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PREFACE 

Based on the  analytical work of  the IIASA Energy Program, this paper is 
an early ef fort  to  synthesize our  knowledge on  energy demand,  energy resour- 
ces, and constraints for  the deployment  of new technologically defined energy 
opt ions. 

The  long term supply problerna are baaically interpreted as a consequence 
of  the level o f  global energy consumpt ion and the exhaust ion of ei ther fossil 
reserves o r  environmental  capacity,  o n  the one  hand,  and the l imited ability o f  
the energy economy t o  subat i tute fo r  fossil energy o n  the other.  Thus  the 
global system and the challenge of  today's energy engineering are directly 
inter l inked by the  dimension of  t ime. 

For thcoming reports on energy strategies will also embrace the  geograph- 
ical dimension. Within the established framework for  an adequate t iming, they 
will cont r ibute t o  the layou t  of technological opt ions on  a regional level. Key 
considerat ion will be  given to  the transfer of resources, the embedding of fuel 
cycles, and the exchange of product ion factors with a consequent flow of 
goods and services between regions, the  problem being the closure of regional 
economic balances. I t  ia only with this information a t  hand t ha t  we can hope  
t o  arrive a t  energy strategies that  are bo th  operat ional on  nat ional levels and  
consistent with the  overall global constraints. 





The amoun t  of  fossil energy reserves and  resources suggests a transit ion 
t o  an  energy supply  system tha t  is based on  a quasi-infinite fuel  supply.  Several 
opt ions exist fo r  this transit ion such as the nuclear breeder o r  solar power.  
Strategies fo r  transit ions have t o  meet  a certain demand for  energy. A simple 
b u t  global scenario is given fo r  such energy demand with emphasis o n  low 
demand in conjunct ion with fossil fuels. Consideration is given to  t he  con-  
straints of  such fossil energy product ion and emphasis is p u t  o n  the  C 0 2  prob- 
lem. This allows a rough understanding of the t ime scale of such transit ions. 
In  view of t he  t iming o f  the  transit ion the  various opt ions fo r  quasi-infinite 
supplies o f  energy are considered and priorities o f  a numbe r  o f  physics tasks a re  
conceived. 





ENERGY STRATEGIES 

INTRODUCTION 

Dealing with the  energy problem today requires considerat ions in many 
direct ions and  a related synthesis--the energy problem is a problem of energy 
systems [ I ] .  A good start ing po in t  fo r  looking a t  energy systems is the  ques- 
t ion of  fossil-energy resources. Table  1 gives representat ive numbers for  
or ientat ion. World resources of  oi l  a n d  natural  gas are o f  the order  of  4 0 0  
billion tons  of  coal  equivalent,  those of  coa l  are 2 0  t imes larger. A large 

Table 1. Fossil energy resources. 

"1 t SKE (German coal  un i t )  9 . 7 3  x 10" Wattlsec. 

share of the  oi l  resources is in the Middle East. I t  should be realized, however,  
that  the  energy value of  existing resources of  coal  in the Federal  Republ ic 
o f  Germany ,  f o r  instance, is larger than t h a t  of the a m o u n t s  of  oi l  in the  
Middle East. Similarly, i t  should b e  realized that  exceedingly large a m o u n t s  
o f  coal  are  Located in the  US, the  Sov ie t  Union and ,  t o  s o m e  extent ,  also 
in China. 

Table  2 gives the numbers of  Table 1 af ter  they have been divided by 
consumpt ion rates,  o n  t h e  assumption o f  l0kW-years  per  year  and capi ta 
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Table 2. Ratio of reserves and total cons~rn~ t ion .~ )  

' ) 1 0 k ~  per capi ta,  populat ion o f  1 9 7 4 .  

(or.  s imply ,  lOkW/capita) and  the popula t ion of  1 9 7 4  in the  areas considered. 
The  final numbers  are then in years. At lOkW per capi ta,  the  world populat ion 
of  1 9 7 4  could live for  2 0 4  years by using only coal  if all resources were shared 
equal ly,  the  popula t ion o f  the US f o r  1 1 0 5  years if all t he  US coal  were con-  
sumed in the  US, etc.  Similarly, o n e  sees tha t  the  world could live o n  oil  and  
natural  gas fo r  only 8.8 years and  the US fo r  on ly  22 years. Such  a considera- 
t ion may  help us t o  appreciate more  easily the signif icance of  the  numbers  o f  
Table 1. al though there is n o  physical relevance t o  the  calculated t ime periods. 

Data o n  fossil-fuel resources represent a complex problem in their  o w n  
right. Only a very m inor  par t  of the to ta l  resources has been proved and 
recoverable;  o t h e r  resources are only probable  o r  considered possible. Re-  
coverabil i ty is a funct ion of  the  costs tha t  can be af forded and  costs are,  in 
tu rn ,  strongly related to  the product ion technology available and  to  the en-  
v i ronmenta l  and  o t h e r  const ra in ts  tha t  are  p u t  on such product ion.  These 
aspects have been ful ly appreciated only recent ly.  T h e  McKelvey classifi- 
cat ion o f  reserves and  resources, as given in Table  3 ,  helps t o  i l lustrate these 
di f ferent iat ions. I t  is a two-dimensional  plot  with' the abscissa represent ing 
the  degree o f  certainty of  existence and the ord inate represent ing the feasi- 
bility of economic recovery. I t  should  be no ted  tha t  the  numbers  in Table  1 
(and also in Table 2 )  refer t o  the  upper  ra ther  than the  lower  l imits of  the to ta l  
resources. They were taken from the  World Energy Conference 1 9 7 4  in Det ro i t  
[ 2 ] .  I t  is n o t  the  purpose o f  this paper,  though ,  t o  go in to  these prob lems in grea- 
te r  detail .  This was d o n e ,  fo r  example,  a t  a recent  conference a t  the  In terna-  
t ional  Ins t i tu te  for  Appl ied Systems Analysis 131. Instead, we are looking a t  
product ion costs and  prices of  energy. Table  4 gives the  numbers for 1 9 6 4  in 
Stbarrel  of  oil equivalent. T h e  mos t  str ik ing feature is t h e  low product ion costs 
for oil in the  Middle East. Together  with more  complex marke t  features, they 
resulted in low oil prices and  helped to  conquer  a t remendous  marke t  share fo r  
oil a t  the  expense of coal. In Western Europe ,  oil now has a share as high as 
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60% whil'e, a t  the beginning of the fifties, its share was a lmost  insignificant; 
then Europe lived mostly on  coal. Any o ther  technology such as nuclear had 
great difficulties in becoming competi t ive. I t  was as recent as the years 19641 
1 9 6 6  tha t  nuclear power  from light-water reactors achieved a commercial  
breakthrough. 

