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Hydropower resources, though limited in quantity, must not be ne- 
glected in an exploration of future energy supplies. They are inexhaustible, 
can be used with high efficiency and good economy, and do not produce 
pollution or waste problems. The known amount of conventional hydro- 
power resources--estimated by the World Energy Conference--might be signif- 
icantly expanded by the potential inherent in the waters melting from the ice 
shield of Greenland. 

This paper was prepared by the IIASA Energy Program as part of a 
more general effort to  identify and assess energy sources rich enough to con- 
tribute significantly to  future global energy demand. I t  is to.be considered a 
preliminary technical evaluation of the power that could be produced largely 
based on technology in use today. Some of the problems of the development 
of this source as-well as possibilities of transporting electricity or-  other 
products to prospective consumers are addressed. A few of the basic assump- 
tions adopted for this study may still be arbitrary. Therefore, further investi- 
gations in situ are needed t o  test the validity of the findings and conclusions. 





Sumniary 

In the southern parts of Greenland, large quantities of water melting 
every summer from the ice shield 1000 m above sea level and more, within 
short distance from the coast, offer favorable conditions for a large-scale 
hydropower development. General ideas on such a development have been 
published by several authors. This report tries to  go a step further by pro- 
viding a realistic assessment of available resources, an anlysis of technical 
problems for the utilization of this resource and its integration into a global 
energy system, and a preliminary estimate of construction needs and costs. 

The estimate of availablr resources is baseti or1 published cliniatologiral 
data for Greenland and other arctic stations, and on a cautious selection of 
effective solar radiation and albedo values. 210-360 krn3 of water is expected 
to  be available during thc sumnlrr months at an average altitude of 1000 m, 
correspondirig t o  arl energy generation of 460-800 TWh. Coritinuous geriera- 
tion all-year;round, however, requires storage reservoirs with a total volume of 
100-180 km3. In the southwest, riumcrous large lakes will provide sufficient 
storage volumes. In the east, storage is a problem, and power generation 
might Le restricted to the sumiricr n~oriths. 

Sorne 12 t o  15 sites have been identified on tht: maps where power 
schcnies can be developed with a total installed capacity of 60-120 GW. 
Hence thc estimated hydropower resources of Greerlland conie close to  the 
1974 total consuinptiori of rlcctric encrgy in the intercoilnected grid system 
of Wcstern Europe which according t o  the statistics of UCPTE [34] was 
724 TWh with a peak load of 118 GW. 

Technologies for hydropower development are well established and 
already iri progress towards the order of magnitude needed for Greenland. 
However, methods of collecting water melting from large ice surfaces have 
still to  be studied and testecl, The problem of bulk energy transport over 
great distances is co~rimon t o  all future global energy supply options. and not 
specific for the Greenland eilergy. Carriers envisaged in the report are EHV 
sea cables a n d  trarismission lincs on land, hydrogen gas pipelines across sea 
and larid. and tankers for liquid hydrogen or ammonia. Preliminary cost 
cornparisoris show each of these carricrs t o  be compctitivc under specific 
production and market conditions. The report givcs a tentative model for 
the full dcvelopment of Greenland's glacier power comprising all these 
options. 



Construction costs of the  power schemes are estimated at 275-320 US- 
dollars per installed kilowatt,  but  another 220-430 US SlkW have t o  be  
irlvested in transport facilities such as EHV links o r  112 gas pipelines. Liquid 
H 2  as an energy carrier needs lower investments bu t  involves higher energy 
losses. 

T h e  integration of Greenland's glacier power into a global energy sys- 
tem is analyzed according t o  t h e  criteria adopted for IIASA's Energy Program. 
No need of fundamental innovation and no serious constraints have been 
identified for a full development, scheme by  scheme, over a construction 
period of ,  say, 40 years starting after an initial testing, planning, and design 
period, o f ,  say, 10 years. A tentative study program is suggested comprising 
collection of basic scientific data as well as preparatory technical investiga- 
tions and tests t o  ascertain t h e  technical feasibility of t h e  development. 
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Power from G l a c i e r s :  The Hydropower P o t e n t i a l  of  
G r e e n l a n d ' s  G l a c i a l  Waters  

INTRODUCTION 

P r e c e d e n t s  

"Greenland i s  no l o n g e r  t h e  d i s t a n t  r o m a n t i c  i c e  r e g i o n  where 
d a r i n g  e x p e d i t i o n s  f i g h t  a g a i n s t  snowstorms and t h e  danger  
of f r e e z i n g  t o  d e a t h .  Now Greenland h a s  become a  t e s t i n g  
f i e l d  of  many b r a n c h e s  of modern s c i e n c e . "  

These s e n t e n c e s  t r a n s l a t e d  from a  book on Greenland t o d a y  
[ I ]  a r e  t y p i c a l  o f  t h e  t r e n d  t o  conquer  t h i s  A r c t i c  i s l a n d  
f o r  human n e e d s .  The U.S. a i r  b a s e  of Thu le  was one s t e p :  7000 
l a b o r e r s  worked t h e r e  f o r  18 months c r e a t i n g  a  c i t y  f o r  some 
8000 i n h a b i t a n t s  w i t h  a l l  f a c i l i t i e s - - n o t  o n l y  f o r  t h e  a i r f i e l d  
b u t  a l s o  f o r  a  s e a p o r t .  Then Camp Tuto and Camp Century were 
b u i l t  on t h e  i c e  c a p  and hundreds  of  t e c h n i c i a n s  s e t t l e d  t h e r e  
f o r  a  c o u p l e  of y e a r s  t o  u n d e r t a k e  e x p l o r a t o r y  work. A l l  t h e s e  
s t a t i o n s  a r e  a t  77O N, a n  i n h o s p i t a b l e  l a t i t u d e  compared t o  t h e  
" g r e e n  p a s t u r e s "  a l o n g  t h e  c o a s t  of Sou thern  Greenland where 
1000 y e a r s  a g o  Norsemen s e t t l e d  and s t a r t e d  " t o  r a i s e  c a t t l e  
and s h e e p  i n  l a r g e  numbers".  They d i d  s o  f o r  a b o u t  400 y e a r s .  
Then c l i m a t i c  c o n d i t i o n s  d e t e r i o r a t e d .  I n  t h e  l a s t  c e n t u r y ,  
o b s e r v a t i o n s  r e v e a l e d  a  r e v e r s e  p r o c e s s :  a n  i n c r e a s e  i n  temper-  
a t u r e  h a s  been i n f l u e n c i n g  i c e  c o n d i t i o n s  i n  and around Green- 
l a n d ;  pack i c e  and i c e  d r i f t  have been reduced  and g r a d u a l l y  
some of t h e  i n l a n d  g l a c i e r s  r e t r e a t e d .  The a n n u a l  mean temper-  
a t u r e s  of  t h e  p e r i o d  1914-1943 a r e  r e p o r t e d  t o  be  a l m o s t  2 C(I: 
h i g h e r  t h a n  t h o s e  of t h e  p e r i o d  1881-1910 [ 2 ] .  S i n c e  1943,  
however, t e m p e r a t u r e s  have been d e c l i n i n g  a g a i n .  

The enormous mass of  i c e  c o v e r i n g  Green land ,  combined w i t h  
s t e e p  mountain  g r a d i e n t s  t o  t h e  s e a ,  makes hydropower a  p romis ing  
r e s o u r c e ,  and i t s  development  might  s i g n i f i c a n t l y  - a l t h o u g h  n o t  
d e c i s i v e l y  - c o n t r i b u t e  t o  a  f u t u r e  energy  s u p p l y .  T h i s  i s  n o t  
a  new i d e a .  Among o t h e r s ,  t h e  I n s t i t u t e  of E n g i n e e r i n g  Research  
of  t h e  Kol lb runner  Founda t ion  a t  Rodio,  S w i t z e r l a n d ,  drew p u b l i c  
a t t e n t i o n  t o  t h i s  energy  r e s o u r c e  i n  two of i t s  p u b l i c a t i o n s  [ 3 ]  
i n t r o d u c i n g  t h e  i d e a  of t h e  Swiss  h y d r o g e o l o g i s t  S t a u b e r  of  d e -  
v e l o p i n g  " g l a c i e r  power schemes" i n  Green iand  t o  a n  e x t e n t  of  
2000-8000 TWh p e r  y e a r  e q u a l l i n g  250-1000 GW. T e c h n i c a l  d e t a i l s  
of S t a u b e r ' s  i d e a  a r e  p r o t e c t e d  by p a t e n t s  i n  s e v e r a l  c o u n t r i e s  
i n c l u d i n g  A u s t r i a  [ 4 ] .  Notwi ths tand ing  t h e  v a l i d i t y  and f e a s i -  
b i l i t y  of many of  S t a u b e r ' s  a s sumpt ions  and methods,  t h e  o r d e r  of  
magni tude e n v i s a g e d  i n  131 seems t o o  o p t i m i s t i c .  Even a  more 
modest y i e l d ,  however, c o u l d  b r i n g  G r e e n l a n d ' s  hydropower poten-  
t i a l  t o  t h e  l e v e l  of  t h a t  of  e n t i r e  Europe e x c l u d i n g  t h e  USSR 



which a c c o r d i n g  t o  e s t i m a t e s  o f  t h e  World Energy Confe rence  i s  
some 7 5 0  TWh p e r  y e a r  ( 8 5  GW) . 

T h i s  s t u d y  a ims a t  e s t i m a t i n g  i n  r e a l i s t i c  terms t h e  a v a i l -  
a b l e  r e s o u r c e s ,  t h e  a p p r o p r i a t e  t e c h n o l o g i e s  f o r  d e v e l o p i n g  them, 
t h e  i n v e s t m e n t s  and o t h e r  r e q u i r e m e n t s  of s u c h  a  deve lopment ,  and 
t h e  i n t e g r a t i o n  of G r e e n l a n d ' s  g l a c i e r  power i n t o  a n  o v e r a l l  
power s c e n a r i o  of t h e  f u t u r e .  

B a s i c  C o n s i d e r a t i o n s  and Assumptions  

The p r e s e n t  s t a t u s  o f  i n t e r a c t i o n  between p r e c i p i t a t i o n ,  
s u r f a c e  r u n o f f ,  p r o d u c t i o n  o f  i c e b e r g s  and t h e i r  d i s c h a r g e  i n t o  
t h e  s e a ,  and any o t h e r  component of t h e  h y d r o l o g i c a l  c y c l e  i n  
Green land  i s  assumed t o  be  i n  a  permanent  b a l a n c e .  P rov ided  
t h a t  s o l a r  r a d i a t i o n  and t e m p e r a t u r e  c o n d i t i o n s  d o  n o t  change 
f u n d a m e n t a l l y  i n  t h e  n e x t  d e c a d e s ,  t h i s  b a l a n c e  c a n  be  t a k e n  a s  
t h e  b a s i s  f o r  c o n s i d e r a t i o n s  o f  t h e  u t i l i z a t i o n  o f  m e l t i n g  
w a t e r s  f rom t h e  i c e  cap .  The m e l t i n g  p r o c e s s  d u r i n g  t h e  summer 
months seems t o  be  c h a r a c t e r i z e d  by abundan t  m e l t i n g  d u r i n g  day-  
t i m e  - which is  r e p o r t e d  t o  produce numerous s m a l l  i c e  l a k e s  on 
t h e  s u r f a c e  - and p a r t i a l  r e f r e e z i n g  d u r i n g  n i g h t - t i m e  a l t h o u g h  
b o t h  m i d n i g h t  sun and d i f f u s e  r a d i a t i o n  m a i n t a i n  a  c e r t a i n  
minimum m e l t i n g .  The i c e  l a k e s  a r e  r e p o r t e d  t o  d i s a p p e a r  o v e r -  
n i g h t  [ 1 I . 

I f  we t h i n k  of u s i n g  t h e  m e l t i n g  f o r c e s  o f  s o l a r  r a d i a t i o n  
t o  t h e  e x t e n t  p o s s i b l e  w e  have two ways t o  i n t e r c e p t  t h i s  
n a t u r a l  m i c r o c y c l e  : 

- We may c a t c h  t h e  m e l t i n g  w a t e r s  f rom t h e  i c e  s u r f a c e  
d u r i n g  day t ime  and c o l l e c t  them i n  r e s e r v o i r s  o f  
s u f f i c i e n t  d e p t h  t o  p r e v e n t  them f r e e z i n g  a g a i n .  I n  
a d d i t i o n  t o  s u r f a c e  d r a i n a g e  of l a r g e  a r e a s  by s y s t e m s  
o f  c o l l e c t o r  c a n a l s ,  we must  t r y  t o  t a k e  i n  a s  many 
n a t u r a l  w a t e r  d i s c h a r g e  c h a n n e l s ,  s t r e a m s ,  and c r e e k s  
a s  p o s s i b l e ,  and d i r e c t  them t o  o u r  s t o r a g e  r e s e r v o i r s .  
By t h i s  method we w i l l  r e d u c e  t h e  s u r f a c e  r u n o f f  t o  t h e  
s e a  a s  w e l l  a s  i c e b e r g  p r o d u c t i o n ,  and d i v e r t  m e l t i n g  
w a t e r s  t o  t h e  power sys tems .  

- We may i n c r e a s e  t h e  h e a t  a b s o r p t i o n  o f  t h e  i c e  c a p  by 
d a r k e n i n g  i t s  s u r f a c e ,  by d i s p e r s i n g  m a t e r i a l  w i t h  low 
a l b e d o ,  t o  i n c r e a s e  t h e  p r o d u c t i o n  o f  mel ted  w a t e r .  I n  
t h i s  c a s e  t h e  b a l a n c e  i s  a r t i f i c a l l y  changed i n  f a v o r  o f  
an i n c r e a s e d  t a p p i n g  o f  t h e  v a s t  r e s e r v e s  bound i n  t h e  
i c e  mass o f  Green land .  

The f o l l o w i n g  s u p p o s i t i o n s  must be  t r u e  i f  t h e s e  methods 
a r e  t o  b e  f u l l y  e f f e c t i v e :  

- That  t h e  m e l t i n g  w a t e r  is  c o n t a i n e d  i n  t h e  topmost  s t r a t a  
o f  t h e  snow and f i r n  c o v e r  where i t  c a n  be c a u g h t  by a n  
i n t e r l i n k e d  network o f  c o l l e c t o r  c a n a l s  and t r a n s p o r t e d  
t o  t h e  s t o r a g e  r e s e r v o i r s .  



- That  m e l t i n g  w a t e r  t h a t  d i s a p p e a r s  from t h e  i c e  s u r f a c e  
t h r o u g h  f i s s u r e s  and c r a c k s ,  and f l o w s  i n  d e e p e r  h o r i z o n s  
of  t h e  i c e  s h i e l d  ( e . g .  i n  i n t e r m e d i a t e  s t r a t a  o f  l e s s  
d e n s i t y )  i s  r e c o v e r e d  a t  t h e  edge  o f  t h e  i c e  c a p  where  
t h e  i c e  overburden  t h i n s  o u t  and s u b s u r f a c e  s t r e a m s  re- 
a p p e a r  a t  a  s h a l l o w  d e p t h  where t h e y  c a n  b e  c a u g h t  by t h e  
w a t e r  d u c t s  o f  t h e  c o l l e c t o r  network.  I f  t h i s  p r o v e s  t o  
b e  p r a c t i c a b l e ,  a  s m a l l e r  c o l l e c t o r  s y s t e m  c o n f i n e d  t o  t h e  
b o r d e r  zones  i s  a b l e  t o  d r a i n  a  much l a r g e r  a r e a  o f  t h e  
i c e  c a p .  I c e  t u n n e l s  a c t i n g  a s  s u b s u r f a c e  g u t t e r s  might  
i n t e n s i f y  t h i s  p r o c e s s .  

- T h a t  d a r k e n i n g  of  t h e  i c e  s u r f a c e  i s  t e c h n i c a l l y  and 
e c o n o m i c a l l y  f e a s i b l e  and s u f f i c i e n t l y  permanent .  
D i s p e r s i o n  o f  d a r k  s a n d ,  b a s a l t  d u s t ,  o r  any  o t h e r  
m a t e r i a l  from borrow p i t s  on s i t e  by  s p e c i a l  a i r c r a f t  
w i l l  b e  less of  a  problem t h a n  f i n d i n g  t h e  s a t i s f a c t o r y  
b a l a n c e  between t h e  r e q u i r e m e n t s  o f  economy - which 
means v e r y  t h i n  l a y e r s  of d i s p e r s e d  m a t e r i a l  - and o f  
s t a b i l i t y  - which means a  d u s t  c o v e r  t h i c k  enough t o  
p r e v e n t  it from b e i n g  e a s i l y  washed o r  blown o f f .  F ly -  
a s h  f rom t h e  b i g  c o a l - f i r e d  power p l a n t s  of  t h e  U K  o r  
t h e  USA c o u l d  b e  a n  a p p r o p r i a t e  m a t e r i a l ;  i t s  t r a n s p o r t  
t o  Green land  c a n  b e  done a s  r e t u r n  l o a d  on t h e  t a n k e r s  
needed f o r  t r a n s p o r t i n g  l i q u i d  hydrogen from t h e  a r c t i c  
power c e n t e r s  t o  t h e  consumer r e g i o n s .  

RESERVES AND RESOURCES 

G e n e r a l  C o n d i t i o n s  

G r e e n l a n d ' s  main i c e  c a p  c o v e r s  a n  a r e a  of  1 ,726 000 km2 
[5 ]  and i t s  volume h a s  been e s t i m a t e d  a t  2 ,600,000 kmj w i t h  a  
f r e s h  w a t e r  e q u i v a l e n t  of  2 ,350,000 km3. T h i s  i s  a n  enormous 
amount compared w i t h  t h e  f r e s h  w a t e r  r e s e r v e s  i n  a l l  i n l a n d  
l a k e s  and r i v e r s  on e a r t h  which t o t a l  o n l y  125,000 km3. The 
i c e  c a p  i s  i n  t h e  s h a p e  o f  a  l e n t i c u l a r  mass bounded i n  t h e  
e a s t  and w e s t  by mountain  c h a i n s ,  t h e  e a s t e r n  c h a i n  b e i n g  t h e  
h i g h e r .  The s u r f a c e  of  t h e  bedrock  d e s c e n d s  t o  s e a  l e v e l  n o r t h  
o f  l a t i t u d e  67O N b u t  s o u t h  o f  t h i s  p a r a l l e l  it rises t o  a  
p l a t e a u  o f  a b o u t  1000 m e l e v a t i o n  w i t h  s i n g l e  peaks  p e n e t r a t i n g  
t h e  i c e  c a p  and fo rming  t h e  s o - c a l l e d  Nunataks .  

The c o i n c i d e n c e  of  l a r g e  w a t e r  volumes w i t h  r e m a r k a b l e  
e l e v a t i o n s  above s e a  l e v e l  a t  s h o r t  d i s t a n c e s  f rom t h e  s h o r e  
l i n e  i n  t h e  f j o r d s  i n  f a v o r a b l e  f o r  a  l a r g e - s c a l e  hydropower 
deve lopment .  However, w a t e r  w i l l  o n l y  b e  a v a i l a b l e  i n  t h o s e  
p a r t s  o f  t h e  i c e  c a p  where c l i m a t i c  c o n d i t i o n s  a l l o w  f o r  an 
e f f i c i e n t  m e l t i n g  p r o c e s s  d u r i n g  t h e  summer p e r i o d .  A  s u f f i c i e n t -  
l y  m i l d  m a r i t i m e  c l i m a t e  p r e v a i l s  i n  t h e  s o u t h e r n  p a r t  of  t h e  
i s l a n d  g e n e r a l l y  s o u t h  of  a b o u t  700 N,  and o n l y  t h i s  a r e a  i s  
i n c l u d e d  i n  t h e  f o l l o w i n g  e s t i m a t e  of  r e s e r v e s  and a v a i l a b l e  
r e s o u r c e s ,  based  on c l i m a t i c  f a c t o r s  and t o p o g r a p h i c a l  c o n s i d e r -  
a t i o n s .  



I n  t h i s  s t u d y ,  t h e  t e rm " i c e  cap"  i s  d e f i n e d  a s  t h e  homo- 
geneous i c e  s h i e l d  which c o v e r s  t h e  i n t e r i o r  of  t h e  i s l a n d  
w i t h  modest s l o p e s  and a lmos t  w i t h o u t  s i g n i f i c a n t  d i s t u r b a n c e  
by c r a c k s  and f i s s u r e s .  Excluded from t h e  a r e a  o f  u t i l i z a t i o n  
a r e  b o r d e r  zones  where c r e v i c e s  and j o i n t s  would j e o p a r d i z e  
t h e  wate r  c o l l e c t o r s ,  t h e  numerous i c e  s t r e a m s  which p r o t r u d e  
w i t h  g r e a t  v e l o c i t y  (up t o  30 m/day) a l o n g  s u b g l a c i a l  v a l l e y s  
t o  t h e  c o a s t  o r  a  f j o r d ,  and i s o l a t e d  i c e  f i e l d s  o r  t h o s e  w i t h  
no s u b s t a n t i a l  h i n t e r l a n d .  

C l i m a t i c  C h a r a c t e r i s t i c s  

Temperature  

The c l i m a t e  of South Greenland i s  p redominan t ly  moderate  
a r c t i c ,  and mar i t ime  i n f l u e n c e s  r e a c h  up t o  t h e  i c e  c a p  d u e  t o  
t h e  many f j o r d s  c u t t i n g  deep  i n t o  t h e  l a n d  mass. The e a s t  
c o a s t  i s  l e s s  f a v o r e d ,  be ing  exposed t o  pack i c e  and i c e  d r i f t  
f o r  l o n g e r  p e r i o d s .  Angmagssalik,  t h e  o n l y  i m p o r t a n t  h a r b o r  on 
t h e  e a s t  c o a s t  s i t u a t e d  a t  66O N ,  i s  a c c e s s i b l e  f o r  s p e c i a l  
a r c t i c  v e s s e l s  o n l y  from June  t h r o u g h  October  [ I ] .  The s o u t h e r n  
end and t h e  west  c o a s t ,  however, a r e  open t o  e v e r y  k i n d  of 
v e s s e l  th roughout  t h e  y e a r  up t o  H o l s t e i n b o r g  a t  680 N .  

