t ion . 
T h e s i t u a t i o n c a n h a r d l y b e c o r r e c t e d u n l e s s n o n - c o n v e n t i o n a l m e t h o d s a r e 
adop ted . As a m a t t e r of f ac t , p r e c i p i t a t i o n in the n o r t h e a s t e r n a r e a of B r a z i l 
a m o u n t s to a m e r e 300 to 400 m m / y r . W a t e r s t r e a m s have a v e r y r e d u c e d 
flow a n d d a m s h a v e t o b e c o n s t r u c t e d . U n d e r g r o u n d w a t e r i s l i m i t e d b u t 
s t i l l p r o v i d e s the n e c e s s a r y w a t e r f o r publ ic bui ld ings , hospi ta l s and schools , 
wh ich keep i n d i v i d u a l w e l l s . T h e r e a r e no s a n i t a r y d r a i n s . W a t e r d e a l e r s 
s e l l t h e i r m e r c h a n d i s e out of p i p e - l o r r i e s , pu l l ed by a n i m a l s . 

T h e p r e s e n t a v a i l a b i l i t y i s 12 200 m 3 / d . T h e m i n i m u m r e q u i r e m e n t 
in 1980 i s e s t i m a t e d a t 375 000 m 3 / d . P r o j e c t s u n d e r d e v e l o p m e n t , which 
c o m p r i s e d u p l i c a t i o n of a q u e d u c t s , e n l a r g e m e n t of d a m s and t h e u s e of 
u n d e r g r o u n d w a t e r wi l l e n l a r g e the p r e s e n t ava i lab i l i ty of 75 000 m 3 / d . Thus 
the de f i c i t f o r 1980 i s s t i l l of a p p r o x i m a t e l y 300 000 m 3 / d . 

T h e s i tua t ion a s r e g a r d s e l e c t r i c p o w e r supply i s not m o r e encourag ing . 
T h e t o t a l i n s t a l l e d p o w e r i s 34 000 kW, o r 48 W p e r i n h a b i t a n t . E l e c t r i c 
l i gh t i s p r o v i d e d t o on ly 50% of t h e c i t y . T h e n e e d f o r p o w e r in 1980 c a n 
b e e s t i m a t e d on t h e b a s i s of 162 W p e r i nhab i t an t , which c o r r e s p o n d s to the 
i n d e x of S ä o P a u l o in 1 9 6 2 . T h e d e s i r e d i n s t a l l e d c a p a c i t y wou ld c o n s e -
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quen t l y b e 250 000 kW. P r o j e c t s now u n d e r way wi l l r a i s e t h e i n s t a l l e d 
c a p a c i t y to 90 000 kW in 1980. T h e d e f i c i t to be m e t i s of a p p r o x i m a t e l y 
160 MW. 

The only p o s s i b l e s o u r c e of h y d r o - e l e c t r i c p o w e r that could be u s e d to 
m i t i g a t e t h i s de f i c i t i s the Pau lo Afonso p lant , on the SSo F r a n c i s c o r i v e r , 
700 km f r o m F o r t a l e z a . One l ine t r a n s m i t t i n g 20 000 kW to F o r t a l e z a i s 
being pulled at p r e s e n t . But plans fo r the duplication of this line have al ready 
b e e n abandoned f o r e c o n o m i c r e a s o n s . T h e P a u l o A f o n s o p l an t h a s b e e n 
designed to cove r a 450-km range . Consequently, a t h e r m a l power stat ion of 
one o r m o r e units will have to be bui l t . Both coa l - f i r ed and o i l - f i red stat ions 
a r e uneconomical in th is c a s e . Braz i l i an coal i s poor in grade and the mines 
a r e s i t u a t e d 4000 k m away f r o m F o r t a l e z a . Oi l e x t r a c t e d and r e f i n e d in 
B r a z i l accounts f o r l e s s than 50% of consumption; a s tat ion f i red by imported 
oil would not be compet i t ive with nuc l ea r powered p lants . 

T h e r e a s o n s in f a v o u r of the i n s t a l l a t i o n of a d u a l - p u r p o s e r e a c t o r in 
F o r t a l e z a have r ecen t ly been r e i n f o r c e d by the r e s u l t s of a study re la t ing to 
the cons t ruc t ion of a 66-MW plant in B r a z i l . This study has shown that both 
in the c a s e of c o a l and o i l the d e l i v e r e d kW would be p r i c e d at 14.8 m i l l s . 



PROGRAMME FOR ADVANCED DESALTING 
TECHNOLOGY - REPORT TO THE PRESIDENT* 

DEPARTMENT OF THE INTERIOR, UNITED STATES OF AMERICA 

ABSTRACT 

T h e r e p o r t p r e s e n t s a p r o g r a m m e d e v e l o p e d c o - o p e r a t i v e l y by t h e US 
D e p a r t m e n t of t he I n t e r i o r and the US Atomic E n e r g y C o m m i s s i o n to advance 
the t echno logy of w a t e r d e s a l i n a t i o n . 

T h e r e p o r t i s p r e s e n t e d in two c o m p l e m e n t a r y p a r t s . T h e D e p a r t m e n t 
of t he I n t e r i o r p r o p o s e s an a c c e l e r a t e d p r o g r a m m e des igned to ach i eve new 
t e c h n i q u e s f o r d e s a l i n a t i o n and to i m p r o v e ex i s t i ng p r o c e s s e s to s a t i s f y both 
the l a r g e and s m a l l n e e d s tha t a r i s e . S p e c i f i c a l l y , t he r e p o r t r e c o m m e n d s : 

(1) E x t e n s i o n of the A n d e r s o n - A s p i n a l l Act t h rough 1972, the m o n e t a r y 
a u t h o r i t y be i n c r e a s e d by $200 mi l l i on , and c l a r i f i c a t i o n of the D e p a r t m e n t ' s 
a u t h o r i t y to bui ld e x p e r i m e n t a l f a c i l i t i e s . 