Table 3. USGS-USBM reserves/resources classifkation (1974). 
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Table 4. 1964 ~roduction costs and prices of energy in $/barrel. 
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Table 5 i l lustrates the  si tuat ion of  1975 .  Oil f rom t h e  Nor th  Sea is 
a t  $2-3/barrel ,  coal  a t  $lO/barrel  equivalent,  and nuclear energy a t  $81 
barrel equivalent. Very opt imist ic est imates fo r  solar power  claim figures 
a t  $ l l / b a r r e l .  Coal, nuclear and solar appear  a t  a lmost  the  same level. The  
sudden fourfold price increase of oi l  f rom OPEC count r ies  has a complex 
background. Nevertheless, i t  should  be no ted  tha t  an  impor tan t  aspect of 
this increase t o  $ l l / b a r r e l  was the  desire t o  bring energies in to  focue tha t  
cou ld  replace oil [ 4 ] .  The  oil supplying countr iee d o  realize tha t ,  wi th the 
present  t rend,  they would be sold o u t  wi thin 4 0  years o r  s o  and  so they want  
t o  change that .  

Table 5. 1974 production costs and prices of energy in $/barrel. 

T h e  remarkable thing is tha t  a t  $lO/barrel  a whole variety of alternatives 
become actually o r  potential ly feasible. If we call $ lO/barre l  expensive and 
t h e  oi l -product ion costs of the  Middle East  of less than $ l /ba r re l  cheap,  then 
one  may  observe t h a t  we are amidst  a quan tum jump t h a t  leads us from a 
s ta te  o f  cheap energy which ie resource-constrained t o  a s ta te  of  expensive 
energy which is virtually n o t  resource-constrained. 

Indeed there are fou r  t o  five opt ions for  such a virtually not-resource- 
constrained supply o f  energy. Table  6 emphasizes this point .  All uni ts are 
given in Q (which equals 1018 BTU o r  33.5 TW-years). World-energy con-  
sumpt ion  today  is 0.25 Q/year .  Coal has 2 0 0  Q ,  nuclear fission o n  the  basis 

6 of  breeding is o n  t h e  order  of 5 x 1 0  Q ,  solar energy is practically infinite, 
fusion is very similar t o  t h e  fast breeder,  and geothermal  (i.e. t h e  dry  hea t  o f  
the  ear th  crust )  may  have 5 0 0 0  Q o r  so. There is technological matur i ty ,  how-  
ever, on ly  for  coal  a t  i ts present scale o f  use and for  nuclear fission power. All 
o t h e r  technologies,  including those for  coal  a t  a t ruly large scale still have t o  be 
developed o r  are being developed. Such  development  m u s t  be or iented towards 
side ef fects o r  systems effects. They will, in the final analysis, const i tu te  con-  
straints t h a t  replace the  resource constrainte of t h e  s ta te  of the  energy problem 
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before the quantum jump. In the case of coal, there are pollution and safety 
problems, together with the social aspects of very hard working conditions. For 
nuclear fission, i t  ia radioactivity mostly from fission products; for solar, i t  is 
severe land requirements; for fusion, it is radioactivity mostly from 1 4  MeV 
neutron activation; and in the case of geothermal, the restraints are perhaps 
pollution and risks of earthquakes. All these effects are side effects when the 
scale of .  energy production is within certain limits, but they become a pre- 
dominant aspect when the scale of energy production becomes truly large [ I ] .  

Table 6. Options for 'unlimited energy supply'. 
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In t h e  case o f  nuclear fission power,  this is exact ly wha t  t h e  nuclear engineering 
commun i ty  is experiencing. I t  is a major  task o f  systems analysis t o  ident i fy 
these side ef fects and  t o  unders tand t h e  result ing constraints.  

What is t h e  present consumpt ion  o f  energy? Figure 1 shows t h e  n u m b e r  
o f  count r ies  a n d  t h e  percentage o f  t h e  to ta l  popula t ion as a funct ion o f  
energy consumpt ion.  S o m e  72% live wi th  less than  2kW/capita,  a signifi- 
can t  n u m b e r  of  count r ies  with as l i t t le as  0.2kW/capita, while 6% have more 
than 7kW/capita,  the US being a t  I l kWIcap i ta .  A n o t h e r  22% have energy con-  
sumpt ions  between 2 and 7kW/capita,  cent ra l  Europe  is a t  3-SkWIcapita. This 
s i tuat ion canno t  prevail. What we have t o  expect  and  w h a t  we have t o  prepare 
fo r  instead is a less dramat ic  consumpt ion scenario,  as given in Figure 2.  Right- 
ly o r  wrongly,  there will probably always be a distr ibut ion o f  energy consump- 
t ion,  b u t  i t  m u s t  b e  a s m o o t h  one  with a n  increased mean value. In  Figure 2 
we suggest, fo r  instance, SkWIcapita as mean  value. Stud ies o f  energy demand 
in  connect ion with life-style scenarios are impor tan t  f o r  making such assess- 
ments.  In  fact ,  a t  I IASA [5] and  elsewhere related s tud ies have been done.  
F rom these studies i t  m a y  be conc luded t h a t  5kWlcapita is a modera te  target. 
I t  may  well b e  tha t  t h e  figures eventually turn  o u t  t o  b e  m u c h  higher. If,  f o r  
instance, desalination of  large a m o u n t s  o f  sea water  turns o u t  t o  be necessary, 
t h e  f igure cou ld  easily doub le  [ I ] .  Similarly, a possible use of  very low grade 
ores cou ld  lead t o  higher figures. Bu t  i n  th is paper  we wish t o  take  a most  
caut ious approach and would  therefore l ike t o  accoun t  as much  as possible 
fo r  energy conservation. 5kWIcapita would  imply  an  a lmost  zero g rowth  
si tuat ion fo r  Europe  and ,  if appl ied t o  t h e  US, a reduct ion. I t  is, however,  
n o t  o u r  purpose t o  pursue the  aspect o f  energy consumpt ion  and conserva- 
t ion in  geater detail .  Instead, th is paper  concent ra tes o n  energy strategies 
for  meet ing such a demand.  Obviously, many  di f ferent strategies can b e  
envisaged. Again we intent ional ly choose t h e  m o s t  caut ious approach by 
assuming t h a t  the  world should  make  t h e  greatest possible use of  coal ,  which 
would b e  un i formly  available th roughou t  the  world,  i.e. w i thou t  embargoes 
in a fully developed free world t rade. Such  a scenario may n o t  b e  realist ic, 
bu t  i t  will help us t o  unders tand w h a t  a very modest  approach t o  energy strate- 
gies would  look like. In view of th is goal, the  explanat ions given s o  far cou ld  
b e  considered as a zero-order approx imat ion t o  t h e  problem. Star t ing from this 
view, we will t ry  t o  improve and t o  elaborate o n  t h e  nex t  approx imat ion of  
possible strategies heading fo r  t h e  s ta ted objectives. 

