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Foreword 

The International Gas Study was organized in form of a collaborative r e s e a r c h  
e f f o r t  and focused on t h e  fu tu re  p rospec t s  f o r  natura l  g a s  in European energy 
markets.  One of t h e  most ac t ive  par t ic ipants  outside IIASA wau t h e  Working Con- 
sulting Group of the  Pres ident  of t h e  Soviet  Academy of Sciences.  Unlike IIASA, 
where t h e  geographical  scope of the  study was limited to t h e  European energy 
markets  with special  emphasis primary on  g a s  re la ted technical  evolutionary 
change,  t h e  Working Consulting Group adopted a comprehensive global scope  and a 
primary focus on international g a s  t r ade .  During a series of working meetings a t  
IIASA and in t h e  Soviet  Union t h e  two r e s e a r c h  teams developed an effect ive  and 
mutually beneficial relat ionship a t  both the  working and social level. 

This r e p o r t  summarizes the  r e s e a r c h  activit ies of the  Working Consulting 
Group under t h e  leadership  of Academician M. Styrikovich during 1984-1986. 

Hans-Holger Rogner 
Leader  
International Gas Study 



Preface 

For  t h e  l a s t  two y e a r s  t h e  International Insti tute f o r  Applied S p t e m s  Analysis 
OIASA). toge ther  with some o t h e r  national organizations, h a s  conducted r e s e a r c h  
on t h e  fu tu re  p rospec t s  of t h e  international natura l  gas  t r a d e .  Soviet  r e s e a r c h  in- 
s t i tu tes  have a l so  taken a n  act ive  p a r t  in th is  program. Moreover,  t h e  Working 
Consulting Group of t h e  Pres ident  of t h e  Soviet  Academy of Sciences  on Long-Term 
Energy Forecasting (the leading Soviet organization part icipating in t h e  r e s e a r c h )  
has  p r e p a r e d  a "shadow pro jec t "  t h a t  addresses  t h e  problem on t h e  international 
na tu ra l  gas  market  o v e r  t h e  nex t  30-40 years .  

Natural  g a s  has  long been viewed as a s o u r c e  of energy capable  of reducing 
the  dependence of industrialized nations o n  oil imports. In t h e  e a r l y  1980s, global 
energy studies confirmed t h e  versati l i ty and economic viability of th is  r e s o u r c e ,  
and economic assessments showed t h a t  only natural  gas  can compete with oil,  when 
long-distance in terregional  gas  t ranspor ta t ion as LNG o r  by pipeline becomes 
pract icable .  

The worsening ecological situation called in to  question t h e  p rospec t s  f o r  
wide-scale coal  applications,  and t h e  continuing opposition toward nuc lea r  energy 
enhanced in te res t  in natura l  gas as a n  ecologically c lean fuel. 

A t  t h e  same time, i t  became c l e a r  t h a t  the  high c o s t  of natura l  gas  t r anspor ta -  
tion and distr ibution substantially weakens i t s  competitiveness, even a t  a high 
pr ice .  Under these  conditions only a limited number of suppl iers  possessing l a r g e  
gas resources  at low production costs can  e n t e r  t h e  world natural  g a s  market.  
These suppl iers  include countr ies  in t h e  Middle Eas t  (Iran,  Qa ta r ,  etc.) ;  some coun- 
t r i e s  in North  Africa (Algeria, Nigeria); Southeast  Asia (Indonesia, Brunei, Thai- 
land, e tc . ) ;  the  US neighbors - Mexico and Canada; and two European countr ies  - 
Norway and t h e  USSR. 

The international natural  gas  Lrade was originally expecled t o  expand on a 
l a r g e r  sca le  in t h e  n e a r  fu tu re .  Today, however, t h e  prevailing expectation is  tha t  
of moderate growth f o r  t h e  nex t  decade.  This can  b e  ascr ibed to virtually s table  
energy demand in industrialized capital ist  countr ies ,  which reduces  t h e  scope  f o r  
Lhe development of natura l  gas ,  nuclear  energy,  and the  coal  industry.  Developing 
countr ies ,  in which f u r t h e r  growth in energy  consumption i s  expected,  d o  not  have 
t h e  necessary  i n f r a s t r u c t u r e  f o r  na tu ra l  g a s  utilization. On t h e  o t h e r  hand, t h e  
r e c e n t  twofold d r o p  in oil p r i ces  will have a s t rong  influence on na tu ra l  g a s  p r ices  
and will impede t h e  expansion of gas  utilizatian, despi te  i t s  obvious advantages  
from a n  ecological point of view. Here  one should also mention secur i ty  o f  supplies 
from individual regions,  which i s  a n  issue of pa r t i cu la r  concern f o r  Western coun- 
t r i e s .  This f a c t o r  plays a n  increasing role in planning in terregional  pipeline g a s  
t ranspor ta t ion.  That i s  why region.. with a n  unstable political climate may have 
limited access to t h e  marke t s  of industrialized capi ta l is t  countries.  All these  is- 
s u e s  should b e  t aken  in to  account  in modeling t h e  international na tu ra l  g a s  market .  

The world g a s  market  in th is  Working P a p e r  is divided in to  t h r e e  l a r g e  r e -  
gions (local markets)  and s e v e r a l  l a r g e  g a s  suppliers,  some of which have a possi- 
bility of enter ing a l l  t h r e e  markets  with l a r g e  volumes of g a s  supplies.  Thus, t h e  
problem acqu i res  global significance. W e  f o c w  o n  evaluating t h e  dependence of 
marginal natura l  g a s  p r ices  o n  gas  consumption volumes o n  t h e  basis of detailed 
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energy fo recas t s  f o r  the  regions and l a rge  energy consumers. Three  scenar ios  of 
the  world na tu ra l  gas  market  with r e s p e c t  t o  various hypotheses of p r ice  growth in 
competitive energy sources  (notably oil) have been considered.  With t h e  help  of 
the  dynamic model f o r  t h e  international natura l  gas  market,  levels of industrial 
development within t h e  regions  and volumes of g a s  imports, as well as expected na- 
t u r a l  gas p r i c e s  in t h e  case of balance between supply and demand in local  mark- 
ets, have been determined. An assessment has  been made of t h e  overal l  e f fec t  
der ived from t h e  world natural  gas t r a d e  f o r  gas consumers and suppl iers .  

Throughout t h e  r e s e a r c h  t h e  Working Consulting Group has  constantly main- 
tained contacts  with IIASA to coordinate  and  verify initial da ta  and scenar ios  f o r  
computing. As  f o r  t h e  r e s t ,  both studies are quite independent r e s e a r c h  e f fo r t s  
made on a similar data base.  Specific f e a t u r e s  of e a c h  of t h e  studies allow us to 
r e g a r d  t h e  latter as mutually complementary. 

M .  Styrikovich 
Research Leader  
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Chapter 1 

The Current World Ehergy Scene md Factors Conditioning Energy 
Prospects Thro hout the Remainder of the 20th and the Begin- ?! ning of the 21st entury 

More than a decade has  elapsed since the OPEC countries for  the f i r s t  time 
drastically ra ised world oil prices.  The worsened energy situation pushed energy 
supply issues to the forefront .  After numerous and heated discussions at scientific 
forums and in t he  press ,  where the m o s t  conflicting views on fu ture  energy pras- 
pects  were expressed,  i t  became c l ea r  tha t  t he  world energy demand will follow an 
upward t rend.  Its growth prospects will be  conditioned by the world's population 
growth and by the  impossibiLity of providing satisfactory living conditions without 
a manifold increase in p e r  capita energy consump!.ion in developing countries. The 
growth r a t e s  will b e  different fo r  developed and developing countries.  A stable 
energy demand s ix  t o  eight times the  present  level i s  likely t o  be achieved by the 
end of the  next century. 

W e  are now enjoying a period of virtually stable energy supply: supply in the  
world market is  well in excess  of demand; traditional buyers of energy resources  
have become more self-sufficient; s t ra tegic  oil s tocks a r e  available in case of 
interruptions in energy supply; new technologies are ready t o  come on-stream but 
are impeded by t h e  low pr ice  of basic energy resources .  

Against this background, with r e spec t  to future  energy development, the si- 
tuation in developing countries has become a matter of growing concern. The r i se  
in energy pr ices  resulted in a dramatic increase in the debt  of developing coun- 
t r ies ,  which in t he  mid-1980s collectively owed a ta ta l  of nearly 900 billion dollars. 
As a resul t ,  many international projects  of the 1970s f o r  accelerating economic 
development w e r e  not realized. New economic growth was hard  to achieve during a 
financial crisis.  A shift  in t he  weight of global energy problems from developed to 
developing countr ies  over  the  next 50 yea r s  will requi re  prompt action f o r  a time- 
ly res t ructur ing of the world energy economy with a view to avoiding more ser ious 
complications in future  than experienced in t he  past. These problems are likely to 
re ta in  t he i r  cr i t ical  importance fo r  the next  few decades. 

Everyone real izes  now tha t  mankind has  en te red  the  so-called period of tran- 
sition from the energy economy based on fossil fuels to an economy based on virtu- 
ally inexhaustible energy resources  such as nuclear and thermonuclear energy, 
so la r ,  etc. Analysis of global fossil fuel resources  (coal. oil, natural gas) with re- 
ga rd  to extract ion and utilization costs shows tha t  they will continue to play a 



leading ro l e  in the world energy balance, perhaps into the middle of the next cen- 
tury. Pacsil fuel resources proved substantially l a rge r  than expected ear l ier .  
Even in the case of oil, available data point to additional recoverable resources.  
Here, a f t e r  the cheapest resources a r e  extracted, the world must mine more ex- 
pensive fuels, which wiU inevitably result in higher energy prices.  