(2) E s t a b l i s h m e n t of a W e s t C o a s t t e s t f a c i l i t y w h e r e m o d u l e s and f u l l -
s i z e componen t s of d i s t i l l a t ion p l an t s can be t e s t e d unde r s e a - w a t e r condit ions 
app l i cab le to p ro to type p l a n t s . 

(3) Cons t ruc t i on of at l e a s t one i n t e r m e d i a t e - s i z e pro to type plant s t a r t e d 
by 1967. P r i o r to t h a t t i m e , a n a c c e l e r a t e d e f f o r t r a n g i n g f r o m b a s i c r e -
s e a r c h t o c o n c e p t u a l d e s i g n , t o b e c o n d u c t e d on d i s t i l l a t i o n p r o c e s s e s . 

(4) C o m p r e h e n s i v e s t u d y of a l l p h a s e s of c o m p a r a t i v e w a t e r c o s t s and 
n e e d s . 

(5) I n c r e a s e d b a s i c r e s e a r c h e f f o r t s to d i s c o v e r e n t i r e l y new d e s a l t i n g 
t echn iques , to develop the p r o m i s i n g r e v e r s e - o s m o s i s p r o c e s s , and to p e r f e c t 
d i s t i l l a t ion p r o c e s s e s . 

T h e US A t o m i c E n e r g y C o m m i s s i o n p r o p o s e s a p r o g r a m m e des igned to 
p r o v i d e e c o n o m i c n u c l e a r e n e r g y s o u r c e s to s e r v e the n e a r - t e r m and long-
r a n g e e n e r g y n e e d s f o r i n t e r m e d i a t e a n d l a r g e - s c a l e d e s a l i n a t i o n of s e a 
w a t e r . T h e p r o g r a m m e i n c l u d e s : 

(1) S u p p l e m e n t a t i o n of i t s r e a c t o r d e v e l o p m e n t p r o g r a m m e , i nc lud ing 
a p p r o p r i a t e p ro to type p l an t s , to p rov ide economic n u c l e a r energy s o u r c e s f o r 
an t i c ipa ted i n t e r m e d i a t e and l a r g e - s c a l e desa l ina t ion n e e d s . 

(2) Deve lopmen t of the h e a v y - w a t e r m o d e r a t e d , o r g a n i c - c o o l e d r e a c t o r 
concep t as the r e f e r e n c e r e a c t o r s y s t e m to s u p p o r t the l a r g e - s c a l e desa l t ing 
p r o g r a m m e a s we l l a s s i n g l e - p u r p o s e e l e c t r i c p o w e r app l i ca t ions . 

(3) Con t inu ing a s s e s s m e n t , e v a l u a t i o n and n e c e s s a r y d e v e l o p m e n t s of 
p r o m i s i n g r e a c t o r c o n c e p t s to p r o v i d e e c o n o m i c n u c l e a r e n e r g y s o u r c e s 
f o r t h e n e a r - t e r m , i n t e r m e d i a t e - s i z e d e s a l i n a t i o n n e e d s . 

(4) E n g i n e e r i n g a n a l y s e s , s t u d i e s , and d e v e l o p m e n t s t o e x p l o r e m o r e 
fu l l y t h e coup l ing of n u c l e a r p o w e r p l a n t s t o d e s a l i n a t i o n f a c i l i t i e s in o r d e r 
to e s t a b l i s h a b r o a d e r t e chno log i ca l b a s e f o r d u a l - p u r p o s e p lan ts and spec i f i c 
app l i ca t ions . 

* Available from US Department of the Interior and US Atomic Energy Commission. 
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ANNEX I 

RÉSUMÉ OF 
PANEL ON THE USE OF NUCLEAR ENERGY 

FOR WATER DESALINATION 

Vienna , A p r i l 1964 

T h e P a n e l ' s a c t i v i t i e s w e r e d e v o t e d m a i n l y t o d i s c u s s i o n s r e l a t i n g to 
o p e r a t i n g e x p e r i e n c e wi th d e m o n s t r a t i o n p l a n t s , s p e c i f i c r e g i o n a l s i t ua t i ons 
w h e r e d u a l - p u r p o s e p l a n t s m i g h t b e c o n s i d e r e d , d e s i g n and e c o n o m i c s of 
s u c h p l a n t s , and o p t i m u m p e r f o r m a n c e r a t i o s . S o m e of t h e m a j o r p o i n t s 
e m e r g i n g f r o m the d e l i b e r a t i o n s of t h e P a n e l a r e s u m m a r i z e d b e l o w . 

D E M O N S T R A T I O N P L A N T S O P E R A T I N G E X P E R I E N C E 

A c o m p r e h e n s i v e r e p o r t , wh ich i s r e f e r r e d to b e l o w , s u b m i t t e d by the 
O f f i c e of Sa l i ne W a t e r (USA) on i t s d e m o n s t r a t i o n d e s a l i n a t i o n p l a n t s , gave 
a s u m m a r y of the e x p e r i e n c e g a i n e d s o f a r w i t h s u c h i n s t a l l a t i o n s i n USA. 

CONSIDERATIONS F O R D U A L - P U R P O S E P L A N T A P P L I C A T I O N S 

Any t e c h n i c a l and e c o n o m i c s t u d y f o r a d u a l - p u r p o s e p l a n t shou ld p a y 
due c o n s i d e r a t i o n to the e n v i r o n m e n t u n d e r which the p lant i s to be i n s t a l l ed 
a n d o p e r a t e d . T o b e g i n w i t h , a t h o r o u g h s u r v e y of t h e r e q u i r e m e n t s of 
w a t e r and e l e c t r i c i t y in r e f e r e n c e to the a r e a to be s e r v e d by the plant should 
be m a d e . T h e a v a i l a b l e w a t e r r e s o u r c e s s h o u l d be f u l l y i n v e s t i g a t e d , i n -
c l u d i n g t h e e x i s t e n c e of u n d e r g r o u n d w a t e r r e s e r v e s , s u r f a c e w a t e r r e -
s o u r c e s , p o s s i b i l i t y of b u i l d i n g d a m s f o r w a t e r r e s o u r c e s , r e q u i r e m e n t 
of w a t e r f o r a g r i c u l t u r e and the c o s t of w a t e r in r e l a t i o n to c r o p y i e l d s , and 
the s o c i a l f a c t o r s i n f l u e n c i n g the e c o n o m i c d e v e l o p m e n t of the a r e a . 