THE MOST MODEST APPROACH TO AN ENERGY STRATEGY 

Having assumed a mean value o f  on ly  5kWlcapita f o r  al l  f u tu re  t imes 
and  f o r  all t he  world,  i t  is then  most  impor tan t  t o  take reasonable est imates 
for  t h e  lowest  asymptot ic  world populat ion level. Such  an est imate is given 
in Figure 3. I t  makes extended use of  t h e  data given b y  t h e  Secretary General  
of  the  UN World Popula t ion Conference,  Bucharest,  August  1974 .  In 1 9 7 5 ,  
t h e  w o d d  popula t ion is close t o  4 billion people. O n  t h e  average, there is a 
gross reproduct ion rate of  2.  T h e  world today  is in a s ta te  of  reduced and  
still falling mortal i ty,  an  achievement t h a t  has led t o  t h e  s o  far exper ienced 
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Figure 1. Distribution of per capita energy consumption in 1971 
(Source: J.-P. Charpentier, IIASA). 
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Figure 2. Distribution of per capita energy consumption 
(Source: J.-P. Charpentier, IIASA). 
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populat ion increase. F o r  the more  developed par t  o f  the  world,  the U N  
repor t  expects  tha t  the trend of reduct ion of  fert i l i ty will cont inue and 
tha t  fo r  the year 2 0 2 0  a net reproduct ion rate of 1 will be reached. while 
for  the  countr ies now belonging to  the  less developed parts of the world 
a net reproduct ion rate o f  1 is expected as late as the year 2 0 7 0 .  It is stres- 
sed tha t  these are opt imist ic est imates based o n  an  immediate  adopt ion 
o f  policies aiming f o r  a low populat ion. During a populat ion increase, the 
average individual is relatively young  as compared with equil ibrium condi-  
t ions. Therefore,  f o r  the year 2 0 7 0  the  populat ion growth will cont inue 
since those already born will marry and have children. Therefore,  only 
a f ter  2 1 4 0  o r  so ,  can we hope to  level off a t  perhaps 1 2  billion people. 

By mult ip ly ing the populat ion by the  average per capi ta consumpt ion 
o f  energy, the  global energy consumpt ion can be est imated. We learned 



f rom Figure 1 t ha t  the  present average of per capi ta energy consumpt ion is 
a t  1.8 kW/capita while we assumed 5 kW/capita fo r  the  fu ture equil ibrium 
state.  What should we assume fo r  the transit ion tuwards o u r  scenario? Le t  
us consider to ta l  energy growth rates of  2 % ,  3% and  4.5% as  out l ined in Fi-  
gure 4 .  A 2% energy growth rate corresponds to  the present populat ion growth 
rate and would leave us a t  the present average value of  1.8 kW/capita fo r  the 
n e x t  75 years o r  so. Only thereafter would we slowly approach the desired 
value of  5 kW/capita. By contrast ,  the  present growth rate dur ing the past 

04 
I 

2000 2 O z  loso 2075 2100 
TIME 

1975 

Figure 4. Projected per capita energy consumption (world average) 
(Dataafrom UN Population Projections, March 1974). 

decades was a t  4.5%. This value diverges signif icantly f rom the populat ion 
trend. If we cont inue with 4.5%/capita t o  around 2 0 1 0 ,  we would have 5 kW/ 
cap i ta ;  thereafter,  we would have t o  in t roduce zero growth abrupt ly  o r  we 
would  have a swing over. A 3% growth rate tha t  is steadily reduced af ter  
the year 2 0 1 0  leads to  a fairly smooth  transi t ion, as is indicated in Figure 4 
L e t  us recall t ha t  such growth rates are world averages. A 3% energy growth 
rate would be 1.5 t imes higher than the present popula t ion growth rate. In 
this paper,  we abstain f rom the  temptat ion t o  consider distr ibut ion problems 
o f  such growth rates. Concentrat ing on the  rough transit ion with a n  ini- 
tial growth rate o f  4.5% and the smooth  transit ion with an initial growth rate 
of  3 % ,  the obvious s tep then is the integration o f  such energy demand.  This 
is d o n e  in Figure 5 .  In this scenario,  5 kW/capita leads t o  a global power  
demand of 6 4  TW o r  2Q/year  as compared with cur rent  values of 7.6 T W  
o r  0.25 Q/year.  F o r  the  sake of  completeness, the intermediate plateau of 
2 4  TW fo r  a 2% level of  energy increase is also indicated. In Figure 6 ,  such 
a demand is compared with the fossil energy reserves of Table 1. A distinc- 
t ion is made  for  coal, where the first 20% of the  to ta l  figure are referred to  



Figure 5. Global energy scenarios. 

separately.  This is in line with the  explanat ion given with the McKelvey 
diagram. N o t  all of  the coal resources are accessible. Perhaps equally im- 
po r tan t  is the problem of the recovery factor.  Even accessible resources 
mus t  be harvested economical ly using a certain technology. This always 
l imits the recoverabil i ty and  leaves the major i ty o f  the resources in the 
g round :  20% as a world average for the a m o u n t  o f  coal  tha t  may conceiv- 
ably be used, therefore,  is a high and ,  in the present c o n t e x t ,  a conservative 
figure. I t  is hard t o  overest imate the impor tance and  the impl icat ions of 
this po in t .  Figure 6 then indicates tha t  we would be o u t  of  oi l  and coal 
(combined)  by the year 2030 according to  the ~ c e n a r i o  with the rough tran- 
sit ion character ized by an  initial growth ra te  of 4.5%. T h e  s m o o t h  transit ion 
with an initial growth rate of  3% gives us only 8 more  years while the unaccept-  
able 2% scenario tha t  leaves the world in the unacceptably low 2kWIcapita 
s ta te  fo r  a long t ime gives as much  o r  as little as 34 addit ional  years. At the 
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Figure 6. Fossil energy reserves and cumulated energy consumption. 

uti l ization ceiling fo r  oil and  gas, the  largest t ime di f ference (i.e. the 4.5% case 
with the 2% case) is as small as 9 years. This is consistent with 

similar results fo r  o the r  strategies. O f ten  the  benef i ts of growth-rate reduct ions 
a n d ,  therefore,  o f  energy conservation are overest imated. What these accorn- 
plish is tp buy t ime,  which usually is less than o n e  assumes. Fur ther ,  buying 
t ime on ly  makes sense if full use is made  o f  i t .  

T h e  observation has been made tha t  side ef fects may const i tu te  con-  
straints t h a t  can be as effective as resource constraints,  and it was further 
observed that  such systems-constraints become effective when energy is produced 



o n  a truly large scale. We would now like to  i l lustrate this fo r  t h e  case of the 
present modest  approach to  an  energy strategy. Le t  us  take it f o r  granted t h a t  
effective aba tement  measures are technically available and will take care o f  
pol lut ion associated with the burning o f  carbon. Thus,  all SO2,  NOx,  f luorides 