In the  ear ly years  of the past decade, g r e a t  hopes w e r e  pinned on renewable 
sources of energy regarded as virtually unlimited and ecologically clean. Subse- 
quent studies proved tha t  renewablebased energy supply is too costly compared 
wlth coal, natural gas, and nuclear options. That is why, though the role of renew- 
able  sources of energy in future energy supply is not clear up to now, the i r  contri- 
bution in the foreseeable future wlll obviously be Limited to local applications. 

There were also fears  of global changes in the ear th ' s  climate resulting from 
the burning of fossil fuels and from thermal pollution. These problems have not 
been adequately studied, though calculations show tha t  only more than a tenfold in- 
c rease  in energy consumption from the cu r r en t  level may lead to the  overheating 
of the ear th 's  surface to a threatening degree. As mentioned above, energy fore- 
cas t s  suggest not more than a six- to eightfold r i se  in energy consumption. In the 
Loger run, the  overheating can be partly compensated fo r  through an increase in 
the  ear th 's  albedo, due to deforestation, urbanization, etc.  A less cer tain factor  
tha t  may affect global climate is the growth of C02 atmospheric concentrations and 
the  "greenhouse effect1'. The influence of C02, however, i s  now seen to be  not s o  
g rea t  as expected. Moreover, due to some processes (enhancement of C02 solubili- 
ty in the waters of the world ocean, intensified growth of vegetation), C02 concen- 
tration growth r a t e s  will be lower than predicted ear l ie r ,  and the volume of C02 - 
emissions will grow at a slower pace as the sha re  of nuclear energy increases and 
fossil fuel consumption declines. Besides, in middle latitudes, the "greenhouse ef- 
fect" may even have s o m e  positive impact on biomass growth. 

True, though in the long run  ecological problems do not seem to require  care-  
ful consideration on a global level, environmental protection o a local and regional 
level i s  of g rea t  concern. "Acid rains" resulting from increased SO, and NO, emis- 
sions pose a serious problem fo r  some developed countries in Central Europe, the 
US eas te rn  s tates ,  and some pa r t s  of Japan. 

To sum up, now and in the foreseeable future,  mankind i s  not threatened with 
"energy famine" but various t rends in energy prices  and ecological considerations 
influence the o r d e r  of pr ior i t ies  of energy technologies, necessitating radical 
changes in the present energy economy. 

Liquid and gaseous fuels retain their  dominant s h a r e  in today's world energy 
balance: 602 in developed and 40% in developing countries.' The latest sha rp  r i se  
in world oil pr ices  in the 1979-1980 period resulted in declining energy consump- 
tion in some developed market economies (it i s  quite possible that  some of them 
have already reached a stable level of consumption, after which one can  expect  
absolute energy consumption to drop); in a considerable reduction in the oil 
demand of developed market economies a f t e r  the year  1980; in accelerated oil and 
gas exploration and a rise in the  oil and gas production of the  non-OPEC countries; 
in l a r g e s c a l e  oil stockpiling in oil-importing countries, namely, market economies; 
and in  a glut in  the oil market. 



I t  is obvious t ha t  cu r r en t  trends in the world energy scene are directed to- 
ward energy-saving policies (energy conservation as a whole, including capital- 
intensive measures) and toward substituting o ther  resources ,  notably coal and in 
some countries nuclear energy and natural gas, for oil. 

The pr ice  elasticity of oil consumption proved much higher than the  majority 
of exper t s  predicted ear l ier .  The substantial d rop  in t he  oil demand of industrial- 
ly developed countries tha t  occur red  a f t e r  the yea r  1980 w a s  caused not only by 
the  general  economic recession - tdal gross  national product in recent  years  
would not decline but  even slightly increased - but  also by fuel, mainly liquid fuel, 
conservation and the use of oil substitutes encouraged by the situation in t he  
marked and, in s o m e  cases,  by government policies. In t he  United States the  above 
decline w a s  accompanied by a significant r ise  in coal production and consumption. 
Coal production in some coal-exporting countries (especially in Australia) has  sub- 
stantially increased, and international t rade  in coal expanded. In the shor t  run,  
fu r the r  expansion of t h e  world t rade  in natural gas  is  expected, and the  possibility 
of establishing a world gas  market is  now being discussed. 

The following figures (in percent)  i l lustrate these positive shifts in t he  energy 
economy of developed nonsocialist countries between 1973 and 1980. 2 

Gross domestic product (GNP) 
Total energy consumption 

including 
oil consumption 
oil import 

Electricity/GDP ra t io  
Oi l  consumption p e r  unit of GDP 
Domestic energy production 

oi 1 
coal 
nuclear energy 

These t rends became m o r e  pronounced in the  f i r s t  half of the  1980s. 

Forecasts of energy consumption are now being revised, and the  erroneous- 
ness of ear l ie r  projections of liquid fuel consumption has  been unanimously recog- 
nized. The errors w e r e  based on the underestimation of the  response of world oil 
demand to high liquid fuel pr ices  and the  overstating of the  volumes of global oil 
consumption in the 1990-2000 period and beyond. High world pr ices  of hydrocar- 
bon fuel c rea ted  an  incentive f o r  accelernting oil prospecting and roduction in 
non4PEC countries,  Mexico. Great Britain, and Norway among t.hern.8According to 
the  majority of forecasts,  oi l  production in developed nonsocialist and developing 
countr ies  will rise slightly from the  1980 level through to 1990 and will total 2300- 
2400 million t/yr and 2500-2600 million t by 2000.' 

ham,  A.B., L Scbrrbtmhohw, A. Svoronw, r l t h  tb. a d a n t .  at J.L Rowley (alms) Irk- 
Uond Energy Wo- Sumuy d Poll BUPMSOE. Luenburg, Amdrl.: 1ntor~tloa.l I r t i t r k  
Cor A p p l l d  astam A-s. 



1.1. The continuing impact of oil pricea 

The pr ice  of oil i s  of cr i t ical  importance for the energy economy of the  world 
and i ts  regions, since oil and oil products not only continue to play a leading role  
in t h e  presen t  world energy scene but, due to the availability of considerable idle 
oil production capacities, oil gradually becomes a marginal resource  in the  world's 
energy balance, i.e., it affects energy decisions. That is  why forecasting long-term 
trends in oil p r ices  has now become a key issue in energy studies. Recent fore- 
cas t s  (between the  late 1970s and the  ear ly  1980s) suggested a very high oil pr ice  
(60-80 dol lars /barrel  in the 1980 pr ices)  by the end of the century. Today this es- 
timate has  dropped to 20 dollars; and the majority of exper t s  now think that  over  
t he  next one or t w o  years  oil pr ices  may decline by several  dollars but then will 
inevitably rise again, though at f a r  m o r e  m o d e s t  rates than in the  1970s. As f a r  
back as t h e  summer of 1985 i t  w a s  expected that  by 2000 pr ices  will rise 10-152 
from the  1900 level and 20-252 by 2010, i.e., much lower than predicted ear l ier .= 
Today, however, i t  i s  m o s t  likely that  p r ices  will reach  the 1980 level only by 2020. 

The present  world energy scene offers  limited opportunities f o r  an  economi- 
cally viable growth of energy prices.  Moreover, because of the unforeseen drop 
in oil consumption, oil pr ices  a r e ,  quite to the  contrary,  declining to prevent 
demand from sagging, though in the nea r  future  this decline will change to slow 
growth again. This can be at t r ibuted to large-volume liquid fuel uses in those 
energy-consuming sec tors  (electric utilities, boiler plants, and industrial fur- 
naces) where the pr ice  elasticity of oil consumption is  high and oil substitutions 
(less costly and available) are cost effective when oil pr ices  r ise .  Oil pr ices  over  
a long time will condition the  rates of the  s t ruc tura l  evolution of the  world fuel and 
energy balance, notably owing to liquid fuels' declining contribution. I t  i s  c lear  
now that due t o  this factor a viable large-scale transition t o  alternative energy 
sources  and oil substitutes can be  expected only beyond the year  2000. 

1.2. The prospects for natural gas 
International t rade in natural  gas will also have a cer ta in  restraining influ- 

ence on oil  prices.  Natural gas ,  the  clearlest fuel from an ecological point of view, 
is  the  best fuel f o r  stationary consumers. Emissions resulting from its burning can 
be  a l m o s t  entirely excluded as t he re  i s  no bound nitrogen in gas, and sulfur avail- 
able in the  form of H$3 has to be  completely removed t o  avoid corrosion of pipe- 
lines. This process i s  relatively cheap and, in s o m e  cases,  i s  offset by the  cost of 
released sulfur. Under these conditions the  delivered pr ice  of gas will be  set 
equal to middle distillates with l o w  sulfur content. The gas  consumer will obtain a 
price plcm pipellno transgorhtlon ads which a m  be rather high, if gas is trarm- 
portsd o v e r  m e  dtatances, even prcwided high-atpacity p ips l ims  are d. The 
. s a s l o n a l m k P e o f m k r r a l g m ~ o n r a k s s i t n e c c g s a r ~ b ~ f a r  
more fibrage facilities w i t h  dl and coal. 

