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PREFACE 

Methods for comparing dternative energy strategies are insufficiently developed: 
optimization models. cost/benefit analysis. impact matrix preference functions. Tlus paper 
presents the general framework of an impact matrix. WELJIM (for Water. be rgy .  Land. 
Materials. and yanpower), that h being developed in the Energy Rogram. primarily to - 
enlarge the scope of comparison of energy options. It specifies the approach that has finally 
been chosen to cvry out the energy resource studies and therefore updates the various 
documents previously written on the WELMM approach [ l ,  2.3,1]. 





SUMMARY 

The development of energy resources requires more and more natural or human 
resources: on the one hand because of the difficulty of "harvesting" primary energy 
resources. and on the other because of the complexity of the sequence of processes necessary 
to convert these primary resources into useful resources for a n  economy (fmal energy). 
In this context the WELMM approach haa been designed to evaluate the rwource require- 
ments for the development of energy resources. WELMM focuses mainly on five limited 
resources: Eater. Energy, Land. Naterials. and &mpomr. The WELMM evaluation is imple- 
mented at  the level of the major facilities concerned in the hamutang and conversion of 
primary energy resourcol into find resources. All the WELMM data are stored in three 
different data bases (Resource Data Base, Component Data Base, and Facility Data Bw). 
They are meant to be used to enlarge and complete the traditional economic comparison 
of energy proceules. energy strategies or energy options. 





The rELXM Approach t o  Energy S t r a t e g i e s  and Options 

THE SYSTEMS ASPECT OF NATURAL RESOURCES 

The speed and p a t t e r n  of the  development of i n d u s t r i a l i z e d  
coun t r ies  have been widely inf luenced by the  abundance and low 
c o s t  of t h e  na tu ra l  resources (water ,  energy, minerals,  land,  
e t c . )  on which a l l  of t h i s  development is based. The cu r ren t  
l i f e - s t y l e s  and techno log ica l  choices p reva i l i ng  i n  such coun- 
t r i e s  undoubtedly r e f l e c t  t h i s  f a c t .  One of the  major i s s u e s  
t h a t  mankind must face  i n  the  long-term f u t u r e  is t he  progres- 
s i v e  dep le t ion  of non-renewable resources--or a t  l e a s t  t h e  more 
e a s i l y  access ib le  and reasonably cheap ones--and a growing sca r -  
c i t y  of land and water resources.  This i ssue  is accentuated i f  
one be l ieves t h a t  most of t h e  developing coun t r ies  w i l l  choose 
t h e  same p a t t e r n  of development a s  t h e  i n d u s t r i a l i z e d  coun t r ies .  
This po in t  has a l ready been s t rong ly  emphasized by the  Club of 
Rome and i n  var ious s t u d i e s ;  people now genera l l y  recognize i t s  
importance and the necess i ty  of both saving resources and seek- 
ing  techno log ica l  a l t e r n a t i v e s  based upon resources t h a t  a r e  
non-depleting, o r  a t  l e a s t  l e s s  l im i ted .  

The energy resource problem c o n s t i t u t e s  only one p a r t  of 
the  o v e r a l l  resources issue.  E f f o r t s  a r e  now being made t o  
recover and economize energy and t o  increase the  energy resources 
and reserves by implementing new recovery techniques o r  develop- 
ing  new energy technologies.  A t  IIASA, t h i s  problem has been 
analyzed.more broadly,  beyond t h e  techno log ica l  cons idera t ions ,  
by i d e n t i f y i n g  severa l  op t ions  f o r  an unl imi ted supply of energy. 
The comparison of  opt ions  now under way seeks t o  i d e n t i f y  the  
systems impl ica t ions ,  o r  " the  s i d e  e f f e c t s  t h a t  become predomi- 
nant i f  t hese  opt ions  a r e  deployed i n  a t r u l y  la rge-sca le  fash- 
ion" [ 5 ] .  This paper aims a t  present ing  some concepts f o r  tack- 
l i n g  t h i s  problem by p u t t i n g  it i n t o  t h e  broader contex t  of a l l  
n a t u r a l  resources.  

Without going i n t o  t h e  debate on resource dep le t ion ,  it 
never the less  seems c e r t a i n  t h a t  we a r e  en te r ing  a period of 
increas ing c o s t s  f o r  energy product ion,  b a s i c  mate r ia l s ,  cornmer- 
c i a 1  water and a v a i l a b l e  l and , *  a f f e c t i n g  a l l  processing a c t i v i -  
t i e s ,  from ex t rac t ing  n a t u r a l  o r  primary resources (see  Figure 1 )  

We a r e  not necessar i l y  speaking here  of market p r i ces .  The 
r e c e n t  p r i c e  increases f o r  most raw mate r ia l s  due t o  p o l i t i c a l  
f a c t o r s  should not be confused wi th t h e  c o s t  increase t o  be 
expected due t o  o the r  f a c t o r s .  
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power, energy, water , .  . . 
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Natural  (o r  Primary) Resources: t h e  resources a v a i l a b l e  i n  t h e  n a t u r a l  
environment: s o l a r  energy, c o a l ,  uranium 
o r e ,  water ,  non-energy minera ls  (baux i te ,  
i r o n  o r e ) ,  wood, .... For mineral  resources ,  
t h i s  i nc ludes  t h e  economic-geologic c las -  
s i f i c a t i o n  o f  resource base, resources and 
reserves  

Processed ( o r  F i n a l )  Resources: na tu ra l  resources a f t e r  t ransformat ion o r  
upgrading (ex t rac t ion  o r  c o l l e c t i o n ,  pro- 
cess ing,  t r a n s p o r t a t i o n ,  d i s t r i b u t i o n ,  and 
poss ib ly  s to rage)  t o  the  cond i t i on  i n  which 
they a r e  consumed by t h e  f i n a l  use r ,  e.g. 
f i n a l  energy commodities, t a p  d r ink ing  water,  
b a s i c  mate r ia l s  such a s  s t e e l ,  aluminium, 
g l a s s ,  cement 

Resource Processing System : a s e t  of  technolog ica l  cha ins desc r ib ing  
the  l inked s e r i e s  o f  a c t i v i t i e s  necessary  
t o  make n a t u r a l  resources ava i lab le  t o  t h e  
f i n a l  consumer ( i n d u s t r i e s ,  households, . . . ) .  

Figure 1.  Natural resource cycle (basic definitions). 



a s  they a r e  found i n  t h e  na tu ra l  environment t o  f i n a l  o r  pro- 
cessed resources a s  they a r e  consumed i n  the  economic system. 
Some of t h e  most important f a c t o r s  respons ib le  f o r  t h i s  increase 
a r e  : 

- The necess i t y  t o  e x p l o i t  less e a s i l y  obta inab le  resources 
(o f fshore  o i l ,  remote mineral o r e s  i n  Af r ica  o r  Oceania, 
oceanic nodules, e t c . ) .  So f a r  we have been u t i l i z i n g  
mainly t h e  na tu ra l  resources a t  hand; now, both ex t rac-  
t i o n  and t ranspor ta t i on  c o s t s  w i l l  tend t o  i nc rease ,  
though t h i s  may be p a r t l y  counterbalanced by technolog- 
i c a l  progress;  

- The increase i n  processing requirements due, t o  t h e  
necess i ty  of us ing resources of decreas ing q u a l i t y  
(upgrading lower-grade mineral o r e s ,  water t reatment ,  
poss ib ly  s e a  water d e s a l i n a t i o n  f o r  some uses,  and t h e  
l i k e )  ; 

- Increased eco log ica l  c o n s t r a i n t s  ( rec lamat ion of land 
d i s tu rbed  by open mines, cons t ruc t ion  of wet, and l a t e r  
d ry ,  coo l ing  towers f o r  l a r g e  power p l a n t s ,  e t c . ) .  

A l l  these c o s t  increases w i l l  genera l l y  be expressed i n  an 
inc rease  i n  the  consumption of economic resources (processed 
resources,  manpower, land,  c a p i t a l )  and eventua l ly  a l s o  of natu- 
r a l  resources.  

Thus, i f  we consider t h e  production and the  conversion of 
n a t u r a l  i n t o  processed resources a s  t h e  ob jec t i ve  of a system 
which might be c a l l e d  the  resource processing system (F igure  2 1 ,  
t h e  primary resource e f f i c iency  o r  n e t  primary resource balance 
of t h e  system would be bound t o  decrease as  it would consume 
g r e a t e r  amounts of n a t u r a l  resources f o r  i ts  own opera t ion .  

A major consequence of  t h e  resource s c a r c i t y  is t h a t  t h e  
problems r e l a t e d  t o  resource management cannot be analyzed by 
consider ing each resource separa te ly :  t h i s  would obscure t h e  
systems aspec ts  of  t h e  problem. Rather,  ana lys i s  must be done 
wi th in  a g l o b a l  framework i n t e g r a t i n g  a l l  t h e  q u a l i t a t i v e  and 
q u a n t i t a t i v e  i n t e r r e l a t i o n s  of t h e  n a t u r a l  resources.  These 
interdependencies c l e a r l y  l i e  i n  t h e  technologies used t o  e x t r a c t  
primary resources and t o  convert  them i n t o  use fu l  resources,  each 
process de f in ing  a c e r t a i n  combination of resources and manpower. 