- 

and o t h e r  coal  and oil residuals would be radically retained and thereby taken 
care of .  This is an unrealistic assumption b u t  is in l ine with the trend of  this 
paper  fo r  the mos t  modest  approach to  an energy strategy. I t  mus t  be men-  
t ioned,  though,  tha t  in terms of costs this assumpt ion is a severe one  ra ther  
than a modest  one.  Even with these unrealistic assumpt ions there is still the 
release o f  C o p .  I t  is the  fuel waste of fossil fuels which is a principal feature 

o f  the i r  use. With today's technologies, the  C 0 2  is released t o  the  a t m o -  

sphere. Already today there is an increase o f  C 0 2  in the a tmosphere  a m o u n t -  

ing t o  10-15% tha t  is due  t o  the  burning of  fossil fuels. T h e  C 0 2  c o n t e n t  
- 

would increase by a fac tor  of  1 0 ,  which leads t o  a non-negligible probabil i ty 
tha t  the  cl imate would  be severely af fected. Sunl ight would c o m e  in,  b u t  
infrared radiat ion does  n o t  fully go o u t  a t  the  normal  average surface tempera-  
ture  o f  the  earth.  T o  reinstall equi l ibr ium, the  surface temperature mus t  
increase slightly. T h e  temperature increase a t  issue is of  the  o rder  of  1-2' C,  
and this cou ld  indeed have drastic consequences. I t  is tempt ing t o  go in to  
greater detai l  here, b u t  this has been d o n e  elsewhere and qu i te  o f ten [ 6 ] .  
Over the  last t w o  years, this C02 /c l ima te  concern has increased as it has 
become apparen t  tha t  the ocean accepts less a tmospher ic  C 0 2  than was pre- 
viously assumed [ 7 ] .  Le t  us therefore consider the C 0 2  reservoirs and the 
CO,, f low, as given in Figure 7. T h e  size of  the cubes indicated there is pro- - 
por t iona l  t o  the C 0 2  c o n t e n t  of the par t  of  the a tmosphere o r  ocean con-  
sidered. T h e  deep  layer of  the ocean conta ins the  overwhelming par t  o f  the 
C 0 2 :  i t  is the  natural  place fo r  the  final waste disposal of  fossil-energy pro-  
duct ion.  T h e  mixed layers of  t h e  oceans still conta in  m o r e  than five t imes 
the a m o u n t  of  C 0 2  tha t  is present in the  t roposphere,  while the s t ra tosphere,  
in turn ,  conta ins five t imes less than the troposphere. The  crucial po in t  is the  
low transfer rate f rom the  t roposphere t o  the  mixed layer of  the  ocean and ,  
wha t  is fa r  m o r e  impor tant .  the  low transfer rates in to  the  deep  sea. T h e  
mixed layer,  therefore,  ac ts  as a buf fer  tha t  can be loaded and then  n o  longer 
accepts C 0 2  from t h e  troposphere. T h e  t roposphere m a y ,  therefore,  b e  
considered as a kind of  bal loon tha t  can be filled only once.  Only the small 
t ransfer rates in to  the deep  layers o f  the  oceans would allow fo r  a cont inued 
C 0 2  transfer. Figure 7  also indicates the  C 0 2  transfers in to  the 'balloon'. 
By the  year  2 0 2 0 ,  i ts order  of  magni tude compares with the  C 0 2  c o n t e n t  
o f  the t roposphere.  Nordhaus [8] considered cases where 5 0 % ,  100% and 
200% o f  the original C 0 2  con ten t  of  the  t roposphere are in t roduced as upper  
l imits tha t  are acceptable f rom a cl imate impact  point  o f  view. A t  this stage 
of  reasoning, we mus t  clearly po in t  o u t  tha t  these percentages are somewhat  
arbi t rary.  Science is n o t  yet  in a posit ion t o  indicate somehow responsibly 
acceptable levels of C 0 2  c o n t e n t  in t h e  troposphere. T o  tha t  ex ten t  the 
reasoning is n o t  str ingent.  However,  there is good reason t o  be concerned 
a b o u t  the  impacts  of fossil power  just as there are reasons to  be concerned 
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a b o u t  t h e  impacts  o f  nuclear fission power.  If t h e  same yardst ick were appl ied 
t o  fossil power  as is appl ied t o  nuclear power ,  o n e  could also ask for  a mora-  
tor ium o n  fossil power  unt i l  all open  problems are solved. This we definitely 
d o  n o t  recommend.  Instead, we wan t  t o  indicate wha t  the  side ef fects and  
systems prob lems could look like. Figure 8 shows the permissible fossil 
power  level as a funct ion o f  t ime fo r  the various l imits considered here. The 
si tuat ion is crit ical around the  year  2050 when the tropospherical  'bal loon'  
is filled, and  the  tradit ional fossil-waste disposal site is used up.  In the case 
of  200% C02 above the natural  background, the maximum power is a t  70 TW 
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F i e  8. Necessary control of fossil energy consumption, if supplied 
in the form of coal, to stay below certain C02 levels in the 
troposphere (Source : W.D. Nordhaus). 

and the year is 2050. Of course, i t  is lower and earlier a t  50%. Table 7 now 
shows the  integration of the coal consumed. The side effects of the  climate 
impact  constrain the permissible coal consumpt ion t o  something like 1800TWy 
if a l imit of 200% addit ional C 0 2  were set. In the three cases of our  scenario 
in Figure 6, 200% addit ion of C 0 2  occurs between 2041  and 2085.  There- 
after,  the  permissible fossil power level goes down while, by contrast,  our  
considerations call fo r  some further increase. The consequence is obvious: one  
o r  more non-fossil energy sources have t o  enter  t he  scene. We will have a look 
at the various candidates later on. At  this moment ,  we will instead take up a 
slightly di f ferent l ine of reasoning. 



Table 7. Integrated values of consumed coal until a rapid decrease 
in COZ-emission has to be enforced. 

')lf world energy supply is based o n  coal. 

Of ten it is explicit ly o r  implicitly assumed t h a t  new invent ions, a new p roduc t  
o r  a completely new technology could grow w i thou t  limits. Once an inno-  
vation has been made,  i t  can be used. This is n o t  so. The bad thing is tha t  
it takes t ime. Marchett i  [ 9 ]  a t  IIASA has studied world energy-market pene- 
t rat ions, which are shown in Figure 9. T h e  marke t  share F is the percentage 
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Figure 9. World energy market penetrations 
(Source: C. Marchetti, IIASA). 
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o f  the  marke t  held,  F / ( l - F )  is the  rat io of  percentages o f  the  marke t  held 
t o  t h a t  n o t  held. Wood dominated the  marke t  in 1800 .  I t  t ook  1 6 0  years 
before wood  lost  50% o f  the market .  I t  was conquered by coal  which, in 
turn ,  was pushed o u t  b y  oil and  gas. I t  should  be noted t h a t  the  straight 
l ine in the  diagram represents a logistic curve which is o f ten  used in such 
studies. T h e  mathemat ics  of the logistic curve is given in Figure 10. One  
may  cons ider  th is the law o f  exponent ia l  growth in a l imited env i ronment ,  
as indicated b y  its differential equat ion. A t  I IASA such considerat ions are 
employed f o r  s o m e  forecasts [9,  101.  In  Table  8 ,  we now give t h e  per iods 

F 
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Figure 10. The logistic c w e ,  growth in a limited environment. 



Table 8. Penetration ~eriods. AT: period for gaining or losing 
a market share of 50% (in years). 

f o r  gaining o r  losing a market  share o f  50%. F o r  more  recent  technologies, 
such as oil  and gas. the  world value is a t  80-90 years[ f o r  t h e  US the  figure is 
lower,  namely ,  60  years. I t  certainly is a prudent  approach n o t  t o  assume 
tha t  new technologies tha t  will be necessary as fu ture complements  t o  and 
subst i tutes f o r  fossil power could be introduced faster than technologies were 
in t roduced in the  US in the  past. In principle, faster in t roduct ions can be con-  
sidered b u t  one  should  be more  than caut ious in making such an assumption. 
We canno t  elaborate o n  this here. S o  we now assume 60  years fo r  the  achieve- 
m e n t  o f  50% o f  a power-product ion share and turn back t o  o u r  original reasoning. 
50% of a power-product ion share and  turn back t o  o u r  original reasoning. 