Moreover, compressor stations consume a la rge  fraction of gas  delivered; 
even in t h e  case of the world's l a rges t  pipelines regarded as standard in t h e  Soviet 
Union (d = 1.42 m, P,,, - 7.5 MPa) with t he  world's highest throughput capacity,  
the  gas  turbine dr ive of compressor stations consumes w 102 of gas  ove r  a dis- 
tance of 3000-4000 km (for instance, T p m e n  - Ukraine) and 152 ove r  a distance of 
6000 km (Tyumen - Ukraine - West Europe). 

k r r c r . ,  AS., I.. S e h r a m r ,  A. ~.orotlos, d t b  tlw ...~stacrca ot 3.1.. ~oriy (IOM) w r r a -  
U d  Bmrgy WorLdrop: S-rn d Poll It- Irawbur#, A d r i a  I n k r m a U d  IrrLltvk 
lor Applied Sy.tma A n l p t a  



In the future,  switching over  to electr ic  dr ive (it appears  cheaper  t o  meet 
baseload demand from nuclear-derived electricity compared with costly gas) and 
raising pressure to 10  MPa will resul t  in higher throughput capacity. 

G a s  cooled to -30°C and especially to -60 and -70°C can substantially increase 
a pipeline's throughput capacity.= Calculations prove this t o  be a viable proposi- 
tion, despite some technical complexities involved. But i t  appears  cost  effective 
only f o r  large-volume transportation, provided cooling does not require  decreas- 
ing a pipeline's diameter. Projects  fo r  transportation by larger-diameter pipeline 
or as LNG a r e  unlikely to be realized. As f o r  scat tered or seasonal gas consumers, 
i t  is  necessary to take  into account capital  investments required f o r  a distribution 
network and seasonal underground storage. The l a t t e r  leads to higher gas  prices,  
since even if exhausted gas o r  oil fields a r e  used f o r  storage, one should take into 
account the cost of buffer gas storage, which is nearly equal t o  the active volume 
of the gas stored, and the average amount of natural gas. With no gas o r  oil  fields 
available in the proximity of the consumer, use can  be made of man-made seasonal 
gas s torage facilities. And this a lso involves heavy investments even under favor- 
able geological conditions. 7 

G a s  transportation by sea ,  including the start-up and operating costs of 
liquefaction and regasification facilities and tankers ,  appears  more costly com- 
pared with transportation by large-diameter pipeline with electrically driven 
compressor stations. Only in those cases  where gas is transported over  la rge  dis- 
tances and liquefaction and regasification costs a r e  but a small fraction of total 
transportation costs may transportation as LNG be comparable with pipeline, espe- 
cially when the volume of gas t ransported over  a given route  is not too large and, 
consequently, a smaller-diameter pipeline i s  used. 

Since the cost  of dry  natural gas  transportation i s  higher compared with oil, 
i t  may be reasonable to consider regional systems, including prospective import- 
e r s  such as Western Europe, Japan, and the US and their  respective expor te rs .  In 
some cases,  the conversion of remotely located gas to more transportable pro- 
ducts, such as methanol, ammonia, e tc . ,  a t  o r  close t o  the point of production may 
prove a practicable proposition. 

On the whole, given the advantages of gas as an ecologically clean fuel, as a 
feedstock, and i ts  availability in some pa r t s  of the world, gas may prove to be op- 
timal in the energy balance of some regions, especially those with s t r i c t  pollution- 
control laws. In la rge  cit ies and urban areas ,  with high m o t o r  fuel consumption 
and relatively modest specific capital  investments in gas compressor stations, one 
should consider the use of methane f o r  automobile transport.  In the  n e a r  future 
the Soviet Union will have hundreds of thousands of methane-fueled t rucks;  at f i r s t  
use will be made of 20 MPa s tee l  cylinders, which w i l l  eventually be replaced by 
light composite cylinders. 

The world natural gas  market,  owing to i t s  varying effectiveness f o r  different 
consumers and in different regions, p a w s  a serious problem tha t  calls f o r  careful  
consideration. Work in this  field is being done by some international organizations 
under the auspices of the  International Institute f o r  Applied Systsms Analysis, Lax- 
enburg, A u s t r i a .  

But despite all the advantages of gas, the  world natural gas market will be lim- 
ited compared with oil because of the high cost of transportation by pipeline and 
especially as LNG. The deLivered pr ice  of natural gas  will be  s e t  re lat ive to the 

' ~ a e  transportation In peramfrost reglone will lnvolve messures to avoid defroetlng the ground 
underneath a plpellne. Thle wlll require tbe use of precooled gas. 

7 ~ n  some cases i t  may be neceasry to  regulate dolly consumption from underground gas storage. 



price of liquid fuel, at least  until the end of this century. High transportation 
costs will limit the international natural gas t rade t o  a few gas producers which 
have an abundance of cheap gas reserves  (Iran and o ther  Persian Gulf states,  In- 
donesia, Algeria, Nigeria, and the Soviet Union). In gas fields remote from the 
market, i t  will be desirable to develop energy-intensive industries, notably the 
petrochemical industry, which uses gas  both as a source of energy and a 
feedstock. 

1.3. The prompsct. for coal 
Less cer tain i s  the situation in the  rapidly growing world market fo r  high- 

grade coals, the demand f o r  which is rising steadily (from 200 million t in 1977, to 
250 million t in 1980, and t o  306 million t in 1985). According to s o m e  forecasts,  
the  coal market i s  to expand to 450-460 million t by 2000,' although they no longer 
point to the boom (up to 1 billion t in 2000) predicted ear l ier .g  

Prices  for  coals with high calorific value and low sulfur content (less than 
I%) ,  which a r e  t ransported by s e a  over  Large distances (South African, North 
American, and even Australian coals at the ports  of West Europe), constitute 50-60 
dollars/t, in terms of coal equivalent, i.e., twice a s  l o w  as cu r ren t  pr ices  fo r  a 
heat-equivalent amount of fuel oil. This c rea tes  incentives f o r  building new elec- 
t r i c  plants and large coal-fired boiler plants with pulverized coal combustion, even 
in coastal regions remote from the point of production if the l a t t e r  is located close 
t o  a n  ocean port.10 Moreover, even a costly switch of fuel oil units over  to coal i s  
paid back relatively rapidly, in some cases. For instance, two 300 MW power- 
generating units in South Korea, when switched over  to Australian coals, were paid 
back in two years.  This shif t  proves f a r  more economical at the  point of produc- 
tion of internationally t raded coal (Middle East, Central America), because the 
pr ice of coal t he re  is lower as i t  does not include freight costs. 

I t  should be noted tha t  a highly probable considerable r i se  in the demand for  
power-generating coals is unlikely t o  lead to higher rea l  prices,  since quite a few 
countries have large reserves  of high-grade coals, cheap at the point of produc- 
tion, l w a t e d  close t o  seaports.  Besides such countries as the United States,  Aus- 
t ra l ia ,  South Africa, and Poland, which a r e  now la rge  expor te rs  of power- 
generating coals, large-scale penetration of the Soviet Union, Canada, China, and 
India into the world market i s  expected in the long run, which will make i t  possible 
to keep the coal/fuel oil p r ice  ra t io  at a constant level. 

The main factor  that  impedes Large-scale coal consumption is ecological con- 
straints.  In the case of la rge  plants equipped with electric precipitators,  particu- 
la te  emissions do not pose any th rea t  to the atmosphere because, with a precipita- 
tor whose efficiency ranges from 99 to 99.52, these emissions can be comparable 
with fuel oil ash emissions (fuel oil units a r e  not equipped with gas  cleaning sys- 
tems). But fly ash  electrostatically precipitated consists of sub-microparticles 
with heavy metals, contained in coal ash, concentrated on the i r  surface. These em- 
issions may be  a health hazard. 

- -- 
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A major obstacle in the use of coal in la rge  industrial plants i s  SO2 and NO, 
emissions in s tack gases,  which are not only toxic but are also the  cause of so- 
called acid rains.  The Latter may have a detrimental effect  on vegetation and 
biohydrosphere (Scandinavia, Canada, etc.). In sparsely populated areas this can 
be  avoided by dissipating emissions through high stacks. But main prospective 
coal importers and consumers a r e ,  as a rule ,  densely populated regions where spe- 
cial plants have to be  installed to desulfurize s tack gases. Such plants involve 
high operating costs and, in particular,  enormous investments. Whereas operating 
experience gained with these plants ensures  sufficiently deep desulfurizatfon of 
s tack gases,  nitrogen oxides can be  removed only through catalytic oxidation of NO 
to NO2, which makes a plant m o r e  costly and prevents  wide-scale applications of 
this method. With the help of inexpensive methods of reducing the temperature  in 
the  flame-kennel, one can suppress  t he  formation of nitrogen oxides from the a i r ,  
but the nitrogen contained in coal itself forms NO, at moderate temperatures  as 
well. 11 

On the  whole, wide-scale use of coal at l a rge  industrial plants meets, in some 
cases,  with cer ta in  objections. Medium- and low-capacity plants, where neither 
s tacks nor  gas  cleaning facilities can be  installed, pose a f a r  more ser ious problem 
Substantial p rogress  has recently been made in coal utilization with CaO and CaC03 
additions in fluidized bed combustion furnaces.  This will probably be an  a t t rac t ive  
option fo r  medium- and low-capacity consumers in regions with s t r i c t  pollution con- 
trol.  But the  use of fluidized bed combustion in la rge  industrial plants encounters 
cer ta in  difficulties. 