T h e c o n d i t i o n s would v a r y f r o m c o u n t r y t o c o u n t r y and even f r o m a r e a 
t o a r e a w i t h i n a g i v e n c o u n t r y . In a h i g h l y i n d u s t r i a l i z e d c o u n t r y s e r v e d 
by an e x t e n s i v e n e t w o r k of t r a n s m i s s i o n l i n e s the gove rn ing f a c t o r in s e l e c t -
i n g the s i z e of a d u a l - p u r p o s e p l a n t wou ld m o s t l i k e l y be the w a t e r o u t p u t . 
T h e e l e c t r i c p o w e r g e n e r a t e d wou ld be a b y - p r o d u c t and c o u l d be f e d i n t o 
t h e g r i d . -, 

In the c a s e of a deve lop ing coun t ry the s i tua t ion would be quite d i f f e r e n t . 
I n an a r e a s e r v e d by a s m a l l g r i d and h a v i n g a c u t e s h o r t a g e of w a t e r t h e 
s i z e of the d u a l - p u r p o s e p lant m i g h t be d e t e r m i n e d l a r g e l y by the m a x i m u m 
p o w e r w h i c h cou ld be a b s o r b e d b y the gr id , r a t h e r t h a n the w a t e r ou tpu t a s 
s u c h . 

T h e l i f e t i m e p l a n t u t i l i z a t i o n f a c t o r f o r a d u a l - p u r p o s e p l a n t would be 
h i g h e r t h a n f o r a s i n g l e - p u r p o s e p o w e r only p l a n t . Whi le a t h e r m a l s t a t i o n 
n o r m a l l y t ends to be d i s p l a c e d by m o r e e f f i c i e n t n e w e r p l an t s , a d u a l - p u r p o s e 
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i n s t a l l a t i o n , b e c a u s e of b e t t e r u t i l i z a t i o n of h e a t e n e r g y , would con t inue 
to p r o d u c e p o w e r a t l o w e r o p e r a t i n g c o s t s f o r a l o n g e r p e r i o d . 

D U A L - P U R P O S E P L A N T S DESIGN AND ECONOMICS 

In g e n e r a l the d u a l - p u r p o s e p l a n t s m a y e m p l o y b a c k p r e s s u r e o r e x -
t r a c t i o n t u r b i n e s , the f o r m e r being m o r e sui table fo r h ighèr w a t e r - t o - p o w e r 
r a t i o . T h e r e e x i s t s a zone in wh ich bo th t y p e s can be u s e d , i . e . a r o u n d 
27 l i t r e s / k W h (7 US gal /kWh) depending on p r i m e and ex t rac t ion s t e a m t e m -
p e r a t u r e s . O p e r a t i n g r e l i a b i l i t y of the desa l ina t ion plant can be improved 
by u s i n g a s t e a m b y - p a s s l i n e in wh ich the p r i m e s t e a m i s t h r o t t l e d and 
d e s u p e r h e a t e d b e f o r e f eed ing the b r i n e h e a t e r . B e s i d e s , the addi t ion of 
a d u m p c o n d e n s e r i n a d u a l - p u r p o s e p l an t u s i n g a b a c k - p r e s s u r e t u r b i n e 
would m a k e i t p o s s i b l e to g e n e r a t e e l e c t r i c p o w e r e v e n in the c a s e of the 
d e s a l i n a t i o n p lant be ing shu t down. T h e s e d e v i c e s a l s o i n c r e a s e the f l ex i -
b i l i ty of the p lan t . 

A n o t h e r way of i m p r o v i n g the f l ex ib i l i ty would c o n s i s t in adding to the 
s t e a m c o n s u m i n g d e s a l i n a t i o n p l an t a n o t h e r p l an t u s i n g e l e c t r i c i t y ( e . g . 
e l e c t r o d i a l y s i s ) , wh ich could be o p e r a t e d a c c o r d i n g to the v a r i a t i o n of the 
p o w e r d e m a n d . 

The p o w e r c r e d i t m e t h o d w a s d i s c u s s e d and e m p h a s i s given to the in -
f l u e n c e of the a s s u m e d kWh va lue on the o p t i m u m des ign of the p lan t . 

P E R F O R M A N C E RATIO 

A s u b - c o m m i t t e e of the P a n e l i n v e s t i g a t e d the d i f f e r e n c e be tween op-
t i m u m p e r f o r m a n c e r a t i o s u s e d f o r s t u d i e s in the USA and UK, which a r e 
l o w e r f o r the l a t t e r . 

The m a i n r e a s o n i s tha t the uni t cos t of heat e x c h a n g e r s i s much lower 
in the Uni ted S t a t e s . In addi t ion , the a s s u m e d h e a t t r a n s f e r coe f f i c i en t i s 
20% h i g h e r in the US s t u d i e s . Th i s obvious ly l e a d s to h i g h e r p e r f o r m a n c e 
r a t i o s . 

A n o t h e r r e a s o n , a l though m o r e d i f f i cu l t to e s t a b l i s h , i s the e f f e c t of 
t he p o w e r c r e d i t p r o c e d u r e u s e d only i n US s t u d i e s . Low p o w e r c r e d i t 
f a v o u r s h i g h e r p e r f o r m a n c e r a t i o s . 

P A P E R S S U B M I T T E D 

A l i s t of r e p o r t s submit ted as background m a t e r i a l fo r the Pane l i s given 
below. 

In addi t ion, t h r e e p a p e r s w e r e p r e p a r e d spec ia l ly fo r the P a n e l . Since 
they a r e not publ ished e l s e w h e r e , br ief r é s u m é s a r e given below. 
(1) " P r e s e n t S t a t u s of D e m o n s t r a t i o n P l a n t s i n the USA", s t a t e m e n t by 
R . H . J ebens , Chief of Demons t ra t ion P lan t s Division, Office of Saline Water , 
US Depar tmen t of the In t e r i o r , United States of Amer i ca . 