Monthly r e c o r d s  of mean and ex t reme t e m p e r a t u r e s  of many 
s t a t i o n s  i n  Greenland have been p u b l i s h e d  i n  Volume 1 4  of t h e  
World Survey of Cl imato logy  [ 5 ] ,  and by t h e  M e t e o r o l o g i c a l  
O f f i c e ,  London [ 6 ] .  Monthly mean t e m p e r a t u r e s  of seven s e l e c t e d  
s t a t i o n s  s c a t t e r e d  a l o n g  t h e  c o a s t  between Angmagssalik i n  t h e  
e a s t  and Umanak i n  t h e  west a r e  shown i n  Tab le  1 .  With one 

T a b l e  1 .  Monthly and a n n u a l  mean t e m p e r a t u r e s  i n  
South  Green land .  
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e x c e p t i o n  (May i n  Umanak), t h e r e  a r e  o n l y  t e m p e r a t u r e s  above 
f r e e z i n g  p o i n t  d u r i n g  t h e  p e r i o d  May t h r o u g h  September ,  w h i l e  
A p r i l  and October  v a l u e s  a r e  p a r t l y  above and p a r t l y  below z e r o .  
D i f f e r e n c e s  between t h e  c o l d e s t  and t h e  warmest monthly  mean 
v a l u e s  r a n g e  from a  minimum of  10 OC a t  N a n o r t a l i k  (600 N) t o  a  
maximum o f  23 OC a t  Umanak(710 N ) .  However, d e v i a t i o n s  from t h e  
mean v a l u e s  must be  e x p e c t e d .  F o r t u n a t e l y  t h e y  go i n  b o t h  
d i r e c t i o n s :  t h e r e  c a n  be  f r o s t  i n  midsummer w h i l e  o c c a s i o n a l  
t e m p e r a t u r e s  above f r e e z i n g  p o i n t  have been r e c o r d e d  i n  e v e r y  
month o f  t h e  y e a r ,  even i n  J a n u a r y  and F e b r u a r y  a t  n e a r l y  a l l  
s t a t i o n s .  

Along t h e  c o a s t ,  t h e  m e l t i n g  p e r i o d  i s  from May t h r o u g h  
September ,  w i t h  a  r a t h e r  s t a b l e  d i s t r i b u t i o n  f rom y e a r  t o  y e a r .  
R e l a t i v e l y  h igh  t e m p e r a t u r e s  a r e  a l s o  r e c o r d e d  from t h e  edge o f  
t h e  i c e  c a p .  It c a n  be  assumed t h a t  t e m p e r a t u r e  c h a r a c t e r i s t i c s  
o f  t h e  b o r d e r  zones  of  t h e  i c e  c a p ,  where m e l t i n g  w a t e r s  a r e  t o  
be  c o l l e c t e d ,  a r e  s i m i l a r  t o  t h o s e  of  t h e  c o a s t .  

P r e c i p i t a t i o n  

P r e c i p i t a t i o n  i s  d i s t r i b u t e d  uneven ly  o v e r  t h e  i s l a n d .  
S u b a r c t i c  and m a r i t i m e  i n f l u e n c e s  i n  t h e  s o u t h  c a u s e  h i g h  
h u m i d i t y  w i t h  a n n u a l  p r e c i p i t a t i o n  up t o  2000 nun--more a l o n g  
some c o a s t a l  s t r i p s - - p r o p a g a t i n g  a l s o  t o  t h e  i c e  c a p ' s  b o r d e r  
zones ,  whereas  t h e  i c e  c a p  i t s e l f  r e c e i v e s  l e s s  snow t h e  h i g h e r  
t h e  e l e v a t i o n  and t h e  l a t i t u d e  i s .  The a r c t i c  c l i m a t e  o f  
C e n t r a l  and North  Greenland i s  c h a r a c t e r i z e d  by a n n u a l  p r e c i p i t a -  
t i o n  f i g u r e s  o f  200 mm and l e s s .  A y e a r ' s  o b s e r v a t i o n  r e c o r d s  
f o r  a  few r e l e v a n t  s t a t i o n s  drawn from v a r i o u s  s o u r c e s  [ 5 , 6 ]  
a r e  g i v e n  i n  T a b l e  2 .  

T a b l e  2 .  Monthly and a n n u a l  mean p r e c i p i t a t i o n  
i n  Sou th  Green land  (nun) . 
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Eismitte le2::gm 115 5 8 5 3 2 3 10 8 12 13 2 4 1 0 9 1  
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Data for coastal stations from World Survey of Climatology [5], for Eismitte 
from Tables of Temperature, Humidity and Precipitation of the Yorld [ 6 ] .  



G e n e r a l l y  t h e r e  i s  n o t  much p r e c i p i t a t i o n  i n  J u l y  and August 
which means t h a t  s u n s h i n e  i s  p r e v a l e n t  d u r i n g  t h e s e  months - an  
i m p o r t a n t  f i n d i n g  f o r  t h e  p r o d u c t i o n  o f  m e l t e d  w a t e r .  I t  a l s o  
means t h a t  t h e  predominant  s o u r c e  o f  w a t e r  a v a i l a b l e  f o r  hydro- 
power g e n e r a t i o n  i s  m e l t i n g  f rom l a r g e  a r e a s  o f  t h e  i n l a n d  i c e  
w h i l e  d i r e c t  d i s c h a r g e  from r a i n  d u r i n g  t h e  summer months is  
n e g l i g i b l e .  

From i s o h y e t a l  maps i n  t h e  C l i m a t o l o g i c  A t l a s  o f  Europe 
[ 7 ]  t h e  t o t a l  p r e c i p i t a t i o n  on Green land  s o u t h  of 71° N i s  e s t i -  

mated a t  320 km3 o v e r  a n  a r e a  o f  860,000 km2, c o r r e s p o n d i n g  t o  
a n  a v e r a g e  o f  370 mm p e r  y e a r .  

S o l a r  R a d i a t i o n  

World-wide r e c o r d s  on s o l a r  r a d i a t i o n  have been c o l l e c t e d  
by t h e  U n i v e r s i t y  o f  Wisconsin  and p u b l i s h e d  i n  World D i s t r i -  
b u t i o n  of S o l a r  R a d i a t i o n  [ 9 ] .  I n  t h i s  r e g i s t e r  of s e v e r a l  
hundred o b s e r v a t i o n  s t a t i o n s ,  Green land  i s  r e p r e s e n t e d  w i t h  a  
few s i n g l e  v a l u e s  f o r  Thule;  no year - long  r e c o r d s  f o r  s t a t i o n s  
i n  Sou th  Green land  a r e  t o  b e  found .  S t a t i o n s  i n  A l a s k a ,  Canada, 
and t h e  USSR a t  l a t i t u d e s  between 60° and 700 N show f a i r l y  
un i fo rm long- te rm a v e r a g e s  o f  d a i l y  g l o b a l  r a d i a t i o n  ( d i r e c t  
p l u s  d i f f u s e )  and c a n  be a p p l i e d  t o  Green land  w i t h  a  h i g h  d e g r e e  
o f  p r o b a b i l i t y .  The a v e r a g e  o f  t h e  f i v e  s t a t i o n s  l i s t e d  i n  
T a b l e  3  may s e r v e  a s  a  b a s i c  assumpt ion  f o r  t h e  Greenland s t u d y ,  
e q u a l i n g  a n  a n n u a l  mean o f  210 cal /cm2 - d a y  o r  a n  a n n u a l  t o t a l  
of 77 kcal/cm2 ( s e e  a l s o  F i g u r e  1  ) . 

T a b l e  3. S o l a r  r a d i a t i o n  r e c o r d s .  

Monthly means o f  t h e  d a i l y  t o t a l s  o f  s o l a r  r a d i a t i o n  ( d i r e c t  + d i f f u s e )  on a 
h o r i z o n t a l  s u r f a c e  (ca l /cmz d a y )  

From World D i s t r i b u t i o n  o f  S o l a r  R a d i a t i o n  [ 9 ] .  
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Figure 1. Climatic characteristics of South Greenland. 
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Some r e m a r k s  o n  t h e  s p e c i f i c  i n s o l a t i o n  c o n d i t i o n s  o f  
G r e e n l a n d  a r e  t o  b e  f o u n d  i n  Volume 14 o f  t h e  World Survey  [ 5 ] .  
I n s o l a t i o n  on t h e  ice  c a p  i s  r e p o r t e d  t o  b e  r a t h e r  h i g h  d u e  t o  
t h e  r e l a t i v e l y  h i g h  number o f  s u n s h i n e  h o u r s  and  t h e  low w a t e r  
c o n t e n t  o f  t h e  a i r .  W e s t s t a t i o n  s i t u a t e d  on t h e  e d g e  o f  t h e  ice  
c a p  n e a r  A l f r e d  Wegener ' s  P e n i n s u l a  (71°15'  N ,  51° W ,  1000 m e l . )  
i s  s a i d  t o  r e c e i v e  170 kcal /cm2 a ,  and E i s m i t t e  (70°54 '  N ,  
40°42' W, 3000 m e l . )  had r e c o r d e d  " a  l i t t l e  more" .  T h i s  would  
e q u a l  a n  a n n u a l  mean o f  465 ca l / cm2  . d a y ,  a b o u t  2 .2  t i m e s  t h e  
v a l u e  g i v e n  i n  T a b l e  3.  T h i s  h i g h  v a l u e  seems t o  h a v e  b e e n  
d e r i v e d  f rom norma l  d i r e c t  beam r e c o r d s  a n d  c a n n o t  b e  a p p l i e d  
t o  t h e  a l m o s t  h o r i z o n t a l  s u r f a c e s  o f  t h e  g l a c i e r s .  R e l e v a n t  
mean v a l u e s  f o r  t h e  summer mon ths  would g o  u p  t o  1300 c a l /  
c m 2  d a y  wh ich  i s  much more  t h a n  t h e  h i g h e s t  v a l u e s  o f  700-800 
ca l / cm2  d a y  r e c o r d e d  i n  [ 9 ] ,  among o t h e r s ,  f o r  some s t a t i o n s  
i n  t h e  A n t a r c t i c  a t  2400-2700 m a l t i t u d e .  From t h e s e  a n t a r c t i c  
r e c o r d s  o n e  c o u l d  assume h i g h e r  t h a n  a v e r a g e  v a l u e s  f o r  G r e e n l a n d  
a l s o .  A r e a s o n a b l e  a l t e r n a t i v e  i s  a  mean a n n u a l  i n s o l a t i o n  o f  20% 
more t h a n  t h e  b a s i c  v a l u e ,  i . e .  252 c a l / c m L  . d a y  c o r r e s p o n d i n g  
t o  a n  a n n u a l  i n s o l a t i o n  t o t a l  o f  92 kca l / cm2 .  

Loewe [ l o ]  g i v e s  i n d i c a t i o n s  on  t h e  mon th ly  d i s t r i b u t i o n  
of  i n s o l a t i o n  on G r e e n l a n d  o v e r  t h e  y e a r .  A p p l i e d  t o  t h e  
a s s u m p t i o n  o f  92 kcal /cm2 a ,  t h i s  d i s t r i b u t i o n  a l l o w s  a s s e s s -  
ment o f  a l t e r n a t i v e  s o l a r  r a d i a t i o n  v a l u e s  f o r  e a c h  month 
a c c o r d i n g  t o  column 2  o f  T a b l e  4 .  

T a b l e  4.  Assumpt ions  f o r  s o l a r  r a d i a t i o n  i n  G r e e n l a n d .  

Basic assumption: Average of the five arctic stations from Table 3. 
Alternative assumption: Basic assumption + 20% with distribution according 
to Loewe [lo]. 
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Even a p a r t  from t h e  a l b e d o  e f f e c t s  i n t r o d u c e d  i n  t h e  n e x t  
s e c t i o n ,  n o t  a l l  g l o b a l  r a d i a t i o n  w i l l  be  a v a i l a b l e  f o r  produc- 
i n g  w a t e r  from snow and i c e .  F i r s t l y ,  it i s  e x p e c t e d  t h a t  
m e l t i n g  o n l y  o c c u r s  i n  months w i t h  a v e r a g e  t e m p e r a t u r e s  above 
z e r o ,  i . e .  May t h r o u g h  September.  Gerde l  [ I l l  made a n  e s t i m a t e  
of  o c c u r r e n c e s  of  m e l t i n g  on  t h e  i c e  c a p  d u r i n g  t h e  midsummer 
s e a s o n  J u n e  t h r o u g h  August,  and found t h a t  s o u t h  of 67O N 
c o n s i d e r a b l e  m e l t i n g  may be e x p e c t e d  even a t  e l e v a t i o n s  a s  
h i q h  a s  2700 m. The number o f  midsummer d a y s  w i t h  t e m p e r a t u r e s  
above 0  OC i s  r e p o r t e d  t o  be reduced  from 92 d a y s  t o  91-92 
d a y s  a t  1000 m ,  86-90 d a y s  a t  1500 m ,  66-69 d a y s  a t  2000 m ,  
and 41 d a y s  a t  2500 m .  F u r t h e r  l i m i t a t i o n s  of  e f f i c i e n c y  e x i s t :  

- A p o r t i o n ,  s a y  l o % ,  of  t h e  energy  a v a i l a b l e  f o r  m e l t i n g  
migh t  be used t o  h e a t  up t h e  i c e  f rom lower  t e m p e r a t u r e  
l e v e l s  t o  0  OC [ 1 2 ] ,  and a n o t h e r  s m a l l  p e r c e n t a g e  i s  
needed t o  keep t h e  w a t e r  warm enough f o r  t r a n s p o r t ,  
s t o r a g e  and o p e r a t i o n .  

- Not a l l  m e l t e d  w a t e r  i s  a v a i l a b l e  f o r  r u n o f f ;  some 
s e e p s  i n t o  d e e p e r  l a y e r s  and r e f r e e z e s  [ 13 I . 

A c a u t i o u s  a s s e s s m e n t  i s  t h a t  n o t  more t h a n  50% o f  t h e  n e t  
r a d i a t i o n  d u r i n g  May t h r o u g h  September w i l l  be  e f f e c t i v e  f o r  
m e l t i n g .  With some a r b i t r a r y  v a r i a t i o n  of  t h e  r e d u c t i o n  f a c t o r s  
between 40 and 60% i n  s i n g l e  months ,  t h e  e f f e c t i v e  i n p u t  of 
s o l a r  r a d i a t i o n  i s  e s t i m a t e d  a s  shown i n  columns 3  and 4  of  
T a b l e  4. Columns 5 and 6  show t h e  c o n v e r s i o n  t o  t h e  t e c h n i c a l  
u n i t s  used  f o r  f u r t h e r  d a t a  p r o c e s s i n g .  R a d i a t i o n  i n p u t  a v a i l -  
a b l e  f o r  t h e  m e l t i n g  p r o c e s s  d u r i n g  t h e  summer s e a s o n  r a n g e s  
from 290,000 t o  370,000 kcal/m2. 

Heat A b s o r p t i o n  and A v a i l a b l e  Mel t ing  Water Volumes 

The a l b e d o  of  t h e  i c e  c a p  of Greenland i s  e s t i m a t e d  t o  be 
more t h a n  80% g l o b a l l y .  I n  t h e  c o a s t a l  a r e a ,  however, t h e r e  
a r e  p l a c e s  where d u r i n g  summer months t h e  a l b e d o  is even l e s s  
t h a n  20%. T h i s  is  e s p e c i a l l y  pronounced i n  J u l y  and August [51.  

S e l l e r s  [14]  r e g i s t e r e d  s p e c i f i c  a l b e d o  v a l u e s  f o r  v a r i o u s  
s u r f a c e  c o n d i t i o n s .  F o r  t h i s  s t u d y  r e c o r d s  have been s e l e c t e d ,  
and t h e  a b s o r p t i o n  of  s o l a r  r a d i a t i o n  h a s  been used a s  shown 
i n  Tab le  5: 

T a b l e  5. 

Fresh snow 
O l d  snow 

- t 
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7 5  --• 8-5 -.. 9 5 %  
4 0  - "  69 70% 

3 0  40% 

Absorption 
- --- . -~. 

1 5 %  
40% 
60% I Darkened surface 90': 



F u r t h e r  c o n s i d e r a t i o n s  a r e  b a s e d  o n  t w o  m o d e l s :  

M o d e l  1 w i t h o u t  a r t i f i c i a l  d a r k e n i n g ,  a s s u m e s  t h a t  o n e - t h i r d  
o f  t h e  i ce  c a p  a r e a  i s  c o v e r e d  b y  f r e s h  snow,  o l d  s n o w ,  a n d  ice. 
T h i s  i s  n o t  o n l y  a n  i n t e g r a l  o v e r  s p a c e  b u t  a l s o  o v e r  t i m e .  
T h e  a v e r a g e  a b s o r p t i o n  o f  t h i s  m o d e l  i s  

a n d  e f f i c i e n t  h e a t  a b s o r p t i o n  a m o u n t s  t o  

f o r  t h e  w h o l e  summer.  

S i n c e  m e l t i n g  o f  1  m3 w a t e r  f r o m  ice r e q u i r e s  8 0 , 0 0 0  k c a l ,  t h e  
h e a t  a b s o r b e d  would  r e s u l t  i n  a  m e l t e d  d e p t h  o f  1 . 4 0 - 1 . 7 5  m  
o f  w a t e r .  T h i s  r e s u l t  f i t s  v e r y  w e l l  i n t o  a s t a t e m e n t  o f  Loewe 
[ l o ]  t h a t  1 . 5  m  o f  ice i s  m e l t e d  d u r i n g  a  y e a r  a t  71° N a n d  
1 0 0 0  m  e l e v a t i o n .  

Model  2  c o n s i d e r s  t h e  p o s s i b i l i t y  o f  a r t i f i c i a l  d a r k e n i n g  
o f  t h e  snow a n d  ice s u r f a c e .  G i v e n  t h e  e x t e n s i v e  areas c o n s i d e r -  
e d  f o r  u t i l i z a t i o n  it w i l l  n e v e r  b e  f e a s i b l e  t o  c o v e r  t h e m  w i t h  
a  c o m p l e t e  l a y e r  o f  l o w - a l b e d o  m a t e r i a l  [ 1 5 ] .  A  c a u t i o u s  a s s u m p -  
t i o n  i s  t h a t  o n e - q u a r t e r  o f  t h e  t o t a l  area c a n  b e  t r e a t e d  t h i s  
way.  T h e  r e m a i n i n g  t h r e e - q u a r t e r s  i s  a g a i n  e q u a l l y  d i s t r i b u t e d  
among f r e s h  snow,  o l d  snow,  a n d  ice .  A v e r a g e  a b s o r p t i o n  o f  t h i s  
m o d e l  i s  

a n d  e f f i c i e n t  h e a t  a b s o r p t i o n  

0 . 5 1  ( 2 9 0 , 0 0 0 - 3 7 0 , 0 0 0 )  = 1 5 0 , 0 0 0 - 1 9 0 , 0 0 0  k c a l / m 2  f o r  

t h e  w h o l e  summer 

s u f f i c i e n t  t o  m e l t  a d e p t h  o f  1 . 9 0 - 2 . 4 0  m  o f  w a t e r .  T h u s  d a r k e n -  
i n g  o f  o n e - q u a r t e r  o f  t h e  e n t i r e  a r e a  r e s u l t s  i n  a n  e x t r a  m e l t -  
i n g  o f  0 . 5 0 - 0 . 6 5  m  o f  w a t e r .  



G e o g r a p h i c a l  C r i t e r i a  

Topographic  c o n d i t i o n s  of Green land  s o u t h  of 72O N have  
been s t u d i e d  i n  a  p r e l i m i n a r y  manner by u s i n g  t h e  USAF Opera- 
t i o n a l  N a v i g a t i o n  C h a r t  i s s u e d  by t h e  US Aerospace C e n t e r ,  
S t .  L o u i s ,  M i s s o u r i ,  ONC s h e e t s  C-13 and D-16. These a r e  maps 
1:1 ,000,000 w i t h  1000 f t  ( -  300 m )  c o n t o u r  l i n e s  and s u f f i c i e n t  
t e r r a i n  c h a r a c t e r i s t i c s  t o  g i v e  o v e r a l l  i n f o r m a t i o n  on s i tes  
s u i t a b l e  f o r  a  g l a c i e r  power development .  F i g u r e  2 i s  a  s k e t c h  
1:5 ,000,000 o f  Sou th  Greenland c o p i e d  f rom t h e  Times A t l a s  o f  
t h e  World of 1973 [ E l ,  and amended by t h e  b o r d e r  l i n e  and 
c o n t o u r  l i n e s  of t h e  i c e  c a p  a s  w e l l  a s  o t h e r  d e t a i l s  f rom t h e  
ONC s h e e t s .  

F o r  c l i m a t i c  r e a s o n s ,  c o n s i d e r a b l e  m e l t i n g  w a t e r s  a r e  t o  
b e  e x p e c t e d  o n l y  s o u t h  o f  a b o u t  71° N,  and t h e  s t u d y  i s  con- 
f i n e d  t o  t h i s  a r e a  of t h e  i s l a n d .  On t h e  e a s t  c o a s t ,  t o p o g r a p h i c  
c o n d i t i o n s  g i v e  a  f u r t h e r  c o n s t r a i n t .  Sou th  o f  t h e  Scoresby  
Sound (70° N )  down t o  t h e  Watkins  F j o r d  (680 N ,  32O W )  t h e  edge  
o f  t h e  i c e  c a p  i s  m o s t l y  a t  e l e v a t i o n s  h i g h  above t h e  a b l a t i o n  
zone,  and a l w a y s  t o o  f a r  from s e a  l e v e l  f o r  any  r e a s o n a b l e  
deve lopment .  

Around t h e  G a r d i n e r  Lake (68O30' N ,  33O W ,  850 m e l . )  a  
g l a c i e r  power scheme seems f e a s i b l e  a l t h o u g h  c o n d i t i o n s  d o  n o t  
a l l o w  a  l a r g e - s c a l e  development  t h e r e .  More f a v o r a b l e  c o n d i t i o n s  
a r e  t o  be  found s o u t h  o f  Angmagssalik (66O N )  where t h e  i c e  c a p  
i s  a  s u i t a b l e  d i s t a n c e  f rom some f j o r d s  and h a s  c o n s i d e r a b l e  
e x t e n t .  The c o a s t a l  mountain  c h a i n  g o e s  up  t o  a l t i t u d e s  o f  
1000-1300 m .  A d i s a d v a n t a g e  is  t h e  l a c k  o f  n a t u r a l  l a k e s  o r  
o t h e r  o p p o r t u n i t i e s  f o r  s t o r a g e  on rocky  g round .  S t o r a g e  
r e s e r v o i r s  must be p r o v i d e d  on t h e  i c e  c a p  i t s e l f .  I n  some 
p a r t s  o f  t h e  s o u t h e a s t ,  t h e  i c e  c a p  p r o t r u d e s  r i g h t  o u t  t o  t h e  
c o a s t  w i t h  a l m o s t  no mountainous b o r d e r  zone between i c e  and 
ocean .  

More f a v o r a b l e  c o n d i t i o n s  migh t  b e  found a t  t h e  s o u t h e r n  
end of Green land ,  i f  a l s o  i n  minor ca tchment  a r e a s  o f  a b o u t  
5000 km2 o n l y .  Near N a r s s a r s s u a q  (61°31' N ,  45-460 W )  s e v e r a l  
n a t u r a l  l a k e s  a t  e l e v a t i o n s  o f  800-1000 m o f f e r  s t o r a g e  f a c i l i -  
t i e s  a t  a  d i s t a n c e  of n o t  more t h a n  10 km f rom t h e  c o a s t  of t h e  
B r e d e f j o r d  and i t s  b r a n c h e s .  