In any case,  because one has  to  take into account both higher operating costs 
and especially capital  investments compared with liquid fuel, therefore  coal 
remains unsuitable fo r  peak-load plants with a shor t  operation period. Still, for 
some economic reasons one should expect  coal's contribution to grow both in 
developed and developing countries. Coal's growth prospects  in developing coun- 
t r i e s  will be limited because of the  lack of developed transportation systems and, 
consequently, high transportation costs,  especially if one takes  into account that 
even transportation by rai l  not adapted to electr ic  traction, let alone automobile 
t ransport ,  involves considerable volumes of oil products. As a resul t ,  a substan- 
tial r i s e  in coal consumption can  be expected only in those countries tha t  have a 
widely branched network of water- and railways, f o r  instance, India and China, as 
well as in coastal regions and areas close to the  point of production. 

Though cu r r en t  coal pr ices  will tend to increase in the long run,  still they will 
be more s table  compared with oil and natural  gas,  which will create incentives for 
a shift  to coal in the future ,  especially due to the introduction of new technologies 
(for instance, fluidized bed combustion) t ha t  are ecologically c leaner  compared 
with traditional ones. As international t r ade  in high-grade coals expands, coals 
with l o w  calorific value and partly oil shales, whose transportation by land, in par- 
tfcular,  i s  costly, will remain cheap fuel locally produced. In regions with abun- 
dant  coal reserves energy-intensive industries and, in the  m o r e  distant future,  
synfuel production will develop. 

Analysis of future  prospects  suggests t ha t  p r ices  fo r  main fossil fuels will 
change to varying degrees.  As to natural  gas  and l o w  calorific fuels, t he i r  pr ices  
in s o m e  regions will remain relatively low. This will condition s t ruc tura l  changes 
in t h e  energy mix of developed countries and the  craat ion of new power-generating 
capacities in developing countries with r ega rd  f o r  current ly  established ra t ios  

l%uccessful work has recently been done In NO, reduction through 1nJectlon ofNH3 I n  gases. 



and, to a f a r  g r e a t e r  degree, f o r  proportions anticipated ove r  the next 20-30 
years.  

1.4. Energy mpply of developed countries and urbanized areaa 
of developing countrim 

Future energy supply of developed countries and urbanized areas of develop- 
ing countries will be  conditioned by the  replacement of liquid fuel by more avail- 
able and less costly sources of energy; by the introduction of new energysaving 
technologies and reduction of a i r  pollution, which poses a part icular  th rea t  to 
densely populated areas. On the whole, the  above will be capital-intensive meas- 
ures.  In developed countries they will be aimed mainly at saving labor  resources.  

Further energy development, f i r s t  and foremost, will be characterized by 
higher growth rates of the electricity s h a r e  in the  fuel and energy balance than 
occurred in the  past. 

Due to the g r e a t  advantages of electricity f o r  many consumers, the share  of 
electricity in the  world energy balance w a s  steadily growing even at a time of 
cheap oil availability when the  cost of electricity under a base-load pat tern of 
consumption w a s  four  times the cost of d i rec t  Liquid fuel use (mainly owing t o  low 
conversion efficiency not exceeding, as a rule,  4OX, and, t o  a lesser  degree,  t o  
capital investments in electr ic  plants). Under these conditions the use of electri-  
city f o r  low-temperature (space heating, ventilation) and even high-temperature 
heat  production w a s  limited to relatively few cases where technological advantages 
outweighed the  high cost of electricity.  

In many countries ( for  instance, the US) the use of e lectr ic  traction on rail- 
ways w a s  r a t h e r  limited. Until recently even in the Soviet Union, where freight 
traffic is very heavy, a little more than half of f reight  w a s  car r ied  by diesel 
locomotives, because capital  invgstments w e r e  paid back r a t h e r  slowly as t he re  
was little difference between diesel fuel and fuel oil (used as fuel f o r  e lectr ic  
plants) prices.  

Today, f o r  almost any large base-load consumer of high-temperature heat,  a 
shift from liquid fuel to electricity proves cost effective. 

Direct utilization of high-temperature nuclear-based heat appears  promising 
only f o r  some industrial processes, namely, f o r  those requiring medium tempera- 
tu res  (lower than 700-800°C). In the long run, f o r  higher temperatures, e lectr ic  
heating with an  increasing sha re  of plasma technology is likely to be the dominant 
method. 

Taking into account the leading ro le  of the power industry in the energy econ- 
omy of developed countries, one should expect  tha t  t he  grea tes t  changes will occur  
in this field. Nuclear energy or coal substitution fo r  liquid fuel w i l l  reduce its 
s h a r e  in newly constructed la rge  e lec t r ic  plants. In the majority of developing 
countries new large power-generating units operating on liquid fuel are no longer 
laid down, excluding peak-load units in some wes .  

Introduction of nuclear e lectr ic  power plants with the i r  s h a r e  exceeding cer- 
tain l imi t s  pares some problems. As i s  known, nuclear plants are characterized by 
very high specific capital  investments and low cu r ren t  costs; at the same time they 
are the  cheapest source of electricity used to meet the base-load demand of the 
majority of industrialized world regions (with the exception of a few regions with 
very low-priced indigenous coals or very  efficient hydropower resources).  
Operating in the base-load p a r t  of the load curve, nuclear plants oust o the r  plants 
of t he  system. If the  load curve is r a t h e r  dense (a reas  where heavy industry is 



concentra ted)  and  o t h e r  e l e c t r i c  plants are highly maneuverable, then, technical- 
ly and economically, nuc lea r  plants c a n  genera te  t h e  g r e a t e r  p a r t  of e lect r ic i ty  
and c o v e r  the  e n t i r e  load c u r v e  (minimum load at night and a sightly h igher  load on 
days  off). In t h e  latter case ,  however, a l l  o t h e r  e l e c t r i c  plants would b e  shut  down 
more than 300 times and s tand idle during some SOX of t h e  y e a r .  Since th is  i s  unac- 
ceptable  f o r  many of t h e  plants,  hydro-pumped s to rage  plants  have t o  be  con- 
s t ruc ted .  These plants o p e r a t e  during t h e  night and on days  off as pumps, increas- 
ing the  minimum load of the  system, and  as s h a r p  peak-load tu rb ines  (750 h/yr)  
when the  load i s  at a maximum. The efficiency of t h e s e  plants  does  not usually 
exceed 70X, i.e., they are not  p roducers  b u t  n e t  consumers of e lec t r i c i ty .  In 
mountainous regions,  f o r  instance,  in Japan,  t h e i r  const ruct ion does  not  involve 
heavy investments and  p roves  economically viable. 

Quite di f fe ren t  conditions ex i s t  in some o t h e r  p a r t s  of t h e  world, f o r  instance,  
in t h e  European p a r t  of t h e  USSR, where t h e  g r e a t e r  p a r t  of t h e  country 's  popula- 
tion l ives  in t h e  vast  almost f l a t  Eas t  European lowland. Since t h e  development of 
mainly highly energy-intensive industries i s  concentra ted in Central  S iber ia ,  which 
has  a n  abundance of c h e a p  coal  r e s e r v e s  and highly efficient  hydropower 
resources ,  t h e  load c u r v e s  in t h e  European p a r t  will remain nonuniform and with 
time th is  nonunifomity  will tend to increase .  Due to a relatively high p r i c e  of coal  
in t h e  region,  newly const ructed base-load plants a r e  nuclear .  Existing power 
plants are mainly superc r i t i ca l  p r e s s u r e  thermal units, which are unsuitable f o r  
f requent  s t a r t u p s  and shutdowns, especially coal-fired units. Besides, a consider-  
able  p a r t  (30X) of the  to ta l  e l e c t r i c  capaci ty  i s  met from cogeneration plants,  
which combine e lec t r i c i ty  generat ion with h e a t  production,  and t h e  l a t t e r ,  g rea t ly  
increasing in winter,  slightly declines at night hours  and  on days  off. Consequent- 
ly, even if nuc lea r  plant  capaci ty  consti tutes but a small f ract ion,  t o  provide them 
with base-load under  these  conditions poses a problem. The use of hydro-pumped 
s to rage  plants  t o  eliminate t h e  nonuniformity of the  load c u r v e  i s  not  economically 
justified, as t h e i r  const ruct ion in flat country  p roves  more costly compared with 
moun!ainous regions.  The above considerations make one think of o t h e r  ways t o  
s t o r e  energy,  which r e q u i r e  additional investments and produce only a par t i a l  ef- 
fect .  This resu l t s  in g r e a t  variat ions in t h e  cost of e lect r ic i ty ,  depending on t h e  
corsumption pa t t e rn ,  and  i t  becomes desi rable  to regu la te  t h e  p a t t e r n  i tself .  