This r e p o r t ind ica tes the exper ience gained by the Office of Saline Water 
in ope ra t i ng t h e i r f o u r d e m o n s t r a t i o n p lan ts (San Diego, F r e e p o r t , Webs t e r 
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and Roswe l l ) . With r e g a r d to the d i s t i l l a t i on p r o c e s s , s e v e r a l t e s t s have 
been m a d e a t d i f f e r e n t t e m p e r a t u r e s in the b r i n e h e a t e r and at d i f f e r e n t 
c o n c e n t r a t i o n f a c t o r s . At ten t ion has been m a i n l y devoted to c o r r o s i o n and 
s c a l e c o n t r o l . 
(2) " A n A s s e s s m e n t of C e r t a i n A v e n u e s of I m p r o v e m e n t f o r N u c l e a r D e -
s a l i n a t i o n Techno logy" , by R. Ph i l i p H a m m o n d , Oak Ridge Na t iona l L a b o -
r a t o r y , Oak Ridge , T e n n . , Uni ted S ta t e s of A m e r i c a . 

In the n e a r f u t u r e , de sa l i na t i on , even u s ing n u c l e a r p o w e r , wi l l not be 
in m o s t c a s e s the b e s t way of obtaining w a t e r supp l i e s . However , p r o g r e s s 
i n t e c h n o l o g y c a n m a k e t h i s a l t e r n a t i v e a p p l i c a b l e l a t e r on f o r m o r e and 
m o r e r e g i o n s . In e a c h c a s e the c u s t o m e r should s p e c i f y the input da ta f o r 
des ign ing and op t imiz ing the p lan t . 

In a d u a l - p u r p o s e p lan t u s ing a b a c k - p r e s s u r e t u r b i n e , p o w e r , if con-
s i d e r e d a s a b y - p r o d u c t , i s g e n e r a t e d wi th an e f f i c i e n c y of n e a r l y 100%. 
As a f i r s t approx imat ion , i t a p p e a r s , t h e r e f o r e , that the cos t of p r ime s t eam 
i s c o n t r o l l i n g and shou ld g o v e r n the c h o i c e of h e a t s o u r c e by t a k i n g in to 
accoun t s o m e c o n s t r a i n t s such a s m a x i m u m a c c e p t a b l e t e m p e r a t u r e of the 
e x h a u s t s t e a m and w a t e r - t o - p o w e r r a t i o . 

A study of the op t imum e v a p o r a t o r t e m p e r a t u r e in a dua l -pu rpose plant 
h a s been c a r r i e d out . With s o m e s impl i fy ing a s s u m p t i o n s i t shows that f o r 
a g iven s o u r c e of p r i m a r y s t e a m , w a t e r c o s t i s f a i r l y i n d e p e n d e n t of the 
c r o s s - o v e r t e m p e r a t u r e . M o r e r e f i n e d c o n s i d e r a t i o n s shou ld l e a d to the 
conc lus ion tha t t h e r e would be s o m e advantage in s e l ec t ing lower t e m p e r a -
t u r e s f o r the b r i n e h e a t e r if the c r i t e r i a i s to m i n i m i z e w a t e r cos t , thus 
y i e l d i n g a low w a t e r - t o - p o w e r r a t i o . High t e m p e r a t u r e i s j u s t i f i e d only 
f o r s i n g l e - p u r p o s e p l a n t s and f o r s i t u a t i o n s w h e r e a h igh w a t e r - t o - p o w e r 
r a t i o i s d e s i r e d . 

A r e a c t o r i s bui l t a t p r e s e n t in to a p r e s s u r e t ight e n c l o s u r e f o r s a f e t y 
r e a s o n s . The s a m e app l i e s to e v a p o r a t o r s in o r d e r to exc lude the a t m o -
s p h e r e . I t i s t h e r e f o r e s u g g e s t e d to c o n s t r u c t one l a r g e s h e l l t o c o n t a i n 
bo th , wh ich would invo lve s u b s t a n t i a l c o s t s a v i n g s . 
(3) " P r o g r e s s R e p o r t on S tud i e s in UK" , by D r . A . H i t c h c o c k , A t o m i c 
E n e r g y E s t a b l i s h m e n t , W i n f r i t h , D o r c h e s t e r , D o r s e t , Uni ted K i n g d o m . 

Gas -coo led r e a c t o r s of the Magnox and AGR types have been invest igated 
f o r de sa l i na t i on app l i ca t i ons . F o r the 50-300 MW(e) r a n g e c o n s i d e r e d , the 
l a t t e r i s s u p e r i o r due to i t s l o w e r cap i ta l c o s t . 

Both e x t r a c t i o n and back p r e s s u r e t u r b i n e s w e r e c o n s i d e r e d and a t t en -
t ion was paid to flexibility by adding to the l a t t e r a b y - p a s s l ine and a dump 
c o n d e n s e r . I t a p p e a r s tha t up to about 6 - 7 g a l / k W h (25 l i t r e / k W h ) the ex -
t r a c t i o n s y s t e m i s b e t t e r s u i t e d . 

The r e s u l t s s e e m to indicate that fo r the s y s t e m s cons idered the re i s no 
incent ive to improve w a t e r plant p e r f o r m a n c e r a t i o s o r max imum br ine t e m -
p e r a t u r e beyond p r e s e n t l y o b t a i n a b l e v a l u e s and t h a t t h e d e v e l o p m e n t of 
d e s a l i n a t i o n p l a n t s n e e d only be in t e r m s of s i z e ; u n l e s s i n d e e d t h e r e i s 
s o m e r e a s o n f o r g iv ing a w a t e г / e l e c t r i c i t y r a t i o e x c e e d i n g t h a t of m e a n 
c o n s u m p t i o n in d e v e l o p e d c o m m u n i t i e s . 
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GENERAL OBSERVATIONS 

Whi le a s s e s s i n g the p o t e n t i a l r o l e of n u c l e a r d e s a l i n a t i o n p l a n t s f o r 
app l i ca t ion in deve lop ing c o u n t r i e s , r e a s o n a b l e - s i z e d i n s t a l l a t i o n s should 
be cons ide red . The m o s t appropr ia t e range of s i z e s f o r developing countr ies 
s e e m s to be between 200 arid 1000 MW(th). 