S u i t a b l e  c o n d i t i o n s  c o n t i n u e  a l o n g  t h e  w e s t  c o a s t  u n t i l  
a b o u t  67O N a t  Sondre  ( S o u t h e r n )  S t r o m f j o r d .  S t e e p  f j o r d s  c u t  
i n t o  t h e  l a n d  mass and e v e r y  now and t h e n  a p p r o a c h  t h e  edge  o f  
t h e  i c e  c a p  which i s  g e n e r a l l y  a t  a n  a l t i t u d e  o f  800-1000 m .  
Mountain v a l l e y s  between t h e  f j o r d s  c o n t a i n  a  c o n s i d e r a b l e  
number o f  s m a l l e r  and b i g g e r  l a k e s  a t  v a r i o u s  e l e v a t i o n s .  They 
f a v o r  hydropower development  i n  a  c h a i n  o f  p l a n t s  w i t h  v e r y  
s h o r t  a q u e d u c t s  making u s e  o f  t h e  heads  between t h e  l a k e s  and 
f i n a l l y  t o  t h e  s e a .  

A s p e c i f i c  phenomenon e x i s t s  n o r t h  of t h e  S t r o m f j o r d  
between p a r a l l e l s  66O and 68O N: t h e  ONC s h e e t  C-13 shows a  



Figure 2. S o u t h  (;rccnland. 



l a r g e  number of i c e  l a k e s  s c a t t e r e d  o v e r  t h e  s u r f a c e  of t h e  i c e  
c a p  a t  a l t i t u d e s  o f  600 t o  1800 m ,  w i t h  o b v i o u s l y  permanent  s u r -  
f a c e  w a t e r  d u c t s  between e a c h  o t h e r  (66O N) o r  a s  i s o l a t e d  l a k e s  
w i t h o u t  s u r f a c e  d i s c h a r g e  (68O N )  . T h i s  phenomenon w i l l  c e r t a i n -  
l y  f a v o r  w a t e r  c o l l e c t i o n  and s t o r a g e  b u t  i s  p a r t l y  c o u n t e r a c t e d  
by t h e  d i s a d v a n t a g e  o f  a  g r o s s  head of o n l y  some 500 m b e i n g  
a v a i l a b l e  between t h e  edge of t h e  i c e  and t h e  c o a s t .  

Nor th  o f  68O N t h e  i c e  c a p  comes c l o s e  t o  t h e  s h o r e  o f  t h e  
Disko Bay and t h e  Umanak F j o r d  (71° K )  w i t h  b u t  a  narrow and 
low mounta in  zone f ragmented  by t remendous i c e  s t r e a m s .  The 
Jakobshavn i c e  s t r e a m  i s  r e p o r t e d  t o  be o n e  o f  t h e  b i g g e s t  
p r o d u c e r s  o f  i c e b e r g s .  H e r e  hydropower development  w i l l  f i n d  
a  n a t u r a l  l i m i t ,  o r  a t  l e a s t  it w i l l  b e  hampered by t h e  f r a g -  
m e n t a t i o n  o f  t h e  ca tchment  a r e a s .  

E s t i m a t i o n  o f  G l a c i e r  Power Reserves  

Hydroenergy c a n  be  made a v a i l a b l e  f rom t h o s e  a r e a s  o f  t h e  
i c e  c a p  where a b l a t i o n  d u r i n g  t h e  summer p e r i o d  i s  s u f f i c i e n t  
t o  p roduce  c o n s i d e r a b l e  amounts o f  w a t e r .  A s c h e m a t i c  c r o s s  
s e c t i o n  t h r o u g h  Greenland a l o n g  t h e  65O N p a r a l l e l  i s  shown i n  
F i g u r e  3 ,  w i t h  g l a c i a t i o n  d e t a i l s  t a k e n  from a r e p o r t  on t h e  
I n t e r n a t i o n a l  G l a c i o l o g i c a l  E x p e d i t i o n  1957-60 t o  Greenland 
[ I  61. The zone o f  a b l a t i o n  e x t e n d s  f rom t h e  edge o f  t h e  i c e  
c a p  up t o  e l e v a t i o n s  o f  2200-2300 m (7500 f t )  and i s  l a r g e r  
and less i n c l i n e d  a l o n g  t h e  w e s t e r n  s l o p e  t h a n  i n  t h e  e a s t .  

Benson [ I71 d i s t i n g u i s h e s  f o u r  d i f f e r e n t  g l a c i e r  zones:  

- t h e  d r y  snow zone w i t h  no m e l t i n g  a t  a l l ;  

- t h e  s e e p i n g  zone w i t h  some m e l t i n g  w a t e r  s e e p i n g  i n t o  
t h e  f i r n  and r e f r e e z i n g  t h e r e ;  

- t h e  s o a k i n g  zone where t h e  f i r n  i s  f i l l e d  up w i t h  
m e l t i n g  w a t e r  and p roduces  r u n o f f ;  and 

- t h e  a b l a t i o n  zone where t h e  snow c o v e r  i s  c o m p l e t e l y  
m e l t e d  o f f  d u r i n g  summer. 

From G o l u b e v ' s  t h e o r y  [ I31 it becomes e v i d e n t  t h a t  o n l y  t h e  t h i r d  
and f o u r t h  zones  have w a t e r  r u n o f f  d u r i n g  t h e  summer months and 
c a n  b e  r e g a r d e d  a s  a  g l a c i e r  power r e s o u r c e .  Benson e s t i m a t e s  
t h e  w i d t h  of t h e  t h i r d  zone i n  Southwest  Green land  a t  a b o u t  
50 km, and t h a t  o f  t h e  f o u r t h  a b o u t  100 km--in v e r y  good a g r e e -  
ment w i t h  t h e  H a f e l i  s k e t c h  reproduced  i n  F i g u r e  3. 

From t h e  ONC s h e e t s  t h e  e n t i r e  a r e a  between t h e  edge  o f  t h e  
i c e  c a p  and t h e  7500 f t  (2200-2300 m )  c o n t o u r  l i n e ,  from 6g0 N 
i n  t h e  e a s t  t o  72O N i n  t h e  w e s t  i s  a s s e s s e d  a t  r o u g h l y  250,000 
km2. Under Model 2  c o n d i t i o n s  ( s e e  e a r l i e r )  t h e  a r e a  p r o v i d e s  a  
w a t e r  y i e l d  o f  250,000 km2 x ( 1  .90-2.40 m )  = 475-600 km3 p e r  
y e a r  and o v e r  a n  a v e r a g e  g r o s s  head o f  1000 m c o r r e s p o n d i n g  t o  





3  a n  e n e r g y  e q u i v a l e n t  o f  2 . 2  TWh/km o f  w a t e r ,  t h i s  vo lume  i s  
a b l e  t o  g e n e r a t e  (475-600  km3) x 2 . 2  ~ ~ h / k m ~  = 1050-1320 TWh 
e q u a l  t o  a c o n t i n u o u s  power  f l o w  o f  120-150 GW. T h e s e  a m o u n t s  
r e p r e s e n t  t h e  t e c h n i c a l l y  f e a s i b l e  r e s e r v e s  o f  G r e e n l a n d ' s  
g l a c i e r  power .  

A v a i l a b l e  G l a c i e r  Power R e s o u r c e s  

I n  a  p r e l i m i n a r y  s u r v e y  o f  t h e  ONC s h e e t s ,  12-15 s i t e s  
c o u l d  b e  i d e n t i f i e d  w h e r e  l a r g e - s c a l e  hyd ropower  s chemes  m i g h t  
b e  d e v e l o p e d .  Some f e a t u r e s  o f  t h e s e  s i t e s  are: 

C a t c h m e n t  area 3 ,500 -22 ,000  km2 a v e r a g e  1 0 , 5 0 0  km2; 

I n t a k e  e l e v a t i o n  300-1700 m a v e r a g e  1000  m ;  

D i s t a n c e  f r o m  i n t a k e  
t o  s h o r e  5-22 km a v e r a g e  11  km; 

A v a i l a b l e  r e s e r v o i r  
area o u t s i d e  ice 0-250 km2 2  a v e r a g e  60 km . 
The s chemes  c o v e r  a t o t a l  area o f  a b o u t  1 5 0 , 0 0 0  kmL. 

A v a i l a b l e  r e s o u r c e s  f r o m  t h i s  t o t a l  a r e a  a c c o r d i n g  t o  M o d e l s  
1  a n d  2 (see ea r l i e r )  are e s t i m a t e d  i n  T a b l e  6 .  

T a b l e  6 .  

-- - 

Model 1 Model 2  

T o t a l  a r e a  d e p l o y a b l e  150 ,000 km2 

Me l t i ng  w a t e r  d e p t h  1 .40-1 .75  m 

T o t a l  w a t e r  f rom a r e a  210-260 km3 

Average  g r o s s  head  1000 m 

Hydro e n e r g y  e q u i v a l e n t  2.2 lWh/km3 

Energy  p o t e n t i a l  460-575 TWh 

Con t inuous  power f l o w  52-65 GW 

150 ,000  km2 

1.90-2.40 m 

285-360 km3 

lo00 m 

2.2 ~ W h / k m ~  

625-800 TWh 

70-90 GW 

I n s t a l l e d  c a p a c i t y  a t  8000 h / a  58-72 GW 

6000 h / a  77-96 GW 

4500 h / a  102-128 GW 



C r i t i c a l  Remarks 

The e s t i m a t e  of  a v a i l a b l e  r e s o u r c e s  g i v e s  a n n u a l  w a t e r  
y i e l d s  o f  210-360 km3. T h i s  is  a p p r o x i m a t e l y  i n  l i n e  w i t h  t h e  
a n n u a l  p r e c i p i t a t i o n  on Sou th  G r e e n l a n d ' s  t o t a l  s u r f a c e  which 
i s  320 km3 ( s e e  e a r l i e r ) .  A p o r t i o n  o f  t h e  p r e c i p i t a t i o n  w i l l  
c o n t i n u e  t o  f low t o  t h e  s e a  i n  s u r f a c e  r i v e r s  o r  i c e  s t r e a m s  
w i t h o u t  go ing  t h r o u g h  t h e  t u r b i n e s .  Development of  g l a c i e r  
power r e s o u r c e s ,  e s p e c i a l l y  under  t h e  c o n d i t i o n s  of  Model 2,  
w i l l  c a u s e  a d d i t i o n a l  t a p p i n g  of t h e  i c e  d e p o s i t s  of t h e  o r d e r  
of  p e r h a p s  100-200 km2 a  y e a r .  T h i s  i s  a  n e g l i g i b l e  amount 
compared w i t h  t h e  t o t a l  i c e  volume of 2 ,600,000 km3. 

I t  is  n o t  y e t  e v i d e n t  whe ther  a  permanent  sys tem o f  d r a i n -  
a g e  of  l a r g e  i c e  a r e a s  is  t e c h n i c a l l y  o r  e c o n o m i c a l l y  f e a s i b l e .  
There  may be  d o u b t  whe ther  a n  assumpt ion  of  150,000 km2 a s  a  
d e p l o y a b l e  ca tchment  a r e a  is  r e a l i s t i c .  However, t h e r e  a r e  
r e s e r v e s  n o t  i n c l u d e d  i n  t h e  a s s e s s m e n t  of  t h e  w a t e r  y i e l d :  
o n l y  50% of  t h e  r a d i a t i o n  i n p u t  h a s  been i n t r o d u c e d  a s  b e i n g  
e f f e c t i v e ,  o n l y  o n e - q u a r t e r  of  t h e  a r e a  h a s  been adop ted  i n  
Model 2  f o r  s u r f a c e  d a r k e n i n g ,  and  c u r r e n t  p r e c i p i t a t i o n  h a s  
been n e g l e c t e d .  The s m a l l e r  t h e  a r e a  i n v o l v e d ,  t h e  more i n t e n s e  
t h e  u t i l i z a t i o n  w i l l  be and t h e  more it w i l l  c o n c e n t r a t e  n e a r  
t h e  edge of  t h e  i c e  c a p  where p r e c i p i t a t i o n  and i n s o l a t i o n  a r e  
h i g h e s t  and t e c h n i c a l  o b s t r u c t i o n s  t o  an e f f i c i e n t  development  
l o w e s t .  The a s s u m p t i o n s  of t h i s  s t u d y ,  t h e r e f o r e ,  a p p e a r  t o  be  
v a l i d  and r e l i a b l e  o v e r  a  wide r a n g e  of  c o n d i t i o n s ,  and have by 
way o f  compensa t ion  a  r a t h e r  low s e n s i t i v i t y  t o  changes  of  any 
one  o f  t h e  p a r a m e t e r s .  

TECHNOLOGY 

I n t r o d u c t i o n  

E s t a b l i s h e d ,  a s  w e l l  a s  new, t e c h n o l o g i e s  w i l l  be  needed 
f o r  a  l a r g e - s c a l e  development  of G r e e n l a n d ' s  g l a c i e r  power 
r e s o u r c e s .  C o l l e c t i o n  of  m e l t i n g  w a t e r s  f rom l a r g e  i c e  a r e a s  
h a s  n o t  y e t  been a t t e m p t e d ,  and o p t i m a l  methods must be  e x p l o r e d .  
S t o r a g e  of wa te r  w i l l  h a r d l y  c a u s e  problems of  t e c h n o l o g y  a s  
l o n g  a s  r e s e r v o i r s  o f  s u f f i c i e n t  s i z e  c a n  be embedded i n  t h e  
mountain  c h a i n s  b o r d e r i n g  t h e  i c e  cap ;  s h a p i n g  r e s e r v o i r s  i n  
t h e  i c e  c a p  i t s e l f ,  however, c a l l s  f o r  new i d e a s .  The subse -  
q u e n t  t r a n s f o r m a t i o n  of  t h e  p o t e n t i a l  e n e r g y  of  w a t e r  i n t o  
k i n e t i c  and f i n a l l y  e l e c t r i c  e n e r g y  c a n  r e l y  on wel l -advanced 
t e c h n i q u e s .  Energy t r a n s p o r t a t i o n  from remote  g e n e r a t i o n  s i t e s  
i n  t h e  a r c t i c  t o  consumption c e n t e r s  i n  Europe and North  America 
o r  e l s e w h e r e  is  a  problem a l s o  w i t h  o t h e r  g l o b a l  power p a r k s  
e n v i s a g e d  a s  f u t u r e  e n e r g y  s u p p l y  o p t i o n s ,  and needs  no s p e c i a l  
i n n o v a t i o n  f o r  Green land .  

The hydropower p o t e n t i a l  of  Europe h a s  been deve loped  s i n c e  
a b o u t  1890 and w i l l  c o n t i n u e  t o  b e ,  a p p r o a c h i n g  i t s  l i m i t  of  
750 TWh p e r  y e a r  p e r h a p s  by t h e  y e a r  2000. During t h i s  c e n t u r y  



of  e v o l u t i o n  t h e  s i z e  o f  i n d i v i d u a l  s t a t i o n s  h a s  g r a d u a l l y  
s h i f t e d  from t h e  megawatt  t o  t h e  g i g a w a t t  l e v e l .  The Green land  
o p t i o n  h a s  t o  s t a r t  a t  t h e  g i g a w a t t  o r  even  m u l t i p l e  g i g a w a t t  
l e v e l  f rom t h e  v e r y  b e g i n n i n g .  However, t h e  u n i t  s i z e  of 
hydropower s t a t i o n s  c a n n o t  be  i n c r e a s e d  a r b i t r a r i l y  s i n c e  it 
depends  on c o n d i t i o n s  o f f e r e d  by n a t u r e .  S t a u b e r ' s  a s s u m p t i o n  
o f  a  u n i t  s i z e  o f  a b o u t  25 GW w i t h  a  ca tchment  a r e a  o f  40,000 km2 
sounds u n r e a l i s t i c .  Al though t h e  i c e  c a p  e x t e n d s  o v e r  a  p r a c t i -  
c a l l y  i n f i n i t e  a r e a ,  i t s  b o r d e r  zones  - where w a t e r  i n t a k e  has  
t o  be  e s t a b l i s h e d  - a r e  d i v i d e d  by g l a c i e r  s t r e a m s ,  mountain  
v a l l e y s  and f j o r d s  which g i v e  no scope  f o r  u n l i m i t e d  development .  
The t e n t a t i v e  schemes i d e n t i f i e d  o n  t h e  ONC maps c o v e r  an a v e r -  
a g e  ca tchment  a r e a  o f  10,000 k m 2 .  T h i s  i s  a b o u t  10 t o  50 t i m e s  
t h e  ca tchment  a r e a  o f  c o n v e n t i o n a l  h igh-head schemes i n  A u s t r i a ,  
S w i t z e r l a n d  o r  Norway. I n  t h e  e a s t  and sou thwes t  o f  Green land  
even  l a r g e r  c o n c e n t r a t i o n s  seem f e a s i b l e  a l t h o u g h  t h e  l a c k  o f  
a d e q u a t e  s t o r a g e  o p p o r t u n i t i e s  might  produce a d v e r s e  r e s u l t s .  
Along t h e  w e s t  c o a s t ,  a n  o p t i m a l  c o r r e l a t i o n  o f  i c e  a r e a s  and 
n a t u r a l  l a k e s  a v a i l a b l e  f o r  s t o r a g e  might  s p l i t  up s u c h  a  
10,000 km2 u n i t  i n t o  s e v e r a l  s u b u n i t s  w i t h  i n d e p e n d e n t  power 
s t a t i o n s ,  l i n k e d  by EHV t r a n s m i s s i o n  l i n e s  t o  a  c e n t r a l  e l e c t r o l -  
y s i s  p l a n t  f o r  c o n v e r s i o n  i n t o  a  t r a n s p o r t a b l e  form of  e n e r g y .  

E s s e n t i a l  d a t a  f o r  a  "5  GW-standard g l a c i e r  power scheme" 
have been c o l l e c t e d  i n  Tab le  7 .  They g i v e  t h e  b a s i s  f o r  d e t a i l e d  
c o n s i d e r a t i o n s  i n  t h e  f o l l o w i n g  s e c t i o n s  o n  d imens ion ing  t h e  
n e c e s s a r y  c o n s t r u c t i o n  components.  

T a b l e  7 .  B a s i c  d a t a  of t h e  "5  GW s t a n d a r d  g l a c i e r  power scheme". 

U n i t  c a t c h m e n t  a r e a  1 0 , 0 0 0  km2 

Range o f  m e l t i n g  w a t e r  d e p t h  ( s e e  t e x t )  1 . 4 0 - 2 . 4 0  m 

Water  volume a v a i l a b l e  f rom u n i t  c a t c h m e n t  a r e a  14-24 km3 

1 R e q u i r e d  s t o r a g e  volume ( s e e  t e x t  and F i g u r e  4 )  : I 
a t  8000  h  a n n u a l  o p e r a t i o n  

a t  6000  h  a n n u a l  o p e r a t i o n  

a t  4500 h  a n n u a l  o p e r a t i o n  

T u r b i n e  f l o w  a t  8000  h / a  

a t  6000 h / a  

a t  4500 h / a  

I E n e r g y  e q u i v a l e n t  f o r  a v e r a g e  g r o s s  head  1000 m 2.2 ~ ~ h / k m ~  1 I E n e r q y  a v a i l a b l e  p e r  y e a r  and  scheme 31-53 TWh 1 
I n s t a l l e d  c a p a c i t y  f o r  8000  h / a  

f o r  6000 h / a  

f o r  4500 h / a  

T o t a l  hydropower p o t e n t i a l  o f  Greenland  a l l o w s  f o r  1 5  schemes o f  t h e  s t a n d a r d  
s i z e ,  i . e .  460-800 TWh e q u i v a l e n t  t o  a  power f l o w  o f  52-9(' GW. T o t a l  i n s t a l l e d  
c a p a c i t y  m i g h t  amount t o  60-120 GW. 



Water C o l l e c t i o n  

F o r  t h e  t i m e  be ing  we d o  n o t  d i s p o s e  o f  t h e  proved method 
f o r  c o l l e c t i n g  w a t e r  f rom t h e  s u r f a c e  of l a r g e  a r e a s .  A sys tem 
of s u r f a c e  c a n a l s  a c t i n g  l i k e  g u t t e r s  and a s  an a q u e d u c t  w i l l  
be t h e  b a s i c  r e q u i s i t e .  The c a n a l s  s h o u l d  have p a r a b o l i c  o r  
t r i a n g u l a r  shape  and a  minimum d e p t h  o f  a  few m e t e r s  i n  o r d e r  
t o  w a r r a n t  c o n c e n t r a t i o n  o f  v a r i a b l e  f low i n  a  narrow p r o f i l e  
and ,  t o g e t h e r  w i t h  a  g r a d i e n t  n o t  l e s s  t h a n  0 .5$ ,  s u f f i c i e n t  
w a t e r  v e l o c i t y  and t u r b u l e n c e  t o  avo id  r e f r e e z i n g  of t h e  w a t e r .  
B u l l d o z e r s  and snowmil ls  migh t  be  used t o  c o n s t r u c t  t h e  c a n a l s  
i n  an e a s y  and cheap  way. Such equipment  h a s  s u c c e s s f u l l y  been 
a p p l i e d  i n  c o n s t r u c t i n g  t h e  i c e - s h e l t e r s  o f  Camp Tuto  and Camp 
Century  i n  t h e  Thule  d i s t r i c t  [ I ] .  The K o l l b r u n n e r  I n s t i t u t e  
o f f e r s  o t h e r  s u g g e s t i o n s  i n  i t s  p u b l i c a t i o n  no.  27 [ I81  d e a l i n g  
w i t h  i c e  e n g i n e e r i n g  methods and equ ipment .  Hea t -absorb ing  
PVC l i n i n g ,  f o r c e d  m e l t i n g  by f l u e s  h e a t e d  from motor -exhaus t ,  
by e l e c t r i c  r e s i s t a n c e  h e a t i n g  from mobi le  g e n e r a t o r s ,  o r  by 
u s e  o f  t h e  h e a t  o f  n u c l e a r  w a s t e  c o n t a i n e r s  c o u l d  s u p p o r t  t h e  
e x c a v a t i o n .  

The c a n a l s  must form a  c r i s s - c r o s s  network s o  t h a t  e v e r y  
d r o p  o f  w a t e r  h a s  s e v e r a l  c h a n c e s  t o  r e a c h  t h e  r e s e r v o i r .  
O t h e r w i s e  a  l o c a l  d i s c o n t i n u i t y  i n  one c a n a l  - caused  by i c e  
movements, s n o w d r i f t  o r  o t h e r  hazardous  i m p a c t s  t o  which t h e  
c a n a l s  a r e  h i g h l y  exposed - c o u l d  make t h e  e n t i r e  system i n -  
a c t i v e .  I c e  t u n n e l s  of l a r g e r  s e c t i o n  c o u l d  p e r h a p s  expand 
t h e  c a n a l s  i n  lower p o r t i o n s  n e a r  t h e  edge of t h e  i c e  c a p ,  and 
a t  t h e  same t i m e  h e l p  t o  d r a i n  s u b s u r f a c e  w a t e r  i n t o  t h e  
s t o r a g e  r e s e r v o i r .  