Many consumers c a n  substantial ly change t h e i r  consumption p a t t e r n .  For  th is ,  
relat ively small addit ional  c u r r e n t  expendi tures  a n d  capi ta l  investments would b e  
required.  Moreover, at the  l o w  cost of "off-peak" energy,  i t  might b e  des i rable  t o  
organize specia l  consumer-regulators. Here  belong indust r ies  with ve ry  high en- 
e r g y  intensity p e r  unit of cap i ta l  investments and employed l abor  f o r c e ,  which p e r -  
mit load reductions or interrupt ions  in a process  (for instance,  aluminum produc- 
tion), thanks  to t h e  accumulation of products.  

The use  of nuclear  p lants  f o r  e lect r ic i ty  generat ion above  c e r t a i n  limits, 
which are heavily dependent on local  conditions, will involve additional expendi- 
tures reducing the coat effect iveness  of t h e i r  application. Similar f a c t o r s  (though 
to a lesser degree)  condition the construction of coal-fired plants, as investment 
costs have g r e a t l y  increased (mainly because of ecological constraints) ,  and  t h e  
plants  are f a r  less maneuverable compared with gas-and-oil-fired units. 

Much m o r e  complex is t h e  use of the g r e a t  number of existing thermal  power 
plants  with gas-and-oil units. This problem is of p a r t i c u l a r  significance to coun- 
tries with a high share of fne l  o i l  in e l e c t r i c  utilities' fuel  supply ( for  instance,  t h e  
USSR). 

The simplest  technical  solution h e r e  i s  t h e  ousting of liquid fuel  from existing 
thermal  p lants  with gasand-oi l  units by shifting t h e s e  plants  to na tu ra l  gas.12 Dur- 

l%lth e sfmultancous shin to e shutdown mode of operetlon or deep load reduction e t  "OW-peek" 



ing the next 10-15 yea r s  this project  will be realized on a wide scale  in the Soviet 
Union and some o the r  gas-exporting countries. In those countries where the  pene- 
tration of natural gas into the  world market is  hampered, on-site gas utilization 
will develop, particularly fo r  the needs of the  petrochemical industry. The rapidly 
growing demand fo r  oil as a feedstock has  already been m e t  from d r y  natural  gas  
("chemistry CIM), notably heavy fractions ex t rac ted  from associated gas  and gas 
condensate fields. In the long run, one can expect par t ia l  r e t u r n  to coal chemistry 
(in t he  f i r s t  place, on the basis of high-speed pyrolysis of coal and oil shales and 
syngas production from coal). In the  majority of countries where a shif t  from ex- 
isting g a s a r i d d l  units to natural gas  is  not economically viable, switching them 
ove r  to coal i s  t h e  grea tes t  concern. To overcome ecological constraints,  t he  shif t  
to coal involves r a t h e r  long and costly reconstruction of plants; however, this  i s  
already under way in some countries (the US, Denmark, etc.). A t  t he  same time fuel 
oil units, even those recently constructed, are being shifted to a s h a r p  peak-load 
zone or are completely shut down (Great Britain, Sweden, etc.). 

Thus, one should expect  a substantial reduction in liquid fuels' contribution to 
electricity generation and industry, two major fuel oil users.  Taking into account 
t ha t  today's fuel oil production throughout t he  world accounts for  800 million t /yr ,  
it is  h a r d  to overestimate the effect  tha t  the  fuel oil replacement may have on fu- 
t u r e  demand prospects fo r  oil. Substantial progress  i s  being made in this field in 
s o m e  developed market economies. For instance, in the  United States,  fuel oil yield 
a t  oil ref iner ies  dropped to 6% from a l o w  level of 11% in  1979; in Grea t  Britain this 
reduction accounted fo r  17% c o m  a r ed  with 32%; in the FRG i t  dropped from 21X t o  
16%; in R a n c e  - f r o m  29 lo ZOX.' Many countries s t i l l  have g rea t  possibilities fo r  
fu r the r  reductions in the fuel oil  yield. 

In s o m e  developed countries the residential and commercial sectors have high 
sha re s  in the overall  consumption of gas  and oil products, namely, fo r  space  heat- 
ing and hot  water supply. The scope fo r  highquality fuel replacements is  heavily- 
dependent on climatic conditions, the type of housing, and existing methods of low- 
temperature hea t  supply. Today major low-temperature heat consumers are cit ies 
and urbanized areas where t he  g r e a t e r  pa r t  of the population of developed and, in 
s o m e  cases,  developing countries lives. The pat tern of settlement of urbanized 
areas varies  from country to country. For instance, in the Soviet Union ci t ies  a r e  
planned and developed as a system of residential areas built up with multistory 
apartment houses. Under these conditions centralized hea t  supply from l a rge  
heat-generating plants, namely cogenerating ones, proves m o s t  cost effective. 

Usually gas  or liquid fuel i s  used as fuel f o r  cogeneration plants a s  in this  
case less effor t  i s  required to ensure  c l ea r  community a i r  and t o  reduce the s i te  
occupied by a cogeneration plant. In the Soviet Union, owing to the  s h a r p  r i se  in 
liquid fuel prices,  existing cogeneration plants are being gradually shifted to 
gas.14 In t he  longer ran ,  even in  th i s  country, which has  an  abundance of gas  
resources ,  the  p r i ce  of gas  will continue to rise, and a switch from cogeneration 
plants to coal or nuclear fuel will appea r  economically justified. In both cases  this  
will involve additional expenditures conditioned, in t h e  case of coal-tired plants, 
by ecological constraints and  the need to del iver  l a rge  amounts of solid fuel and to 
remove a sh  and slag. In the  case of nuclear cogeneration plants with water-cooled 

hours. For thIe I t  will be necessary to construct low-cost g8s storage facilities for daily or 
woekly regulatlon. 
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reactors producing low-pressure steam, electricity generation p e r  1 Gcal of sup- 
plied hea t  is substantially lower. Besides, safety considerations requi re  tha t  such 
plants be located a t  s o m e  distance from big cities, which necessitates long-distance 
transportation of low-temperature heat  (in the form of hot water). Such transpor- 
tation proves fairly cheap, provided large-diameter pipelines with high average 
annual load a r e  used. As a resu l t  nuclear cogeneration plants appea r  cost effec- 
tive only in the case of year-round hea t  supply, i.e., in meeting p a r t  of big cities' 
annual hea t  demand. To improve a distant hea t  supply from nuclear cogeneration 
plants, i t  becomes necessary to develop new w a y s  of long-distance hea t  transporta- 
tion, especially as r ecen t  projects  seem neither economically viable nor  cheap. 

One of the options fo r  supplying urban hea t  i s  the construction of nuclear 
hea t  supply plants. The la t te r ,  when operating at low pressure,  can b e  brought to 
such safety s tandards that  i t  will become possible to locate them in densely popu- 
lated areas. They can  effectively supply hot water and process  steam not only to 
apartment houses but  a lso to many other municipal low-pressure s t e a m  users.  In 
the Soviet Union such plants are being built in Gorky, Voronezh, and o the r  towns. 

Coal- or nuclear-based centralized hea t  supply appea r s  highly promising fo r  
residential a r e a s  dominated by multistoreyed houses or f o r  large industrial consu- 
mers, including agricultural/industrial complexes (for instance, very la rge  
greenhouses). 

In residential a r ea s ,  where cottages are dominant, low-temperature hea t  pro- 
duction through heat  pumps, especially fo r  space heating and air-conditioning, 
proves cost effective. Heat pumps are very economical in supplying hot water with 
simultaneous warm water discharge, since a r i s e  in the temperature of such a good 
heat-transfer medium as w a t e r  does not requi re  large heat-exchange surfaces .  
Such conditions exis t  at many industrial and agricultural/industrial complexes and 
biological purification plants. In many cases,  natural (particularly ice-free) ponds 
or man-made reservoi rs  can  be  used as a source of low-temperature heat. Heat 
pumps are especially a t t rac t ive  fo r  seaside resorts where requirements fo r  c l ea r  
a i r  are especially s t r i c t  and t h e r e  i s  a need t o  produce low-temperature heat fo r  
swimming pools. 

Even a t  present  with oil pr ices  in decline, t he re  a r e  g r e a t  possibilities f o r  vi- 
able  liquid fuel substitution igr almost a l l  consumers with the  exception of cars and 
t rucks,  buses, planes, r i v e r  boats and mediumsized ships,  t rac tors ,  self-propelled 
combines, e tc .  In the longer run,  however, one can  expect  par t ia l  Liquid fuel sub- 
stitution even in these fields. 

This will involve, in the f i r s t  place, intracity m a s s  transportation. Naturally, 
t he  existing system established during the period of cheap  oil availability should 
be reconstructed with a view t o  increasing the sha re  of electric-powered trans- 
po r t  to a maximum. Even in case of a successful solution of technical problems, 
reconstructing the en t i re  urban inf ras t ruc ture  will t ake  time. I t  i s  unlikely tha t  by 
2000 the g r e a t e r  pa r t  of intracity t ranspor t  w i l l  be  replaced by electrically 
driven vehicles. Par  clearer are the  prospects  fo r  developed systems of public 
t ransport ,  at l a a d  in the  Soviet Union and countries with a similar settlement pat- 
t e rn ,  where orientation of public t ranspor t  (mostly electrically driven) toward 
everyday journey b work and back h a s  already proved economically justified. I t  
is especially important to take into account the possibilities f o r  developing public 
t ranspor t  in la rge  ci t ies  of developing countries where population growth rates 
are extremely high and automobile t ransport  consumes an  enormous amount of 
liquid fuel and causes heavy a i r  pollution. Development of high-speed mass t rans i t  
before  new residential  areas are densely built up i s  relatively cheap. 