A l l  techno log ica l  means of dea l ing  with t h e  problem of 
resource dep le t ion  f o r  a s p e c i f i c  n a t u r a l  resource--and espe- 
c i a l l y  f o r  energy resources--should consider t h e i r  impacts on 
o t h e r  na tu ra l  resources.  This may revea l  t h e  poss ib le  con- 
s t r a i n t s  o r  bot t lenecks t h a t  a technological  s t ra tegy  might 
c r e a t e  i n  t h e  long-term, e i t h e r  a t  t h e  g loba l  l e v e l  (e.g.  deple- 
t i o n  of c e r t a i n  na tu ra l  resources such a s  petroleum) o r  a t  a 
l o c a l  l e v e l  (e.g. water l i m i t a t i o n s  i n  some coun t r ies  of Cent ra l  
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Afr ica  and the  Middle East ;  land s c a r c i t y  i n  Japan, the 
Netherlands, o r  highly i n d u s t r i a l i z e d  d i s t r i c t s  of a country 
such a s  t h e  Ruhr a rea  i n  t h e  FRG) . 

In t h i s  contex t ,  t he  WELW approach (Eater ,  Energy, Land, 
Ma te r ia l s , *  Manpower) has been designed a s  a means of analyzing 
t h e  complex resource problem. The bas ic  ob jec t i ve  is  t o  a s s e s s  
the  n a t u r a l  r e s o u r c e  r e q u i r e m e n t s  o f  r e s o u r c e  deve lopment  s t r a t -  
e g i e s ,  e s p e c i a l l y  energy  s t r a t e g i e s ,  w i t h i n  s p e c i f i c  c o u n t r i e s  
o r  r e g i o n s  o r  a t  t he  g l o b a l  l e v e l .  Because the  natura l - resource 
content  of the  c a p i t a l  mobil ized i n  these s t r a t e g i e s  must be 
considered,  WELMM can a l s o  help i n  assess ing t h e  impacts of 
resource development on economic systems; t h i s  is  why manpower 
requirements a r e  included. One can thus desc r ibe  t h e  ob jec t i ves  
of WELMM a s  fol lows: 

- Evaluat ion of water ,  energy, land,  and mate r ia l s  
requirements f o r  development s t r a t e g i e s ;  

- Analysis of t h e  economic impacts of these s t r a t e g i e s  
( c a p i t a l  and manpower requirements) .  

WELMM is only a p a r t i a l  approach t o  resource development 
assessment. I t  does no t  d e a l  with t h e  e n t i r e  sphere t h a t  has 
o f t e n  been mentioned f o r  t h e  deployment of energy s t r a t e g i e s  
[ 6 1  but focuses on the  impacts on t h e  hydrosphere, t h e  l i t h o -  
sphere ,  and t o  a l e s s e r  e x t e n t  t h e  ecosphere and the  sociosphere. 
Moreover, WELMM does no t  dea l  wi th po l l u t i on  impacts, which 
have recen t l y  been ex tens ive ly  addressed (see  f o r  ins tance [ 7 1 ) .  

Table 1 is  a (non-exhaustive) l i s t  of q u a l i t a t i v e  and 
q u a n t i t a t i v e  r e l a t i o n s  between energy and o the r  na tu ra l  resources 
i n  t h e  conversion of primary f u e l s  t o  e l e c t r i c i t y .  The WELMM 
approach aims a t  a b e t t e r  understanding of these i n t e r a c t i o n s  
through t h e i r  d e s c r i p t i o n , i n  matr ix format. I t  can be seen t h a t  
p r a c t i c a l l y  a l l  s t e p s  of t h e  energy chains have i n t e r a c t i o n s  
with t h e  o the r  na tu ra l  resources se lec ted .  

To begin with water ,  t h e  f i r s t  impact t h a t  comes t o  mind 
i s  t h e  water requirement f o r  cool ing power p lan ts .  I n  some coun- 
t r i e s  these  requirements have ~ l r e a d y  reached p r  surpassed physic 
limits (Table 2 ) .  Water cool ing is  a l s o  used i n  var ious pro- 
cesses f o r  upqrading and reprocessing f u e l s  and f o r  f i n a l  waste 
management. Water is  a l s o  used a s  a bas ic  mate r ia l  i n  var ious 
phases of processing,  which leads t o  added withdrawal and deple- 
t i o n .  Also of growing importance is  t he  i n t e r a c t i o n  of mining 

* 
We pre fe r  t h e  more genera l  expression "mater ia ls "  t o  

"minerals" s o  a s  t o  inc lude e.g. wood and lumber, and t o  empha- 
size--when appropriate--the mate r ia l  balance o r  ma te r ia l  han- 
d l i n g  problems. 



Table 1 .  Systems a s p e c t s  o f  an energy cha in  (mineral  f u e l s ,  f o s s i l  o r  n u c l e a r ) .  

Transporting 
Fuels 

-Waterways 

-Coal slurry 
pipelines 

Upgrading 
Fuels 

-Water for 
cooling 

-Process water 

-Liquid wastes 

Harvesting 
Fuels 

Water 

Energy 

Land 

Materials 

Conversion 
to 

Electricity 

-Water for 
C001in9 
(once- 
through or 
wet towers) 

-Interaction 
with ground 
water resources 

-Land reclamation 

-Wastes and water 
pollution 

Reprocessing and 
Management 

o f 
Final Waste 

-Watcr for 
cooling 

-Process water 

-Liquid wastes 

-Possible inter- 
action with run 
off and/or 
ground water 

At all the steps, energy is used and must be deduced from the raw 

energy content of the fuel being harvested and used for obtaining 

-Facilities 
(sitinq 
problem) 

-Waste storage 

the final primary energy efficiency of the whole chain. 

-Surface mining 

-Deep mining 
(subsidence) 

-Infrastructure: 
roads 
related 

facilities 

-Waste storage 

-Roads 

-Rights of 
way: 
railways 
H.V. lines 

-Underground 
pipelines 

-Facilities 

-In equipment and 

-Consumed 
materials 

-Materials 
handling 
and control 

-Waste 

-Facilities 
(siting 
problem) 

-Woad, 
lumber for 
construction 

materials investments 

-Pipes, cars, 
tankers, etc. 

-Materials 
handling 

facilities, 

-Haterials 
control and 
balance 

-Chemicals 

-Waste 

at all steps (problems of 
future recycling) 

-Consumed 
materials 

-Problem of 
recycling 

-Consumed 
materials 

-Ctiemicals 

-Materials 
accounting 
(possible 
safeguard) 

-Waste 



Table 2. Example o f  i n t e r a c t i o n  between energy and water  resou r  
maximum e l e c t r i c a l  c a p a c i t y  t h a t  can be cooled w i t h  on: .. 
through coo l i ng  systems. (Based on 50 m 3 / s  pe r  GW(el, 
b u t  t o  l i m i t  t h e  tempera tu re  increment  of  t h e  r i v e r s ,  
tw ice  t h e  t r a d i t i o n a l  amount o f  c o o l i n g  water  should b( 

3 a v a i l a b l e ,  i. e .  100 m /s; 1 OOC i n c r e a s e  of  water  tempel 
a t u r e  i n  t h e  c o o l i n g  system and 33% e f f i c i e n c y  assumed, 

Source: 181 

* 
These d a t e s  r e p r e s e n t  t h e  approximate time a t  yh ich  a s h i f  

t o  coo l i ng  tower and s e a  c o o l i n g  i s  r equ i red .  

a c t i v i t i e s  and wa te r  resou rces .  I n  some a r e a s ,  t h e  mine i s  f i r s  
o f  a l l  a t r u e  mine.. .of  water .  Garsdorf  (FRG) i n  t h e  Rhine l i g -  
n i t e  b a s i n ,  where t h e  a q u i f e r  has  gone t o  a dep th  o f  300 meters ,  
i l l u s t r a t e s  t h i s  ve ry  we l l . *  I n  o t h e r  a r e a s  (e.g.  t h e  Nor thern 
P l a i n s  S t a t e s  of  t h e  USA), t h e  rec lama t i on  of  s t r ip-mined a r e a s  
competes w i t h  o n - s i t e  c o a l  convers ion  f o r  water  resou rces ;  and 
i n  t h e  c a s e  o f  t h e  Wyoming-Arkansas c o a l  s l u r r y  p r o j e c t ,  it is 
proposed t o  t a p  underground a q u i f e r  a t  1000 m deep. 