I t  has  t o  b e  t e s t e d  whether  a  few main c o l l e c t o r s  a s  sug- 
g e s t e d  by S t a u b e r  and p a t e n t e d  by him [41 w i l l  be s u f f i c i e n t  
t o  d r a i n  t h e  e n t i r e  a r e a  under  c o n s i d e r a t i o n .  They have t o  be  
augmented by t h e  u s e  o f  n a t u r a l  c h a n n e l s ,  and by a  system of 
secondary  c o l l e c t o r  t r e n c h e s  l i k e  t h e  sys tems  f o r  l a n d  i r r i g a t i o n  
o r  d r a i n a g e .  I r r i g a t i o n  sys tems  f o r  a n  a r e a  o f  1  m i l l i o n  h e c t -  
a r e s  (10,000 km2) a r e  n o t  u n u s u a l  i n  d e n s e l y  p o p u l a t e d  zones  
l i k e  I n d i a  where manpower i s  e a s i l y  a v a i l a b l e  and cheap .  T h i s  
i s  c e r t a i n l y  n o t  t r u e  i n  Green land ,  b u t  e x c a v a t i o n  o f  t r e n c h e s  
i n  i c e  might  be  more e a s i l y  amenable t o  m e c h a n i z a t i o n  and l e s s  
l a b o r i o u s  t h a n  i n  s o l i d  s o i l .  

A s  a  v e r y  p r e l i m i n a r y  and t e n t a t i v e  e s t i m a t e ,  a  c a n a l  
sys tem of 1250 krn l e n g t h  i s  supposed t o  s u f f i c e  f o r  a n  a r e a  of 
10,000 km2. During t h e  t i m e  o f  h i g h e s t  s o l a r  r a d i a t i o n  on a  
warm J u l y  noon, a  maximum of  1  m3/s d i s c h a r g e s  f rom e v e r y  s q u a r e  
k i l o m e t e r  o f  ca tchment  a r e a  w h i l e  t h e  a v e r a g e  d i s c h a r g e  on t h i s  
warm d a y  amounts t o  0 .45 m 3 / s  - km2, and t h e  mean d i s c h a r g e  
d u r i n g  t h e  e n t i r e  m e l t i n g  p e r i o d  of 150 d a y s  i s  a b o u t  0.18 m 3 / s .  
(For comparison:  t h e  peak d i s c h a r g e  from 10,000 km2 i s  e q u a l  
t o  t h e  100 y e a r s - f r e q u e n c y  f low of t h e  Danube i n  Vienna e x p e r i -  
enced i n  t h e  f l o o d s  o f  September 1899 and J u l y  1954. T h i s  may 
s u f f i c e  t o  i l l u s t r a t e  t h e  o r d e r  o f  magni tude i n h e r e n t  i n  t h e  
development  of Greenland ' s g l a c i e r  power r e s o u r c e s .  ) 



The t o t a l  i c e  e x c a v a t i o n  f o r  a  10,000 km2 c o l l e c t o r  sys tem 
f e e d i n g  a  5 GW s t a n d a r d  power scheme i s  e s t i m a t e d  a t  50-80 x 
1  o6  m 3 .  I n  c o n v e n t i o n a l  hydropower,  e a r t h  movements up t o  
50 x 106 m 3 / ~ ~  a r e  q u i t e  common. 

Water S t o r a g e  

S t o r a g e  i n  N a t u r a l  Lakes 

Along t h e  wes t  c o a s t ,  t h e  mounta in  c h a i n s  b o r d e r i n g  t h e  
i c e  c a p  c a r r y  a  l a r g e  number o f  n a t u r a l  l a k e s  a t  v a r i o u s  l e v e l s  
up  t o  1000 m and more. These l a k e s  a r e  t o  be  e x p e c t e d  t o  g i v e  
a n  o p p o r t u n i t y  o f  l a r g e  s t o r a g e  r e s e r v o i r s  w i t h  o n l y  minor dam 
s t r u c t u r e s .  S i m i l a r  c o n d i t i o n s  e x i s t  i n  Norway and Canada. The 
C h u r c h i l l  F a l l s  scheme i n  Labrador  w i t h  a n  i n s t a l l e d  c a p a c i t y  of 
5  GW d i s p o s e s  o f  a  l i v e  s t o r a g e  volume of  31 km3 which had been  
c r e a t e d  by dams w i t h  a  t o t a l  f i l l  volume of  19 x l o 6  m3 and a  
maximum h e i g h t  o f  30 m .  

The s t o r a g e  volume r e q u i r e d  f o r  b a l a n c i n g  t h e  w a t e r  y i e l d s  
c o l l e c t e d  w i t h  v a r i a b l e  d i s c h a r g e  d u r i n g  t h e  s h o r t  summer p e r i o d  
a g a i n s t  t h e  c o n t i n u o u s  o p e r a t i o n  p e r i o d  o f  t h e  power s t a t i o n  
depends  on t h e  o p e r a t i o n  c h a r a c t e r i s t i c s  a d o p t e d  f o r  power 
g e n e r a t i o n .  Maximum e x p l o i t a t i o n  o f  t h e  power f a c i l i t i e s  and 
minimum i n v e s t m e n t s  a r e  a c h i e v e d  w i t h  a  yea r - round  o p e r a t i o n  
o f ,  s a y ,  8000 h  a t  f u l l  l o a d .  According t o  t h e  t o p  g r a p h  i n  
F i g u r e  4 ,  t h i s  o p e r a t i o n  r e q u i r e s  a  l i v e  s t o r a g e  o f  58% of  t h e  
a n n u a l  w a t e r  y i e l d  o r  i n  a b s o l u t e  terms 8-14 km3 f o r  e a c h  s t a n -  
d a r d  scheme. 

I n  t h e  w e s t ,  l a k e  s u r f a c e s  o f  150-250 km2 a r e  a v a i l a b l e  
f o r  e a c h  s t a n d a r d  scheme. The s t o r a g e  volume ment ioned above 
c a n  b e  a c h i e v e d  w i t h  w a t e r  l e v e l  f l u c t u a t i o n s  o f  50-100 m .  
O n e - t h i r d  t o  one-ha l f  o f  t h i s  v a r i a t i o n  migh t  be  e f f e c t e d  by 
damming t h e  n a t u r a l  l a k e  l e v e l ,  t h e  rest by l a k e  t a p p i n g .  The 
dams w i l l  have modest h e i g h t s  between 20 and 50 m. F i l l  volumes 
c a n  b e  e s t i m a t e d  f rom comparab le  examples  i n  Canada and Norway. 
The mean r e f e r e n c e  r a t i o  o f  t h e s e  examples  i s  0.6  x l o 6  m3 dam 
f i l l  f o r  e a c h  c u b i c  k i l o m e t e r  o f  l i v e  s t o r a g e .  Hence t h e  5  GW 
s t a n d a r d  scheme i n  W e s t  Green land  may r e q u i r e  t h e  v e r y  modest 
amount o f  5-10 x l o 6  rn3 o f  dam f i l l .  

Reduced S t o r a g e  Requirements  

N a t u r a l  r e s e r v o i r s  o f  e q u i v a l e n t  s i z e  a r e  n o t  t o  be  found 
i n  t h e  s o u t h ,  where l a k e  s u r f a c e s  o f  o n l y  30-40 km2 p e r  s t a n d a r d  
scheme a r e  a v a i l a b l e ,  l e t  a l o n e  a l o n g  t h e  e a s t  c o a s t ,  where  
mounta in  v a l l e y s  o f f e r i n g  a  n a t u r a l  s t o r a g e  f a c i l i t y  h a r d l y  
e x i s t .  I n  o r d e r  t o  a v o i d  e x p e n s i v e l y  h i g h  dams, o p e r a t i o n  
p a t t e r n s  must be  a d j u s t e d  t o  t h e  a v a i l a b i l i t y  o f  s m a l l e r  s t o r a g e  
volumes,  and r e s e r v o i r s  embedded i n  i c e  must be  c o n s i d e r e d .  



I , c = o , 4 5  1 
. / '  

M A M J J A S O N D  

1 

0.5 

4500 hla / ' 

C = 0.28 

J F M A M J J A S O N D  

/ 

8000 hla 
/ .  

0 ' 

0 ' 
C = 0.58 

0 ' 

0 '  

A . .  . MASS CURVE OF WATER YIELDS (INFLOW) 

0 . .  . MASSCURVE OF WATER RELEASES 

C . . . REQUIRED STORAGE VOLUME t 

J F M A M J J A S O N D  

E 

c0 0 
V) 4500 6000 8000 8760 h/a 

HOURS OF GENERATION T 

Figurr: 4. Storage reqrtiremt:nts. 



F i g u r e  4 i n c l u d e s  two assumpt ions  f o r  i n t e r m i t t e n t  power 
g e n e r a t i o n ,  one w i t h  6000 h  of  f u l l  l o a d  a  y e a r ,  a n o t h e r  w i t h  
4500 h ,  i . e .  f u l l  l o a d  p e r i o d s  of  8  o r  6  months a  y e a r .  Rele-  
v a n t  s t o r a g e  r e q u i r e m e n t s  d e c r e a s e  t o  45% and 28% r e s p e c t i v e l y  
o r  i n  a b s o l u t e  t e r m s  t o  6-11 km3 p e r  s t a n d a r d  scheme o p e r a t e d  
6000 h ,  and t o  4-7 km3 p e r  scheme o p e r a t e d  4500 h .  The o p e r a t i o n  
p e r i o d  o f  4500 h  (= 6  months)  f i t s  i n  w i t h  t h e  a c c e s s  c o n d i t i o n s  
of  t h e  e a s t  c o a s t  where owing t o  pack i c e  t h e  p o r t  of  Angmagssalik 
c a n  be  s e r v i c e d  o n l y  d u r i n g  May t h r o u g h  September [ I ] .  Lack o f  
n a t u r a l  s t o r a g e  f a c i l i t i e s  and r e s t r i c t i o n s  on energy  t r a n s p o r t a -  
t i o n  i n  t h e  c a s e s  of  l i q u i d  hydrogen o r  ammonia on t a n k e r s  have 
t h e  same i m p a c t s  on e n e r g y  g e n e r a t i o n .  

R e s e r v o i r s  i n  I c e  

No e x p e r i e n c e  e x i s t s  on t h e  c o n s t r u c t i o n  and b e h a v i o r  of 
i c e  dams o r  r e s e r v o i r s  embedded i n  i c e .  The t e c h n i c a l  f e a s i b i l i t y  
o f  i c e  a s  a  dam f i l l  m a t e r i a l  h a s  s t i l l  t o  be  i n v e s t i g a t e d ,  and 
i t s  s t a b i l i t y  and w a t e r t i g h t n e s s  t o  be t e s t e d .  P rov ided  t h a t  
t h e  r e s u l t s  a r e  s a t i s f a c t o r y ,  t h e  p r o p e r  method t o  h a n d l e  l a r g e  
i c e  masses  p o s e s  t h e  n e x t  problem. B u l l d o z e r s  o r  d r a g l i n e s  migh t  
be  a d e q u a t e  t o o l s  t o  f i l l  a n  i c e  dam from p a r a l l e l  borrow t r e n c h e s .  
Mobi le  s t r i p p i n g  equipment  s i m i l a r  t o  t h a t  used i n  Germany f o r  
open l i g n i t e  min ing ,  o r  i n  Canada f o r  t h e  e x t r a c t i o n  of  t a r  
s a n d s ,  would combine e x c a v a t i o n  o f  l a r g e  i c e  c a v i t i e s  w i t h  dam 
f i l l i n g  o v e r  i t s  conveyor  b e l t  sys tem.  A s t i l l  more e f f i c i e n t  
method t o  shape  l a r g e  ho l lows  o u t  of t h e  i c e  body c o u l d  be  
n u c l e a r  b l a s t i n g ,  p r o v i d e d  t h a t  c o n t a m i n a t i o n  i s  no h a z a r d .  
B l a s t i n g  w i t h  c o n v e n t i o n a l  e x p l o s i v e s  proved u n s u c c e s s f u l  a t  
t h e  a i r  b a s e  camps of  t h e  Thule  d i s t r i c t .  

The w a t e r  i n t a k e  t o  t h e  power t u n n e l  from t h e  r e s e r v o i r  
g i v e s  a  n o t  l e s s  s e v e r e  problem.  I c e  d o e s  n o t  s a t i s f y  t h e  
r e q u i r e m e n t s  of a  s a f e  and s t a b l e  f o u n d a t i o n  f o r  i n t a k e  s t r u c -  
t u r e s  c o n t a i n i n g  g a t e s  o r  v a l v e s  f o r  c o n t r o l l e d  w a t e r  r e l e a s e s ,  
nor  f o r  a n  aqueduc t  under  t h e  p r e s s u r e  of t h e  r e s e r v o i r  l e v e l .  
Hence t h e  r e s e r v o i r  on i c e  must l e a n  a g a i n s t  a n  abutment  o r  a  
f l a n k  of  s o l i d  r o c k  of  a  b o r d e r i n g  mountain  c h a i n ,  o r  a g a i n s t  
a  Nunatak n o t  t o o  f a r  away from t h a t  mountain  c h a i n .  The 
i n v e s t i g a t i o n  and s e l e c t i o n  of a d e q u a t e  s i t e s  needs  d e t a i l e d  
t o p o g r a p h i c a l  i n f o r m a t i o n .  

Given t h e  many unknown p a r a m e t e r s  f o r  c o n s t r u c t i n g  r e s e r -  
v o i r s  on i c e ,  a  r e a s o n a b l e  e s t i m a t e  of amoants of  m a t e r i a l  o r  
o t h e r  c o n s t r u c t i o n  r e q u i r e m e n t s  i s  beyond our  p r e s e n t  knowledge. 

Tunne l s  and Power S t a t i o n s  

I r r e s p e c t i v e  of t h e  o r i g i n  of w a t e r ,  i t s  t r a n s p o r t  t h r o u g h  
p r e s s u r e  t u n n e l s  and p e n s t o c k s  t o  t h e  t u r b i n e s  of  a  c o n v e n t i o n a l  
power s t a t i o n  can  r e l y  on wel l -advanced t e c h n i q u e s .  T h e i r  a p p l i -  
c a t i o n  i n  Greenland w i l l  h a r d l y  c a u s e  u n u s u a l  problems.  The 



K o l l b r u n n e r  p u b l i c a t i o n s  [ 3 j  ment ion  t h e  phenomenon of  perma- 
f r o s t  and a l l o t  c e r t a i n  a d v a n t a g e s  t o  it  i n  t u n n e l i n g  i n  Green- 
l a n d .  These c o n s i d e r a t i o n s  seem r e f u t a b l e  f o r  two r e a s o n s .  
F i r s t l y ,  p e r m a f r o s t  w i l l  h a r d l y  e x i s t  i n  t h e  mountain  c h a i n s  
exposed t o  m a r i t i m e  wea ther  i n f l u e n c e s  and t e m p e r a t u r e s  above 
f r e e z i n g  p o i n t  d u r i n g  many months e v e r y  y e a r .  F u r t h e r ,  even  i f  
t u n n e l s  o r  p e n s t o c k s  s h o u l d  be  d r i v e n  t h r o u g h  p e r m a f r o s t  zones ,  
t h e  c o n s t a n t  f l o w  of  w a t e r  w i t h  t e m p e r a t u r e s  above 0  OC would 
soon make p e r m a f r o s t  d i s a p p e a r  i n  t h e  r o c k  s u r r o u n d i n g  t h e  w a t e r  
d u c t .  

Tunne l s  from t h e  f i n a l  r e s e r v o i r  ( t h e  head pond o f  t h e  
power scheme) t o  t h e  pens tock  may f i n d  f a v o r a b l e  c o n d i t i o n s  i n  
t h e  g r a n i t i c  r o c k  f o r m a t i o n s  of Green land ,  s i m i l a r  t o  t h o s e  i n  
Norway and Sweden. According t o  T a b l e  8 ,  t h e  t u n n e l  o f  a  s t a n d a r d  
scheme o p e r a t i n g  8000 h  a  y e a r  h a s  t o  c a r r y  485-835 m3/s. T h i s  
r e q u i r e s  a  c r o s s  s e c t i o n  of 120-200 m 2 ,  which is  e q u a l  t o ,  o r  
even l e s s  t h a n ,  t h e  a r e a  of s e v e r a l  e x i s t i n g  t u n n e l s  i n  Sweden 
and t h e  USA. For  a  4500 h /pe r  y e a r  i n s t a l l a t i o n ,  two p a r a l l e l  
t u n n e l s  migh t  be  cheaper  t h a n  one s u p e r - t u n n e l .  I f  a  r e s e r v o i r  
comes c l o s e  t o  t h e  s h o r e ,  t h e  Swedish hydropower t y p e  w i t h  
v e r t i c a l  o r  s t e e p  p e n s t o c k s  d i r e c t l y  f rom t h e  r e s e r v o i r  t o  a  
power c a v e r n  and a  l o n g ,  p r e s s u r e l e s s  t a i l r a c e  t u n n e l  t o  t h e  
s e a  migh t  have t e c h n i c a l  and economic a d v a n t a g e s .  Tunnel  con- 
s t r u c t i o n  f o r  each  s t a n d a r d  scheme r e q u i r e s  g r o s s  a v e r a g e  amounts 
o f  1 . 5  x 106 m3 r o c k  e x c a v a t i o n  and 250,000 m3 c o n c r e t e  l i n i n g .  

T a b l e  8. Energy t r a n s p o r t  r o u t e s  Green land  - Europe/North  
America.  (For  l e n g t h s  o f  s e c t i o n s  s e e  F i g u r e s  5  
and 6  . )  

Rouce I a :  Angmagssalik - I c e l a n d  - Scand inav ia  - C e n t r a l  Europe 

Route Ib :  Nar s sa r s suaq  - I ce l and  - Sco t l and  - Western Europe 

Route ILa: F red r ikshaab  - B a f f i n  I s l a n d  - Canada - New York 

Route I I b :  Umanak - B a f f i n  I s l a n d  - Canada - Grea t  Lakes 

The p e n s t o c k s  have t o  f e e d  t h e  t u r b i n e s  under  a n  a v e r a g e  
head o f  1000 m w i t h  a  t o t a l  f l o w  of  485-835 m3/s e q u a l  t o  t h e  
t u n n e l  f l o w .  I n  t h e  C h u r c h i l l  F a l l s  p l a n t  i n  Canada t h e  r a t e d  

AC overhead l i n e  

DC ove r  head l i n e  

Sea c a b l e  

Route l e n g t h  

C i r c u i t  l e n g t h  

Routes t o  Europe 

I a  I b  

2 x 9 0 0  km 2 x 1 4 5 0  km 

2 x 7 0 0  km 2 x 8 0 0  km 

1 9 5 0  km 2050  km 

3550  km 4300 km 

5 1 5 0  km 6 5 5 0  km 

Routes t o  North America 

I I a  I I b  

2 x 1 9 0 0  km 2 x 2600  km 

2 x 8 0 0  km 2 x 1 6 0 0  km 

8 0 0  km 800 km 

3 5 0 0  km 5 0 0 0  km 

6 2 0 0  lon 9 2 0 0  km 



d i s c h a r g e  i s  2000 m 3 / s  d i s t r i b u t e d  t o  11 p e n s t o c k s  f o r  186 m3/s 
e a c h  u n d e r  a  head of 320 m .  I n  t h e  Mal ta  p r o j e c t  o f  A u s t r i a  
a n  i n c l i n e d  p r e s s u r e  s h a f t  f o r  80 m 3 / s  under  a  head of 1000 m 
had been  d e s i g n e d ,  and o n l y  l e s s  f a v o r a b l e  g e o l o g i c a l  c o n d i t i o n s  
caused  a  r e v i e w  o f  t h e  d e s i g n  and t h e  change  t o  a  m a n i f o l d  pen- 
s t o c k  o n  t h e  s u r f a c e .  Dimensions  r e q u i r e d  f o r  t h e  Green land  
g l a c i e r  power scheme combine e s s e n t i a l  f e a t u r e s  of b o t h  e x i s t -  
i n g  schemes and s h o u l d  b e  t e c h n i c a l l y  f e a s i b l e ,  t h e  more s o  i n  
v iew o f  t h e  d e s i g n e r ' s  f r eedom t o  d i s t r i b u t e  t h e  t o t a l  f l o w  t o  
a n  a d e q u a t e  number of p a r a l l e l  p e n s t o c k s  o f  l i m i t e d  c a p a c i t y .  
Average r e q u i r e m e n t s  f o r  t h e  p e n s t o c k s  o f  t h e  s t a n d a r d  scheme 
c a n  b e  e s t i m a t e d  a t  a b o u t  200,000 m3 o f  r o c k  e x c a v a t i o n  ( p r o b a b l y  
done  by t u n n e l  m o l e s ) ,  50-80,000 m3 o f  c o n c r e t e  and 40-70,000 t 
o f  s t e e l  l i n i n g .  

The s t a n d a r d  power s t a t i o n  i n  t h e  b a s i c  c a s e  o f  8000 h  p e r  
y e a r  o p e r a t i o n  h a s  a n  i n s t a l l e d  c a p a c i t y  o f  4-6 GW, a  s i z e  
a l r e a d y  e x i s t i n g  i n  Canada and t h e  USSR. Even t h e  jump t o  12 GW 
i n  c a s e  o f  4500 h  o p e r a t i o n  i s  f e a s i b l e  w i t h  r e g a r d  t o  t h e  o v e r -  
a l l  o u t l a y .  S t i l l  open is  t h e  t y p e  o f  t u r b i n e  t o  b e  a p p l i e d .  
The l a r g e s t  hydropower u n i t s  o f  t o d a y  a r e  o f  F r a n c i s  t y p e  work- 
i n g  u n d e r  low and medium heads .  Extreme p r o t o t y p e s  o f  F r a n c i s  
t u r b i n e s  a r e  t h o s e  of t h e  Grand Coulee  e x t e n s i o n  i n  t h e  USA w i t h  
u n i t  c a p a c i t i e s  o f  600 and  700 MW under  a  head o f  100 m ,  and 
Hornberg i n  t h e  FRG w i t h  250 MW u n d e r  a  head o f  630 m .  I n  
Norway q u i t e  a  number o f  b i g  F r a n c i s  t u r b i n e s  have been i n s t a l l e d  
w i t h  u n i t  c a p a c i t i e s  between 100 and 160 MW u n d e r  heads  o f  
400-500 m. Heads o f  1000 m o r  more a r e  now b e i n g  u t i l i z e d  by 
P e l t o n  t u r b i n e s .  T h e i r  u n i t  c a p a c i t y  d o e s  n o t  exceed 70 MW w i t h  
a  r a t e d  f l o w  of  o n l y  10 m 3 / s .  F o r  t h e  Green land  g l a c i a l  power 
deve lopment ,  e i t h e r  a  m o d i f i e d  t u r b i n e  t y p e  w i t h  b o t h  h i g h  head 
and h i g h  f l o w  h a s  t o  b e  d e v e l o p e d ,  o r  a  o n e - s t e p  deve lopment  h a s  
t o  b e  a v o i d e d .  The l a k e s  a l o n g  t h e  w e s t  c o a s t  o f f e r  good oppor -  
t u n i t i e s  t o  d i v i d e  t h e  power scheme i n t o  two o r  more s u b s e q u e n t  
s t e p s  w i t h  n o t  more t h a n  500 m i n d i v i d u a l  head .  T h i s  a l l o w s  
t h e  s t a t i o n s  t o  b e  equ ipped  w i t h  c o n v e n t i o n a l  F r a n c i s  t u r b i n e s  
w i t h i n  t h e  r a n g e  o f  p r e s e n t  t e c h n o l o g y .  