In many cases ,  developing countries are oriented toward the settlement pat- 
t e rn  that has  gained wide acceptance, especially in the United States ,  where 
residential areas with cottage-type housing are clustered around t h e  city cen te r  
forming a belt  with a radius of 50-80 km and more. Such a pa t te rn  requires  enor- 
mous capital  investments in a transportation network and makes i t  necessary t o  use 
private cars f o r  everyday journeys to work. Much cheaper  and more realist ic is  
the  orientation toward constructing multistareyed apartment houses. This pat tern 
has been accepted in many countries,  though often with little r ega rd  f o r  the  
development of public t ransport .  I t  i s  clear that  these options lead to widely vary- 
ing projections of m o t o r  fuel consumption in developing countries. 

Of course,  under any conditions the  world's private car f leet  will continue to 
groar.l5 But various economic factors ,  notably t he  high cost of m o t o r  fuel, will 
create incentives fo r  Limiting the  use of pr ivate  t ranspor t  (especially in everyday 
life) and fo r  developing public t ranspor t  and, what is more, will reduce  specific 
mo to r  fuel consumption p e r  100 km of t ravel .  Grea t  progress  has  already been 
made in this field due to both the growing sha re  of diesel-powered vehicles in the  
car f leet  and a shif t  to small economical ca r s ,  in particular.  Improvement in the 
efficiency of vehicles, especially passenger ca r s ,  will substantially compensate fo r  
the growth of the world's car fleet which i s  likely t o  be  completed during the  next 
20 years ;  thereaf te r ,  the  growth of fuel consumption in multipurpose (inter- and 
intracity) t ranspor t  will be a l m o s t  proportional to the number of cars. 

Those are briefly the lines along which work will be done to solve energy 
problems of developed and urbanized areas of developing countries. 

1.5. Energy mpply of rural areas of developing countries 
The grea tes t  p a r t  of the population of developing countries lives in rura l  

a r e a s  (more than 752). Providing satisfactory living conditions fo r  this  p a r t  of the 
world's population will inevitably lead to a rise in energy consumption, which in i ts  
tu rn  is impeded by lack of capital .  Energy supply of developed and developing 
countries should be considered differently fo r  each group, i.e., f o r  developing 
countries solutions must b e  as cheap as possible, provide maximum employment, 
agree  with traditional lifestyle, e tc .  Hence i t  follows tha t  r u r a l  areas should be 
oriented toward building small (local) unsophisticated plants, which can be  s e r -  
viced by indigenous personnel properly instructed. For the  majority of less 
developed countries, capital  investments in such equipment will be lower compared 
with developed countries (primarily due t o  the availability of a cheap labor  force).  
A t  the  s a m e  time this does not mean tha t  less developed countries should use ob- 
solescent technologies. Quite the  contrary,  such equipment should be manufac- 
tu red  with r ega rd  f o r  the  latest achievements in science and technology. But new 
tschnologies should be optimized with respec t  to the above conditions - different 
f o r  different countries. 

Up to now t h e  basic energy requirements of these areas have been m e t  by so- 
called noncommercial (conventional) energy resources: wood and charcoal,  agri-  
cultural wastes, muscular power. On the  whole, the sha re  of these resources in t he  

a number or developed countries, however, .utomobIle transport has almost reached. level of 
saturation and further growth (two and three cars per famlly) wlll not result in a notlccable In- 
crease In rnlleage. 



energy supply of developing countries accounts f o r  not less than 20%. In less 
developed countries i t  is f a r  higher; in Africa more than 85% of energy demand is 
met from noncommercial energy resources,  in Asia - about 64%. 16 

The use of fuelwood together with ''burnt-out" agriculture has resulted in ca- 
tastrophic deforestation in the torr id  zone. The resultant ecological hazard i s  
hard  to estimate, though, as is  known, i t  has a d i rec t  bearing on the living stan- 
dards of people. 

Deforestation around human settlements has led to catastrophic fuel short-  
ages in many r u r a l  areas. Many fuelwood users do not purchase but collect i t .  
Wood collecting i s  time-consuming , eventually causes r ea l  damage to the economy, 
and poses a threa t  to human health. The impact of wood shortages on the diet has 
not ye t  been studied; meanwhile the population of some parts of Western Africa and 
Latin America must often do without cooked food. Peasants in Haiti and Nepal have 
to cut  down on vegetables requiring heat  treatment. A similar situation exists in 
o the r  parts of the world. Very onen  collecting wood keeps children from school, 
which poses a social problem. 

Suffering from wood shortages,  r u r a l  inhabitants have to burn c rop  residue 
and d ry  dung. A s  a result ,  organic matter and nutrients a r e  withdrawn from the 
fields and burned in open fires.  This reduces the amount of ferti l izers applied t o  
soil and, consequently, soil fertility. According to the Food and Agriculture Organ- 
ization, in the developing countries of Asia, Middle East,  and Africa about 400 mil- 
Lion tons of dry  dung is burned annually. One ton of burned dung is equivalent t o  
the loss of 50% of crop,  i.e., the use of dung as fuel may reduce corn production 
throughout the world by 20 million tons. Under these conditions abandoning these 
practices as soon as possible i s  a matter of prime concern. 

Deforestation has a d i rec t  bearing on disastrous floods, reduces water flow, 
and resul ts  in overdried springs and silted reservoirs .  Wind erosion, salinization, 
and leaching also cause heavy damage. In preparing f o r  the International Confer- 
ence on Desertification (1977), estimates were made of reduced ferti l i ty of grazing 
and arab le  lands in a r id  zones. The damage caused by desertification accounts f o r  
more than 12 billion dollarsjyr.  I t  is  hard t o  assess to a full degree the  damage 
resulting from felling t r e e s  tha t  once prevented erosion, improved microclimate 
and. in many cases ,  replenished nutrient reserves  in soil. Still, i t  i s  c l ea r  tha t  this 
damage constitutes a significant problem, which is confirmed by the da ta  on in- 
creased land productivity resulting from protective afforestation in semi-arid 
zones. W e  dwell at length on the  issues of fuelwood supply t o  show that  i t  i s  not 
only an energy problem; i t  i s  connected with the en t i re  range of problems that  a r e  
of crucial  importance to developing countries and should be solved on a systems 
basis in the shortest  time possible. 

Of primary concern f o r  developing countries i s  the  search  f o r  ways of reduc- 
ing fuelwood consumption. The latter can  be done: (1) by using o the r  indigenous 
energy resources;  (2) by expending fuelwood resources through afforestation; (3) 
by improving the  efficiency of wood burning in conventional household stoves and, 
in many places, i n  open f i res .  

Even scanty data  on coal and peat  resources in developing countries show 
tha t  in many cases  solid fuel locally produced can replace wood. A t  t he  s a m e  time 
indigenous solid fuel production wi l l  provide the basis fo r  the national economy 
and ensure emplopnent. Capital investments required for  this venture are, of 
course,  r a t h e r  heavy, but  they a r e  much lower compared with o the r  options. Only 

16Global Enerpy in Transit ion,  Environmenfal  Aspects New and Renewable Sburcer fo+ 
Lkwlopnrent, UNIPVB Publlcatlon 4, New York (1981). 



orientation toward indigenous resources  and labor  fo rce  together with the use of 
mature and, t he re fo re ,  sufficiently reliable and cheap technologies can promote 
f u r t h e r  economic development of less developed countries. 

M no less importance h e r e  i s  the  fac t  that coal and peat can  be used in con- 
ventional w o o d  stoves virtually everywhere. This will requi re  no change in tradi- 
tional housekeeping; hence, one can  expect  tha t  this option may produce the most 
successful results.  

Anaerobic fermentation of agricultural and domestic wastes should gain wider 
acceptance. Substantial p rogress  made in this field in China, India, and s o m e  o t h e r  
countries has  proved i t s  simplicity and feasibility of t h e  manufacture of required 
equipment by local l abor  from indigenous materials. Anaerobic fermentation 
offers  an immediate solution t o  the following t h r e e  problems: (1) improvement in 
sanitation; (2) production of high-quality fer t i l izers  (according to some estimates, 
fermentation wastes applied to soil ra i se  i t s  productivity by 10-122 compared with 
comp<lsting);"l (3) biogas production in t he  range from 0.5 to 0.6 tce/m3/yr, f o r  
swine manure digestion, from 0.08 to 0.1 t ~ e / m ~ / ~ r ,  f o r  poultry manure. The bio- 
gas produced is  an excellent fuel fo r  meeting domestJc needs of small farms and 
ru ra l  communities. True, social incentives f o r  introducing anaerobic fermentation 
are not as obvious as in the case of fuelwood replacement. This technology is  new 
and in some regions i t  does not match the  traditional lifestyle of r u r a l  population. 
That i s  why, despite i ts  obvious advantages, the wide-scale application of this  tech- 
nology requires  time and effort though some countries (namely, China and India) 
have already proved i ts  cost effectiveness. 