S tud ies p e r f o r m e d by M e m b e r S ta t e s to da te have i nd i ca t ed that while 
a r e a c t o r c a n be d e s i g n e d to p r o d u c e l o w - p r e s s u r e and l o w - t e m p e r a t u r e 
s t e a m , the r e su l t i ng advantages a r e not impor t an t enough to jus t i fy extensive 
s tudies on the sub jec t . 

In g e n e r a l the d u a l - p u r p o s e p l an t s g e n e r a t i n g s i m u l t a n e o u s l y e l e c t r i c 
power and l o w - p r e s s u r e s t e a m o f f e r some economic advantages over s ingle-
p u r p o s e p l a n t s . U n d e r s p e c i a l condi t ions , h o w e v e r , t h e r e m a y be a j u s t i -
f i c a t i o n f o r a s i n g l e - p u r p o s e p lan t p r o d u c i n g w a t e r only. High u t i l i z a t i on 
f a c t o r s b e n e f i t n u c l e a r p l a n t s m o r e than the conven t iona l o n e s . 

Select ion of these spec i f i c desa l ina t ion p r o c e s s e s and the opt imum ra t io 
between power and wa t e r product ion would depend on the economic conditions 
g o v e r n i n g a s p e c i f i c c a s e . T h e p r e s e n t s t a t e of t e c h n o l o g y p e r m i t s t he 
building of a d i s t i l l a t ion plant composed of one o r s e v e r a l units of 40 000m3 /d 
(10 M g d 1 ) . T h e r e a r e e c o n o m i c a d v a n t a g e s in the d e v e l o p m e n t of l a r g e r 
uni ts and these can be combined with r e a c t o r s , the c h a r a c t e r i s t i c s of which 
a r e a l r e a d y known. 

C o n s i d e r i n g the c u r r e n t s t a t e of technology. , i t d o e s not s e e m l i k e l y 
that de sa l ina t ed w a t e r could be used fo r i r r i g a t i o n in the f o r e s e e a b l e fu tu r e . 
I t m a y , t h e r e f o r e , be n e c e s s a r y to subs id i ze i r r i g a t i o n w a t e r by s o m e ap-
p r o p r i a t e f i nanc i a l a r r a n g e m e n t s . 

Wi th r e f e r e n c e to i r r i g a t i o n , p a r t i c u l a r l y in a r i d z o n e s , l e a c h i n g i s 
not e c o n o m i c a l l y f e a s i b l e wi th expens ive o r s u b s i d i z e d w a t e r . M o r e o v e r , 
t he d e s a l i n a t e d w a t e r m u s t be v e r y low in s o d i u m and o t h e r d e t r i m e n t a l 
s a l t s . 

The p o w e r g e n e r a t e d by d i e s e l s t a t i ons in a r i d zones has a f a i r l y high 
c o s t . I t s e e m s r e a s o n a b l e to a s s u m e t h a t p o w e r c o s t s in a d u a l - p u r p o s e 
plant could be lowered suf f ic ien t ly so a s to be a t t r ac t ive and s t i l l have a m a r -
gin to s u b s i d i z e the c o s t of w a t e r . Th i s pos s ib i l i t y should be kept in v iew. 

1 Mgd = million gallons per day. 

129 
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DESALINATION PROCESSES 

I n f o r m a t i o n p r e s e n t e d to the P a n e l on the s t a t u s of d i f f e r e n t d e s a -
l i n a t i o n p r o c e s s e s i s s u m m a r i z e d be low. 

Processes using thermal energy (distillation) 

T h e d i s t i l l a t i o n p r o c e s s e s p r o v i d e w a t e r c o n t a i n i n g s e v e r a l t e n s of 
p p m 2 of s a l t . T h i s con ten t i s a c c e p t a b l e f o r d o m e s t i c and m u n i c i p a l u s e 
and a l s o f o r c e r t a i n i n d u s t r i a l p u r p o s e s . W h e r e i r r i g a t i o n i s c o n c e r n e d , 
a l o w e r qua l i t y w a t e r m a y a l s o be s a t i s f a c t o r y and cou ld be o b t a i n e d by 
m i x i n g d e s a l i n a t e d w a t e r wi th b r a c k i s h w a t e r . 

Two of t h e s e p r o c e s s e s have a l r e a d y been t r i e d in l a r g e i n s t a l l a t i o n s 
o p e r a t e d c o m m e r c i a l l y . 

F l a s h e v a p o r a t i o n 

With t h i s p r o c e s s the m a x i m u m t e m p e r a t u r e of the b r i n e can be r e -
l a t i v e l y h igh , t hus r e s u l t i n g in a h igh p e r f o r m a n c e r a t i o 3 . 

T h e P o i n t L o m a d e m o n s t r a t i o n p lan t in the Uni ted S t a t e s of A m e r i c a 
w a s i n i t i a l l y d e s i g n e d f o r the p r o d u c t i o n of 4000 m 3 / d (1 Mgd), u s i n g a 
m a x i m u m b r i n e t e m p e r a t u r e of 93°C (200°F). T h i s t e m p e r a t u r e has been 
p r o g r e s s i v e l y i n c r e a s e d to 116°C (240°F) w h i c h h a s r a i s e d p r o d u c t i o n to 
5600 m 3 / d (1 .4 Mgd). D u r i n g a t r i a l a t 121°C (250°F) the p l a n t ' s pumping 
equ ipment proved to be i n s u f f i c i e n t . The plant wil l be conver ted f o r a t e m -
p e r a t u r e of ,177°C (350°F) and an ou tput of 8400 m 3 / d (2. 1 Mgd) . At t h i s 
t e m p e r a t u r e i t wil l be n e c e s s a r y to u se m a t e r i a l s which a r e m o r e r e s i s t a n t 
to c o r r o s i o n , and s p e c i a l w a t e r t r e a t m e n t t e c h n i q u e s wi l l have to be 
d e v e l o p e d to avoid s c a l e f o r m a t i o n . 