We now consider the di f ference between the  energy demands for  ou r  
global energy scenario and the  permissible fossil power  level o r ,  in o the r  words, 
t h e  demand for  non-fossil power.  I t  is given in Figure 11. Beyond the year 
2030, there is a quick increase and beyond 2100 most  o f  power product ion 
would be o n  a non-fossil basis. T h e  50% mark,  where 50% of the energy 
demand has t o  be met  by non-fossil power,  occurs in 2035. Again, the di f -  
ference between t h e  two  scenarios fo r  3% and 4.5% initial growth rates is 
only insignificant. The  point  now is this: if we subt ract  60  years fo r  the 
in t roduct ion period of  the new technology, we end  u p  a t  the  year  1975. 
This looks  like a preconceived conclusion. L e t  m e  emphasize t h a t  this is 
n o t  so ,  we were ourselves surprised. Therefore,  the t ime fo r  act ion o n  new 
non-fossil technologies o r  a technology t h a t  bypasses the  C 0 2  constraints 
is n o w ,  within the  l imits o f  the scenario considered. 

L e t  us recall what  we did:  

1) We considered a scenario with plausible features. Indeed,  o the r  
scenarios have t o  be considered as well. While such scenario* d o  
n o t  predict  the  future,  they enhance and  clarify the  thinking. 

A T  
World 

A T 
USA 

2 )  T h e  present scenario stresses the  possible impact  of  energy conser- 
vation and tends t o  emphasize fossil-fuel power  as much as possible. 
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F i e  11. Required non-fossil power production: time for action. 

3) I t  concent ra tes o n  the  C 0 2  issue while arbitrari ly and  probably  un-  
realistically disregarding the pol lut ion problem tha t  is d u e  to  SO2, 

NO, and  o t h e r  ingredients of  fossil fuel. 

4) Fur the r ,  i t  qu i te  realistically stresses t h e  aspect  o f  the dynamics 
o f  in t roduc ing a new technology o n  a large and  signif icant scale. 

5 )  The main conclusion is that ,  even under  these restrict ive assump- 
t ions, a new non-fossil power  source mus t  be in t roduced.  The  t ime 
t o  d o  tha t  is n o w ,  in the seventies. 

6) In real i ty,  the pressure for  the in t roduct ion of  such new technolo-  
gies is very probably  greater than demonst ra ted here. The  reasons 
are the  fol lowing: 

- 5  kW/capita is probably too  low a figure. New life sty les in con-  
nect ian wi th  larger popula t ions may  well require desal inat ion, 
for  instance. 

- Uniform distr ibut ion of  the  coal  and  oil available all over the 
globe is unlikely. Regionally, t h e  pressure for  non-fossil power  
will be much  larger and  will se t  in earlier. 

- O t h e r  s ide effects, n o t  only COs,  will also c o m e  o u t  as con-  
" 

straints.  



Le t  Us now a t  least briefly examine the  various candidates for such new 
technologies f rom a systems po in t  of  view. 

SYSTEMS ASPECTS OF NEW TECHNOLOGIES FOR LARGE-SCALE 
ENERGY PRODUCTION 

Before a t  least briefly reviewing the various possibilities for large-scale 
energy product ion,  it is necessary t o  have a look a t  the  final uses of energy. 
T o o  of ten physicists only think o f  electricity. Figure 1 2  shows the final 
energy use in the Federal  Republ ic of Germany as of  1970 .  This m a y  be 
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Figure 12. Partitioning and find use of secondary energy (FRG). 

considered of  some relevance t o  o u r  purposes. The  F R G  consumpt ion of 
energy is a t  5 kW/capita and o u r  studies a t  I IASA indicate that  in this range 
the shares of  final energy uses d o  n o t  differ very much  for  widely di f ferent 
countr ies [5] .  T h e  largest consumer  is the sector  o n  residential and commer -  
cial appl icat ions, whose largest por t ion of consumpt ion is low-temperature- 
level heat.  The  heat below 200°C fo r  all sectors makes up as much as 47%.  
By cont rast ,  all electricity consumpt ion together on ly  amoun ts  t o  a b o u t  
10% o f  the final end uses under  present circumstances. I t  should be noted 
tha t  10% o n  the  secondary side relates to  25% o n  the  primary energy side. 
Process heat above 200°C. and this includes automobi les,  accounts  fo r  abou t  



42%. While i t  is apparen t  tha t  the electricity share can be raised, i t  is never- 
theless clear tha t  a new energy source mus t  be in posi t ion t o  produce more  
than electricity. L e t  us therefore consider the various fo rms  of secondary 
energy and  their evolut ion in t ime. These are shown in Figure 13. One rec- 
ognizes the  trend from solid fuels t o  Liquid fuels a n d  then t o  gas. Gas and 
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Figure 13. Find energy use i n  the FRG (1970). 

electricity are bo th  expanding in their  marke t  share as they are mos t  versatile 
and easy t o  handle. Liquid fuels will perhaps be concent ra ted in the trans- 
por ta t ion sector.  All this requires investigation and exp lanat ion in greater 
detail .  T h e  po in t  of  impor tance here is tha t ,  besides electr ic i ty,  a new energy 
source mus t  be usable for  product ion o f  a gas as a secondary fuel. T h e  mos t  
likely candidate fo r  this is hydrogen made  by spl i t t ing t h e  water  molecule. 
Burning hydrogen leads t o  water and  is thereby highly acceptable in environ- 
menta l  terms. There is much exc i tement  today a b o u t  hydrogen f o r  energy 
appl icat ions. T h e  exc i tement  seems to  be well f ounded  [ l l ] ,  and this area 
should certainly receive wide at tent ion.  I t  appears  tha t  the diff icult ies in 



handling large a m o u n t s  of  hydrogen are n o t  the  main obstacle for  the  in t ro-  
duct ion of  a hydrogen technology. Rather ,  i t  is the  large-scale product ion 
of suff iciently cheap hydrogen. There appear  t o  be t w o  ways of achieving 
sueh product ion.  One is low- temperature thermal  decomposit ion ( thermo-  
lysis). A temperature of  3000°K is required if water  molecule split t ing is 
t o  be achieved o n  a thermal basis, which o n  a large scale is n o t  feasible t e c h -  
nically. DeBeni [ 1 2 ]  and Marchett i  developed t h e  idea of  dismantl ing the 
molecule in stages a t  more  moderate  temperatures,  which o n  balance results in 
a split t ing o f  water.  Chemical  agents en te r  the  picture and  ac t ,  o n  balance. 
as catalysts (see Figure 14) .  The  goal is to  f ind a process t h a t  only involves 
f luid o r  gaseous chemical  agents which are abundan t  and  environmental ly 
acceptable.  The  o t h e r  way is tha t  o f  electrolysis. However,  there has been 
much  object ion t o  i t  since the  overall efficiency of  pr imary energy use is as 
low as 25%. But le t  us recall wha t  we said in the beginning: the  new energy 
resources are n o t  o r  a lmost  n o t  constrained, so tha t  such a low eff iciency may  
well be acceptable if o t h e r  aspects are favorable. I t  m a y  well be tha t  a combi -  
nat ion of bo th  methods  f o r  water  split t ing turns o u t  t o  be t h e  best solut ion. 
Bowman [13] has proposed such a combinat ion (see Table  9) and  Westing- 
house is pursuing this now.  The  thermal  heat  is applied a t  moderate  tempera-  
tures, t h a t  are below 1000°C in t h e  f irst stage, while a remainder is applied 
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Figure 14. Mark 9 process of thermochemical water splitting. 