Country 

CTK 

FRG 

USA 

 ignite e x t r a c t i o n  i n  Garsdorf  n e c e s s i t a t e s  t h e  pumping 
6 3 o f  a huge q u a n t i t y  o f  water :  approx imate ly  3 5 0 .  10 m annua l l y  

6 f o r  t h e  p roduc t i on  of  on l y  15 . 10 t o n s  l i g n i t e .  141 

I 

Reference 
Ce i l i ng ,  
Reached 

1950 's  

1960 's  

-1980 

Average Runoff 

( m 3 / s e c )  

2,100 

4,000 

53,000 

I 
Reference 
ceiling 

[GW (el 1 

2 1 

40 

530 



Compared t o  a g r i c u l t u r e ,  energy is  a modest l and  u s e r .  But 
w i t h  t h e  growth i n  energy  consumpt ion,  t h e  s i t i n g  o f  l a r g e  energy  
c o n v e r s i o n  f a c i l i t i e s  is  becoming a  major  i s s u e ,  a s  a r e  a e s t h e t i c  
q u e s t i o n s  and t h e  problem o f  r i g h t  o f  way f o r  a e r i a l  c o r r i d o r s  
f o r  h igh  v o l t a g e  power l i n e s .  A s  f o r  w a t e r  r e s o u r c e s ,  min ing 
a c t i v i t i e s - - e s p e c i a l l y  s u r f a c e  min ing,  o f  growing impor tance  f o r  
energy m i n e r a l s  and r e p r e s e n t i n g  95% o f  t h e  t o t a l  non- fue l  min- 
e r a l  product ion- -have a  s e v e r e  impact on t h e  l a n d  ( c f .  F i g u r e  3 ) .  
C o n f l i c t s  i n  l a n d  u s e  a r e  becoming more and more f r e q u e n t ,  and 
c a l l  f o r  a  d e e p e r  u n d e r s t a n d i n g .  The l a n d  u s e  i s s u e  is  i l l u s -  
t r a t e d  i n  Tab le  3 by comparing land  r e q u i r e m e n t s  f o r  t h r e e  t y p e s  
o f  power p l a n t s .  Water and l a n d  r e s o u r c e s  have been f r e q u e n t l y  
examined i n  r e c e n t  y e a r s ,  a t  l e a s t  on a  l o c a l  o r  r e g i o n a l  b a s i s .  
The m a t e r i a l s  problem seems t o  be  much less w e l l  unders tood ,  
p a r t i c u l a r l y  i n  i ts  systems a s p e c t s :  m a t e r i a l  s u p p l i e s .  m a t e r i a l  
r e c y c l i n g ,  was te  d i s p o s a l ,  m a t e r i a l  b a l a n c e s ,  m a t e r i a l  h a n d l i n g ,  
b a s i c  equipment (steel  p i p e s  f o r  o i l  d r i l l i n g  i n  t h e  US o r  f o r  
o i l  o r  g a s  t r a n s p o r t a t i o n  i n  t h e  USSR, c o a l  c a r s  f o r  Western c o a l  
i n  t h e  US, etc . ) .  Our p r e l i m i n a r y  s t u d i e s  have shown t h a t  de- 
t a i l e d  a s s e s s m e n t s  o f  t h e  d i r e c t  and i n d i r e c t  r e q u i r e m e n t s  f o r  
m a t e r i a l s  and t h e i r  h a n d l i n g  c o u l d  p l a y  a  major  r o l e  i n  t h e  com- 
p a r i s o n  o f  v a r i o u s  energy o p t i o n s ,  and e s p e c i a l l y  f o r  t h e  s o l a r  
o p t i o n  (see Tab le  4 )  . 

' SEAM THICKNESS ''On3 -6U 

Figure 3. Land disturbed for producing 106 t.c.e. 



Table 3. Land requirements f o r  a 1000 MW(e) power p lan t .  

Coal 

Source: [4] 

S t r i p  Mine 

Fuel 

2 m Seam 
10 m Seam 

At t r i bu te  I Spec i f i ca t ion  I Area Type of 

1 1 (Ian2) I land use 

Temporary 
I 

Nuclear 

So lar  

S i t e  

LWR-U Shale 2 rn Seam I dm' I 

Tower Concept 

10 rn Seam 1 7 . 5  1 

Permanent 

Temporary 

4 kWh/m2/day 
20% e f f i c iency  

Table 4 .  Mater ia ls  requirements f o r  a 1000 MW(e) power p lan t .  

I 
30 1 Temporary 

Source: [41 I 
Fuel Weight of S t a t i o n  Comments 

I 

Coal 1 0.3 - 0.35 

So lar  0.35 (Conversion) - 3O I Mineral Ores 
(Tower 0.3-3 ( H e l i o s t a t )  ( 1 ( - 5-7 years )  I 
Nuclear 

To bu i l d  and opera te  a l l  t hese  f a c i l i t i e s  f o r  harvest ing  t h e  
primary energy, upgrading and t ranspor t i ng  i t , convert ing it i n t o  
f i n a l  ( o r  secondary) form and processing t h e  waste, a l o t  of en- 
ergy is needed, which decreases t h e  primary energy e f f i c iency. '  

I 

0.5 - 0.6 FBR U 0.2% - u 
0.04 - 1.2 ( Shale (25 years )  

* 
Many pub l i ca t ions  on "energy ana lys i s "  dea l  with such e s t i -  I 

mates of energy requirements ( see  e . g . - [ a ] ) .  

5 0 Coal (25 years )  



The a d d i t i o n a l  f a c i l i t i e s  t o  ca r ry  and process the  water ,  pre- 
pare and r e s t o r e  t h e  land,  and process the  ma te r ia l s  must a l s o  
be accounted f o r ,  al though t h e i r  r e l a t i v e  con t r i bu t i ons  a r e  
obviously of decreasing importance (what is  sometimes c a l l e d  
t h e  " p r i n c i p l e  of converging s e r i e s " )  . 

THE PRINCIPLE OF THE WELMM APPROACH 

The WELMM approach c o n s i s t s  f i r s t  i n  t h e  d e ~ c r i p t i o ~  and 
quan t i f i ca t i on ,  where poss ib le ,  of t h e  i n t e r r e l a t i o n s  among 
na tu ra l  resources induced by energy a c t i v i t i e s .  This ana lys i s  
e n t a i l s  t h e  c o l l e c t i o n  of q u a l i t a t i v e  information on t h e  p r i -  
mary energy resource p o t e n t i a l ,  i n  o rder  t o  study t h e  impact o f  
energy consumption on t h e  resource s tock ;  and t h e  i d e n t i f i c a t i o n  
of.WELMM requirements f o r  processing these  primary i n t o  f i n a l  o r  
processed resources .  I n  t h e  l a t t e r  case,  t h e  d a t a  a r e  co l l ec ted  
a t  t h e  l e v e l  o f  each techno log ica l  process.  

A l l  t h e  information i s  gathered i n t o  t h r e e  d a t a  bases:  

- The Resource Data Base (RDB), on primary resource a v a i l -  
a b i l i t y ;  

- The Component Data Base (CDB) ,  on t h e  WELMM requirements 
f o r  t h e  product ion of bas i c  ma te r ia l s  and t y p i c a l  cap i -  
t a l  goods; 

- The F a c i l i t y  Data Base (FDB), on t h e  d i r e c t  WELMM 
requirements f o r  const ruc t ion  and opera t  ion  of energy 
f a c i l i t i e s .  I t  inc ludes t h e  requirements f o r  produc- 
t i o n  of both c a p i t a l  goods c o n s t i t u t i n g  t h e  f a c i l i t y  
and bas ic  ma te r ia l s  used f o r  opera t ing  the  f a c i l i t y  and 
manufacturing t h e  c a p i t a l  goods. 

Second, these  d a t a  bases a r e  used i n  resource eva luat ion  
f o r  energy a l t e r n a t i v e s .  Two main app l i ca t i ons  a r e  considered: 
eva luat ion  of resource requirements f o r  la rge-sca le  development 
of l o c a l  energy resources ,  and improvement of comparisons of 
energy technologies,  reg iona l  o r  na t i ona l  s t r a t e g i e s ,  o r  g loba l  
energy opt ions .  

The WELMM Data Bases 

Before being computerized, t h e  d a t a  bases must be compiled 
i n  f i l e s .  Standard f i l e  formats corresponding t o  t h e  t h r e e  
d a t a  bases have been developed and a r e  now being t e s t e d  us ing  
da ta  on se lec ted  resources ,  components o r  f a c i l i t i e s .  

A l a r g e  p a r t  of t h e  information required i s  genera l l y  
avai lable--though it may have t o  be processed t o  f i t  t he  WELMM 
format--or i s  being obta ined f o r  t h e  num'erous a n a l y t i c  programs 
f o r  energy s t r a t e g i e s ,  na t i ona l  o r  i n t e r n a t i o n a l  ma te r ia l s  



pol icy ( c f .  d iscuss ions on New Economic Order ) ,  water and land 
management, e t c .  A bas ic  problem is t o  make a l l  these p ieces 
of information coherent  wi th each o the r  and, i f  poss ib le ,  more 
r e l i a b l e  by means of thorough c r i t i c a l  ana lys i s .  I f  t h i s  f i r s t  
s t e p  proves successfu l ,  t h e  main d a t a  w i l l  be computerized. 
Through d iscuss ions with o the r  organ izat ions  (e.g. The World 
Energy Conference, t h e  US Geological Survey, The I n s t i t u t  
F r a n ~ a i s  du P d t r o l e ) ,  we a r e  meanwhile reviewing e x i s t i n g  da ta  
bases,  whether computerized o r  not.  