D u r i n g t r i a l s a p l an t r e c e n t l y c o n s t r u c t e d by the W e i r W e s t g a r t h 
C o m p a n y , a p e r f o r m a n c e r a t i o of 12 w a s r e a c h e d ; t h i s v a l u e r e p r e s e n t s 
a m a x i m u m u n d e r p r e s e n t c o n d i t i o n s . 

I t shou ld be m e n t i o n e d t h a t flash e v a p o r a t i o n i s a t p r e s e n t the m o s t 
t echnolog ica l ly advanced p r o c e s s f o r w a t e r desa l ina t ion . In addit ion it has 
a c o n s i d e r a b l e s c a l i n g up po ten t i a l which i s p a r t i c u l a r l y a t t r a c t i v e f o r u se 
in con junc t ion with n u c l e a r hea t s o u r c e s . 

Mul t ip le e f f e c t d i s t i l l a t i o n (long v e r t i c a l t ubes ) 

P l an t s us ing this p r o c e s s a r e m o r e sens i t ive than those mentioned above 
to the e f f e c t s of c o r r o s i o n and to the m a x i m u m t e m p e r a t u r e of the b r i n e . 
Th i s expla ins why the d e m o n s t r a t i o n plant at F r e e p o r t , in the United Sta tes , 
de s igned f o r 121°C (250°F) had to be o p e r a t e d a t a r e d u c e d t e m p e r a t u r e of 
110°C (230°F). An a p p r e c i a b l e r educ t ion has been noted in the p l an t ' s p r o -
duct ive capac i ty owing to the f o r m a t i o n of s u r f a c e depos i t s , which have ad-
v e r s e l y a f fec ted hea t t r a n s f e r . 

2 1 ppm (one part per million) is equal to 1 milligram per litre. 

, _ , . weight of distilled water produced 3 Performance ratio = 0 ; ; £ 

weight of steam used 
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Processes using electrical energy 

The t h r e e m o s t advanced p r o c e s s e s , f r o m the technologica l s tandpoint , 
a r e the following: 

E l e c t r o d i a l y s i s 

Th is p r o c e s s i s a p roven one. The cos t of wa te r desa l ina t ion using this 
p r o c e s s depends on the quant i ty and the n a t u r e of the s a l t s conta ined in the 
w a t e r . The conduct ivi ty of sa l ine wa t e r b e c o m e s v e r y low f o r sa l t contents 
of l e s s than 500 p p m , so tha t i t would be e x p e n s i v e to u s e t h i s p r o c e s s to 
ob ta in w a t e r wi th l o w e r s a l t c o n t e n t s . 

The c o s t of d e s a l t e d w a t e r f r o m e l e c t r o d i a l y s i s be ing a funct ion of the 
r e d u c t i o n in s a l i n i t y , t h i s p r o c e s s i s , in g e n e r a l , c o n s i d e r e d only in the 
c a s e of b r a c k i s h w a t e r (up to 8000 ppm). E l e c t r o d i a l y s i s does not e l imina te 
the o rgan i c m a t t e r of ten conta ined in w a t e r . One of i t s m a i n advan tages i s 
t ha t i t i s c apab l e of be ing o p e r a t e d at p a r t l oad by v a r y i n g the i n t e n s i t y of 
the e l e c t r i c c u r r e n t , t he reby providing a high deg ree of f lexibi l i ty . Another 
advantage i s sho r t s t a r t - u p t i m e . 

It should a l s o be men t ioned tha t th is p r o c e s s invo lves the use of m e m -
b r a n e s which have to be r e p l a c e d pe r iod ica l ly and a r e at p r e s e n t expens ive . 

Vapour c o m p r e s s i o n p r o c e s s 

A f t e r - a n u m b e r of pilot i n s t a l l a t i ons , the f i r s t demons t r a t i on plant with 
an output of 4000 т З / d (1 Mgd) w a s r e c e n t l y put in to o p e r a t i o n a t Roswe l l 
in the Uni ted S t a t e s . 

F r e e z i n g p r o c e s s 

This p r o c e s s has been t r i ed in numerous pilot p lants , with good r e s u l t s . 
A demons t r a t i on plant i s being built in the United S ta tes . 

NUCLEAR INSTALLATIONS PRODUCING WATER ONLY 

The s t u d i e s m a d e to da te show that the use of a n u c l e a r r e a c t o r f o r the 
s o l e p u r p o s e of d e s a l i n a t i o n m a y be an e x p e n s i v e way of ob ta in ing w a t e r . 

The p o s s i b i l i t y of bui lding r e a c t o r s to supply s t e a m at the lower t e m p e r a -
t u r e and p r e s s u r e condi t ions r e q u i r e d by the d i s t i l l a t ion p r o c e s s e s has been in -
v e s t i g a t e d f o r l i g h t - w a t e r , h e a v y - w a t e r and g a s - g r a p h i t e r e a c t o r s . P r e -
l i m i n a r y r e s u l t s s e e m to show t h a t the s a v i n g ach i eved would not be s u f -
f i c i e n t t o j u s t i f y t h e e x p e n s e i n v o l v e d in d e v e l o p i n g new r e a c t o r t y p e s . 

The s t u d i e s show that the m o s t e c o n o m i c a l l o w - p r e s s u r e s t e a m i s ob-
t a i n e d by e x p a n d i n g h i g h - p r e s s u r e s t e a m in a t u r b i n e . T h i s e x p l a i n s the 
i n t e r e s t of d u a l - p u r p o s e p l a n t s . 
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R E A C T O R T Y P E S F O R D U A L - P U R P O S E P L A N T S 

P r o v e n types of power r e a c t o r s , i . e . the l i g h t - w a t e r / e n r i c h e d - u r a n i u m , 
h e a v y - w a t e r / n a t u r a l - u r a n i u m and g a s - g r a p h i t e / n a t u r a l - u r a n i u m a r e con-
s i d e r e d to be s u i t a b l e f o r d u a l - p u r p o s e o p e r a t i o n . 

bight- water /enriched-urani urn reactors 

A n u m b e r of s t u d i e s h a v e b e e n m a d e to e v a l u a t e the c o s t of h e a t f o r 
a desal inat ion plant . These s tud ies , under taken by the USAEC, re la te mainly 
to r e a c t o r s of 1500 to 4500 MW(th), feeding b a c k - p r e s s u r e turb ines . 