The g e n e r a t o r  t y p e  h a s  t o  b e  s e l e c t e d  i n  v iew o f  t h e  power 
a p p l i c a t i o n  o r  c o n v e r s i o n .  AC is  t h e  d o m i n a t i n g  sys tem o f  
e l e c t r i c i t y  s u p p l y  and p o w e r f u l  g e n e r a t o r s  o f  t h i s  sys tem have 
been  i n s t a l l e d  a l l  o v e r  t h e  wor ld .  For  Green land  power schemes 
c l o s e l y  l i n k e d  t o  a  l a r g e  e l e c t r o l y s i s  p l a n t  p r o d u c i n g  hydrogen 
o r  ammonia, DC g e n e r a t i o n  migh t  have  a d v a n t a g e s .  I n  t h i s  p r e -  
l i m i n a r y  s t u d y ,  t h e  f i n a l  d e c i s i o n  c a n n o t  b e  a n t i c i p a t e d ,  b u t  
w i l l  have  no s i g n i f i c a n t  i n f l u e n c e  on t e c h n i c a l  o r  i n v e s t m e n t  
c o n s i d e r a t i o n s .  C o n s t r u c t i o n  and equ ipment  r e q u i r e m e n t s  o f  t h e  
5  GW s t a n d a r d  power s t a t i o n  may amount t o  100,000 m3 o f  c o n c r e t e  
and 100-150,000 t of  s t e e l  i n c l u d i n g  mach ine ry .  

Power A p p l i c a t i o n  and T r a n s f e r  

Only a  s m a l l  p o r t i o n  o f  t h e  e n e r g y  from t h e  g l a c i e r s  w i l l  
b e  used  i n  Green land  f o r  d o m e s t i c  and i n d u s t r i a l  p u r p o s e s .  The 



abundan t  power s u p p l y  may s t i m u l a t e  p r o c e s s i n g  o f  n a t u r a l  r e -  
s o u r c e s  known i n  Green land  such  a s  i r o n  o r e ,  v a r i o u s  n o n - f e r r o u s  
m e t a l s ,  uranium and thor ium [ I ] .  Demand f o r  p r o c e s s i n g  l o c a l  
r e s o u r c e s ,  however, may n o t  exceed  5% o f  t h e  e n e r g y  produced i n  
t h e  g l a c i e r  power schemes. The b u l k  of  e n e r g y  w i l l  be  a v a i l a b l e  
f o r  t h e  supp ly  of  consumer c e n t e r s  i n  Europe and North  America.  

O p t i o n s  f o r  energy  t r a n s p o r t a t i o n  from Green land  t o  p ro-  
s p e c t i v e  consumer r e g i o n s ,  o r  f o r  l a r g e - s c a l e  a p p l i c a t i o n  i n  
Green land  a r e  i n d i c a t e d  i n  t h e  f o l l o w i n g  p a r a g r a p h s .  

C o n v e n t i o n a l  Transmiss ion  Systems 

F i g u r e s  5  and 6  g i v e  a  p r e l i m i n a r y  s e l e c t i o n  of r o u t e s  f o r  
c o n n e c t i n g  energy  p r o d u c t i o n  c e n t e r s  i n  Green land  w i t h  consumer 
c e n t e r s  i n  Europe and Nor the rn  America.  I n  t r a c i n g  t h e  r o u t e s ,  
a t t e n t i o n  h a s  been p a i d  t o  min imiz ing  ocean  c r o s s i n g s  and making 
b e s t  u s e  of  i s l a n d s  and n a t u r a l  r i s e s  of t h e  ocean  bed,  i n  o r d e r  
t o  f i n d  p r a c t i c a b l e  w a t e r  d e p t h s  and a s  many i n t e r m i s s i o n  p o i n t s  
a s  p o s s i b l e .  These p o i n t s  s u b d i v i d e  t h e  l o n g  t r a n s m i s s i o n  l i n e s  
i n t o  p i e c e s  of n o t  more t h a n  600 krn i n  o r d e r  t o  s e c u r e  t h e i r  
s t a b i l i t y  by a d e q u a t e  t e c h n i c a l  measures  and i n s t a l l a t i o n s .  

T r a n s m i s s i o n  t o  Western Europe i s  handicapped by a  c o n s i d e r -  
a b l y  l a r g e r  p o r t i o n  of  open s e a :  t h e  t o t a l  d i s t a n c e  of  some 
4000 km i s  a l m o s t  e q u a l l y  d i s t r i b u t e d  between s e a  and l a n d .  
Energy s u p p l i e s  t o  North  America a r e  f a v o r e d  n o t  o n l y  by much 
s h o r t e r  d i s t a n c e s  a c r o s s  t h e  ocean  w e s t  of  Green land  b u t  a l s o  by 
t h e  f a c t  t h a t  t h e  t r a n s m i s s i o n  l i n e s  on l a n d  p a s s  t h r o u g h  wide 
a r e a s  of  b a r r e n  l a n d  where t h e  r i g h t  of  way c a n  be o b t a i n e d  much 
more e a s i l y  t h a n  on European t e r r i t o r y .  D i s t a n c e s  t o  N e w  York 
and Chicago a r e  3500 and 5000 km r e s p e c t i v e l y .  The l a r g e  hydro-  
power schemes on t h e  C h u r c h i l l ,  Manicouagan, Saguenay, and 
S t .  Lawrence r i v e r s  a r e  v a l u a b l e  p o i n t s  of  s u p p o r t  t o  t h e  t r a n s -  
m i s s i o n  l i n e  s t a b i l i t y .  

The s e l e c t i o n  of t h e  most s u i t a b l - e  t r a n s m i s s i o n  sys tem 
depends  on more i n - d e p t h  s t u d i e s  a n t i c i p a t i n g  f u t u r e  t r e n d s .  
Comments on c o n v e n t i o n a l  sys tems  a r e :  

AC t r a n s m i s s i o n  l i n e s  a r e  t o  be  p r e f e r r e d  f o r  c o n n e c t i n g  
s i n g l e  power s t a t i o n s  t o  a  c e n t r a l  f e e d  p o i n t  i n t o  t h e  
t r a n s m i s s i o n  l i n k  over  t h e  s e a ,  and f o r  t h e  f i n a l  p o r t i o n s  
of t h e  l i n e  where j u n c t i o n  t o  n a t i o n a l  and r e g i o n a l  n e t -  
works must be  p o s s i b l e .  The l o n g - d i s t a n c e  l i n k  c o u l d  be 
a  1100 kV l i n e  w i t h  bundled c o n d u c t o r s  w i t h  a  c a p a c i t y  
of  5  GW p e r  c i r c u i t .  For  s e a  c a b l e s ,  however,  AC i s  
l e s s  s u i t a b l e  g i v e n  t h e  p r e s e n t  s t a t u s  of t e c h n o l o g y .  
The Swiss  p u b l i c a t i o n s  on G r e e n l a n d ' s  g l a c i e r  power [31 
s u g g e s t  a  1140 kV t h r e e - p h a s e  t r a n s o c e a n  l i n k  c o n s i s t i n g  
of t h r e e  c o n d u c t o r  c a b l e s  w i t h  l o n g i t u d i n a l  and s h u n t  
compensa t ion  by synchronous  motors .  
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Figure 6. Transporl ro~~tc . s .  N o r t h  America. 



- DC i s  t h e  b e s t  sys tem f o r  s e a  c a b l e s .  E x i s t i n g  p r o t o t y p e s  
o p e r a t e  under  v o l t a g e s  up t o  500 kV. A t r a n s p o r t  capac-  
i t y  o f  10-15 GW would be w a r r a n t e d  by 750 kV o i l  c a b l e s  
o r  by 400 kV s u p e r - c o n d u c t i v e  c a b l e s  1191. Both a r e  
a c t u a l l y  s t u d i e d  i n  EHV l a b o r a t o r i e s  w h i l e  1000 kV c a b l e s  
a r e  s t i l l  r e g a r d e d  a s  u t o p i a n .  On l a n d ,  +500-+750 - kV 
DC overhead l i n e s  have a l r e a d y  been bu i l t :  e . g .  f o r  t h e  
+500 kV t r a n s m i s s i o n  l i n e  of  1700 km between t h e  Inga  - 
power scheme and t h e  Shaba mine d i s t r i c t  i n  Z a i r e  [201. 
T h i s  l i n e  c o n s i s t s  o f  two c i r c u i t s  w i t h  bundled conduc- 
o r s  o f  t h r e e  750 mm2 s t e e l - r e i n f o r c e d  aluminum w i r e s  
e a c h ,  s u p p o r t e d  by some 8500 t o w e r s .  I f  750 kV s e a  
c a b l e s  become f e a s i b l e ,  a  t r a n s p o r t  l i n k  combining them 
w i t h  +750 kV DC-overhead l i n e s  migh t  be  t h e  most conven- 
i e n t  c o n n e c t i o n  between t h e  i n i t i a l  AC-DC c o n v e r t e r s  i n  
Green land  and t h e  DC-AC c o n v e r t e r s  i n  Denmark, S c o t l a n d ,  
and Canada where s u p p l y  i n t o  t h e  consumer networks  w i l l  
s t a r t .  DC l i n e s  need l e s s  c o n d u c t o r s  p e r  c i r c u i t  t h a n  
AC l i n e s  (two a g a i n s t  t h r e e  f o r  overhead  l i n e s ,  one 
a g a i n s t  t h r e e  f o r  s e a  c a b l e s  w i t h  t h e  s e a  a s  r e t u r n  d u c t )  
and have lower t r a n s p o r t  l o s s e s  i n  c o n d u c t o r s  of  e q u a l  
c r o s s  s e c t i o n .  These a d v a n t a g e s  migh t  make up f o r  t h e  
a d d i t i o n a l  c o n v e r t e r  expenses .  

EHV c a b l e s  a r e  i n c l i n e d  t o  have more f a u l t s  and o u t a g e s  
t h a n  overhead  l i n e s .  I n  o r d e r  t o  b r i n g  t h e  t r a n s p o r t  s a f e t y  of  
t h e  c a b l e  l i n k  t o  t h e  s a f e t y  l e v e l  of  t h e  d o u b l e - c i r c u i t  o v e r -  
head l i n e ,  a  s p a r e  c a b l e  f o r  e a c h  r o u t e  h a s  t o  be  i n s t a l l e d  i n  
a d d i t i o n  t o  t h e  a c t i v e  o n e s .  Along t h e  s e l e c t e d  r o u t e s ,  t h e  
s e a  i s  g e n e r a l l y  l e s s  t h a n  600 m d e e p ,  where c a b l e s  c a n  b e  l a i d  
on  t h e  bot tom.  I f  c h a n n e l s  o f  g r e a t e r  d e p t h  have t o  b e  c r o s s e d ,  
t e c h n o l o g y  h a s  s t i l l  t o  b e  found f o r  c a b l e - l a y i n g ,  o r  suspended 
c a b l e s  have t o  be  deve loped .  They have t o  f l o a t  a t  such  a  d e p t h  
below s e a  l e v e l  t h a t  wave a c t i o n  o r  i c e b e r g s  c a n n o t  d e s t r o y  them. 

For  t r a n s p o r t i n g  a p p r o x i m a t e l y  10 GW o v e r  e a c h  of  t h e  f o u r  
r o u t e s  d e s c r i b e d  i n  Tab le  8 ,  r e q u i r e m e n t s  f o r  overhead  l i n e s  w i t h  
b u n d l e s  of  two c o n d u c t o r s ,  and s e a  c a b l e s  o f  r e l e v a n t  c a p a c i t y  
and s a f e t y  a r e  summarized i n  T a b l e  9 .  

Tab le  9 .  

Route 

AC double c i r c u i t  overhead 
r o u t e  length (km) 
wire = r o u t e  x6x2 (km) 

DC double c i r c u i t  overhead 
r o u t e  l eng th  (km) 
wire = r o u t e  X4X2 (km) 

DC sea  cab le  
r o u t e  l eng th  (km) 
cab le  = r o u t e  x2 (km) 

Mater ia l  of overhead l i n e s  
Aluminum (1000 t )  
S t e e l ,  wires  (1000 t )  
S t e e l ,  towers (1000 t )  

I I a  

1900 
22800 

800 
6400 

800 
1600 

5 4 
20 

122 

I I b  

2 600 
31200 

1600 
12800 

800 
1600 

80 
30 

190 

I a 

900 
10800 

700 
5600 

1950 
3900 

30 
11 
72 

I b  

1450 
17400 

800 
6400 

2050 
4100 

44 
16 

102 



Non-convent ional  Energy T r a n s f e r  

The most p romis ing  non-conven t iona l  economic mode o f  
t r a n s p o r t  o f  l a r g e  amounts o f  e n e r g y  i s  t o  u s e  hydrogen a s  
e n e r g y  c a r r i e r .  I t  c a n  e a s i l y  be  s t o r e d ,  t r a n s p o r t e d ,  and r e -  
c o n v e r t e d  i n t o  mechan ica l ,  e l e c t r i c a l ,  o r  t h e r m a l  e n e r g y .  

With t e c h n o l o g y  improving i n  t h e  f u t u r e ,  H2 e l e c t r o l y s i s  
i s  e x p e c t e d  t o  c o n v e r t  3 .3  kwh i n t o  1 ~ m 3  o f  H 2  i n  a  p r o c e s s  r e -  
q u i r i n g  0.8 kg o f  w a t e r  [21 ,22]  . (For  comparison:  h y d r o e l e c t r i c  
g e n e r a t i o n  of 3 .3  kwh under  a  head of 1000 m r e q u i r e s  1500 kg of 
w a t e r .  Thus 1/2000 o f  t h e  t u r b i n e  d i s c h a r g e  had t o  go i n t o  H2-  
e l e c t r o l y s i s . )  Al lowing 10% of t h e  energy  g e n e r a t e d  a n n u a l l y  
i n  a  s t a n d a r d  g l a c i e r  power scheme (31-53 TWh--see T a b l e  7 ) ,  
f o r  l o c a l  consumption and c o n v e r s i o n  l o s s e s ,  t h e  r e m a i n i n  
28-48 TWh g i v e s  a n  a n n u a l  p r o d u c t i o n  o f  8.5-1 4 . 5  x l o 9  Nmg o r  
0.75-1 . 3  M t  of H2 g a s .  T r a n s p o r t  t o  t h e  consumer c e n t e r s  i n  
Europe and North  America c a n  be e f f e c t e d  i n  two ways: 

- T r a n s p o r t  of H2 g a s  t h r o u g h  p i p e l i n e s  a l o n g  t h e  r o u t e s  
s e l e c t e d  f o r  e l e c t r i c  t r a n s m i s s i o n  o v e r  d i s t a n c e s  of 
3500-5000 km. T r a n s ~ o r t  f l o w  p e r  s t a n d a r d  scheme d u r i n g  
8000 h  i s  300-500 ~ m ~ / s ,  and w i t h  an  i n i t i a l  p r e s s u r e  of 
65 b a r ,  p i p e  d i a m e t e r s  o f  0.7-0.9 m o n  l a n d  o r  a  bund le  
o f  p i p e s  w i t h  e q u i v a l e n t  c r o s s  s e c t i o n  a c r o s s  t h e  s e a  
a r e  needed.  P r e s s u r e  must  be  m a i n t a i n e d  by r e l a y  com- 
p r e s s o r s  e v e r y  500-1 000 km [ 2 3 ] .  T o t a l  compressor  power 
f o r  a  4000 km p i p e l i n e  i s  100-140 MW, and e n e r g y  consump- 
t i o n  d u r i n g  8000 h  amounts t o  800-1 100 GWh--3% o f  t h e  
t r a n s p o r t e d  e n e r g y .  P i p e l i n e s  i n  s h a l l o w  w a t e r  a r e  
a l r e a d y  b e i n g  used  f o r  o i l  t r a n s p o r t a t i o n  f rom o f f - s h o r e  
w e l l s  where t h e  bot tom i s  l e s s  t h a n  200 m below s e a  
l e v e l .  A t r u n k  l i n e  between Tunis  and I t a l y  h a s  been 
p lanned  t o  r e a c h  w a t e r  d e p t h s  o f  650 m,  and a  maximum 
d e p t h  of 360 m h a s  been r e a c h e d  by a  p i p e l i n e  c r o s s i n g  
t h e  S t r a i t  o f  Messine [ 2 4 ] .  For p i p e l i n e s  c r o s s i n g  
c h a n n e l s  o f  1000 m and more d e p t h  we f a c e  t h e  problem 
a l r e a d y  ment ioned f o r  s e a  c a b l e s :  p i p e s  l a i d  on t h e  s e a  
bot tom may h a r d l y  b e  r e c o v e r e d  i n  c a s e  of f a u l t s ,  and  
f o r  f l o a t i n g  p i p e s  a n  a d e q u a t e  t e c h n o l o g y  h a s  s t i l l  t o  
be  found and t e s t e d .  P i p e l i n e  w e i g h t s  f o r  a  t r u n k  l i n e  
c a r r y i n g  t h e  e q u i v a l e n t  of 5  GW o v e r  e a c h  o f  t h e  f o u r  
r o u t e s ,  w i t h  50% weigh t  a d d i t i o n  f o r  t r a n s o c e a n  l e n g t h s ,  
a r e  

6  0.76-1.21 x 10 M t  o f  s t e e l  f o r  r o u t e  I a  

6  0.89-1.43 x 10 M t  o f  s t e e l  f o r  r o u t e  I b  

6  0.66-1 .05 x 10 M t  o f  s t e e l  f o r  r o u t e  I I a  

6  0.91-1.46 x 10 M t  o f  s t e e l  f o r  r o u t e  I I b .  

T h i s  i s  a b o u t  t e n  t o  twen ty  t i m e s  t h e  s t e e l  r e q u i r e m e n t s  
o f  a n  e l e c t r i c  t r a n s m i s s i o n  sys tem o f  t h e  same c a p a c i t y .  



- By l i q u e f a c t i o n ,  t h e  volume of hydrogen i s  reduced  t o  
1/800 o f  t h e  g a s  volume, t h e  d e n s i t y  o f  l i q u i d  H2 
b e i n g  a b o u t  70 kg/m3 [ 2 1 ] .  With p r e s e n t  t e c h n o l o g y  
and p l a n t  s i z e ,  t h e  l i q u e f a c t i o n  p r o c e s s  a b s o r b s  27% 
of  t h e  energy  i n p u t  [25]  . I n  t h e  f u t u r e ,  advanced 
l a r g e - s c a l e  p l a n t s  might  be  o p e r a t e d  w i t h  n o t  more t h a n  
15% e n e r g y  l o s s .  L i q u i d  hydrogen c a n  b e  t r a n s p o r t e d  
t o  p o r t s  i n  Europe o r  North  America,  and even t o  p o r t s  
f u r t h e r  from Green land ,  by s p e c i a l  t a n k e r s .  For  a  5  GW 
s t a n d a r d  scheme, t h e  a n n u a l  t r a n s p o r t  we igh t  o f  l i q u i d  
H2 i n c l u d i n g  c o n t a i n e r s  w i l l  n o t  exceed  1-2 M t .  Two 
t a n k e r s  of 50-100,000 t l o a d i n g  c a p a c i t y  each  c o u l d  
s e r v i c e  a  s t a n d a r d  power scheme of E a s t  Greenland w i t h  
10 h a u l s  a  y e a r  d u r i n g  t h e  i c e - f r e e  summer and f a l l  
months.  

T r a n s p o r t a t i o n  Losses  o f  t h e  V a r i o u s  T r a n s p o r t a t i o n  Modes 

EHV t r a n s m i s s i o n  w i l l  have t o  be managed i n  such  a  way t h a t  
t r a n s p o r t a t i o n  l o s s e s  d o  n o t  exceed 10%.  Loss e s t i m a t e s  i n  
hydrogen t r a n s p o r t a t i o n  a r e  l e s s  s i m p l e .  Convers ion  of e l e c t r i c  
energy  i n t o  H2 i s  e x p e c t e d  t o  d e v e l o p  t o  a n  o v e r a l l  e f f i c i e n c y  
of a l m o s t  l o o % ,  and a n  assumpt ion  of 95% e f f i c i e n c y  migh t  be  
assumed [ 2 2 ] .  T r a n s p o r t a t i o n  l o s s e s  of t h e  p i p e l i n e s  c o n s i s t  
o f  t h e  e n e r g y  consumed by t h e  compressors .  L i q u i d  hydrogen 
r e q u i r e s  h i g h e r  c o n v e r s i o n  l o s s e s  w h i l e  p r o p u l s i o n  energy  o f  
t h e  t a n k e r s  i n c l u d i n g  t h e  empty back-hau l  c o n s t i t u t e s  a  t r a n s -  
p o r t a t i o n  l o s s  of l e s s  t h a n  1% of t h e  t r a n s p o r t e d  e n e r g y .  Re- 
c o n v e r s i o n  o f  H2--gas o r  l i q u i d - - i n t o  e l e c t r i c  energy  i n  con-  
v e n t i o n a l  t h e r m a l  power s t a t i o n s  o r  g a s  t u r b i n e s  shou ld  be  
p r e c l u d e d  i n  view of  t h e  low e f f i c i e n c y .  Reconvers ion i s  
j u s t i f i e d  o n l y  i f  advanc ing  t e c h n o l o g y  a l l o w s  f o r  l a r g e - s c a l e  
a p p l i c a t i o n  o f  f u e l  c e l l s  w i t h  a n  e f f i c i e n c y  of a t  l e a s t  70% 
[271, o r  o f  h o t - s h o t  g a s  t u r b i n e s  a s  deve loped  by G e n e r a l  
E l e c t r i c  [ 2 6 ] .  

The breakdown i n  T a b l e  10 a l l o w s  t h e  e n e r g y  f l o w  and l o s s e s  
from t h e  g l a c i e r  power s t a t i o n  i n  Greenland t o  t h e  g r o s s  m a r k e t s  
i n  Europe and North  America f o r  e a c h  mode o f  t r a n s p o r t  t o  be  
t r a c e d  ( d i s t r i b u t i o n  i n  t h e  marke t  r e g i o n  e x c l u d e d ) .  

L a r g e - s c a l e  Energy Use on Green land?  

I n  a d d i t i o n  t o  minor energy  s u p p l i e s  t o  d o m e s t i c  i n d u s t r i e s  
p r o c e s s i n g  y e t  unknown n a t u r a l  r e s o u r c e s  o f  Green land ,  e s t a b l i s h -  
ment o f  e n e r g y - i n t e n s i v e  i n d u s t r i e s  on a d e q u a t e  c o a s t  s i t e s  c o u l d  
be e n v i s a g e d .  Three  o p t i o n s  have been c o n s i d e r e d ,  namely produc-  
t i o n  of methane,  ammonia, and aluminum. 

- P r o d u c t i o n  o f  methane o r  a n o t h e r  s y n t h e t i c  f u e l  h a s  t o  
b e  exc luded  s i n c e  Greenland g e o l o g i c a l l y  b e l o n g s  t o  t h e  
Ca ledon ian  S h i e l d  which is  known t o  be  p o o r ,  i f  n o t  



empty,  o f  c o a l .  I f  c o a l  f rom N o r t h  America o r  t h e  
B r i t i s h  I s l e s  were  t o  b e  u s e d ,  it m i g h t  be  more economic  
t o  t r a n s p o r t  H2 f rom Green land  t o  t h e  min ing  a r e a  t h a n  
c o a l  t o  Green land .  