The Resource Data Base (RDB) 

The RDB is "opened" by the  energy and the  mineral resources.  
W e  a r e  explor ing t h e  p o s s i b i l i t y  of opening it through t h e  o t h e r  
n a t u r a l  resources;  manpower i s  not  sys temat i ca l l y  included f o r  
t h e  t ime being. I t  is  planned t o  s t o r e  only d a t a  r e l a t e d  t o  I 

WELMM assessment f o r  energy s t r a t e g i e s ,  a s  shown i n  Figure 4 .  1 
I f  poss ib le ,  connections w i l l  be es tab l i shed  wi th o the r  d a t a  
base systems of g loba l  s c a l e  ( f o r  i ns tance ,  the  "Manif i le" of 
t h e  Univers i ty  of Manitoba f o r  world nonferrous m e t a l l i c  depos- 
i ts)  o r  reg iona l  s c a l e  ( t h e  US Nat ional  Coal Data Base) ,  through 
a da ta  base management system such a s  DILOS of the  Computing 
Center of t h e  USSR Academy of Sciences. 

Apart from some' s p e c i a l  app l i ca t ions  ( f o r  ins tance,  a case  
study f o r  reg iona l  development, not  i n i t i a l l y  based on energy 
r e s o u r c e s ) ,  t h e  d a t a  w i l l  be c o l l e c t e d  by country.  The count r ie r  
t o  be analyzed w i l l  be se lec ted  through energy resources c r i t e r i c  
analogous t o  those used f o r  our  coa l  s t u d i e s  [ 9 1 ,  i n  which w e  
chose about 30 coun t r ies  having dec lared more than 1 b i l l i o n  
met r ic  tons  equ iva lent  of coa l  resources.  

The d a t a  of F igure 4 ,  whi le t e n t a t i v e ,  show t h e  emphasis 
on WELMM impacts i f  energy resources a r e  exp lo i ted .  S imi la r  
d a t a  f o r  land and water w i l l  be reg is te red  f o r  t h e  o the r  energy 
f a c i l i t i e s  along the  energy chains.  

The Components Data Base (CDB) 

This is t h e  f i r s t  s t e p  of "na tu ra l  resources accounting", 
i nsp i red  by t h e  well-documented "energy accounting" o r  energy 
ana lys i s .  A s  f a r  a s  app l i cab le ,  we a r e  c a l c u l a t i n g  o r  measuring 
through d i r e c t  ana lys i s  t h e  n a t u r a l  resource content  of bas ic  
ma te r ia l s  (e.g. water ,  energy, mineral  content  of s t e e l  o r  
aluminum) o r  bas ic  components (p ipes ,  pumps, hea t  exchangers, 
t u r b i n e s ) .  

For ma te r ia l s  accounting, t h e  ana lys i s  goes a s  f a r  a s  the  
raw mate r ia l  o r  fhe  mining process.  For s t a i n l e s s  s t e e l ,  f o r  
i ns tance ,  we a r e  assess ing t h e  t o t a l  impact of mining i r o n ,  
n i cke l ,  chromium o r e s  and coa l ,  and of poss ib le  overburden t o  
be handled o r  disposed o f ,  depending on the  type of mining. 
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For some mate r ia l s ,  energy con ten t ,  water content ,  and 
mineral content  a r e  we l l  documented, and our main task  i s  t o  
c o l l e c t  and review the d a t a ,  and o f ten  t o  render them coherent .  
For land,  a s p e c i a l  ana lys i s  w i l l  have t o  be made, based on t h e  
process used f o r  energy s t r a t e g i e s .  Chains of processes ( t o  be 
descr ibed)  w i l l  be ident i f ied- -say,  mining ( i r o n ,  n i cke l ,  chro- 
mium o res  and coa l ,  f o r  i ns tance ,  f o r  s t a i n l e s s  s t e e l ) - - a n d  
" land accountedn t o  permit assessment of t h e  land content  of 
one u n i t  of composite o r  bas ic  mate r ia l .  (See Appendix 2 f o r  
t h e  content  of t h i s  da ta  b a s e ) .  

A component is def ined a s  any major p iece of equipment 
used i n  t h e  subsystems of a given f a c i l i t y ;  f o r  a power p l a n t ,  
f o r  example, we consider bu i ld ing,  b o i l e r ,  t u rb ine ,  genera tor ,  
cool ing towers, and s o  f o r t h .  D i f fe ren t  processes or  f a c i l i -  
t i e s ,  such a s  t h e  l i g h t  water  r e a c t o r  (LWR) o r  a coa l  f i r e d  
power p l a n t ,  o f t e n  have some i d e n t i c a l  components (turbogenera- 
t o r ,  cool ing tower) ;  and f o r  d i f f e r e n t  cha ins  some common com- 
ponents can a l s o  be found (p ipe network f o r  o i l  and ho t  water 
t ranspor ta t i on )  . 

The type of equipment t o  be considered w i l l  depend mainly 
on t h e  ava i lab le  da ta :  c l e a r l y  each energy f a c i l i t y  cannot be 
d isaggregated i n t o  a g r e a t  number of i nd iv idua l  p ieces of equip- 
ment. Where such d e t a i l e d  information e x i s t s  we w i l l  use  i t * ;  
but  where it does no t ,  we w i l l  cons ider  major equipment cate-  
g o r i e s  ( c f .  Appendix 1 ) .  For each category a rough es t ima te  
of t h e  WELMM requirements per  u n i t  of output  w i l l  be made, using 
a v a i l a b l e  input /output  models. For example, f o r  e l e c t r i c a l  
equipment the  WELMM a n a l y s i s  w i l l  c o n s i s t  i n  evaluat ion of the  
average energy, manpower and mate r ia l s  requirements t o  produce 
one u n i t  of output  i n  t h e  e l e c t r i c a l  indust ry .  In  genera l ,  we 
w i l l  neg lec t  t h e  land and water  requirements, s ince  the use of 
t h e s e  two resources is very l im i ted  (compared t o  mining opera- 
t i o n s ,  o r  even t o  energy i n f r a s t r u c t u r e s ) .  

For a given f a c i l i t y ,  t h e  correspondence between components 
f o r  which d i r e c t  accounting e x i s t s  and those f o r  which it does 
not  w i l l  be es tab l i shed  by decomposing t h e  c a p i t a l  cos t .  (For 
t h e  bas ic  f i l e s  f o r  t h i s  d a t a  base,  see  Appendix 3.) 

* 
An extens ive  components study f o r  LWR r e a c t o r s  has been 

c a r r i e d  ou t  by E l e c t r i c i t 6  de  France and made ava i lab le  t o  us. 
More and more d i r e c t  accounting of resources requirements is 
being done (cf . B a t t e l l e  [ I  01 , Bechtel [ 11 I . 



The Facility Data Base (FDB)* 

An energy process and the associated facility are analyzed 
in terms of WELMM to bring out the whole set of resources 
required for operating and constructing the facility: the 
d i r e c t  r e s o u r c e s .  These encompass the resources consumed where 
and when the facility is built and is in operation (on-site 
resources), those consumed in the manufacture of the capital 
goods of the facility, and those consumed for the production of 
all the materials involved at any of these steps. 

I n d i r e c t  r e s o u r c e s  refers to those required for the invest- 
ments induced in related industries (basic materials or equip- 
ment industries) by the deployment of energy strategies. 

The basic file for WELMM analysis of an energy process and/ 
or facility is given in Appendix 4. A few case studies on typ- 
ical facilities are being made to judge the value and practi- 
cability of such a file. One difficulty is due to the fact that 
the available information comes from various sources. Most of 
them are of US origin, but we are cross-checking these data 
with non-US organizations** in Europe and elsewhere. 

Because of scale effects, there is a decided trend towards 
"standard classes" of facilities, such as the 250,000 t.d.w. 
(tons dead weight) oil tankers, the 1000 MW(e) nuclear power 
reactor, coal unit trains, and the 10 million ton refinery. 
In their Energy Supply Planning Model [Ill, Bechtel identifies 
91 such energy-related facilities, 66 energy supply facilities, 
and 25 energy transportation facilities; some of them, for 
instance at the production level (oil wells), are already rela- 
tively aggregated. 

There follow a few comments on the various resource require- 
ments associated with a WELMM analysis (Figure 51, some of which 
apply particularly to operation (process analysis) . 

Primary i n p u t :  As we are here looking at the energy pro- 
cess, the main inputs of all the facilities are energy commod- 
ities, either energy resources or secondary energy products. 

* 
Work on the FDB is done in close cooperation with 

Y. Kononov and takes into account investigations such as the 
Irkustk model [ 121 and the Bechtel study [I 1 1  . 

* * 
We are cooperating closely with French organizations 

(Delegation Gdn6rale a llEnergie, Electricit6 de France, 
Commissariat a 1'Energie Atomique, Institut Fran~ais du Pdtrole, 
Bureau de Recherches Geologiques et Minigres, Charbonnages de 
France, etc.). 



PRl MARY INPUT 

iIeu-' CONSU MPTlON 

CAP1 TAL GOODS 
REQUIREMENTS 

OUTPUT PHYSICAL 
LOSSES 

F i r e  5. Procesl anplyah. 