To mee t the r e q u i r e m e n t s of developing coun t r i e s , it would be des i rab le 
to u n d e r t a k e s t u d i e s of p l a n t s in a t h e r m a l c a p a c i t y r a n g e of 200 and 
1500MW(th). L i g h t - w a t e r r e a c t o r s s e e m to be at p r e s e n t quite a t t r ac t i ve in 
the l o w e r capac i ty r a n g e . 

Heavy-water/natural-uranium reactors 

The m o d e r a t o r of t h e s e r e a c t o r s i s g e n e r a l l y cooled by c i r c u l a t i o n in 
a hea t e x c h a n g e r . The hea t thus r e m o v e d i s u sua l ly not r e c o v e r e d . If the 
m o d e r a t o r i s s l igh t ly p r e s s u r i z e d , i t s t e m p e r a t u r e can be high enough f o r 
i t to be u s e d a s a h e a t s o u r c e f o r a d i s t i l l a t i o n p lan t . The r e c o v e r y of 
s e v e r a l p e r cen t of the r e a c t o r ' s t h e r m a l p o w e r cons t i t u t e s a c o n s i d e r a b l e 
advan tage . A r e c e n t s tudy of a 400 MW(th) r e a c t o r in Canada has indica ted 
tha t the heat r e m o v e d by the m o d e r a t o r would be about 20 MW(th). 

Gas-graphi te/па tural - urani urn reactors 

In F r a n c e s t u d i e s have been c a r r i e d out to eva lua t e the e c o n o m i c s of 
1000 MW(th) r e a c t o r s of th is type on the bas i s of p r e s e n t p r i c e s and techniques. 

SPECIFIC PROJECTS AND SELECTED EXAMPLES FOR 
POSSIBLE DUAL-PURPOSE APPLICATIONS 

The following p r o j e c t s w e r e reviewed: 

Key West (USA) 

It was r epor t ed that a study of a plant producing 40-60 M"W(e) salable and 
21 000-32 000 m 3 / d (7-8 Mgd) was under way. 

South Tunisia 

The e x p e c t e d d e m a n d n e a r the town of G a b e s s e e m s to be f a v o u r a b l e 
f o r the c o n s i d e r a t i o n of a d u a l - p u r p o s e plant p roduc ing 12 000-24 000 m 3 / d 
(3-6 Mgd) and 50 to 70 M f f ( e ) . 

The T u n i s i a n A t o m i c E n e r g y C o m m i s s s i o n was under t ak ing a deta i led 
s tudy f o r in i t ia t ing a p r o j e c t f o r a d u a l - p u r p o s e plant in the a r e a . The Pane l 
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took s p e c i a l note of t h i s p r o p o s e d p r o j e c t and r e c o m m e n d e d tha t T u n i s i a n 
a u t h o r i t i e s m a k e de t a i l ed i n v e s t i g a t i o n s by u s ing a p p r o p r i a t e c o n s u l t a n t s . 

Others 

Seve ra l o ther r eg ions w e r e mentioned where applicat ions of dual -purpose 
p lan t s could be c o n s i d e r e d , inc luding T i juana (Mexico), I s r a e l , South E a s t 
of A u s t r a l i a , K a r a c h i ( P a k i s t a n ) and s o m e a r e a s in the Un i t ed S t a t e s of 
A m e r i c a . 

A G R I C U L T U R E AND D E S A L I N A T E D W A T E R 

The u s e of d e s a l i n a t e d w a t e r in a g r i c u l t u r e d e p e n d s on i t s p r i c e . At 
p r e s e n t , m o s t i r r i g a t i o n n e t w o r k s a r e s u b s i d i z e d . Qui te o f t e n the p r i c e 
pa id by the c u s t o m e r does not even c o v e r the c o s t of o p e r a t i o n . A f t e r 
s tudying n u m e r o u s c a s e s throughout the wor ld , FAO a r r i v e d at the following 
conc lus ion , on the a s s u m p t i o n that G o v e r n m e n t s could subs id i ze i r r i g a t i o n 
w a t e r up to 40%: 

" E x c e p t in v e r y s p e c i f i c c a s e s , i t wi l l not be p o s s i b l e to c o n s i d e r the 
economic u s e of d e s a l t e d w a t e r f o r i r r i g a t i o n as long a s i t s p roduc t ion 
c o s t wi thou t s u b s i d y i s above 2. 5 ^ / m 3 o r 10 c e n t s / 1 0 0 0 US g a l l o n s . 
Only w h e n t h i s c o s t i s of t he o r d e r of 0 . 7 5 £ / m 3 o r 3 c e n t s p e r 
1000 US ga l lons wi l l the u s e of d e s a l t e d w a t e r f o r a g r i c u l t u r e deve lop 
on a l a r g e s c a l e " . 
The demand f o r e l e c t r i c power in the r eg ions needing ag r i cu l tu ra l water 

i s v e r y s m a l l . I r r i g a t i o n i t se l f r e q u i r e s about 0. 25 k W h / m 3 o r 1 kWh p e r 
1000 ga l lons of w a t e r suppl ied to the c o n s u m e r . 
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23 McKil lop S t r e e t P a r i s 5 e 

Melbourne , C . l G E R M A N Y , F e d e r a l R e p u b l i c of 
A U S T R I A R. O ldenbourg 

Georg Fromme & Co . R o s e n h e i m e r S t r a s s e 145 
S p e n g e r g a s s e 39 8 Munich 8 
A-1050 , V i e n n a V H U N G A R Y 

B E L G I U M 
Kul tu ra 

O f f i c e i n t e r n a t i o n a l de l ib ra i r i e 
Hunga r i an T r a d i n g Co. for B o o k s 