Here perhaps ends freedom of choice as far as w o o d  replacement options f o r  
r u r a l  areas of developing countries are concerned. Recommendations for a wider 
use of renewables (notably solar energy) fo r  these purposes a r e  apparently un- 
timely for the following reasons: immaturity of solar technologies; high cost of 
so la r  installations due to the  use of manufactured equipment often imported; and 
f a r  g r e a t e r  contradictions between the nature  of these technologies and tradition- 
a l  lifestyle of ru ra l  communities. In the  fut.ure, with the creation of economic and 
social incentives these technologies are likely to penetrate  into developing coun- 
tries. Still, wide-scale applications even in low-temperature hea t  supply cannot be 
expected ear l ie r  than the beginning of the  next century. 

The expansion of w o o d  resources  oan be  achieved in two ways: by afforesta- 
tion and through improvements in the use of fuel (fuelwood in par t icular)  in con- 
ventional installations for  cooking and space heating. These two approaches 
should be intensively implemenled, though one should bear in mind that ,  owing t o  
catastrophic wood shortages in s o m e  regions, i t  will be  difficult to preserve  fores t  
plantations until they r each  productive maturity. 

There i s  much r o o m  for improvement in the efficiency of conventional stoves. 
A t  p resen t  open f i r e s  whose efficiency does not exceed 102 have been most 
widespread in rural areas. The application of closed-type stoves with primitive 
hea t  insulation permits increasing the i r  efficiency to 30-402. The cost of such in- 
stallations manufactured from indigenous materials with the maximum use of im- 
ported m a t e r i a l s  i s  comparatively low (10-20 dollars). Most of the expenditure 
may be offset by t he  use of poorly qualified, often surplus labor.  The application 
of primitive closed-type installations to produce coke (badic fuel) in l a r g e r  settle- 
ments, instead of burning i t  ou t  in heaps, resuits in a several-fold increase in coke 
yield. 

1 7 ~ n g  to high anlmal-based organic matter content 1n the realdue, the la t ter ,  when drled, can be 
effectively used as an addltlve t o  fodder. 



The above are complementary options that  d o  not exclude one  a o t h e r .  They 
should b e  in t h e  focus  of developed countries '  government programs and interna- 
tional economic a id  projects .  Here ,  much depends on t h e  countr ies  themselves and 
on t h e i r  willingness to solve t h e i r  domestic problems. 

While considering energy  supply of r u r a l  areas of developing countr ies ,  one 
cannot help  mentioning t h e  use of e lect r ic i ty  in t h e  residential  and commercial 
sector. Solutions to this  problem will b e  di f ferent  from t h e  options real ized in 
centra l ized energy  supply. 

Exper ience gained in  some Soviet Asian Republics and o t h e r  countr ies  h a s  
shown t h a t  only with t h e  help  of e lect r ic i ty  can  one solve the  problem of social  
reconst ruct ion of r u r a l  a r e a s ,  provide access to education and  world cu l tu re ,  and 
put advanced technologies into pract ice .  That i s  why t h e  use of e lect r ic i ty  in r u r -  
al areas should b e  r e g a r d e d  as capable  of changing not only t h e  economy of 
developing countr ies  but a lso  t h e  lifestyle and t h e  way of thinking of the  g r e a t e r  
p a r t  of t h e i r  population. 

At p resen t  the  most widespread installation f o r  e lect r ic i ty  generat ion in  r u r a l  
areas i s  a diesel  p o w e r  plant. The fuel  i t  consumes h a s  now become very  costly. 

In decentralized e lec t r i c i ty  supply, among o t h e r  a l ternat ives  to diesel  fuel ,  
t h e  following technologies based an indigenous energy  r e s o u r c e s  should b e  given 
t h e  highest  pr ior i ty :  

(1) Mini-hydropower plants on small water flows with a capaci ty  ranging from a 
few kilowatts to a few megawatts. In rocky t e r r a i n  and regions  with a 
developed network of waterways, such flows a r e  usually located c lose  to r u r a l  
settlements. One of t h e  effect ive  ways of decreas ing t h e  cost of e lect r ic i ty  
der ived from small hydropower plants i s  t o  r e d u c e  capital-intensity of energy 
equipment through full-scale production and package delivery;  

(2) Gas-motor e l e c t r i c  plants operat ing on producer-gas soLid fuel (coal, pea t ,  
wood, d r y  agr icu l tu ra l  wastes). This i s  a fa i r ly  mature and re l iable  technolo- 
gy tha t  does not  r e q u i r e  highly skilled personnel f o r  i t s  maintenance. Unlike 
most o t h e r  technologies, i t  can  be  manufactured di rect ly  in many developing 
countries.  I t  c a n  o p e r a t e  on virtually any kind of solid fuel. In some cases 
locomobile plants may a l so  a p p e a r  a n  a t t r ac t ive  a l ternat ive ,  especially when 
combined with low-temperature h e a t  use r s ;  

(3) Wind e lec t r i c  plants in regions  with favorable  wind velocity conditions, name- 
ly, coasta l  regions;  and 

(4) Sola r  photovoltaic conver te r s ,  provided t h e r e  i s  a significant reduction in 
specif ic  capi ta l  investments, say,  by a f a c t o r  of lo2 .  
Thus, t h e r e  e x i s t  definite opportunit ies f o r  energy  supply in r u r a l  areas of 

developing countr ies  on  t h e  basis of indigenous energy  r e s o u r c e s  and c h e a p  and, 
in m o s t  cases ,  mature technologies without rad ica l  changes  in tradit ional  lifestyle. 
At t h e  same t i m e  even  or ienta t ion toward these  r a t h e r  simple solutions will involve 
a considerable amount of developing countries '  r e s o u r c e s  and b r o a d e r  coopera-  
t ion with developed nations under  t h e  auspices  of international organizations and  
on a bi la tera l  basis. 

Elaborating a s t r a t e g y  f o r  world energy  development i s  a h a r d  but qui te  a 
feas ible  task that will  r e q u i r e  joint e f fo r t s  of developed and developing nations. 

Those are br ief ly  the  main l ines along which t h e  world energy  economy will 
develop to t h e  end  of th is  cen tury  and  t h e  f i r s t  q u a r t e r  of the  nex t  century.  In t h e  
subsequent sect ions  dealing with prospects  of t h e  international na tu ra l  g a s  mark- 
e t ,  we have consistently taken t h e  above t r e n d s  in to  account and t r i e d  to quantify 
them. 





Chapter 2 

Energy Demand Scenarios for Industriahed Market Economies 

1.2. Yethodology 
To assess fu tu re  p rospec t s  f o r  t h e  world natural  gas  market ,  t h e  p r e s e n t  

study uses  t h e  fo recas t s  of primary energy demand by region with t h e  subsequent 
breakdown into potential g a s  consumers as a point of d e p a r t u r e .  This allows us t o  
p r o j e c t  a potential  demand f o r  natura l  gas. The ac tua l  levels of energy  consump- 
tion will be  conditioned by t h e  potential  consumers' efficiency in using natural  gas  
(marginal gas pr ices ) ,  on  t h e  one hand, and by g a s  p r i c e s  set in t h e  market  rela- 
tive to t h e  p r i c e  of o t h e r  competitive energy  resources ;  by g a s  producers '  and 
consumers' own costs ;  by government policies aimed at reducing dependence on 
imports and creat ing incentives f o r  t h e  development of a l ternat ive  s o u r c e s  of 
energy or t h e  domestic g a s  industry by laying a t a x  on e x p o r t e r s ,  e t c . ,  on t h e  
o t h e r  hand. 

There  a r e  two approaches  to t h e  assessment of energy demand levels: 

(1) A top-down approach implies t h a t  from given economic growth rates tota l  
energy consumption growth rates are calculated;  f u r t h e r ,  t h e  s h a r e  of e lect r ic i ty  
is  projected and final energy demand is  determined, which is  t h e n  divided into 
s e p a r a t e  elements (for ins tance,  economic sec to rs ) ;  and 

(2) A bottom-up approach would determine t h e  levels of final energy con- 
sumption f o r  each  s e c t o r  on  t h e  basis of economic growth rates and o t h e r  indica- 
tors typical of each  sector and of projected specific energy consumption. By sum- 
ming up these  d a t a  we obtain est imates of final energy demand f o r  the  country ,  as 
a whole. If t h e  s h a r e  of e lect r ic i ty  in t h e  final energy demand of e a c h  sector is  
fo recas t ,  then to ta l  e lect r ic i ty  generat ion and consumption are determined, which 
provides t h e  basis f o r  developing fo recas t s  of fuel  consumption at  e l e c t r i c  plants. 
From t h e  d a t a  on  final energy  consumption and consumption at e lec t r i c  planls (o r  
r a t h e r  generation losses), est imates are made of t h e  to ta l  primary energy  con- 
sumption. 

Both approaches  of ten produce di f ferent  resul ts .  The f i r s t  approach  allows 
us to obtain fair ly sound estimates at t h e  upper  level; but t h e  lower t h e  level, t h e  
less  sound they s e e m .  A s  f o r  t h e  o t h e r  approach ,  h e r e ,  on t h e  c o n t r a r y ,  t h e  s e e m -  
ingly valid estimates at t h e  lower level a p p e a r  hardly  accep tab le  at t h e  upper  
level. in o r d e r  to ensure  in ternal  stabil i ty of projections at a l l  levels, a n  i t e ra t ive  
p rocedure  i s  required.  

Centra l  to t h e  e n t i r e  system of calculation is t h e  e x p e r t  on whose qualifica- 
tion, intuition, and  outlook t h e  validity and reliabil i ty of fo recas t s  ultimately 
depends. in  elaborating a f o r e c a s t  t h e  e x p e r t  uses  a g r e a t  number of methods, 
from logical thinking to mathematical modeling. 