Water  requ i remen t  Wf ( f  denotes a f i n a l  energy commodity 
and not  a primary energy resource ) :  Most i n d u s t r i a l  processes 
requ i re  water. I den t i f y ing  t h e  source of t h e  water and pos- 
s i b l y  t ranspor t i ng  it can be a major problem, a s  i n  t h e  planned 
la rge-sca le  uses of US Western coa l  o r  i n d u s t r i a l  developments 
i n  a r i d  reg ions,  o r  even sometimes i n  hyper indust r ia l i zed areas 
(cool ing f o r  nuc lea r ) .  Thus, each process is character ized 
f i r s t  by i ts w a t e r  i n t a k e .  

Sometimes a f r a c t i o n  of t h e  water  input  is  consumed i n  the  
process,  i . e .  not returned t o  t h e  source (with t h e  coo l ing  towe 
f o r  example); water input  d a t a  a r e  the re fo re  supplemented by 
w a t e r  consumpt ion  d a t a .  

Dealing with water q u a n t i t i e s  may, i n  some cases ,  be insuf  
c i e n t :  These requirements may correspond t o  a c e r t a i n  w a t e r  
q u a l i t y  which should then be spec i f i ed .  Most o f t e n ,  t h e  water  
use modi f ies o r  d e t e r i o r a t e s  i ts q u a l i t y  and causes p o l l u t i o n ,  
and t h e  water must be t r e a t e d  before  i t  is  disposed o f .  This 
aspect  w i l l  not e x p l i c i t l y  be taken i n t o  cons idera t ion  i n  the  
WELMM ana lys i s ;  it is  p a r t  of t h e  eco log ica l  impact which is 
being comprehensively s tud ied  [7,17] .  I n  many cases ,  temperatu 
d i f f e r e n c e s  between i n l e t  and o u t l e t  can a l s o  be of va lue,  and 
w i l l  be included i n  t h e  WELMM accounting a s  f a r  a s  poss ib le .  

Energy r e q u i r e m e n t s  Ef ( f  again denot ing a f i n a l  energy 
commodity) and energy e f f i c iency :  A s  shown i n  Figure 6 ,  Ef 
rep resen ts  a n c i l l a r y  energy consumption, and does not inc lude 
autoconsumption, which is taken i n t o  account i n  primary e f f i -  
c iency.  Two types of  a n c i l l a r y  energy a r e  considered: e lec-  
t r i c i t y  ( s p e c i f i c  u s e s ) ,  and f u e l s  ( coa l ,  d i e s e l ,  o t h e r  o i l  
products, .  . . ) . 
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Figure 6. Energy requirements and energy efficiency. 

Primary e f f i c i e n c y  i s  t h e  r a t i o  of ne t  energy output  t o  
energy content  of t h e  primary input* .  I t  captures  t h e  f r a c t i o n  
of t h e  energy content  of t h e  commodity en te r ing  t h e  process t h a t  
is recovered a f t e r  t h i s  process. The ne t  energy output  repre-  
s e n t s  t h e  d i f f e r e n c e  between g ross  energy output  and autocon- 
sumption (e.g. e l e c t r i c i t y  produced by a power p lan t  and used 
f o r  pumping coo l ing  water ,  o r  heavy f u e l  o i l  consumed i n  an o i l  
r e f i n e r y ) .  The ne t  e f f i c i ency  is t h e  r a t i o  of t o t a l  energy con- 
sumed (pr imary, anci- l lary and losses )  t o  ne t  energy output .  

Land requirements: W e  d i s t i n g u i s h  between exclusive and 
non-exclusive uses of land;  f o r  i ns tance ,  a e r i a l  e l e c t r i c a l  
co r r i do rs  do not exclude farming. Concurrent use--for example, 
by hydroe lec t r ic  r e s e r v o i r s  f o r  power product ion, a g r i c u l t u r e ,  
and r e c r e a t i o n a l  a c t i v i t i e s - - i s  considered non-exclusive. 

A t i m e  dimension w i l l  be added t o  t h e s e  two ca tegor ies :  
temporary use r e f e r s  t o  land use dur ing cons t ruc t i on  and f o r  t h e  
l i f e t i m e  of t h e  f a c i l i t y ,  and long-term use o r  permanent-use t o  
use f o r  rad ioac t i ve  waste s torage o r  a s  nuclear  r e a c t o r  sites i f  
t h e  r e a c t o r s  a r e  not decommissioned. Moreover, it would be use- 
f u l  t o  spec i f y  t h e  type o f  land t h a t  is t o  be used: urban a rea ,  
a g r i c u l t u r a l ,  r e c r e a t i o n a l ,  d e s e r t ,  e t c .  

Materials requirements M: Mater ia ls  accounting inc ludes 
consumption of t h e  main raw mate r ia l s ,  renewable equipment (wi th 
l i f e t i m e s  of l e s s  than a year o r  so )  and main equipment. Analy- 
sis concerns ciomposite ma te r ia l s  ( s t e e l  o r  concre te)  and b a s i c  
ma te r ia l s  ( i r o n ,  n i cke l ,  cement, agg rega tes ) .  With t h e  CDB it 
is poss ib le  t o  go from t h e  b a s i c  ma te r ia l s  t o  t h e  t o t a l  mining 
requirements and mate r ia l  handl ing. 

* 
The primary energy e f f i c i e n c y  concept is a l s o  use fu l  i n  

studying no t  an  energy chain but  a ma te r ia l s  chain.  



We a l s o  inc lude q u a l i t y  c r i t e r i a ,  a s  they a r e  becoming more 
important but d i f f e r  widely f o r  the  var ious energy a l t e r n a t i v e s  
(nuc lear  f i s s i o n  and fus ion a r e  c e r t a i n l y  more demanding i n  qua1 
i t a t i v e  terms than s o l a r  energy) .  The recyc l ing  p o t e n t i a l  of 
some mate r ia l s  w i l l  a l s o  grow i n  importance: i r r a d i a t e d  materia 
a r e  penal ized i n  t h i s  respect .  

Waste production i n  WELMM is  not  handled sys temat ica l ly ,  as 
it is  i n  o t h e r  s t u d i e s  [7,13,171, but more i n  terms of mater ia l  
handl ing. These cons ide ra t ions ,  a s  we l l  as  mate r ia l s  account in 
( important  i n  t h e  nuc lear  case,  o r  f o r  t h e  thermal product ion o  
hydrogen, e t c . )  , w i l l  be handled q u a l i t a t i v e l y  and/or quant i ta -  

1 
t i v e l y ,  depending on the  var ious cases.  

Manpower requirements M I  : Manpower requirements (expresse 
i n  men and man-hours) comprise " c r i t i c a l  workers" (manual worke 
engineers,  miners) and o the rs .  " C r i t i c a l n  manpower is  
t o  br ing  o u t  poss ib le  bot t lenecks i n  t h e  la rge-sca le  developmen 
of s t r a t e g i e s  due t o  manpower l i m i t a t i o n s  (nuclear development, 
f o r  ins tance,  is now fac ing  a  problem with respec t  t o  t h e  poten 
t i a l  of q u a l i f i e d  we lde rs ) .  

4 
WELMM Appl icat ions 

A s  has been mentioned, two major types of app l i ca t ion  a r e  
planned f o r  t h e  WELMM approach. The f i r s t  dea ls  with t h e  resou 
assessment of reg iona l  p r o j e c t s  f o r  developing na tu ra l  energy 
resources,  what we might c a l l  " s t r a t e g y  assessment" (by analog 
wi th  technology assessment s t u d i e s ) .  The second cons iders  t h e  
WELMM ana lys i s  a s  one component of comparative s t u d i e s  f o r  ener  
a l t e r n a t i v e s  ( techno log ies ,  s t r a t e g i e s * ,  o p t i o n s ) .  I 

Natural and Human Resource Requirements f o r  Development of 
Local Energy Resources 

Because of the  e s c a l a t i n g  c o s t s  of exp lora t ion  and e x p l o i t  
t i o n  of energy resources (and a l s o ,  of course,  because of t h e  
increas ing l e v e l s  of energy consumption), t h e r e  is a t rend t o  
concent ra te  on t h e  most p r o f i t a b l e  deposi ts--general ly  t h e  la rg  
est--and t o  e x p l o i t  them in tens ive ly .  I n  t h e  Middle East ,  f o r  
i ns tance ,  o i l  depos i ts  were exp lo i ted  on a  b a s i s  of 2-305 per 
annum ( f o r  30-50 years)  ; i n  t h e  North Sea (and a l s o ,  progres- 
s i v e l y ,  i n  t h e  Gulf of Mexico) t h e r e  is a t rend towards 8-125 
per  annum ( f o r  about 10-1 2  years)  . 

*AS opposed. to opt ion, 'which has a  s t a t i c  meaning, a  s t r a t -  
egy impl ies a  time dimension f o r  i ts  implementation. 



Remote (Alaska) and o f fshore  (North Sea) opera t ions  lead 
t o  ever l a r g e r  WELMM requirements. A North Sea product ion p l a t -  
form can weigh one m i l l i on  tons  (concre te  and s t e e l )  compared t o  
t h e  few tons  assoc ia ted with a normal onshore f i e l d ;  and energy 
expenses have grown i n  a s i m i l a r  way. 