Table 9. ~herrnol~sis/electrol~sis of water. 

2.) 2 H 2 0  + SO2 .H2S04 + H 2  
lysis 

Af ter :  M.G. Bowman (Los Alamos) 

as electricity. This requires new kinds of  technical  electrolysis. A fal lback 
posi t ion in o u r  e f for ts  for  t h e  use of  a gaseous secondary  energy carrier is 
ammon ia ,  t h e  technology of  which is well developed. Equal ly,  t h e  gasification 
of  coal  may  be considered in this c o n t e x t  fo r  shor ter  o r  fo r  m o r e  ex tended  
t ime  periods. 
m o r e  ex tended  t ime periods. 

T h e  reason why  we stressed these aspects is t h a t  they  are c o m m o n  t o  
a lmost  all conceivable modern ,  non-fossil energy systems. They  may  perhaps 
be m o r e  impor tan t  than  t h e  development  o f  new energy sources beyond  the  
ones  t h a t  a re  already available. 

As far  as non-fossil pr imary energy is concerned,  nuclear fission power  
is t h e  m o s t  developed one. I t  achieved commerc ia l  compet i t iveness in the  
mid-sixties and is a lmost  ent i rely geared t o  electricity product ion.  T h e  pre- 
sen t  generat ion o f  nuclear power  s ta t ions utilizes on ly  a f ract ion o f  t h e  urani- 
u m ,  roughly 1%. T h e  m o s t  c o m m o n  reactor  t y p e  is t h e  L ight  Water Reactor  
(LW R ) ;  t h e  Heavy Water  Reactor  o f  t h e  CANDU t y p e  ( the  Canadian l ine o f  
reactors) m u s t  certainly also b e  ment ioned.  T h e  t w o  types o f  t h e  second nu- 
clear reactor  generat ion are t h e  Fast  Breeders and t h e  High Temperature 
Reactors.  Fast  Breeders breed fert i le mater ial  such as u~~~ o r  ~ h ~ ~ ~ ,  thereby 
uti l izing natura l  uran ium o r  thor ium u p  t o  approx imate ly  7 0  %. T h e  Fast 
Breeder has achieved a high degree of  matur i ty  and is now developed o n  an  
a lmost  commer ica l  scale. The  French p ro to type  Phenix ,  fo r  instance, which 
is a t  2 5 0  MWe, has  been in successful operat ion since t h e  spr ing o f  1 9 7 4 ;  
the  1 2 0 0  MWe version o f  th is deve lopment  l ine is now going in to  const ruct ion.  

High Tempera tu re  Reactors  p roduce  high temperatures.  I n  1 9 7 4 ,  a t  
Jiil ich, F R G ,  t h e  AVR reactor  was in rout ine operat ion a t  950°C. Thei r  
large-scale development  is as favorable as t h a t  of  Fast  Breeders. In looking 
a t  scenarios fo r  t h e  m o r e  d is tant  fu ture as they  are considered in this paper ,  
and in realizing the i r  slow o r  even n o  growth features, i t  becomes natura l  
t o  th ink  o f  a comb ina t ion  o f  bo th ,  Fast  Breeders and High Tempera tu re  
Reactors.  One  may consider th is  combinat ion wi th  the idea t h a t  t h e  breeding 
gain of  t h e  breeder  reactors would  b e  used t o  provide t h e  ne t  fuel  requ i rements  



of High Temperature Reactors. Such  ne t  requirements of ,  say u~~~ exist 
as this reactor t ype  does  n o t  breed. If the Fast Breeder had ,  fo r  instance, 
a radial b lanket containing thor ium,  this fuel-cycle coupl ing would be possible. 
I t  is then natural  to  have the  Fast Breeder produce electricity and the High 
Temperature Reactor  produce a gaseous secondary energy carrier, say hydro-  
gen. This is out l ined in Figure 15. Such schemes and ,  in part icular,  the prob-  
lem o f  t imely t ransi t ions from today's features o f  energy supply t o  such asymp- 
tot ic reactor scenarios have been s tud ied recent ly by Hafele and  Manne [14 ] .  

ELECTRICITY PROCESS 
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Figure 15. Asymptot ic  integrated reactor  system. 

These au thors  used a medium size l inear programming model  f o r  the allocation 
o f  power  f rom various sources such as coal ,  oi l ,  and gas to  the LWR, Fast  
Breeder and  High Tempera tu re  Reactors.  Such reactor  strategies are there- 
fore  di f ferent f rom those tha t  were studied in the sixties, when the sequencing 
o f  various reactor types within the scope of electricity product ion was s tu-  
died [ l 5 ] .  

The nex t  candidate fo r  a new type  of energy product ion is coal. This 
may be surprising in view of wha t  was said before. Indeed,  in the long-range 
fu ture,  coal  may n o t  be usable in view o f  the C 0 2  constraints o n  the a t m o -  

sphere. But t h e  C 0 2  does  n o t  necessarily have t o  go to  the a tmosphere.  



Marchetti 's idea ( I IASA) to  avoid such atmospher ic  releases is this: consider 
large energy parks in t h e  open sea t h a t  are located in ocean streams which by -  
pass t h e  mixed layer  and end directly in the  deep sea. There is such a place 
around Gibral tar.  Below the  sea surface is a stream t h a t  comes  f rom the  A t -  
lant ic and  enters t h e  Mediterranean while, a t  greater depths,  a c o u n t e r  system 
wi th  a higher sal t  concent ra t ion f lows f rom t h e  Mediterranean, enters  the  A t -  
lant ic and  quickly falls i n to  the deep  sea. If coal were burned in such an  energy 
park ,  t h e  C 0 2  could  b e  directly released t o  t h e  lower  ocean stream and  the  
C 0 2  const ra in t  could accordingly b e  el iminated. Of course, pipeline connec- 
t ions f o r  such C 0 2  dump ing  could also be considered. I t  should  be realized 
t h a t  a deba te  is for thcoming t h a t  will deal  wi th t h e  quest ion to  w h a t  an  e x t e n t  
nuclear power  should  be produced in energy parks [16] .  We now see tha t  
there m a y  b e  broader  reason8 t o  fol low such a concept .  In such energy parks,  
coal  a n d / o r  nuclear power  could b e  converted in to  a gaseous secondary  energy 
form which could t h e n  be t ranspor ted and  stored. One  now also has a much  
be t te r  vision o f  the  impor tance o f  m o d e r n  fo rms  o f  secondary  energy. I t  is 
obvious t h a t  such a scheme still requires much  analysis, b u t  new th ink ing is 
essential. While such advanced schemes f o r  burn ing coal  m a y  n o t  y e t  be neces- 
sary f o r  tomor row,  modern  forms o f  mining coa l  may  be required much  
sooner.  High recovery factora, together  wi th  acceptable work ing condi t ions a t  
product ion rates ten  t imes as high as today ,  m a y  well force us in to  radically 
new technologies. T h e  l iquefact ion of  coal  in si tu b y  ammon ia  o r  methano l  
[17]  o r  o t h e r  solvents may  indicate t h e  kind o f  breakthroughs tha t  are re- 
quired f o r  greatly augmented coal  uti l ization. 