T a b l e  10.  P r e d i c t e d  y e a r l y  e n e r g y  f l o w  and  l o s s e s .  

Transpor t  by: 

Energy genera ted  

Supply t o  Greenland 

Energy f o r  expor t  

Conversion l o s s  

Energy conver ted f o r  
t r a n s p o r t  

T r a n s p o r t  l o s s  

Energy a r r i v i n g  i n  
consumer r eg ion  

Conversion l o s s ,  
e l e c t r i c  use  (H 
v i a  f u e l  c e l l s )  

2  

E l e c t r i c  energy 
a v a i l a b l e  

T o t a l  l o s s  

Conversion l o s s ,  
thermal  u s e  

Thermal energy 
a v a i l a b l e  

T o t a l  l o s s  

EHV 

31-53 

5  

29.4-50.4 

5  

1 HZ g a s  

31-53 

5  

29.4-50.4 

5  

Liquid Hz 

31-53 

5  

29.4-50.4 

15 

- P r o d u c t i o n  o f  ammonia a s  a n  e n e r g y  c a r r i e r  o r  a  r aw 
p r o d u c t  f o r  t h e  f e r t i l i z e r  i n d u s t r y  i s  a n o t h e r  o p t i o n  
s i n c e  c h e a p  e n e r g y ,  w a t e r ,  a n d  a i r  a r e  a v a i l a b l e  i n  
G r e e n l a n d .  Al though  t h e  u s e  o f  ammonia a s  a n  e n e r g y  
c a r r i e r  seems n o t  w e l l  a c c e p t e d  [ 2 8 ] ,  t h e  w o r l d  m a r k e t ' s  
c a p a c i t y  o f  80 M t  o f  ammonia p e r  y e a r  i s  i n c r e a s i n g  by 
10% p . a .  A  Green land  s t a n d a r d  scheme o f  5 GW c o u l d  
p r o d u c e  5-6 M t  o f  ammonia p e r  y e a r  t o  s u p p l y  t h e  m a r k e t .  
However, t h e  f e r t i l i z e r  i n d u s t r y  a p p e a r s  t o  have f r e e  
c a p a c i t i e s  i n  some r e g i o n s ,  and  ammonia p r o d u c t i o n  i s  
a  f a v o r e d  g o a l  o f  n a t i o n a l  deve lopment  i n  most  o f  t h e  
d e v e l o p i n g  c o u n t r i e s .  



- P r o d u c t i o n  o f  aluminum seems most p romis ing  w i t h i n  
l i m i t s  d i c t a t e d  by t h e  m a r k e t .  Long-d i s tance  t r a n s p o r t a -  
t i o n  of b a u x i t e  i s  n o t  new: A u s t r a l i a n  b a u x i t e  i s  b e i n g  
used  i n  t h e  l a r g e  aluminum f a c t o r i e s  o f  t h e  US and 
Canadian P a c i f i c  c o a s t .  C o n s i d e r a b l e  q u a n t i t i e s  o f  
b a u x i t e  w i l l  i n  f u t u r e  be  marketed by B r a z i l  and e q u a t o r -  
i a l  Guinea [ 2 9 ] ,  b o t h  r e g i o n s  b e i n g  l o c a t e d  a c c e p t a b l y  
n e a r  Green land .  With a  consumption o f  16 kWh/kg aluminum 
and t h e  low g e n e r a t i o n  c o s t  of t h e  g l a c i e r  power,  aluminum 
p r o d u c t i o n  on Greenland would have energy  c o s t s  of 75-100 
US-$/ton which would more t h a n  compensate  f o r  h i g h e r  
t r a n s p o r t  c h a r g e s  of t h e  raw m a t e r i a l  and t h e  f i n a l  
p r o d u c t .  The p r i c e  of Green land  aluminum i s  e x p e c t e d  
t o  be  600-700 $ / t - - c o m p e t i t i v e  w i t h  t h e  o u t p u t  of e x i s t -  
i n g  p l a n t s  w i t h  h i g h e r  e n e r g y  c o s t s .  L i m i t s  w i l l  be  
posed by t h e  q u a n t i t i e s  o f  b a u x i t e  a v a i l a b l e  from t h e  
two expanding s u p p l i e r s  ment ioned:  t h e y  w i l l  h a r d l y  
exceed 25 M t  a  y e a r ,  e q u i v a l e n t  t o  some 5  M t  of aluminum, 
and t h i s  p r o d u c t i o n  would a b s o r b  80 TWh--10-20% o f  t h e  
Greenland energy .  

C o n s t r u c t i o n  Schedu le  and C o s t s  

C o n s t r u c t i o n  Schedu le  

Development of G r e e n l a n d ' s  g l a c i e r  power r e s o u r c e s  c a l l s  
f o r  t h o r o u g h  p r e p a r a t o r y  i n v e s t i g a t i o n s  and s t u d i e s ,  s u r v e y i n g  
and mapping, c o l l e c t i o n  o f  h y d r o - m e t e o r o l o g i c a l  d a t a ,  t e s t  
programs,  e t c . ,  f o r  which a  p e r i o d  of 5  y e a r s  ( s a y  1980-85) i s  
a  minimum. Another  5-year p e r i o d  (1985-90) must be s p e n t  on 
development  p l a n n i n g  and d e s i g n ,  a l o n g  w i t h  p r e p a r a t o r y  f i e l d  
work such  a s  a c c e s s ,  hous ing  and s u p p l y  f a c i l i t i e s ,  a i r f i e l d s ,  
p o r t s ,  cab leways ,  and o t h e r  t r a f f i c  f a c i l i t i e s .  C o n s t r u c t i o n  of 
t h e  f i r s t  power scheme s h o u l d  be s t a r t e d  on t h e  w e s t  c o a s t  where 
c o n d i t i o n s  a r e  more f a v o r a b l e  t h a n  i n  t h e  e a s t ,  and must  n o t  be  
schedu led  e a r l i e r  t h a n  1990. C o n s t r u c t i o n  o f  e a c h  power scheme 
may t a k e  5  t o  6  y e a r s .  From e x p e r i e n c e  i n  implement ing t h e  
f i r s t  scheme, c o n s t r u c t i o n  of two schemes a t  a  t ime  w i t h  2-3 
y e a r s '  o v e r l a p p i n g  seems f e a s i b l e .  T h i s  w i l l  r e s u l t  i n  a  con- 
t i n u o u s  c o n s t r u c t i o n  p e r i o d  o f  40-50 y e a r s  (1990-2030/40) f o r  
a  t o t a l  o f  15 schemes. 

C o s t  of Power Schemes 

The main c o n s t r u c t i o n  r e q u i r e m e n t s  and c o s t s  of a  s t a n d a r d  
power scheme a r e  r o u g h l y  e s t i m a t e d  a s  f o l l o w s :  

S i t e  i n s t a l l a t i o n  200-300 M$ 

C o l l e c t o r s :  5 0 - 8 0 x 1 0 ~  m3 a t  2-2.5 $/m 3 100-200 

R e s e r v o i r  dams: 5 - 1 0 x 1 0 ~  m3 a t  10-15 $/m 3 50-1 50 



Tunnels :  8-15 km a t  4000-5000 $/m 35-75 

P e n s t o c k s :  excav .  100-250,000 m3 a t  50 $/m 
3  

+ s t e e l  40-70,000 t a t  1600 $ / t  70-125 

Power s t a t i o n s  4-6 GW: 
c i v .  e n g r .  1-1.5 $/kW 5-1 0  
mech.-e lec .  equipment  65-80 $ / k ~  320-520 

S u b t o t a l  780-1380 M$ 

P l u s  40% f o r  c o n t i n g e n c i e s ,  p l a n n i n g ,  
overheads  and f i n a n c i n g  c o s t s  320-550 

T o t a l  o f  a  s t a n d a r d  scheme 1100-1930 M$ 

S p e c i f i c  c o n s t r u c t i o n  c o s t s  p e r  power and e n e r g y  u n i t s  amount 
t o  275-320 US-$/kW i n s t a l l e d ,  o r  3.5-4 cents/kWh of a n n u a l  e n e r g y  
o u t p u t ,  b o t h  r a t h e r  low v a l u e s  which,  however, have been approx-  
i m a t e l y  a c h i e v e d  i n  some r e c e n t  Canadian power deve lopments .  
Owing t o  t h e  h i g h  main tenance  and s a l a r y  c o s t s  under  t h e  s p e c i f i c  
d i f f i c u l t i e s  i n  t h e  i c e  r e g i o n ,  g e n e r a t i o n  c o s t s  migh t  be  adop ted  
a t  12-155 o f  t h e  c o n s t r u c t i o n  c o s t s  i n s t e a d  o f  t h e  10% r a t e  under  
normal c o n d i t i o n s  o f  hydropower s t a t i o n s .  Hence g e n e r a t i o n  c o s t s  
i n  Greenland migh t  be  e x p e c t e d  a t  4.5-6 mills/kWh. 

C o s t  o f  Energy T r a n s p o r t a t i o n - - E l e c t r i c  T r a n s m i s s i o n  

Each EHV s t a n d a r d  sys tem c a r r y i n g  10 GW (80 TWh p e r  y e a r )  
i s  a b l e  t o  t r a n s f e r  t h e  e n e r g y  g e n e r a t e d  by two s t a n d a r d  power 
s t a t i o n s .  C o n s t r u c t i o n  r e q u i r e m e n t s  and c o s t s  of a n  EHV sys tem 
a l o n g  e a c h  o f  t h e  f o u r  t r a n s m i s s i o n  r o u t e s  t o  Europe o r  North  
America a r e  p r e s e n t e d  i n  Tab le  11 .  The e s t i m a t e  o f  c a b l e  c o s t s  
i s  based  on t h e  e x p e c t a t i o n  t h a t  p r o d u c t i o n  of l a r g e  q u a n t i t i e s  
of EHV s e a  c a b l e s  o v e r  a  p e r i o d  o f  40 y e a r s  w i l l  d e c r e a s e  u n i t  
c o s t s  f a r  below t h e  p r e s e n t  p r i c e  l e v e l  t o  a b o u t  4 t i m e s  t h e  
overhead  l i n e  p r i c e  now v a l i d  f o r  normal 110 and 220 kV s y s t e m s .  
U n i t  p r i c e s  a r e  r e l a t e d  t o  t h e  r o u t e  l e n g t h  and r e f e r  t o  doub le -  
c i r c u i t  overhead  l i n e s  and d o u b l e  s e a  c a b l e s .  

S p e c i f i c  i n v e s t m e n t  i n c r e m e n t s  f o r  EHV t r a n s m i s s i o n  a r e  
310-430 $/kW o r  4-5.5 ct/kWh f o r  Europe, and 220-300 $/kW o r  
2.5-4 ct/kWh f o r  North  America.  With a n n u a l  r u n n i n g  c o s t s  o f  
15% of  i n v e s t m e n t ,  t r a n s m i s s i o n  c o s t s  t o  Europe amount t o  6-8 
mills/kWh, and t h o s e  t o  North  America t o  4-6 mills/kWh. 
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Table 1 1 .  Costs (M$) of electric transmission. 

Cost of Energy Transportation--Hydrogen 

Investments and costs of energy transfers from each 5 GW- 
standard power scheme with hydrogen gas have been tentatively 
estimated based on reference data of future H2 electrolysis from 
La Roche [25] and General Electric [26], and of pipelines from the 
EURATOM publication [23] with control by EdF figures [30] (Table 12) 

I1 b 

1 0 4 0  

4 8 0  

960-1280  

2 0 0  

2680-3000 
- 

Table 12. Costs (M$) for hydrogen transportation. 

I1 a 

7 6 0  

2 4 0  

960-1280 

2 0 0  

2160-2480 

I b 

5 8 0  

2 4 0  

2460-3280 

2 0 0  

3480-4300 

R o u t e  

AC o v e r h e a d  a t  4 0 0  $/m 

DC o v e r h e a d  a t  3 0 0  $/m 

DC sea c a b l e s  
1200-1600  $/m 

C o n v e r t e r  s t a t i o n s  
10 GW a t  2 0  $/kW 

T o t a l  

No satisfactory reference data have been found for sea pipelines. 
Specific cost data of more than 1000 $/m for 92 cm (36 inch) pipe- 
lines in the North Sea oil field have not. been regarded as repre- 
sentative for future sea pipelines over many thousands of kilo- 
meters. Initial costs today in the North Sea with pipelines of 
about 100 krn only are certainly inflated by development and pioneer 
costs that will soon disappear when off-shore oil production and 
transport lines increase. A tentative assumption of twice the on- 
land costs has been adopted. 

I a 

3 6 0  

2 10 

2340-3120 

200  

3110-3890 

Related to the power and energy units of the standard power 
scheme, the additional transport investments for H2 pipelines 

R o u t e  

H p  e l e c t r o l y s i s  
4-6 GW a t  30-50 $/kW 

P i p e l i n e s  o n  l a n d  
250-300 $/m 

S e a  p i p e l i n e s  
500-600 $/m 

T o t a l  

I b 

120-300 

560-680  

1000-1200  

1680-2180 

I a 

120-300 

400-480 

1000-1200  

1520-1980  

11 a 

120-300  

670-810  

400-480 

1190-1590  

I1 b 

120-300  

1050-1260  

400-480  

1570-2040  



make up for 320-400 $/kW or 4-5 ct/kWh to Europe, and 300-340 
$/kW or about 4 ct/kWh to North America. Conversion and transport 
costs to the European gas market amount to 6-7.5 mills/kWh input, 
and those to North America to about 5 mills/kWh. 

These estimates show that transmission costs of electric 
energy on EHV lines and those of hydrogen by gas pipelines are 
about equal. This is an interesting result since several authors 
have suggested that over distances of more than 400 km hydrogen 
transportation is much cheaper, down to one-tenth of the cost of 
electrical transmission [21,31 I . Other authors fully support our 
result and have suggested that for distances of 1000 km or more, 
transportation costs with EHV or H2 gas pipelines are more or 
less equal [30,32]. 

Reconversion of H2 into electrical energy via fuel cells 
needs an additional investment of 350-530 M $  based on specific 
costs of 100 $/kW [31]. Incremental generation costs in the fuel 
cell plant will be 1.5-2 mills/kWh. 

In hydrogen liquefaction, investments consist of the lique- 
faction plant roughly 600-900 M$ (150 $/kW) for the standard 
glacier power scheme [33], and of two special tankers for liquid 
H2 transportation which might cost some 50 M$. Operating and 
amortization costs of the liquefaction plant are 2.5-3 mills/kWh 
while transportation costs by tanker over some 4000 km are about 
2-3 mills/kWh. 

EVALUATION AND INTEGRATION INTO A FUTURE GLOBAL ENERGY SYSTEM 

General Evaluation 

Although cost estimates at this preliminary state of know- 
ledge and planning include a considerable number of uncertainties, 
we have no reason to doubt that Greenland's glacier power, if at 
all feasible, is a very cheap source of energy. However, it is 
located far from potential energy markets, and its cost to the 
consumer will result from transportation and production costs, 
whatever mode of transportation is selected. This may render the 
Greenland energy economically less competitive than conventional 
power sources in the consumer regions of Europe or North America. 
The more so since only large-scale development is to be envisaged 
from the very beginning. An input of 5 GW at one point of the 
existing transmission grid constructed to link a number of de- 
centralized supply stations of the order of little more than 
1 GW might cause additional distribution problems especially in 
Europe. North America has already several schemes of approximate- 
ly the same power capacity as the standard scheme envisaged on 
Greenland. 

In evaluating the Greenland energy, however, not only eco- 
nomic terms have to be considered. IIydropower resources still 
available today in the North Atlantic countries will most prob- 
ably be fully developed by the year 2000. Development of 



G r e e n l a n d ' s  g l a c i e r  power i s  a n  o p p o r t u n i t y  t o  c o n t i n u e  t r a d i -  
t i o n a l  hydropower e n g i n e e r i n g  and  m a n u f a c t u r i n g  f o r  a n o t h e r  h a l f  
c e n t u r y ,  and t o  p o s t p o n e  t h e  t a r g e t  d a t e  o f  i n a c t i v i t y  o f  many 
s u b s t a n t i a l  b r a n c h e s  o f  i n d u s t r y .  It  would a l s o  c o n t i n u e  t o  make 
p r o f i t a b l e  u s e  o f  t h e  a d v a n t a g e s  o f  hydropower i n  r e l a t i o n  t o  
c o n v e n t i o n a l  t h e r m a l  o r  n u c l e a r  e n e r g y ,  namely : 

- Longer  l i f e t i m e  o f  t h e  power p l a n t  (80 y e a r s  i n s t e a d  o f  
30 y e a r s ,  e x c e p t  m a c h i n e r y ) ;  

- Low p r o d u c t i o n  c o s t s  even  u n d e r  t h e  s e v e r e  m a i n t e n a n c e  
c o n d i t i o n s  t o  be  e x p e c t e d  i n  t h e  c o l l e c t o r  s y s t e m s  o n  
t h e  i c e  c a p .  S i n c e  p r o d u c t i o n  c o s t s  a r e  p r e d o m i n a n t l y  
d e t e r m i n e d  by t h e  a n n u i t i e s  f o r  e x t e r n a l  l o a n s ,  and 
i n d e p e n d e n t  o f  r i s i n g  f u e l  p r i c e s ,  t h e y  r e s p o n d  much 
more f a v o r a b l y  t o  i n f l a t i o n  and d e c r e a s e  t o  a n  a l m o s t  
n e g l i g i b l e  l e v e l  a f t e r  t h e  a m o r t i z a t i o n  p e r i o d :  

- Independence  f rom u n s t a b l e  and somet imes  u n r e l i a b l e  f u e l  
s u p p l y  c o n d i t i o n s ;  

- The e c o l o g i c a l  a d v a n t a g e  o f  u s i n g  a n  i n e x h a u s t i b l e ,  
c o n t i n u o u s l y  renewed n a t u r a l  e n e r g y  s o u r c e  w i t h o u t  
c h a n g i n g  i t s  q u a n t i t y  o r  q u a l i t y ,  and w i t h  no h a r m f u l  
i m p a c t s  s.uch a s  a i r ,  w a t e r ,  o r  t h e r m a l  p o l l u t i o n ,  r a d i a -  
t i o n  r i s k s ,  o r  w a s t e  d i s p o s a l .  

O p t i o n s  f o r  Energy T r a n s f e r  f rom G r e e n l a n d  

D e c i s i o n  on t h e  a p p r o p r i a t e  s y s t e m  f o r  e n e r g y  t r a n s f e r  f rom 
Green land  d e p e n d s  on c o s t  c r i t e r i a  a s  w e l l  a s  o n  g e n e r a l  c o n s i d e r -  
a t i o n s  o f  t h e  p a r t i c u l a r  s y s t e m s  and o f  t h e  m a r k e t  c o n d i t i o n s .  
F i g u r e  7 p r o v i d e s  a  s u r v e y  o f  t h e  o p t i o n s .  They may b e  summarized 
i n  two s c e n a r i o s :  a  p u r e  e l e c t r i c a l  o n e ,  and a  mixed e l e c t r i c a l -  
hydrogen  o n e .  

S c e n a r i o  A: A P u r e  E l e c t r i c a l  System 

A combined DC-AC l i n k  o f  EHV o v e r h e a d  l i n e s  and  s e a  c a b l e s  
seems f e a s i b l e  and  p r o m i s e s  some a d v a n t a g e s  a s  t o  t r a n s p o r t  
l o s s  a n d  consumer c o s t s  i f  it i s  e l e c t r i c a l  e n e r g y  t h a t  is  
wan ted .  T h i s  s c e n a r i o  d e s e r v e s  p r i o r i t y  i f  s u f f i c i e n t  s t o r a g e  
r e s e r v o i r s  c a n  b e  made a v a i l a b l e  t o  w a r r a n t  yea r - round  f u l l - l o a d  
g e n e r a t i o n  (8000 h  v a r i a n t ) .  It  may a l s o  b e  a d e q u a t e  i n  c a s e s  
o f  r e s t r i c t e d  r e s e r v o i r  f a c i l i t i e s  and r a t e d  g e n e r a t i o n  p e r i o d s  
o f  6000 o r  4500 h  p e r  y e a r ,  i f  t h i s  p e r i o d  i s  more o r  less e q u a l l y  
d i s t r i b u t e d  o v e r  t h e  y e a r  w i t h  i n t e r m i t t e n t  f u l l - l o a d  o r  even  
t e m p o r a r y  p a r t - l o a d  g e n e r a t i o n  o f  s a y  12 o r  16 h  a  d a y ,  a t  n o  
e x t r a  c o s t  f o r  t h i s  peak l o a d  s u p p l y .  (Peak l o a d  g e n e r a t i o n  i n  
a  8000 h  p l a n t  would c a l l  f o r  l a r g e r  t u n n e l  and  p e n s t o c k  dimen- 
s i o n s ,  and h i g h e r  c a p a c i t y  i n s t a l l e d  i n  power s t a t i o n  and  t r a n s -  
m i s s i o n  l i n e  a t  r e m a r k a b l e  s u r p l u s  c o s t  which mus t  be  b o r n e  by 
h i g h e r  e a r n i n g s ) .  
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S c e n a r i o  B: A Mixed E l e c t r i c a l - H y d r o g e n  System 

E l e c t r i c a l  energy  g e n e r a t e d  on Green land  g o e s  d i r e c t l y  i n t o  
H2 e l e c t r o l y s i s  and i s  t r a n s f e r r e d  t o  t h e  consumer r e g i o n s  e i t h e r  
by p i p e l i n e s  c a r r y i n g  H2 g a s  ( S c e n a r i o  B 1 )  o r  by t a n k e r s  c a r r y -  
i n g  l i q u i d  H 2  ( S c e n a r i o  B 2 ) .  

S c e n a r i o  B 1 w i l l  r e a c h  i t s  o p t i m a l  economic v a l u e  i f ,  l i k e  
s c e n a r i o  A,  power g e n e r a t i o n  w i t h  f u l l  l o a d  i s  w a r r a n t e d  a l l  y e a r  
round .  It w i l l  be c o m p e t i t i v e  i f  m a r k e t s  f o r  g a s ,  t h e r m a l  e n e r g y ,  
o r  c h e m i c a l  p r o c e s s i n g  e x i s t  i n  t h e  consumer r e g i o n ,  s i n c e  r e -  
c o n v e r s i o n  i n t o  e l e c t r i c a l  energy  e i t h e r  i n  g a s  t u r b i n e s  o r  i n  
t h e  b o i l e r  o r  a  c o n v e n t i o n a l  t h e r m a l  power s t a t i o n  h a s  a  v e r y  
low e f f i c i e n c y  ( 3 5 % ) .  F u e l  c e l l s  w i t h  a n  e x p e c t e d  h i g h e r  e f f i -  
c i e n c y  of  65-70% o r  h o t - s h o t  g a s  t u r b i n e s  would be more a d e q u a t e  
b u t  t h e i r  t e c h n o l o g y  i s  s t i l l  t o  be  deve loped  and a  l a r g e - s c a l e  
a p p l i c a t i o n  i s  n o t  y e t  i n  s i g h t  [ 2 7 ] .  