The t rend  toward h igh concent ra t ion  and in tense  e x p l o i t a t i o n  
could s t i l l  grow, e s p e c i a l l y  i f  g i a n t  a d d i t i o n a l  petroleum 
resources  a r e  exp lo i ted ,  such a s  t h e  Orinoco heavy crudes,  t h e  
Colorado o i l  sha le ,  t h e  Athabasca t a r  sands, the  Gulf of Mexico 
geopressure zones. The idea of  a nuclear  hydrogen "Canton 
Is land"  [ I 4 1  o r  of t h e  Greenland hydropower p l a n t  [ IS ]  a l s o  tends 
i n  t h i s  d i r e c t i o n .  

Such e x p l o i t a t i o n  w i l l  be tremendously resource consuming 
in , te rms  of ma te r ia l s  requirements and handl ing problems f o r  o i l  
s h a l e  and t a r  sands*, land d is turbance,  energy balance ( a s  much 
a s  one t h i r d  of t h e  recovered o i l  can be used f o r  t he  enhanced 
recovery of heavy c r u d e s ) ,  water management (one we l l  i n  a geo- 
pressure  zone can produce a s  much a s  50,000 bb l  of water per  d a y ) .  

A s  a f i r s t  s t e p  toward dea l ing  wi th t h i s  problem, and a s  an 
example of t h e  method, we w i l l  make a d e t a i l e d  engineer ing WELMM 
assessment of one o r  poss ib ly  two of t hese  huge petroleum re- 
sources.  Our a t t e n t i o n  is e s p e c i a l l y  focused on Venezuelan 
Orinoco heavy crudes and Gulf of Mexico geopressure zones. 

F i n a l l y ,  it i s  worth mentioning t h a t  such an approach is not  
l im i ted  t o  energy resources and could e a s i l y  be extended t o  o r  
used f o r  o t h e r  resources.  In  add i t i on  t o  assess ing  t h e  WELMM 
requirements o f  g i a n t  mineral  depos i t s ,  which we a l s o  in tend t o  
do, it could be used f o r  l a r g e  water s to rage  p r o j e c t s ,  food and 
a g r i c u l t u r a l  developments, and t h e  l i k e .  

Comparison of Energy A l te rna t i ves  

Before desc r ib ing  t h e  var ious  WELMM app l i ca t i ons ,  it i s  
worthwhile spec i fy ing  t h e  con t r i bu t i on  of t h e  WELMM approach t o  
processes of comparison, whether by t r a d i t i o n a l  economic methods 
o r  by m u l t i c r i t e r i o n  ana lys i s .  In  t h e  t r a d i t i o n a l  economic 
approach, WELMM must be viewed a s  a way of completing and improv- 
ing  comparisons. I t  br ings  o u t  new c o n s t r a i n t s  r e l a t e d  t o  re-  
source u t i l i z a t i o n  t h a t  a r e  d i f f i c u l t  t o  account f o r  i n  t h e  c a l -  
cu la t i ons .  This i s  e s p e c i a l l y  t r u e  f o r  long-term s t u d i e s ,  f o r  
which economic comparison (cos t -benef i t  ana lys i s  o r  op t imiza t ion  
models) very r a r e l y  leads t o  a unique s o l u t i o n  because of t he  
u n c e r t a i n t i e s  i n  t h e  c o s t s  of some inputs  ( seve ra l  v a r i a n t s  i n  
o i l  p r i c e  must be considered,  f o r  i n s t a n c e ) .  In t h i s  con tex t ,  
WELMM might he lp ,  through q u a l i t a t i v e  cons ide ra t i ons ,  t o  i d e n t i f y  

* 
The same would apply t o  Chattanooga uranium sha le .  



t h e  most s u i t a b l e  a l t e r n a t i v e  i n  terms of the- long-term resource 
a v a i l a b i l i t i e s  and i n d u s t r i a l  c o n s t r a i n t s  of a country o r  region. 
I t  can a l s o  show more p rec ise ly  t h e  degree of p o l i t i c a l  and 
techno log ica l  dependence f o r  each a l t e r n a t i v e  ( e .  g . , t h e  neces- 
s i t y  of import ing c e r t a i n  types of ma te r ia l s  o r  minerals,  man- 
power dependence) . 

WELMM can improve comparisons i n  al lowing us  t o  take i n t o  
cons idera t ion  a feedback between t h e  resource u t i l i z a t i o n  of a 
g iven a l t e r n a t i v e ,  a s  assessed wi th t h e  WELMM a n a l y s i s ,  and i t s  
g loba l  c o s t .  This might be very use fu l  i f  t h e  la rge-sca le  devel-  
opment of t h i s  a l t e r n a t i v e  induced ex tens ive  u t i l i z a t i o n  of some 
resources,  which would inc rease  i ts pr ice .  Let  us take a s  an 
i l l u s t r a t i o n  the  simple example of Table 2. A more d e t a i l e d  
eva luat ion ,  through WELMM a n a l y s i s ,  of t h e  re ference c e i l i n g  
f o r  cool ing water would revea l  t h e  t ime a t  which coo l ing  towers 
would become necessary,  which means an inc rease  i n  t h e  c a p i t a l  
c o s t s  of  power p lan ts .  A s i m i l a r  example could be given f o r  t h e  
land problems assoc ia ted  with s o l a r  power p lan ts .  

I 

I n  m u l t i c r i t e r i o n  ana lys i s * ,  t h e  WELMM approach may en la rge  
t h e  s e t  of a t t r i b u t e s  t r a d i t i o n a l l y  considered;  a p a r t  from 
economic, p o l i t i c a l  and eco log ica l  a t t r i b u t e s ,  it inc ludes t h e  
resource requirements c r i t e r i a .  I n  such cases ,  WELMM should be ~ 
viewed a s  p a r t  of a m u l t i c r i t e r i o n  ana lys i s  (Table 5 ) .  

Comparison o f  Energy TechnoZogies :  For a given a c t i v i t y  
w i th in  an energy cha in ,  severa l  compet i t ive processes o r  tech- 
nologies may e x i s t :  uranium enrichment, f o r  i ns tance ,  can be 
achieved through gaseous d i f f u s i o n ,  u l t r a c e n t r i f u g a t i o n ,  nozzle,  
l a s e r .  I n  such cases ,  WELMM could be he lp fu l  f o r  t h e  comparison 
of processes,  e s p e c i a l l y  when t h e  economic information f o r  them 
i s  i n s u f f i c i e n t  and unequal. 

A WELMM comparison of competing processes f o r  o i l  recovery 
was s t a r t e d  i n  Spring 1976. ~ 

Although prac t iced f o r  many years  on a smal l  o r  experiments: 
s c a l e  i n  var ious o i l  f i e l d s ,  t e r t i a r y  o r  enhanced recovery is 
probably having a f resh  s t a r t  now because of h igher  o i l  p r i ces .  
Many methods a r e  being explored and used--steam cyc l ing ,  steam 
i n j e c t i o n ,  i n  s i t u  combustion, C 0 2  misc ib le ,  m ice l l a r  sur fac-  

t a n t s ,  c a u s t i c  soda--and more w i l l  probably come on l ine- -u l t ra -  
son ics ,  l a s e r ,  e t c .  Most of them have s t rong  WELMM impl icat ionsl  
water product ion,  energy accounting ( thermal  methods can use as  
much a s  one t h i r d  of recovered o i l ) ,  ma te r ia l s  problems [I61 
(10 l b  o f  su l fona tes ,  3 l b  of a lcoho ls ,  1 l b  of polymer f o r  each 
bb l  of o i l  recovered with enhanced water f l ood ing ) .  For a l l  of 
them, t h e  manpower problem is a l s o  acute .  

* 
See 141 f o r  a more d e t a i l e d  d i scuss ion  of t h i s  problem. 



Table 5 .  M u l t i a t t r i b u t e  a n a l y s i s  o f  energy s t r a t e g i e s :  examples 
of  a t t r i b u t e s  t o  be cons idered ,  r e g i o n a l l y  o r  g l o b a l l y ,  
accord ing  t o  d a t a  a v a i l a b i l i t y .  

i Water 

Resource requi rements Energy 

WELMM , Land 

I Mate r i a l s  

/ Manpower 

Eco log ica l  impacts 

Economic a t t r i b u t e s  

Other  a t t r i b u t e s  

A i r  p o l l u t i o n  

Water p o l l u t i o n  

So l i d  waste 

Occupat ional  h e a l t h  

Cost of t h e  f i n a l  ou tpu t  

Manpower (more d e t a i l e d )  

C a p i t a l  requ i rements ,  e t c .  