A n o t h e r  candidate f o r  new technologies is solar power.  In Table 10, 
t h e  insolat ion is given for  three places: Vienna (Austr ia) ,  Paris (France) ,  and 

2 Phoenix  (Ar izona).  T h e  insolation a t  Vienna is a b o u t  3 kWh/m day.  This 
figure is typical  fo r  o u r  lat i tudes. A t  Phoenix  in the  US, on ly  a fac tor  of  t w o  - 
is gained and the  insolation is a t  6 k w h / m Z  day. However,  these figures are 
yearly averages, t h e  real di f ference between regions like the  Sou thwes t  o f  
t h e  US and Austr ia lies in the  di f ference between t h e  max imum and  the  mini- 
m u m  values. F o r  Phoenix  the  rat io is as low as 2 while fo r  Vienna i t  is close 
t o  7. A truly large scale use of solar power  does require large-scale energy 

Table  10. Sunl ight in s o m e  cit ies (kwh/m2-day)  (L6f et d., 1966) .  

Phoenix (U.S.A.) 1 3.5 

City 

Vienna (Austr ia)  

January  April J u l y  Oc tober  

0.8 3.9 5.3 1.9 

Paris (France)  

Annual  

2.96 

0.9 3.9 5.3 1.9 3.04 



storage to  bridge the summer lwin ter  cycle. We consider hydrogen to  be an 
excel lent candidate fo r  this. T h e  conversion eff iciency of solar power  to  elec- 
tr icity is between 10% and  20%. If 1000MWe, today's usual size for  a modern  
power  stat ion, is t o  be produced o n  t h e  basis of solar power ,  large land require- 
men ts  have t o  b e  m e t ,  as shown in Table 11. A t  10% and 3 k w h l m 2  day ,  w e  
need 8 0  km2;  a t  20% and  5 k w h / m 2  day ,  2 4  km2.  Such large requirements 
may  be diff icult t o  m e e t  in regions l ike Europe.  The  impact  o n  ecology, the  

Table 11. Land demand for solar energy (krn2 for 1 GWe) 
(average power). 

System Efficiency insolationx) 

set t lement  pat tern  and  consequent ly  the  whole  infrastructure of a count ry  
have t o  b e  carefully studied. Similarly, the  implied changes to  the albedo and  
their  conceivable impact  o n  t h e  cl imate have t o  b e  investigated too.  Again,  
o n e  can visualize constraints f o r  the use of  th is power  source that  is uncon-  
strained in terms of fuel  resources. All th is looks much  be t te r  in regions 
l ike Nor th  Africa. B u t  this invokes energy transportat ion o n  a truly large 
scale. Again, a secondary gaseous energy carrier may be a good solut ion. I t  
should b e  no ted  how vastly di f ferent schemes for the  use of  solar power  can 
be. This is indicated in Table 12.  On the  3-10 kW level, t he  solar house is 

Table 12. Four alternatives of solar energy. 

o Solar House - 3 - lOkW 

o Tower  Concep t  lOOMWe 

o Photovol taic,  Many Smal l  Si tes 

o Ocean Thermal  Gradient 
1 0 G W e  ? 



a fairly near-term oppor tun i t y  with warm water as i ts pr ime ou tpu t .  The  tower  
concept  opens the lOOMWe domain:  a tower  o f  perhaps 200m hight is located 
in the center  o f  an area of 3km2  that  is covered with mirrors which heat  a 
boiler o n  t op  of the tower.  Photovoltaic cells inherent ly allow us t o  make use 
of  land tha t  is available only in bi ts and pieces, a hectare here and half a hectare 
there. They also allow for cloudiness b u t  they tend t o  be  expensive. There is a 
fou r th  mode  of  solar power  tha t  should be borne in mind:  the ocean thermal 
gradient in the mixed layer. I t  requires the large-scale appl icat ion of  low tem- 
perature Carnot  cycles using freon o r  ammon ia  as a secondary working fluid. 
As vast areas are available o n  the sea, this may  be a possibil i ty. We should 
bear in mind,  however,  the constraints t ha t  may  become visible with large-scale 
implementat ion. The  effects upon  the ecology of  these areas may  be  a related 
quest ion,  fo r  instance. Not very much  will be  said abou t  nuclear fusion. I t  
is more  similar to  nuclear fission than one  th inks [18]. As long as the D-T 
react ion is emp loyed ,  the  resource si tuat ion of  l i thium is very similar t o  tha t  
o f  uran ium,  and the energy is then offered in terms of  14MeV neutrons. This 
always leads to  neut ron activation. T h e  hope  is t o  f ind a structural  mater ial  
tha t  largely avoids such activation. I t  is a personal view tha t  we may expect  a 
factor  of 30-100 improvement  in the curies per  wa t t  thermal  tha t  have t o  be 
handled in a fusion reactor,  as compared wi th  a fission reactor. This di f ference 
is quant i tat ively signif icant b u t  does n o t  al ter the si tuat ion qualitatively 
as compared to  fission. Nor  can we say much  abou t  geothermal  here, the 
d ry  hea t  o f  the ear th  crust,  as the h o t  water  and steam sources all over the  
globe make  u p  only for 60GW o r  so. There is a thermal gradient of abou t  
35'C/km in the earth tha t  allows for energy harvesting which is similar to 
that  described above f o r  the ocean. Yet  the heat  conduct iv i ty o f  the ear th  
is small. What one  has to  expect  is a t ight latt ice heat-exchanger arrange- 
ment  over wide areas and in great depths. A t  I IASA, we will look in to  such 
schemes only in 1976. We will no t  discuss this here any further.  

Af ter  this crude review of  the various TW technology candidates, one 
fur ther  remark must  be  made:  none  of these can be  expected t o  have a conver- 
sion eff iciency as high as that  f o r  the use of  oil today.  By conversion eff ici- 
ency ,  we mean the  rat io of useful energy required by  the final energy consumer 
to  the amoun t  of primary energy which is necessary t o  produce that  useful 
energy. This holds for the product ion of hydrogen, gasification of coal, fusion 
power  when converted in to  hydrogen, ocean and earth thermal gradients, etc. 
Le t  us favorably assume a 50% addit ional loss upon  conversion. Th is  then 
leads t o  an increase from 5kWlcapita to  maybe 10kWIcapita and ,  accordingly, 
t o  the power product ion scenario o f  Figure 16. The shaded area indicates 
bo th  the  required increase and the domain for improvements by technology 
and physics that  could lead to  less drastic increases above 5kWlcapita.  



TW IZBTW, 10 kW/cap -------- 
100,. 