S c e n a r i o  B 2 s u f f e r s  f rom h i g h e r  c o n v e r s i o n  l o s s e s  f o r  
l i q u e f a c t i o n  b u t  migh t  be  a n  a d e q u a t e  s o l u t i o n  f o r  t h o s e  power 
schemes i n  t h e  e a s t  of  Greenland where s t o r a g e  r e s e r v o i r s  a r e  
h a r d l y  t o  be  found and power g e n e r a t i o n  w i l l  be  r e s t r i c t e d  t o  
a  maximum o f  p e r h a p s  6  summer and f a l l  months.  T h i s  p e r i o d  i s  
a l s o  t h e  o n l y  t i m e  of  t h e  y e a r  when t a n k e r s  w i l l  f i n d  a c c e s s  t o  
t h e  l o a d i n g  p o r t s  o f  l i q u i d  H2 n e a r  t h e  power s t a t i o n  and l i q u e -  
f a c t i o n  p l a n t .  I n  t h e  consumer r e g i o n ,  l i q u i d  H2 c a n  e a s i l y  b e  
s t o r e d  f o r  c o n t i n u o u s  s a l e s .  The s c e n a r i o  i s  handicapped by l o n g  
i d l e  p e r i o d s - - c e r t a i n l y  n o t  a n  i d e a l  s o l u t i o n  f o r  l a r g e  i n v e s t -  
ments  b u t  s t i l l  a c c e p t a b l e  under  t h e  s p e c i a l  c o n d i t i o n s  o f  some 
p a r t s  o f  Green land .  

Enersv  C o s t s  t o  t h e  Consumer 

These depend on t h e  f i n a l  a p p l i c a t i o n  of  t h e  e n e r g y  from 
Green land .  I f  it shou ld  b e  e l e c t r i c a l  energy  f o r  e v e r y  s c e n a r i o ,  
c o s t s  i n  US-mills p e r  kwh a v a i l a b l e  i n  t h e  consumer r e g i o n  a r e  
a s s e s s e d  i n  a  p r e l i m i n a r y  way a s  shown i n  T a b l e  13. 

T a b l e  13. 

1 Conversion and transport 1 4.0-8.0 1 5.0-7.5 1 4.5-6.0 1 
Generati( 1 on Greenland 

Sc. A 

4.5-6 .O 

Reconversion into electricity* 

Net cost, consumer region 

Energy losses *, * *  ( 8 )  

Equivalent surcharge 

Cost of available energy 

Sc. B 1 

4.5-6.0 

- 

8.5-14 .O 

19% 

Sc. B 2 

4.5-6.0 

*With fuel cells adopted. 
**See "Power Application and Transfer" section. 

1.5-2.5 

10-16.5 

1.5-2.0 

11.0-15.5 

38% 

1.5-2.0 

10.5-14.0 

44% 

4 .O-6.0 

15-21.5 

4.5-6.0 

15-20 



F o r  t h e r m a l  a p p l i c a t i o n ,  e q u i v a l e n t  c o s t s  i n  US-$/Gcal a r e  a s  
shown i n  T a b l e  14. 

T a b l e  14. 

T e n t a t i v e  Development Model of G r e e n l a n d ' s  G l a c i e r  Power 

G e n e r a t i o n  on Green l and  

Conve r s ion  & t r a n s p o r t  

Net  c o s t ,  consumer r e g i o n  

Energy  l o s s e s  

E q u i v a l e n t  s u r c h a r g e  

C o s t  o f  a v a i l a b l e  h e a t  

Each s c e n a r i o  h a s  i t s  m e r i t s  i n  p r o d u c t i o n  f a c i l i t i e s ,  
t r a n s m i s s i o n  a d v a n t a g e s ,  and consumer marke t  c o n d i t i o n s .  The 
marke t  f o r  l a r g e  q u a n t i t i e s  o f  e l e c t r i c a l  energy  w i l l  be found 
more e a s i l y  i n  North  America where a l s o  t h e  t r a n s o c e a n  d i s t a n c e  
f rom Greenland i s  s h o r t e r .  Both f a c t s  a r e  i n  f a v o r  o f  s c e n a r i o  
A .  Most of t h e  g l a c i e r  power g e n e r a t e d  a l l  y e a r  round i n  t h e  
schemes o f  Western Greenland w i l l  s u i t  t h i s  o p t i o n .  

E x i s t i n g  o i l  and g a s  development  i n  t h e  North  Sea by i t s  
b o r d e r i n g  c o u n t r i e s  o b v i o u s l y  f a v o r s  s c e n a r i o  B 1 .  G l a c i e r  power 
i n  Sou th  Greenland may be r e g a r d e d  a s  a  n a t u r a l  s o u r c e  o f  H2 g a s  
s u p p l i e s  t o  Europe e x t e n d i n g  t h e  f u e l  s u p p l y  f rom t h e  Nor th  Sea 
beyond t h e  d a t e  of t h e i r  e x h a u s t i o n .  

S c .  A 

5.25-7 .O 

4.75-9.5 

10 .0-16 .5  

23% 

2.5-4.0 

12.5-20.5 

S c e n a r i o  B 2  i s  a d e q u a t e  f o r  t h e  l e s s  f a v o r e d  g l a c i e r  
power schemes of E a s t e r n  Greenland w i t h  i n t e r m i t t e n t  o p e r a t i o n  
p e r i o d s  and s t a n d s t i l l  d u r i n g  w i n t e r  and s p r i n g t i m e .  Tanker 
t r a n s p o r t a t i o n  of l i q u i d  H 2  c a n  be t o  any p o r t  o f  t h e  North  
A t l a n t i c  and even f u r t h e r  s o u t h  i f  marke t  c o n d i t i o n s  w a r r a n t  it. 

These c o n d i t i o n s ,  t o g e t h e r  w i t h  t h e  a d o p t e d  s t a n d a r d  capa-  
c i t i e s  o f  10 GW f o r  a  d o u b l e - c i r c u i t  EHV t r a n s m i s s i o n  l i n k  and 
of 5 GW f o r  a n  H z  g a s  l i n e ,  i n d u c e  a  d i v e r s i f i c a t i o n  o f  G r e e n l a n d ' s  
g l a c i a l  power a c c o r d i n g  t o  t h e  model i l l u s t r a t e d  i n  T a b l e  15.  
T h i s  model must n o t  be t a k e n  a s  f i n a l ;  it i s  j u s t  one  p a r t i c u l a r  
development  i d e a  p icked  o u t  of many p o s s i b l e  o n e s .  It  may s e r v e  
a s  a n  i n d i c a t o r ,  and i s  used  a s  a  b a s i s  f o r  t h e  c o n s i d e r a t i o n s  
on i n v e s t m e n t ,  m a t e r i a l ,  and o t h e r  r e q u i r e m e n t s  t h a t  f o l l o w .  

S c .  B 1 

5.25-7.0 

5.75-9.0 

11 .O-16.0 

16% 

2.0-2.5 

13-18.5 

S c .  B 2  

5.25-7.0 

5.25-7 .O 

10.5-14 .O 

24% 

2.5-3.5 

13-17 - 5  



T a b l e  15.  T e n t a t i v e  Development Model ( 7 5  G W ) .  

I n t e g r a t i o n  I n t o  a  Globa l  Energy System 

The p a r a m e t e r s  used by IIASA t o  e v a l u a t e  a n  e n e r g y  s o u r c e  
and i n t e g r a t e  it i n t o  t h e  world  economy a r e  1351: 

Q u a n t i t i e s  supplied t o  
consumer regions per  
year  

50-85 TWh e l e c t r i c i t y  

150-250 TWh e l .  

25-43 x lo9 ~ r n ~  Hz g a s  

17-43 x lo9  ~m~ HZ gas  

1.5-2.5 M t  l i q u i d  Hz 

- amounts o f  r e s e r v e s  and r e s o u r c e s ;  

Transport  
systems 

per r o u t e  

1 x I a  
I X I b  

2 x  I1 a 
1 x I I b  

2 x  I a  
1 X I b  

1 x I1 a 
1 x I I b  

Tankers 

- r e q u i r e m e n t s  o f  l a n d ,  m a t e r i a l ,  equ ipment ,  l a b o r  f o r c e ,  
and c a p i t a l ;  

Power 
(GW) 

10 

30 

15 

10 

10 

Scenario 

A 

A 

3 1 

3 1 

3 2 

- g l o b a l  t r a n s p o r t  problems;  and 

- p o s s i b l e  c o n s t r a i n t s .  

t o  

Europe 

N .  America 

Europe 

N .  America 

A t l a n t i c  

G r e e n l a n d ' s  g l a c i e r  power i s  now ana lyzed  w i t h  r e g a r d  t o  t h e  
f i r s t  t h r e e  p a r a m e t e r s ,  w h i l e  c o n s t r a i n t s  a r e  d e a l t  w i t h  l a t e r .  

R e s e r v e s  and Resources  

I n  IIASA's g l o b a l  energy  p r o  ram, f u t u r e  world  e n e r g y  8 ,  demand of  a  p o p u l a t i o n  o f  12 x 10 1s e s t i m a t e d  a t  24-60 TW. 
Compared w i t h  t h i s ,  an  e n e r g y  f low from Green land  o f  50-90 GW 
h a s  a n  i n s i g n i f i c a n t  s h a r e .  I n  any  d e c i s i o n  on f u t u r e  e n e r g y  
o p t i o n s  and s t r a t e g i e s ,  hydropower i s  j u s t  o f  l o c a l  o r  r e g i o n a l  
i m p o r t a n c e .  I n  t h e  n e a r  f u t u r e ,  however,  hydropower i n p u t s  a r e  
welcome, and i n  t h i s  t i m e  s c a l e  G r e e n l a n d ' s  g l a c i e r  power c o u l d  
p l a y  a  much more i m p o r t a n t  r o l e .  

The Nuc lea r  Research  I n s t i t u t e  a t  ~ C l i c h ,  FRG, r e c e n t l y  
p u b l i s h e d  a  s u r v e y  o f  energy  r e s o u r c e s  [ 3 6 ] .  I t  i n c l u d e s  a n  
e s t i m a t e  o f  hydropower r e s o u r c e s  o f  wor ld  based on a s s e s s -  
ments  o f  t h e  World Energy Confe rence  and t h e  r e g i o n a l  economic 



commiss ions  o f  t h e  U n i t e d  N a t i o n s ,  w i t h  a  breakdown by c o n t i n e n t s  
and  by t h r e e  l e v e l s  o f  p o t e n t i a l :  

t h e o r e t i c a l  p o t e n t i a l  d e r i v e d  f r o m  t h e  t o t a l  d i s c h a r g e  
EO'  o f  a n  a r e a  o v e r  t h e  e n t i r e  a v a i l a b l e  head ( c o m p a r a b l e  

t o  t h e  h y p o t h e t i c a l  r e s e r v e s  o f  t h e  McKelvey r e s o u r c e s  
d i a g r a m )  ; 

Eto, t e c h n i c a l l y  f e a s i b l e  p o t e n t i a l ,  i n c l u d i n g  non-economic 
r e s e r v e s ;  

Et ,  e c o n o m i c a l l y  f e a s i b l e  p o t e n t i a l  ( c o m p a r a b l e  t o  
McKelvey' s known and e x p l o r e d  r e s o u r c e s )  . 

T a b l e  16 e x p a n d s  t h e  v a l u e s  o f f e r e d  by t h e  ~ u l i c h  I n s t i t u t e  by  
a d d i n g  t h e  v a l u e s  f o r  G r e e n l a n d  ( a l l  i n  TWh/a): 

T a b l e  1 6 .  

Land R e a u i r e m e n t s  

Region 

A f r i c a  

A s i a  ( i n c l  . Asian  USSR) 

Europe  ( i n c l .  European USSR) 

L a t i n  American 

Nor th  America 

A u s t r i a l i a  and Ocean ia  

World 

Greenland 

The l a n d  r e q u i r e m e n t s  o f  t h e  g l a c i e r  power schemes  a r e  
modes t  e v e n  i f  o n e  i n c l u d e s  t h e  l a n d  i n u n d a t e d  by r e s e r v o i r s  
on  i c e - f r e e  g round  which  i n  f a c t  c a n  b e  u t i l i z e d  l i k e  e v e r y  
n a t u r a l  w a t e r  s u r f a c e .  Comparable  hydropower  schemes  i n  t h e  
A l p s  h a v e  a  pe rmanen t  l a n d  r e q u i r e m e n t  o f  0.3-1 ha/MW, a n  a l m o s t  
n e g l i g i b l e  l a n d  occupancy  f o r  c o n s t r u c t i o n  f a c i l i t i e s ,  and  no 
l a n d  c l a i m s  f o r  f u e l  p r o d u c t i o n .  R e f e r e n c e  d a t a  f o r  o t h e r  t y p e s  
o f  e n e r g y  s o u r c e s  h a v e  been  a s s e s s e d  by Grenon [ 3 8 ] :  

- S o l a r  power p l a n t  3  ha/MW permanen t  

Eo 

10 ,118  

16 ,486 

4 ,358 

5 ,670  

6 , 1 5 0  

1 , 5 0 0  

44 ,282 

3 ,000  

- C o a l - f i r e d  t h e r m a l  p l a n t  0 .5-2 .5  ha/MW i n c l .  s t r i p  
m i n i n g  o v e r  25 y e a r s  

- N u c l e a r  power p l a n t  0 .8-3 .7  ha/MW i n c l .  s t r i p  
m i n i n g  o v e r  25 y e a r s .  

6832 

7253 

2450 

5054 

2742 

744 

25 ,075 

1000-1300 

Et 

3 604 

3192 

953 

3276 

1409 

470 

12 ,904 

460-800 



M a t e r i a l  R e q u i r e m e n t s  

The ma in  i t e m s  o f  c o n s t r u c t i o n  m a t e r i a l  f o r  t h e  deve lopmen t  
o f  t h e  G r e e n l a n d  e n e r g y  and  i t s  t r a n s p o r t a t i o n  f a c i l i t i e s  a r e :  

- cemen t  a n d  s t ee l  f o r  t h e  power s t a t i o n s ,  

- s tee l  a n d  aluminum f o r  e l e c t r i c  o v e r h e a d  l i n e s ,  

- e lec t r i c  c a b l e s ,  a n d  

- steel f o r  g a s  p i p e l i n e s .  

Compared w i t h  t h e s e  b u l k  q u a n t i t i e s ,  r e q u i r e m e n t s  i n  o t h e r  
c a t e g o r i e s  o f  t h e  Kononov economic  model [37 ]  s u c h  a s  n o n f e r r o u s  
m e t a l s  and  f a b r i c a t e d  m e t a l  p r o d u c t s ,  p l a s t i c ,  and s y n t h e t i c  
m a t e r i a l s ,  o r  wood and p a p e r  a r e  u n i m p o r t a n t .  

Based on  t h e  " T e n t a t i v e  Development Model" o u t l i n e d ,  e a c h  
g i g a w a t t  o f  i n s t a l l e d  c a p a c i t y  r e q u i r e s  t h e  amoun t s  o f  m a t e r i a l  
shown i n  T a b l e  17 .  

T a b l e  17 .  

T o t a l  r e q u i r e m e n t s  f o r  t h e  t e n t a t i v e  model o f  n o m i n a l l y  75  GW 
a r e  T a b l e  1 7 ' s  f i g u r e s  m u l t i p l i e d  by  75 .  Over t h e  c o n s t r u c t i o n  
p e r i o d  o f  40-50 y e a r s ,  a v e r a g e  a n n u a l  demands a r e  a b o u t  1.5-2 
t i m e s  t h e  i n d i c a t e d  f i g u r e s .  I n d i v i d u a l  d e v e l o p m e n t  s t e p s  w i l l  
o f  c o u r s e  d i f f e r  more o r  less f r o m  t h e  i n d i c a t e d  amoun t s .  

M a t e r i a l  

Cement (1000 t / G W )  

S t e e l ,  c o n s t r u c t i o n  (1000 ~ / G w )  
mechanical  and 
e l e c t r i c a l  equipm. (1000 t / G W )  

Nonferrous  m e t a l s  (1000 t/GW) 

EHV c a b l e s  (km/GW) 

O t h e r  m a t e r i a l  p a r a m e t e r s  i n t r o d u c e d  by Grenon [ 3 7 ]  a r e  t h e  
w e i g h t  of  t h e  s t a t i o n ,  a n d  t h e  t o t a l  f l o w  o f  m a t e r i a l  i n c l u d i n g  
f u e l .  The w e i g h t  of  t h e  power s t a t i o n  i s  u n d e r s t o o d  a s  t h e  t o t a l  
w e i g h t  o f  e l a b o r a t e d  m a t e r i a l s  u s e d  f o r  t h e  c o n s t r u c t i o n ,  i n  t h e  
c a s e  o f  hydropower  t h i s  b e i n g  cemen t  and  s t ee l .  The f l o w  o f  
m a t e r i a l  i s  d e f i n e d  a s  t h e  q u a n t i t i e s  o f  raw m a t e r i a l  ( b u t  n o t  
o f  o v e r b u r d e n )  moved f o r  f u e l  p r o d u c t i o n  i n  t h e  c a s e  o f  a  c o a l  
o r  n u c l e a r  p l a n t ,  and  t h a t  h a n d l e d  f o r  t h e  p r o d u c t i o n  o f  t h e  
h e l i o s t a t s  i n  c a s e  o f  a  s o l a r  power p l a n t .  F o l l o w i n g  t h e s e  
d e f i n i t i o n s ,  t h e  m a t e r i a l  f l o w  o f  a  hydropower p l a n t  would b e  
a l m o s t  z e r o ,  s i n c e  i t  n e e d s  no f u e l  and  h a s  no l a r g e  m a t e r i a l  
r e q u i r e m e n t  o t h e r  t h a n  c o n c r e t e ,  e a r t h  and r o c k  e x c a v a t i o n ,  o r  

Power 
S t a t i o n  

25 

1 5  

20 

- 

EHV 
l i n e s  

7 

1 

4 (AX) 

170 

7 

Gas 
l i n e s  

8 5 

- 

- 



dam f i l l ,  which have t o  be  exc luded  f o r  t r u e  comparison t o  t h e  
Grenon v a l u e s .  Hence two r e l e v a n t  v a l u e s  a r e  g i v e n  i n  T a b l e  18 
w i t h  t h e  i n t e n t i o n  t o  add r e f e r e n c e  d a t a  f o r  a  g l a c i e r  power 
s t a t i o n  o f  1  GW t o  t h e  Grenon t a b l e :  v a l u e s  f o l l o w i n g  t h e  d e f i n i -  
t i o n s ,  and i n  b r a c k e t s  h i g h e r  v a l u e s  i n c l u d i n g  t h e  above ment ioned 
main components of h y d r a u l i c  e n g i n e e r i n g .  

T a b l e  18. 

Equipment Requirements  

These a r e  of two c a t e g o r i e s :  mechan ica l  and e l e c t r i c a l  
equipment  i n s t a l l e d  i n  t h e  power s t a t i o n s  and t r a n s m i s s i o n  
f a c i l i t i e s ,  and equipment and machinery used f o r  c o n s t r u c t i o n .  

Cmments 

25 y e a r s  

U 2%-U s h a l e  
25 y e a r s  

5-7 y e a r s  

5-6 y e a r s  

1 GW s t a t i o n  

Coal  f i r e d  

Nuc lea r  (LWR) 

S o l a r  

G l a c i e r  power 

- I t  h a s  been p o i n t e d  o u t  t h a t  t u r b i n e s ,  g e n e r a t o r s  and 
o t h e r  equipment o f  t h e  g l a c i e r  power s t a t i o n s  a r e  n o t  
d i f f e r e n t  from t h o s e  used t o d a y  i n  l a r g e  hydropower 
schemes a l l  o v e r  t h e  w o r l d ,  p e r h a p s  w i t h  some e v o l u t i o n  
b u t  c e r t a i n l y  w i t h  no i n n o v a t i o n s  needed.  Manufac tu r ing  
of such  equipment  of t h e  o r d e r  of some 1 .5  GW p e r  y e a r  
o v e r  t h e  c o n s t r u c t i o n  p e r i o d  o f  40-50 y e a r s  w i l l  c a u s e  
no change i n  t h e  r e l e v a n t  manufac tu r ing  i n d u s t r y ,  and 
w i l l  be e a s i l y  absorbed  once t h e  c o n v e n t i o n a l  consumer 
marke t  c e a s e s  on c o m p l e t i o n  o f  t h e  on-going hydropower 
development  i n  most of t h e  North A t l a n t i c  c o u n t r i e s .  
The e x t r a o r d i n a r y  r e q u i r e m e n t s  f o r  t r a n s m i s s i o n  f a c i l -  
i t i e s ,  however, w i l l  c a l l  f o r  new p r o d u c t i o n  i n d u s t r i e s  
a t  l e a s t  i n  t h e  f i e l d  o f  EHV s e a  c a b l e s  which t o d a y  a r e  
c o n f i n e d  t o  lower  v o l t a g e  l e v e l s  and t o  a n  o r d e r  of 
100 km and l e s s .  I n  t h i s  f i e l d ,  new t e c h n o l o g i e s  and 
a  new i n d u s t r y  have t o  b e  e s t a b l i s h e d  w i t h  a  p r o d u c t i o n  
c a p a c i t y  of 200-300 km o f  EHV s e a  c a b l e  p e r  y e a r .  Sea 
p i p e l i n e s ,  on t h e  o t h e r  hand,  e x i s t  a l r e a d y  now w i t h  t h e  
deployment  of o f f - s h o r e  g a s  and o i l  r e s o u r c e s  everywhere .  
A  r e l e v a n t  i n d u s t r y  w i l l  expand even w i t h o u t  t h e  Green land  
o p t i o n ,  and w i l l  most p r o b a b l y  a p p r e c i a t e  a  marke t  f o r  
t h e i r  goods c o n t i n u i n g  beyond t h e  l i m i t e d  t i m e  of t h e  
North  Sea boom. 

Weight o f  
s t a t i o n  
(106  t) 

0.3-0 .35 

0.5-0.6 

0.3-3 

0 . 1  

T o t a l  f l ow 
( lo6 t )  

50 

2.5-75 

1-12 

0.5-1 
(4-15) 



- New t y p e s  o f  b u i l d i n g  equipment  i n  l a r g e  q u a n t i t i e s  w i l l  
be  needed f o r  i c e  e n g i n e e r i n g ,  and p a r t  o f  t h i s  equipment  
w i l l  s t a y  i n  permanent  u s e  f o r  m a i n t a i n i n g  t h e  c o l l e c t o r  
c a n a l s  on t h e  i c e  c a p .  A l l  o t h e r  equipment  f o r  t h e  con- 
s t r u c t i o n  o f  t u n n e l s ,  p e n s t o c k s  and power s t a t i o n s ,  p o r t  
and t r a f f i c  f a c i l i t i e s ,  and  overhead  EHV o r  p i p e l i n e s  
w i l l  be  met by t h e  p r e s e n t  r a t e  o f  p r o d u c t i o n .  A few 
s p e c i a l  v e s s e l s  f o r  s e a  c a b l e  o r  s e a  p i p e  l a y i n g  w i l l  
have no impor tance  i n  any g l o b a l  p r o d u c t i o n  o r  t r a d e  
model.  