1 Technologica l  dependence 

/ Primary resou rces  dependence 

I Sa fe t y  ( r i s k  eva lua t i on )  

/ R i g i d i t y  ( t h e  p o s s i b i l i t y  of 
modifying a s t r a t e g y  
being implemented) 

Comparison o f  Cornpe t i  t i v e  Energy C h a i n s :  The energy cha ins  
we w i l l  r e f e r  t o  a r e  mainly a l t e r n a t i v e  cha ins  f o r  t h e  supply  of 
a  g iven  energy market ( e l e c t r i c a l  needs, hea t  needs i n  urban 
a r e a s ) .  I n  o t h e r  words, t h e  p rocess  comparison is  extended t o  
t h e  comparison of  a  s e r i e s  of p rocesses  from pr imary energy 
e x t r a c t i o n  o r  c o l l e c t i o n  t o  f i n a l  energy use.  



Because of t h e  d i v e r s i t y  of energy resources,  the  var ious 
a c t i v i t i e s  do not  necessar i l y  run i n  t h e  same order*. There i s  
thus  no standard format f o r  the  desc r ip t i on  of a chain.  A s  
examples of d i f f e r e n t  l e v e l s  of complexity, t h e  nuclear e lec-  
t r i c i t y  and s o l a r  e l e c t r i c i t y  chains a r e  descr ibed i n  Figure 7.  
The J e t  Propulsion Laboratory has a l ready made comparisons of 
e l e c t r i c i t y  cha ins  [ 1 8 ] :  see  f o r  ins tance t h e i r  r e s u l t s  f o r  
two d i f f e r e n t  cha ins ,  coa l  wi th l ime scrubber f l u e  gas desu l fu r -  
i z a t i o n  power p l a n t ,  and uranium wi th t h e  l i g h t  water reac to r  
( see  Tables 6 and 7)  . 

1 
I n  t h e  BNL Reference Energy System and Associated Data Baa 

[17] ,  e i g h t  a c t i v i t i e s  a r e  sys temat ica l ly  considered i n  t h e  fo l -  
lowing order  (when they occur ) :  e x t r a c t i o n ,  t ranspor ta t i on ,  pra 
cess ing ,  d i s t r i b u t i o n ,  s to rage ,  conversion, e l e c t r i c  genera t ion ,  
end uses.  I n  t h e  JPL Evaluat ion of Conventional Power Systems 
[ 1 8 ] ,  as  a r e s u l t  of a h igher aggregat ion,  only f i v e  s t e p s  a r e  
considered: harvest ing ,  upgrading, t ranspor t i ng ,  conversion t o  
e l e c t r i c i t y ,  management of f i n a l  waste. I 

Solar 1 
Mining 

Mill ing 
I + 

UF6 Conversion 

Fuel Manufacture 

Transportation ( i f  Pu) E lec t r i c i  

 rans st tat ion Elec t r i c i t y  Transportation 

Reprocessing Distribution 

Transportation 
4 

Final Use 

Waste Storage 

Figure 7 .  Nuclear and solar thermal electricity chains. 



Table 6. Example of simple direct WELMM analysis for coal (Northern Appalachian, deep minedl 
with lime scrubber flue gas desulfurization and natural draft evaporative cooling 
tower [181. 

- - - 

Resource Characteristics 

Water 

Primary Efficiency [%I 
Energy ncillary Consumption 

IMW(th-yr/MW(e)-yr] t 
Metals 

Construction 
Materials Concrete 

Operation and Maintenance 

It/HW(e)-yrl 

I Construction (skilled) 
Manpower Operation and Maintenance 

[man-hours/MW(e)-yr] 

- 

Harves tinq Upgrading 
Fuels I Fuels 

Transportir 
Fuels 

Conversion 
t 0 

Electricity 

Management 
of Final 

Waste 

Total 

0.351 
(net 0.344) 
6.18.10-2 



Table 7. Example of aimple direct analyais for uranium (aurface mined) with an LWR with natural 
draft evaporative cooling tower (plant efficiency 321, capacity factor 751) 1101. (Note 
the very low primary fuel efficiency related to the poor fuel utilization of the LWR.) 



A s  another  a p p l i c a t i o n ,  we a r e  t r y i n g  t o  a s s e s s  t h e  WELMM 
requi rements o f  a l t e r n a t i v e  cha ins*  f o r  t h e  supply  o f  hea t  
(space h e a t ,  ho t  wa te r )  i n  l a r g e  urban c e n t e r s  w i t h  a h igh  pop- 
u l a t i o n  d e n s i t y .  A number of reasons  j u s t i f y  t h i s  p re l im ina ry  
a n a l y s i s :  

- Th is  market r e p r e s e n t s  a s i g n i f i c a n t  f r a c t i o n  o f  t h e  
energy market i n  i n d u s t r i a l i z e d  c o u n t r i e s  (about  30-40%);  

- A wide range of  t echno log i ca l  p o s s i b i l i t i e s  ( i . e .  energy 
c h a i n s )  e x i s t s  t h a t  could be implemented t o  supply  t h i s  
market;  

- I n  most i n d u s t r i a l i z e d  c o u n t r i e s ,  because o f  t h e  urban- 
i z a t i o n  p rocess  under development, more and more people 
a r e  concen t ra ted  i n  l a r g e  urban a r e a s ;  a s  a r e s u l t ,  t h e  
importance of  t h i s  market can on l y  i nc rease .  

Comparison o f  Regional  o r  N a t i o n a l  Energy S t r a t e g i e s :  
Another a p p l i c a t i o n ,  poss ib l y  t h e  most impor tan t ,  is a dynamic 
a n a l y s i s  and comparison of  va r i ous  energy s t r a t e g i e s .  The imple- 
mentat ion of  a g i ven  s t r a t e g y  w i l l  i n c l ude  a complete s e t  o f  
investments d i s t r i b u t e d  over  t i m e :  

- D i r e c t  inves tments  i n  t h e  a c t i v i t i e s  of  t h e  energy cha ins ,  
f o r  which resou rce  requi rements can  be assessed  a s  above-- 
f o r  i n s t a n c e ,  f o r  a nuc lea r  s t r a t e g y ,  t h e  b u i l d i n g  of  
enr ichment  p l a n t s ,  f u e l  manufacture f a c i l i t y ,  nuc lea r  
r e a c t o r s ,  p reprocess ing  p l a n t s ,  t r ansm iss ion  l i n e s ,  e t c . ;  

- I n d i r e c t  investments,-- induced by t h e  d i r e c t  inves tments ,  
f o r  ex tens ion  o f  t h e  product ion capac i t y  o f  r e l a t e d  
i n d u s t r i a l  sec to rs - - f o r  which resou rce  requ i rements  can 
a l s o  be assessed  a s  above. Using t h e  same example, we 
can  mention t h e  ex tens ion  of  t h e  p roduc t ion  c a p a c i t y  o f  
nuc lea r  p ressu re  v e s s e l s ,  steam gene ra to rs ,  pumps, 
e l e c t r i c  w i r e s ,  e t c .  

Comparison o f  energy s t r a t e g i e s  r e q u i r e s  a dynamic model o f  
i n t e r r e l a t i o n s  between t h e s e  d i r e c t  and i n d i r e c t  inves tments  t o  
a s s e s s  t h e  imp l i ca t i ons  of a g iven  s t r a t e g y  f o r  an economic sys-  
tem. The i n d u s t r i a l  s e c t o r s  a f f e c t e d  by a s t r a t e g y  a r e  t h e  bas ic -  
m a t e r i a l s  i n d u s t r i e s ,  energy i n d u s t r i e s  (where t h e  d i r e c t  i nves t -  
ment t a k e s  p l a c e ) ,  c a p i t a l  goods and equipment i n d u s t r i e s  (where 
t h e  equipment used i n  energy i n d u s t r i e s  i s  manufac tu red) ,  machine 
t o o l  i n d u s t r i e s  (producing machine t o o l s  f o r  manufactur ing t h i s  
equipment) ,  and b u i l d i n g  and p u b l i c  works. 

Geothermal, nu.clear steam, ho t  water ,  nuc lea r  o r  c o a l  
e l e c t r i c ,  c o a l  o r  o i l  d i s t r i c t  hea t .  



A t  a given t ime,  such r e l a t i o n s  can be quan t i f i ed  from 
i n d u s t r i a l  input-output t a b l e s ;  over a long-term period most of 
them change because of techno log ica l  changes, implying t h a t  it 
is almost impossible t o  base a dynamic model on input-output 
r e l a t i o n s .  The f a c t  t h a t  input-output  t a b l e s  d e a l  only wi th 
developed technologies i s  another l i m i t a t i o n  t o  t h e i r  use (nucle- 
a r ,  and espec ia l l y  s o l a r  and geothermal, a r e  no t  included i n  
e x i s t i n g  input-output t a b l e s ) .  Consequently, t h e  bes t  so lu t i on  
seems t o  be t h e  q u a n t i f i c a t i o n  of r e l a t i o n s  through a combination 
of input-output methods and d i r e c t  accounting. Input-output 
a n a l y s i s  should be used mostly t o  quant i fy  r e l a t i o n s  a t  a second 
o r  t h i r d  l e v e l  ( i n d i r e c t  resource requirements) ,  where technolog- 
i c a l  changes can have only a s m a l l  in f luence on t h e  resources , 
balance. I 

The S ibe r ian  Power I n s t i t u t e ,  I r ku tsk ,  has developed a mode 
t o  eva luate  t h e  d i r e c t  and i n d i r e c t  economic impacts of energy 
s t r a t e g i e s  : manpower, bas ic  mate r ia l s ,  and c a p i t a l  goods requ i rd  
ments. The WELMM approach is t o  be combined wi th t h e  I r ku tsk  
model f o r  t h e  assessment of i n d i r e c t  resource requirements. 