30, a v e n u e Marnix 
and N e w s p a p e r s 

B r u s s e l s 5 
P . O . B . 149 

B r u s s e l s 5 
B u d a p e s t 62 

B R A Z I L 
I S R A E L 

L iv ra r i a K o s m o s Ed i to r a 
I S R A E L 

Rua do R o s a r i o , 135-137 H e i l i g e r and Co, 

Rio de J a n e i r o 3 Na than S t r a u s s S t r e e t Rio de J a n e i r o 
J e r u s a l e m 

A g e n c i a E x p o e n t e O s c a r M. S i lva 
Rua Xav ie r de T o l e d o , 140-1® Andar I T A L Y 

(Ca ixa P o s t a l No . 5 .614) A g e n z i a E d i t o r i a l e I n t e r n a z i o n a l e 

Sao P a u l o O r g a n i z z a z i o n i U n i v e r s a l i ( A . E . I . O . U . ) 
Via Meravig l i 16 

BYELORUSSIAN S O V I E T S O C I A L I S T Milan 
R E P U B L I C J A P A N 

See under USSR 
J A P A N 

Maruzen Company L t d . 
CANADA 6, Tor i Nichome 

The Q u e e n ' s P r i n t e r N i h o n b a s h i 
O t t a w a , Onta r io ( P . O . Box 605) 

C H I N A ( T a i w a n ) 
T o k y o C e n t r a l 

Books and S c i e n t i f i c S u p p l i e s M E X I C O 
S e r v i c e , L t d . , L ib ra r i a I n t e r n a c i o n a l 
P . O . Box 83 Av. Sonora 206 
T a i p e i Mexico 11, D . F . 

C Z E C H O S L O V A K SOCIALIST R E P U B L I C N E T H E R L A N D S 
S . N . T . L . N .V . Mar t inus Ni jhof f 
S p o l e n a 51 L a n g e Voorhout 9 
Nové Mes to T h e Hague 
P r a g u e 1 

T h e Hague 

D E N M A R K N E W Z E A L A N D 

E j n a r Munksgaard L t d . Whitcombe & T o m b s , L td . 

6 Nor regade G . P . O . Box 1894 

C o p e n h a g e n К Wel l ing ton , C . l 



N O R W A Y 
J o h a n Grundt T a n u m 
Kar l J o h a n s ga te 43 
O s l o 

P A K I S T A N 
K a r a c h i E d u c a t i o n Soc ie ty 
Haroon C h a m b e r s 
South N a p i e r R o a d 
( P . O . Box No. 4866) 
K a r a c h i 2 

P O L A N D 
O s r o d e k R o z p o w s z e c h n i a n a 
Wydawnic tw Naukowych 
P o l s k a Akademia Nauk 
P a l a c Kultury i N a u k i 
Warsaw 

R O M A N I A 
Car t imex 
Rue A. Br iand 14-18 
B u c a r e s t 

SOUTH A F R I C A 
Van S c h a i k ' s Books to r e (P ty ) L t d . 
L i b r i Bui ld ing 
Church S t ree t 
( P . O . Box 724) 
P r e t o r i a 

S P A I N 
L i b r a r î a B o s c h 
Ronda de la U n i v e r s i d a d 11 
B a r c e l o n a 

S W E D E N 
C . E . F r i t z e s Kungl . H o v b o k h a n d e l 
F r e d s g a t a n 2 
S tockholm 16 

S W I T Z E R L A N D 
L i b r a i r i e P a y o t 
Rue Grenus 6 
1211 Geneva 11 

T U R K E Y 
L ib ra i r i e H a c h e t t e 
469 , I s t i k l â l C a d d e s i 
B e y o g l u , I s t a n b u l 

UKRAINIAN SOVIET SOCIALIST 
R E P U B L I C 

See u n d e r USSR 

UNION O F S O V I E T SOCIALIST 
R E P U B L I C S 

Mezhdunarodnaya Kniga 
S m o l e n s k a y a - S e n n a y a 32-34 
Moscow G-200 

U N I T E D KINGDOM O F G R E A T 
BRITAIN AND N O R T H E R N I R E L A N D 

Her M a j e s t y ' s S ta t ionery O f f i c e 
P . O . Box 569 
L o n d o n , S . E . I 

U N I T E D S T A T E S O F AMERICA 
N a t i o n a l Agency for 
I n t e r n a t i o n a l P u b l i c a t i o n s , I n c . 
317 E a s t 34th S t ree t 
New York , N .Y . 10016 

V E N E Z U E L A 
Sr. Brau l io Gabr i e l C h a c a r e s 
Gobernador a C a n d i l i t o 37 
San ta R o s a l i a 
(Apar tado P o s t a l 8092) 
C a r a c a s D . F . 

Y U G O S L A V I A 
J u g o s l o v e n s k a K n j i g a 
T e r a z i j e 27 
Be lg r ade 

IAEA p u b l i c a t i o n s can a l s o be p u r c h a s e d r e t a i l a t the Uni ted N a t i o n s B o o k s h o p a t 
Un i t ed N a t i o n s H e a d q u a r t e r s , New York, a t the n e w s - s t a n d a t the A g e n c y ' s H e a d -
q u a r t e r s , V i e n n a , and at mos t c o n f e r e n c e s , s y m p o s i a and s e m i n a r s o r g a n i z e d by the 
A g e n c y . 

In order to f a c i l i t a t e the d i s t r i b u t i o n of i t s p u b l i c a t i o n s , the Agency i s p r e p a r e d to 
a c c e p t paymen t in U N E S C O coupons or in l o c a l c u r r e n c i e s . 

Orde r s and inqu i r i e s from c o u n t r i e s where s a l e s a g e n t s h a v e not y e t been a p p o i n t e d 
may be s e n t to : 

D i s t r ibu t ion and S a l e s Group, I n t e r n a t i o n a l Atomic Energy A g e n c y , 
Kä rn tne r Ring 11, A-1010, Vienna I , Aus t r i a 





INTERNATIONAL 
ATOMIC ENERGY AGENCY 
VIENNA, 1966 

PRICE: USA and Canada: US $3.00 
Austria and elsewhere: S 63,-
(18/-stg; F.Fr. 12,-; DM 10,50) 