Labor F o r c e  and Energy Requi rements  

Hydropower development  o v e r  t h e  l a s t  25 y e a r s  h a s  been 
c h a r a c t e r i z e d  by a  s h a r p  d e c l i n e  o f  manpower on t h e  c o n s t r u c t i o n  
s i t e s  d u e  t o  t h e  p r o g r e s s  o f  energy-consuming m e c h a n i z a t i o n .  
R e f e r e n c e  d a t a  f o r  A u s t r i a n  hydropower s t a t i o n s  show a  d r o p  f rom 
500-800 man-months p e r  i n s t a l l e d  megawatt  t o  below 100 man-months/ 
megawat t ,  a l t h o u g h  n o  pronounced c o r r e l a t i o n  o f  manpower w i t h  
i n s t a l l e d  c a p a c i t y  was e v i d e n t .  A l a b o r  f o r c e  o f  2000-2500 
workers  i n c l u d i n g  t h e  p l a n n i n g ,  a s s e m b l i n g  and c o n t r o l  s t a f f  
would seem a  n a t u r a l  l i m i t  f o r  a  l a r g e  c o n s t r u c t i o n  s i t e .  With 
two schemes under  c o n s t r u c t i o n  a t  a  t i m e ,  a  l a b o r  f o r c e  o f  
4000-5000 p e o p l e  w i l l  b e  needed c o n t i n u o u s l y  f o r  i m p l e m e n t a t i o n  
o f  t h e  Green land  p r o j e c t .  Manpower f o r  e a c h  s t a n d a r d  scheme 
w i t h  5  t o  6  y e a r s  c o n s t r u c t i o n  t i m e  amounts t o  100-150,000 man- 
months - -equ iva len t  t o  o n l y  25-30 man-months/megawatt. 

The less manpower, t h e  more m e c h a n i z a t i o n  i s  needed .  Recent  
e x p e r i e n c e  a t  v a r i o u s  hydropower c o n s t r u c t i o n  s i t e s  i s  t h a t  t h e  
peak demand of  c o n s t r u c t i o n  equipment  i n  mechanized horsepower  
i s  n u m e r i c a l l y  e q u a l  t o ,  o r  a  b i t  l e s s  t h a n ,  t h e  t o t a l  number o f  
man-months accumula ted  a t  t h i s  s i t e .  F o r  hydropower p l a n t s  s m a l l e r  
t h a n  100 MW, maximum demand may go up t o  t w i c e  t h e  number o f  man- 
months.  Hence c o n s t r u c t i o n  equipment  w i t h  a  peak motor  power o f  
100-120,000 hp (75-90 MW) w i l l  have t o  b e  i n s t a l l e d  a t  e a c h  s i t e  
w h i l e  t h e  a v e r a g e  demand w i l l  b e  65-80,000 hp (45-60 M W ) .  F u e l -  
d r i v e n  and e l e c t r i c a l  equipment  w i l l  have a p p r o x i m a t e l y  e q u a l  
s h a r e s .  The t o t a l  r e q u i r e m e n t  of c o n s t r u c t i o n  equipment  f o r  t h e  
Green land  p r o j e c t  w i t h  two o v e r l a p p i n g  c o n s t r u c t i o n  s i t e s  r u n n i n g  
a t  a  t i m e  amounts t o  150-180,000 hp (112-135 MW) . 

Energy consumption of t h e  Green land  c o n s t r u c t i o n  s i t e s  w i l l  
b e  h i g h e r  t h a n  t h a t  of c o n v e n t i o n a l  hydropower s i t e s ,  d u e  t o  t h e  
a r c t i c  c l i m a t e  c a u s i n g  a  c o n s i d e r a b l e  h e a t i n g  demand a l l  y e a r  
round .  E l e c t r i c  energy  consumption may amount t o  20,000 kwh p e r  
c a p i t a  and y e a r  t o t a l l i n g  a t  200-300 GWh f o r  e a c h  power scheme, 
n o t  i n c l u d i n g  e n e r g y  e x t r a s  which migh t  b e  needed f o r  a r t i f i c i a l  
h e a t i n g  i n  i c e  e n g i n e e r i n g .  F u e l  d r i v e n  equipment  w i l l  consume 
20-25 x l o 6  l i t e r s  (125-160,000 b a r r e l s )  of f u e l  f o r  t h e  con- 
s t r u c t i o n  of e a c h  s t a n d a r d  g l a c i e r  power scheme. 



C a p i t a l  Requirements  

The "Energy Impact  Model" deve loped  by IIASA i n  c o o p e r a t i o n  
w i t h  t h e  S i b e r i a n  Power I n s t i t u t e  o f  t h e  USSR Academy of  S c i e n c e  
works w i t h  d i r e c t  a s  w e l l  a s  i n d i r e c t  i n v e s t m e n t  r e q u i r e m e n t s .  
The c a t e g o r i e s  o f  t h i s  model a r e  t h e  b a s i s  f o r  t h e  f o l l o w i n g  
breakdown o f  approx imate  i n v e s t m e n t  r e q u i r e m e n t s  o f  t h e  75 GW 
T e n t a t i v e  Development Model o f  Green land  e n e r g y  ( T a b l e  1 9 ) .  

T a b l e  19 .  

G l o b a l  T r a n s p o r t a t i o n  Problems 

T r a n s p o r t a t i o n  o f  Green land  e n e r g y  t o  t h e  consumer r e g i o n s  
o v e r  d i s t a n c e s  o f  4000 krn p o s e s  v i r t u a l l y  t h e  same problem a s  
o t h e r  e n e r g y  o p t i o n s  e n v i s a g e d  f o r  t h e  f u t u r e ,  e . g .  l a r g e - s c a l e  
s o l a r  power deve lopments  i n  t h e  S a h e l  r e g i o n  o r  a  n u c l e a r  power 
pack ( t h e  " e n e r g y  i s l a n d " )  i n  t h e  P a c i f i c  o r  any  o t h e r  remote  
p l a c e  [ 3 9 ] .  However, t h e r e  i s  a  b i g  d i f f e r e n c e  i n  t h e  o r d e r  o f  
magni tude  which i s  some 75  GW i n  t h e  c a s e  o f  Green land  v e r s u s  
s e v e r a l  t e r a w a t t s  o f  t h e  e n e r g y  i s l a n d .  Even t h e  p r e s e n t  f l o w  
of o i l  f rom t h e  Middle  E a s t  o f  1 .7  TW is  much h i g h e r  t h a n  t h e  
f u t u r e  power f l o w  from Green land .  

Period 
(years) 

45 (6-50) 

40 (11-50) 

30(21-50) 

35 (6-40) 

5 (1-5) 

30 (11-40) 
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20 (21-40) 

Power schemes 

Hz electrolysis 

H 2 liquefaction 

EHV transmission 

New cable industry 

Gas pipelines 

Liquid Hz tankers 

Total 

T r a n s p o r t a t i o n  of c o n s t r u c t i o n  m a t e r i a l  and equipment  from 
p r o d u c t i o n  f a c i l i t i e s  i n  Europe o r  North  America t o  Green land  
w i l l  i n f l u e n c e  c o n s t r u c t i o n  c o s t s ,  b u t  a n  a d d i t i o n a l  volume of 
150-250,000 t a  y e a r  w i l l  p o s e  no problem on world  t r a f f i c .  The 
same i s  t r u e  f o r  p l a c i n g  o r d e r s  on p e r h a p s  f o u r  medium s i z e  
s p e c i a l  t a n k e r s  f o r  t h e  t r a n s p o r t  of l i q u i d  H z .  A minor problem 
c o u l d  a r i s e  from t h e  r e q u i r e m e n t  of a i r c r a f t  f o r  d i s p e r s i n g  
d a r k e n i n g  s u b s t a n c e s  on l a r g e  i c e  a r e a s  i n  o r d e r  t o  a c c e l e r a t e  
m e l t i n g .  
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E v a l u a t i o n  of C o n s t r a i n t s  

The a n a l y s i s  of p o s s i b l e  c o n s t r a i n t s  a f f e c t i n g  t h e  deve lop-  
ment o f  G r e e n l a n d ' s  g l a c i e r  power f o l l o w s  s i x  c a t e g o r i e s  which 
have been  e s t a b l i s h e d  by IIASA f o r  t h e  e v a l u a t i o n  of a  new 
e n e r g y  s o u r c e  [ 3 5 ] .  

- Market  p e n e t r a t i o n  i s  no problem s i n c e  t h e  Green land  
p r o j e c t  j u s t  e x t e n d s  c o n v e n t i o n a l  hydropower o v e r  a n o t h e r  
h a l f  c e n t u r y  i n  s u p p l y i n g  e s t a b l i s h e d  m a r k e t s  f o r  e l e c t r i -  
c i t y  o r  g a s  i n  deve loped  c o u n t r i e s  which a r e  i n  need of 
e n e r g y  i m p o r t s .  

- No new s t a n d a r d s  have t o  b e  f i x e d  s i n c e  most t e c h n o l o g i e s  
t o  b e  a p p l i e d  a r e  w e l l  advanced ,  and o n l y  a  few c a t e g o r -  
i e s  such  a s  i c e  e n g i n e e r i n g  o r  s e a  c a b l e s  need f u r t h e r  
s t e p s  of e v o l u t i o n .  

- No change i n  i n f r a s t r u c t u r e  w i l l  t a k e  p l a c e  e x c e p t  t h e  
e s t a b l i s h m e n t  o f  s e t t l e m e n t s  and t r a f f i c  f a c i l i t i e s  on 
Green land .  Both e l e c t r i c i t y  and g a s  d i s p o s e  of a n  e s t a b -  
l i s h e d  i n d u s t r i a l  i n f r a s t r u c t u r e  w i t h  a  c o n s i d e r a b l e  r a t e  
o f  e x p a n s i o n .  

C a p i t a l  c o n s t r a i n t s  migh t  a r i s e  i f  t h e  Green land  e n e r g y  
had t o  be  deve loped  by Greenland o r  Denmark on t h e i r  own, 
b u t  i f  a  j o i n t  m u l t i l a t e r a l  development  took  p l a c e ,  a  
c a p i t a l  r e q u i r e m e n t  o f  t h e  o r d e r  of 109 US-$ p e r  y e a r  i s  
no l i m i t i n g  f a c t o r .  The d i s a d v a n t a g e  o f  h i g h e r  s p e c i f i c  
i n v e s t m e n t  needs  o f  some 600 $/kW i n c l u d i n g  t r a n s m i s s i o n  
i s  compensated by low o p e r a t i n g  c o s t s ,  even w i t h  e x t r a -  
o r d i n a r y  c o s t s  f o r  main tenance ,  and by t h e  l a c k  of any 
f u e l  expenses .  

- E c o l o g i c a l  i m p a c t s  have t o  be  s t u d i e d  c a r e f u l l y  b u t  on 
a  f i r s t  p r e l i m i n a r y  judgment no i m p a c t s  o f  g l o b a l  impor- 
t a n c e  s h o u l d  be  e x p e c t e d  from t h e  change o f  t h e  g l a c i e r  
r eg ime  by t h e  e n e r g y  development .  It  h a s  been s t a t e d  
t h a t  p e r h a p s  100-200 km3 of  i c e  mass w i l l  be  t apped  
a n n u a l l y  i n  e x c e s s  of t h e  p r e s e n t  c o n d i t i o n s  by i n c r e a s e d  
m e l t i n g .  T h i s  i s  n o t  o n l y  n e g l i g i b l e  a g a i n s t  t h e  t o t a l  
volume of  G r e e n l a n d ' s  i c e  mass o f  2 ,600,000 km3 b u t  a l s o  
it i s  w i t h i n  t h e  l i m i t s  o f  n a t u r a l  v a r i a t i o n s  o f  accumula- 
t i o n  and a b l a t i o n , .  e s t i m a t e d  by d i f f e r e n t  a u t h o r s  a t  
between +295 and -84 km3 p e r  y e a r  [ 3 6 ] .  Local  i m p a c t s  
i n  t h e  development  a r e a  of Greenland may emerge from 
a d d i t i o n a l  g l a c i e r  a b l a t i o n  accumula t ing  o v e r  100 y e a r s  
t o  a  t o t a l  of 50 m o u t  o f  a  mean i c e  t h i c k n e s s  o f  1500 m ,  
and from a n  a d d i t i o n a l  s u p p l y  o f  warmer w a t e r  f rom t h e  
r e s e r v o i r s  t o  t h e  s u r r o u n d i n g  ocean  of t h e  o r d e r  o f  
100 GW a s  a g a i n s t  a  h e a t  t r a n s f e r  by t h e  Gulf S t ream of  
660 TW. The w a t e r  t a b l e  o f  t h e  o c e a n s  w i l l  r e a c t  o n l y  
i n s i g n i f i c a n t l y  t o  t h e  a d d i t i o n a l  m e l t i n g  d i s c h a r g e  by 
a  c u m u l a t i v e  r i s e  o f  3-4 cm o v e r  100 y e a r s .  

- R i s k s  e x i s t  w i t h  r e g a r d  t o  t h e  t e c h n i c a l  and economic 
f e a s i b i l i t y  and t h e  p e r f o r n a n c e  of t h e  c o l l e c t o r  system 



on ice, but hardly with regard to the human environment. 
Glacier power has no emissions, no waste, no hazards-- 
especially in a thinly populated area like Greenland 
where even such low probability risks as a dam failure, 
or bursting of an ice dam or channel will have insignif- 
icant detrimental effects. Nor could the failure of a 
sea pipeline carrying pure hydrogen have polluting or 
poisoning impacts. Local impacts around the electrodes 
of the DC sea cable terminal can be met by adequate pro- 
tective devices. Potential impacts on fish and limnology 
in the fjords where turbine outlets discharge warmer 
water throughout the year can be advantageous as well as 
disadvantageous and have to be studied. 

Summarizing the above considerations, one should not expect 
any serious constraints of an economic or ecological nature which 
might prohibit the development of the Greenland energy if it proves 
to be technically feasible. 

FURTHER STEPS TOWARDS A DEVELOPMENT OF THE GREENLAND ENERGY 

It is hoped this study will serve to create a broader inter- 
est in more profound studies on Greenland's glacier power by the 
governments or energy administrations of the North Atlantic 
border states concerned by and involved in the development, by 
the Danish authorities responsible for the administration of 
Greenland, and by international organizations such as the United 
Nations in its Center of Natural Resources, Energy and Transport 
(CNRET) of the Economic and Social Council, or UNESCO and WMO. 

The study program could consist of an intensified collecting 
of basic scientific data, and a more practicability-oriented test 
and investigation program including the new technologies to be 
developed. A tentative--certainly not complete--list of topics 
for a study program is outlined here. 

Basic Inf ormation and Data Collection 

- Collection and study of ERTS photos of South Greenland 
for an overall survey of snow cover and ice conditions 
in all seasons. 

- Aerial photography of the ice cap and surrounding moun- 
tain ridges down to the ocean, south of 72O N in the 
west and of 690 N in the east. 

- Topographic surveying of border zones of the ice cap and 
surrounding mountain ridges in selected areas, in specific 
test areas. 

- Establishment of climatological stations (temperatures 
of air, snow, ice, and water; wind; precipitation; sun- 
shine and radiation; albedo) on the ice cap up to 2000 m. 



- O b s e r v a t i o n  o f  snow, f i r n ,  and i c e  b e h a v i o r  i n  t h e  soak-  
i n g  and a b l a t i o n  zones;  d a t a  c o l l e c t i o n  f o r  e s t i m a t i n g  
w a t e r  y i e l d s .  

- S t u d y  of t h e  e c o l o g i c a l  i m p a c t s  o f  i n c r e a s e d  m e l t i n g  
w i t h  r e g a r d  t o  t h e  g l a c i e r  r eg ime ,  g l o b a l  wea ther  c o n d i -  
t i o n s ,  o c e a n  c u r r e n t s ,  i c e  d r i f t  and pack i c e ,  w a t e r  
and a i r  t e m p e r a t u r e s  and l o c a l  c l i m a t e ;  d a t a  c o l l e c t i o n  
f o r  q u a n t i f y i n g  such  i m p a c t s .  

- I d e n t i f i c a t i o n  o f  c l i m a t i c  consequences  of a n  a l b e d o  
change 'by  t h e  a r t i f i c i a l  d a r k e n i n g  o f  l a r g e  i c e  a r e a s .  

- E x p l o r a t i o n  o f  p e r m a f r o s t  o c c u r r e n c e  i n  a r e a s  where con- 
s t r u c t i o n  a c t i v i t y  migh t  b e  e x p e c t e d .  

- S e l e c t i o n  o f  a n  e a s i l y  a c c e s s i b l e  t es t  a r e a  where g l a c i e r  
power development  seems most  p r o m i s i n g ,  and i n t e n s i f i e d  
o b s e r v a t i o n s  t h e r e .  

T o p i c s  f o r  t h e  t e c h n i c a l  s t u d y  and t e s t i n g  program p r i o r  t o  
t h e  p l a n n i n g  and d e s i g n  phase  o f  t h e  f i r s t  power deve lopment  are: 

- I n v e s t i g a t i o n  o f  t h e  m e l t i n g  p r o c e s s  and o f  a p p r o p r i a t e  
methods t o  c o l l e c t  m e l t i n g  w a t e r s  and t o  keep them from 
r e f r e e z i n g .  

- T e s t i n g  o f  h e a t - a b s o r b i n g  s u b s t a n c e s  and m a t e r i a l s  such  
a s  d a r k  s a n d ,  f l y  a s h ,  PVC l i n i n g ,  and t h e i r  a c c e l e r a t i n g  
e f f e c t  on m e l t i n g ,  and a n  e s t i m a t e  o f  t h e  t e c h n i c a l  and 
economic f e a s i b i l i t y  o f  t h e i r  l a r g e - s c a l e  a p p l i c a t i o n .  

- I n v e s t i g a t i o n  o f  i c e  p r o p e r t i e s  i n  view o f  i t s  proposed  
u s e  a s  a c o n s t r u c t i o n  m a t e r i a l  f o r  c o l l e c t o r  c a n a l s  o r  
r e s e r v o i r s ;  t e s t s  o f  w a t e r t i g h t n e s s ,  r o u g h n e s s ,  and 
s t a b i l i t y .  

- C o n s t r u c t i o n  o f  a  p r o t o t y p e  c o l l e c t o r  c a n a l  o n  t h e  i c e  
c a p ,  c o m p a r a t i v e  t e s t s  o f  c o n s t r u c t i o n  methods and equ ip-  
ment  such  a s  e x c a v a t i o n  by b u l l d o z e r s  o r  snowmi l l s ,  and 
f o r c e d  m e l t i n g  by motor e x h a u s t ,  e l e c t r i c  r e s i s t a n c e  
h e a t i n g ,  o r  n u c l e a r  w a s t e  c o n t a i n e r s .  

- O b s e r v a t i o n  o f  t h e  b e h a v i o r  o f  t h e  p r o t o t y p e  c a n a l ,  i t s  
r e s i s t i v i t y  t o  i c e  movements, a n  e s t i m a t e  o f  t h e  amount 
o f  main tenance  work, a  s t u d y  o f  main tenance  equipment  and 
methods.  

- T e s t  b o r i n g s  i n  p e r m a f r o s t  r o c k ,  o b s e r v a t i o n  o f  ground 
t e m p e r a t u r e s  a round  t h e  b o r e h o l e  w i t h  and w i t h o u t  wa te r  
f l o w  i n  v a r i o u s  s e a s o n s .  



- T e s t i n g  o f  r e s i s t a n c e  o f  b u i l d i n g  m a t e r i a l s  and t u n n e l  
l i n i n g s  ( c o n c r e t e ,  s t e e l  and o t h e r s )  a g a i n s t  p e r m a f r o s t .  

- E x p l o r a t i o n  o f  f a v o r a b l e  c o a s t a l  s i t e s  f o r  l a r g e - s c a l e  
power s t a t i o n s  and i n d u s t r i a l  a c c e s s o r i e s ,  w i t h  a c c e p t a b l t  
a c c e s s  from t h e  s e a  and t o  t h e  g l a c i e r  r e g i o n .  

- E x p l o r a t i o n  o f  r e s e r v o i r  s i t e s  i n  t h e  mountain  v a l l e y s  
b o r d e r i n g  t h e  i c e  c a p ,  and on i c e  where o t h e r  s i t e s  d o  
n o t  e x i s t .  

- C a l c u l a t i o n  o f  f l o o d  wave r i s k s  stemming from f a i l u r e s  o f  
main c o l l e c t o r s  o r  r e s e r v o i r s  i n  t h e  i c e .  

- Research  on t h e  development  of h y d r a u l i c  t u r b i n e s  f o r  
h i g h  head,  f low,  and c a p a c i t y .  

- I n t e n s i f i e d  r e s e a r c h  on EHV s e a  c a b l e s ,  and a  s t u d y  o f  
methods f o r  c r o s s i n g  ocean  c h a n n e l s  of g r e a t  d e p t h s  down 
t o  1 0 0 0  m and more. 

- I n t e n s i f i e d  and  s p e c i f i e d  r e s e a r c h  on t h e  components o f  
t h e  hydrogen s c e n a r i o .  

- Study o f  f r e s h  w a t e r  s u p p l y  f rom Green land  t o  r e g i o n s  o f  
h i g h  w a t e r  demand, p r o t o t y p e  t e s t s  o f  l o n g - d i s t a n c e  
t r a n s p o r t a t i o n  o f  l a r g e  q u a n t i t i e s  o f  p u r e  f r e s h  w a t e r  
a v a i l a b l e  f rom t h e  t u r b i n e  d i s c h a r g e .  

A comprehensive s t u d y  program l i k e  t h i s  w i l l  depend o n  t h e  
c l o s e  i n t e r d i s c i p l i n a r y  c o o p e r a t i o n  o f  e x p e r t s  o f  g l a c i o l o g y ,  
p h y s i c s ,  c i v i l  e n g i n e e r i n g ,  mechan ics ,  e l e c t r i c  and mechan ica l  
m a n u f a c t u r i n g ,  t r a n s p o r t a t i o n ,  and o t h e r s .  Some t e s t s  migh t  b e  
done o u t s i d e  Green land  under  s i m i l a r  b u t  l e s s  s e v e r e  c l i m a t i c  
and e n v i r o n m e n t a l  c o n d i t i o n s  such  a s  t h e  g l a c i e r s  of Alaska  o r  
Norway. 

With s a t i s f a c t o r y  and p romis ing  r e s u l t s  from t h i s  s t u d y  
program, t h e n  p l a n n i n g  and d e s i g n  c a n  s t a r t .  D e c i s i o n  on t h e  
c o n s t r u c t i o n  o f  t h e  f i r s t  power scheme must b e  based on e v i d e n c e  
o f  t h e  t e c h n i c a l  and economic f e a s i b i l i t y  o f  t h e  e n t i r e  p r o j e c t .  
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