The quest ion  can be r a i s e d  how t o  compare two completely 
d i f f e r e n t  types of energy deployment: h ighly cen t ra l i zed  o r  
mostly decent ra l ized.  This problem is obvious f o r  s o l a r ,  bu t  
a l s o  a r i s e s  f o r  nuc lear  ( l a r g e  nuc lear  power parks o r  decen t ra l -  
ized smal ler  power p l a n t s )  and f o r  petroleum exp lo i ta t i on  of 
remote super-g iant  depos i t s  o r  i n tens ive  exp lo i ta t i on  of what 
a r e  c a l l e d  "smal l  o i l  and gas f i e l d s "  [ 6 ] ) .  

Many arguments can be proposed pro o r  con l a r g e  c e n t r a l -  
ized o r  small disseminated energy f a c i l i t i e s ,  such a s  e f f i c i e n c y  
and economy of s c a l e  versus t ranspor ta t i on  d i s t r i b u t i o n  c o s t s ,  
l a r g e  v a r i a t i o n  i n  ma te r ia l s  demand, e t c .  Using WELMM a n a l y s i s  
can con t r i bu te  t o  a b e t t e r  assessment of the  f a c t o r s  and t h e i r  
poss ib le  limits o r  decreasing in f luence.  

Figure 8 summarizes t h e  i n t e g r a t i o n  of t h e  WELMM approach 
i n  t r a d i t i o n a l  methods of s t r a t e g y  comparisons. 
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Figure 8. Application of the WELMM approach to the comparison 
of energy strategies. 
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Appendix 1 :  Equipment Categories 

Turbines (steam, gas,  turbogenerator) 

E lec t r i ca l  equipment 

Construction, mining, and o i l  f i e l d  equipment 

Fabricated products (bo i l e r ,  condenser, towers) 

Material handling equipment (conveyors, cranes) 

General equipment (pumps, va lves ,  fans)  

Instrumentation and control equipment 

Transportation equipment 

Miscellaneous equipment 





Appendix 2: Basic F i l e  f o r  t h e  Components Data Base (CDB) : 

Mater ia ls  

( I n  t h i s  and t h e  fol lowing appendices, f o r  a l l  
d a t a  e i t h e r  t h e  range of requirements o r  a f i g -  
u r e  denot ing t h e  hardness ( i . e .  confidence t o  
be given t o  the  d a t a )  is  given. A s  i n  t h e  
Hittman s t u d i e s  [ 1 1 1 , hardness ranges from 5 
(ha rdes t )  t o  1 .  More d e t a i l s  can be found under 
t h e  respec t i ve  re ference a t  t h e  end of t h e  f i l e . )  

MATERIALS : Aluminum, s t e e l . . .  

TECHNOLOGICAL CHAIN*: Descr ip t ion  of  t h e  cha in  
considered,  from primary 
resource t o  mate r ia l s ,  i . e .  
aluminum c lay ,  ALCOA process 

NATURE OF DATA : Global,  na t iona l . . .  

GENERAL COMMENTS 

This d a t a  base i n d i c a t e s  t h e  cumulated requirements from 
n a t u r a l  resources t o  f i n a l  ma te r ia l s .  



W E L M M REQUIREMENTS FOR MATERIALS PRODUCTION 
(PER TON OF MATERIAL) 

WATER 

ENERGY 

LAND 

MANPOWER 

MINERALS 
AND/OR 
BASIC 
MATERIALS 

INTAXE 
CONSUMPTION 
QUALITY 

ELECTRICAL 
FUEL 

TOTAL MAN- 

"CRITICAL" MAN- 
POWER (in % )  

kxtractlon, Preparation, 

Q u a n t i t y  

Intermediate Products 

Q u a n t i t y  
Concentration 

Hardness 
or Range 

R e f .  Hardness 
or Range 

R e f .  



puantity 

Materials 

Quantlty 

First 

Puantity 

Total 

Hardness 
or %nge 

Production 

Hardneaa 
or 

Transformation 

Bardnesa 
or Ratye 

Ref. R e f .  . 





Appendix 3: Basic File for the Components Data Base (CDB) : 

Equipment 

EQUIPMENT CATEGORY: 

CDB REFERENCE* 

SPECIFICATION : Capacity, lifetime and all 
useful technical specifications 

NATURE OF DATA : Global, national... 

COMMENTS 

* 
See Appendix 1 . 



W E L M M REQUIREMENTS FOR EQUIPMENT PRODUCTION*. 

*only t h e  d i r e c t  requirements a t  t h e  l e v e l  of the  equipment 
product ion fac to ry  a r e  included; t h e  WELMM resources contained in  
t h e  mate r ia l s ,  not l i s t e d  i n  t h e  t a b l e ,  can be deduced from t h e  
Components Data Base f o r  mate r ia l s .  

Quan t i t y  Hardness O r  Ref. 
Range 

ELECTRICAL 
ENERGY 

FUEL 

* 
Q u a n t i t y  o f  ma te r ia l s  a c t u a l l y  contained i n  t h e  equipment. 

MANPOWER 

MATERIALS* * 

(MAN-HOURS) 

STEEL 

CONCRETE 

ALUMINUM 



Appendix 4 :  Basic F i l e  for  the F a c i l i t y  Data Base (FDB) 

FACILITY and PROCESS: e . g .  d i s t r i c t  heating plant 

PRIMARY INPUT : e . g .  Northwestern coal  

OUTPUT : e . g .  steam 

NATURE OF DATA : Global; nat ional ;  s p e c i f i c  
(pro ject  o f  a cer ta in  town 
i n  the case of d i s t r i c t  
heat ing) 
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Table 1 .  Equipment contained i n  t h e  f a c i l i t y .  

Comments : 

EQUIPMENT TYPE 

* 
Cf. Appendix 1 .  

* * 
S p e c i f i c  c o s t  per u n i t  o f  capac i t y  (S/klW(e) o r  S/km of 

t ransmiss ion l i n e s )  . 

Comments S p e c i f i c  Cost** CDB Ref . *  
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Table 2. Materials requirements. 

QUALITY CRITERIA 

MATERIAL HANDLING Review of main problems; 
Ident i f icat ion of major handling 
equipment. 

WASTE PRODUCTION Assessment of associated waste 
production. 

RECYCLING POTENTIAL General assessment, o r ,  if 
avai lable, deta i led analysis 
of recycling potent ial  for 
each material or group of 
materials. 

MATERIALS ACCOUNTING 

Calculaeed from Table 1 and Appendix 3. 



Table 3. Direct natural and human resource requirements 
for facility construction. (Construction time, 
capacity, capital cost, etc.) 

Resource 

WATER 

NERGY 

Total 
Quantity 

Requirements for: 

INTAKE 
CONSUMPTION 
QUALITY 

ELECTRICAL 
FUEL 

On-Site 
Construction 

Equipment 
Production*' 

Quantity Quantity 

Materials 
Production** 

Quantrty Hardness 
or Range 

R e f .  



* ~ r o m  Table 1 Appendix 3 .  

** 
From Table 2 ( c o l .  3 )  and Appendix 2 .  

Resource 

**I 
See Table 2 .  

BASIC 
MINERALS 

Total  
Quant i ty 

Iron Ore 

Bauxite 

On-Site 

Requirements fo r :  

Equipment 
Production* 
puantity ~uantity 

Materials 
Production** 
~uantity 

construct ion 
~ardnmss 
or Range 

~ a f .  



T a b l e  4.  Direct n a t u r a l  and human r e s o u r c e  
r e q u i r e m e n t s  f o r  f a c i l i t y  o p e r a t i o n .  
( L i f e t i m e ,  a n n u a l  p r i m a r y  i n p u t  and 
e n e r g y  o u t p u t ,  p r i m a r y  and n e t  e f f i -  
c i e n c y ,  etc. ) 

Resource  

WATER 

ANCILLARY 
ENERGY 

LAND 

MANPOWER 

T o t a l  

Quantity 

INTAKE 
CONSUMPTION 
QUALITY 

ELECTRICAL 
FUEL 

TEMPORARY iEEiXCL 
USE 

PERMANENT i;ifiXCL 
USE 

CATEGORY 

TOTAL MAN-YEARS 

"CRITICAL" HAN- 
POWER ( i n  X )  

f o r :  

M a t e r i a l s  
P r o d u c t  i o n  

Quantity 

Requ i rements  

F a c i l i t y  O p e r a t i o n  

Quantity Hardness 
or Range 

R e f .  



Calculated from Table 2 ( co l .  4 )  and Appendix 2 .  

Reeource 
. 

BASIC 
MATERIALS 

Total 

mant i  ty 

Iron Ore 

Bauxite 

for: 

Materials 
Production* 
W ~ t i t y  

Requirements 

Faci l i ty  Operation 

puantity EBlrdna.9 
or  Ranqa 

h f .  