WTW, S kW/cap ----- 
50. 

10.- 

5. 

Figure 16. Required additional power production for 
non-fossil (10 kW /cap). 

TIME FOR ACTION, PHYSICS TASKS 

We saw tha t  in ou r  decade we mus t  take  act ions tha t  are designed n o t  
only fo r  the  commerc ia l  short-range-future--though they con t inue  t o  be im- 
po r tan t ,  o f  course--but tha t  also t a k e  in to  account  t h e  long-range fu ture.  This 
challenge is new. I t  comes f rom the fact tha t  the  world is gett ing smaller 
and  t h e  popula t ion larger. 

I t  is then very impor tan t  to  reflect on  the  sequence o f  decisions to  be 
faced, o n e  af ter  the  other.  I t  seems convenient t o  p lo t  such a sequence of 
decisions in t h e  form of a decision tree. At  I IASA,  we are do ing this m o r e  and  
m o r e  extensively. As o u r  own thinking is constant ly  evolving, we canno t  claim 
t o  have arrived a t  a fairly broad and conclusive decision tree. Nevertheless, 
we have elaborated such a decision tree tha t  covers a partial aspect of  t h e  prob-  
lems. I t  is shown in Figure 17. T h e  decision tree is embedded  in the  t ime 
power  plane and  is m e a n t  t o  evolve in to  these dimensions accordingly.  



PROOUCTIONS 

- CENTRALIZED. 

CENTWLIZED. 
AUTONOMOUS 

AUTONOMOUS 

w s n y  ELECTRIC 

Figure 17. A decision tree for advanced energy systems. 

T h e  first quest ion is the  fol lowing: nuclear power ,  yes o r  no? If n o ,  then  
o t h e r  alternatives c o m e  in. Similar decision trees have t h e n  to  be considered 
fo r  each such alternative. If yes, then  the  nex t  quest ion is: nuclear power  f o r  
the  product ion o f  electricity o r  more? If n o t ,  then the  n e x t  s tep is t o  face t h e  
quest ion:  is o n e  satisf ied with t h e  present share of electricity o r  n o t ?  If yes, 
nuclear electricity m a y  have a share as high as 25% o f  the  pr imary energy de-  
mand.  If no t ,  consumpt ion  has t o  be adjusted t o  addi t iona l  uses o f  electricity 
and  the  share m a y  rise t o  as m u c h  as 4 0  o r  50%--but  then  there is a l imit. If 
more  than  nuclear electricity is desired, the  n e x t  quest ion concerns t h e  ful l  
scale in f rast ructure f o r  storage and  t ranspor ta t ion of  a gaseous fuel. If t he  
answer  is negative, only local and  suff iciently large-scale appl icat ions of  nucle- 
ar-process heat  can be envisaged. This m a y  be n o t  more  than 7-10% [16] .  If 
i t  is posit ive, the n e x t  quest ion t o  be answered is: coupl ing of  the  secondary  
energy systems o r  no t?  If no t ,  then two  a u t o n o m o u s  secondary  energy systems 
will evolve, electricity and  gas, bo th  o f  which have to  be suff iciently reliable 
and self-suff icient. If yes, the  reliability will increase o r  become cheaper  and  
i t  will b e  possible t o  s tore electricity in that  way. Such coupl ing has several 
advantages. I t  will be more  easily possible to accept  o t h e r  pr imary energy 
sources, in part icular solar power  which somehow goes be t te r  w i th  hydrogen 
than  wi th  electricity. B u t  also sh ipments  o f  secondary fuels f rom energy parks 



could more naturally be accepted. If such o the r  opt ions c o m e  in, we have a 
diverse, redundan t  and thereby resilient energy system. If n o t ,  we may face the 
prob lems of centralization. 

We d o  n o t  claim tha t  all these so envisaged decisions have t o  be faced a t  
once.  B u t  one's thinking should  be organized in this o r  a similar fashion. This 
cou ld  mean tha t ,  in early decisions, lower in t h e  tree, o n e  could  look fo r  ways 
t h a t  keep fu ture opt ions open.  Here some decisions o n  energy parks t h a t  are 
for thcoming may be crucial. 

What ,  then,  are the physics tasks fo r  the  TW domain? How could  we 
physicists best cont r ibute  in view o f  such energy strategies? Table 13 l ists a 
few o f  these tasks. No  claim fo r  completeness is made. Storage and trans- 
por ta t ion will in a lmost  any event b e  a key t o  modern  TW technologies and 

Table 13. Physics tasks for the TW domain. 

o Storage o f  Energy 

o Transpor ta t ion o f  Energy 

o Coal Liquefact ion in Si tuICoal Gasif ication 

o Physics o f  the  Atmosphere c l imate 

o Dynamics o f  t h e  Ocean I Cont ro l  

o Cheap Solar  Power  Receivers 

o Fusion 

should  therefore be studied. T h e  most  obvious candidate here is storage and 
t ranspor ta t ion o f  a gas. B u t  storage and transportat ion by means of supercon-  
duct iv i ty,  fo r  instance, may be equally impor tan t  as i t  is still within the  domain 
of  electricity. Fue l  cells and electrolysis in the  GW and TW domain are related 
t o  this top ic ,  too.  T h e  l iquefact ion of  coal in situ by l iquid solvents, as men-  
t ioned earlier, may be crucial for  the  tenfold larger harvesting o f  coal  when 
compared with w h a t  is done today.  Coal gasification is probably a m u s t  if 
coal  is t o  recapture a share of  the  marke t  under  near- and  medium-term aspects. 
I t  invites a t ie between coal  and nuclear power ,  in particular. Perhaps the m o s t  
urgent  topic o f  all is c l imate cont ro l ,  as n o t  t o o  much is known in this field. A 
new theoret ical  approach t o  the equat ions of  gas dynamics should  be sought .  
More personal ly,  we feel t h a t  the m o s t  recent topological me thods  f o r  looking 
in to  the cl imate w i thou t  weather  calculations appear  very promising. But  also 
more  physics and related physics data are required, particularly in the field o f  
ocean dynamics. Similarly, o u r  understanding o f  the physics o f  the s t ra to-  
sphere mus t  improve. D o  we have t o  expec t  constraints f rom tha t  angle o r  



not? Within ten years or so, we should be in a position to  give a t  least a vague 
answer to  the decision makers. Most certainly, hydrogen with all its inplica- 
tions has to be developed. Modern electrolysis in the GW range and beyond, 
with efficiencies of 80% and more, and temperature ranges between 500°C and 
1000°C, must be looked into, as must thermolysis. I t  should be emphasized 
that  so far our list has not  included new power sources. A general trend today 
is to over-emphasize the importance of the production of energy. But, the 
adequate handling and embedding of the stream of  energy into the atmosphere, 
the hydrosphere, the ecosphere, and the sociosphere are equally or,  under pre- 
sent circumstances, even more important. Even so, physicists must continue 
to look for  devices for harvesting solar power, the salient point of which is 
that  i t  must be cheap. Work on fusion must continue a t  the present o r  an 
increased rate. There are more tasks, we cannot list them all. 

Studying energy strategies reveals big challenges. The time for action 
is now. We physicists must act, too. But prudently. 
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