The energy  fo recas t s  f o r  t h e  US, Western Europe,  and Japan considered in t h e  
p r e s e n t  p a p e r  have  been developed o n  t h e  basis of t h e  main assumptions of social  
and economic development given in Table 2.1. The following t h r e e  scenar ios  have 
been developed: 

Minimum Scenario - corresponding to high p r i c e s  f o r  oil and o t h e r  energy  
forms. This scenar io  envisages improved energy conservation in a l l  sectors of 
final energy  consumption and a h igher  s h a r e  of e lect r ic i ty  in t h e  energy  balance.  
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Table 2.1. Major economic indicators used in energy  scenario^.^ 

Region 1980 1990 2000 2010 2020 

USA 
Population, million 

b 
228 245 265 285 300 

Economic growth r a t e s  , X/yr - 2.2-2.5 2.2-2.5 2.2-2.5 2.0-2.2 

Western Europe 
Population, million 415 435 455 470 480 
Economic growth rates (GNP), X/yr - 2.5-3.0 2.0-2.5 2.0-2.5 1.5-2.0 

Japan 
Population, million 116 123 130 132 132 
Economic growth rates (GNP), X/yr - 3.5-3.8 3.0-3.5 3.0-3.5 2.0-2.5 

Wortd Oil Market Price 
(2980 dol lar / t )  
Minimum level 230 125 145 175 220 
Medium level 230 150 180 220 270 
Maximum level 230 175 205 260 330 

kovernment pollcles assumed: (1)  energy conservation through more ef'flclent use of energy and 
lndustrlal structural changes; (2) reduclng dependence on energy resource Imports, enhanced 
development of lndlgenous sources of energy; (3) dlverslflcatlon of energy Imports; (4) e vlgorous 
taxatlon pollcy; (5) cooperetlon wlth other countrles In the development of new sources of energy; 
end (6) Improvement In the rellebtllty and securlty of energy supplles. 
%ow rates - at hlgh oll prlces; hlgh rates - at moderate and low 011 prlces. 

Medium Scenario - reflecting the  hypothesis of moderate growth rates of oil 
prices.  A s  a result ,  m o r e  modest effor ts  in energy conservation and a lower elec- 
tr icity s h a r e  are expected. 

Muzimum Scenario - suggesting low oil p r ice  growth r a t e s ,  which a r e  now 
regarded as most probable. This scenario assumes higher rates of economic 
development founded on both domestic resources  and o r d e r s  coming from develop- 
ing countries where lower oil pr ices  are expected to generate  economic activity. 

The subsequent sections of the  paper  deal in g r e a t e r  detail with t he  forecasts  
of energy consumption fo r  t he  industrial, transportation, residential, and c o m m e r -  
cial sectors of the regions under consideratlon. The paper  also provides overall  
estimates of energy consumption and anticipated levels of t he  regions' potential 
demand f o r  fossil fuel - in this case,  f o r  natural gas. 

2.2. Industrial energy conrumption 
Industrial energy consumption in developed market economies i s  now being 

influenced by the  following main factors:  improved energy efficiency p e r  unit of 
industrial output; and industrial s t ruc tura l  changes. These fac tors  will continue to 
play an increasingly important ro l e  in the  future.  

Improving the  efficiency of energy use is  part and parcel  of society's e f for t  
aimed at switching ove r  to energy-saving (in t he  broader  sense) technologies. This 
has  been the  main line of the  development of industrial production throughout the  
world. The t e r m  "energy-saving technologies" includes: 



(1) Technologies t h a t  permit t h e  reduction of processing s tages  to a minimum. 
This resu l t s  in g r e a t e r  material and energy savings. To these technologies belong: 
d i r e c t  i ron  reduction,  continuous casting,  electrophysical  or electrochemical  
machining, etc. 

(2) Technologies t h a t  imply deep  wastes utilization or allow us to reduce  t h e  
amount of resu l t an t  wastes through t h e  use of higher-quality feedstock and 
improved methods of processing.  This includes energy savings obtained 
throughout t h e  e n t i r e  energy chain - from production to final consumption. 

(3) Large-scale applications of new materials  t h a t  possess t h e  necessary  pro-  
pe r t i e s  bu t  are less  costly and capital-intensive, f o r  instance,  re inforced c o n c r e t e  
and  plastics,  man-made f ibers ,  etc. 

(4) Combination of technology p r o p e r  with microelectronics. This consider-  
ably improves p r o c e s s  control ,  which i s  t h e  main f a c t o r  in reducing all kinds of 
losses and,  consequently, preventing t h e  squandering of energy.  

Dramatic changes  in  industrial  production are accompanied by noticeable 
changes  in i t s  s t r u c t u r e .  For various objective reasons  (the costs of feedstock,  
energy,  and l abor  fo rce ;  environmental considerations;  development of productive 
f o r c e s  in developing countr ies) ,  developed countr ies  are slowly curtai l ing large-  
sca le  energy-intensive industries l ike  f e r r o u s  and  nonferrous  metallurgy, 
petroleum refining,  the  chemical industry.  Over t h e  pas t  few y e a r s  these  indus- 
t r i e s  have e i t h e r  fallen into stagnation or reduced t h e i r  production volumes. The 
fu tu re  may see continued reduction in th is  field. (But one c a n  hardly  a g r e e  t h a t  
energy-intensive industries t h a t  provide t h e  basis f o r  t h e  existing in f ras t ruc tu re  
will be  completely ousted from developed and t r a n s f e r r e d  t o  developing countr ies .  ) 

These "old tradit ional" industries are being replaced by high technology 
fea tu red  by a severalfold lower volume of production, in terms of p e r  unit weight, 
compared with conventional industries,  and by a multifold r i s e  in unit production 
costs .  The development of such less  energy-intensive industries as microelectron- 
ics  and e lec t r i ca l  engineering, biotechnology, and fine mechanics enables  
developed coun t r i es  t o  re ta in  t h e i r  leading r o l e  in t h e  world economy. For  ecolog- 
ical reasons, too, energy-intensive industries in Western Europe will b e  replaced 
a t  a h igher  rate than  in t h e  United S t a t e s  and Japan.  

Thus, in assessing energy  demand prospec t s  in t h e  industry of developed coun- 
t r i e s  i t  i s  necessa ry ,  f i r s t  and foremost,  t o  analyze t h e  impact t h e s e  t w o  f a c t o r s  
may have on  fu tu re  demand levels as well as on  t h e  energy mix with pa r t i cu la r  
r e f e r e n c e  to t h e  growing e lect r ic i ty  s h a r e  resulting from c u r r e n t  industrial  s t ruc -  
t u r a l  changes.  

Scenar ios  of industrial  energy  demand f o r  t h e  US,  Western Europe,  and Japan 
are based on t h e  evaluation of t h e  following t h r e e  demand levels: t h e  minimum 
level, corresponding to t h e  hypothesis of maximum c r u d e  oil and na tu ra l  g a s  p r i c e s  
o v e r  t h e  period under  consideration; t h e  madzum Level, suggesting moderate p r i c e  
growth r a t e s ;  and t h e  mazimum LsveL, based on t h e  assumption of minimum energy  
pr ices .  The hypothesis is t h a t  t h e  level  of oil  and g a s  p r ices  h a s  a c e r t a i n  addi- 
t ional  e f fec t  on t h e  genera l  downward t rend  in energy  intensity and  on  t h e  s t ruc -  
tural evolution of industrial  production. Besides, i t  h a s  been assumed t h a t  t h e  
p r i c e  of e lec t r i c i ty  will grow at a slower p a c e  compared with fossil fuels,  and t h e  
g a p  between t h e  cost of useful electrici ty-derived h e a t  and t h a t  of result ing from 
d i r e c t  fuel  burning will b e  narrowed. This will create a n  incentive f o r  using elec- 
t r i c i  ty  in industrial  p rocesses  (especially high-temperature processes).  As a 
resu l t ,  t h e  minimum scenar io  suggests a higher  e lect r ic i ty  s h a r e  compared with 
t h e  maximum s c e n a r i o  (at  l o w  fuel  prices).  



On t h e  whole, d i f ferent  considerations will condition t h e  scope f o r  e lect r ic i ty  
in industry.  In those  industries where coal  can be used ( for  example, cement pro- 
duction, s t r u c t u r a l  clay products,  brick-making , etc .), one c a n  hardly  e x p e c t  t h e  
s h a r e  of e lect r ic i ty  to grow. Elect r ica l  use i s  likely to increase  in those  sectors 
where i t  will be  ab le  to rep lace  liquid or gaseous fuel. In processes  with a long l ife 
cycle use can  be  made of base-load e lect r ic i ty  der ived from nuclear  or coal-fired 
thermal plants and  of off-peak e lect r ic i ty ,  in p rocesses  with a s h o r t  life cycle.  

In a genera l  c a s e ,  prospective energy  demand h a s  been calculated from t h e  
following projections (forecasts): 

(1) Gross domestic p roduc t  (GDP); 

(2) Industry s h a r e  in GDP (our r e s e a r c h  suggests no d r a s t i c  change in th i s  f igure  
in t h e  future) ;  

(3) P a t t e r n  of industrial  production broken down into two groups  of industries:  
energy-intensive - primary metals, t h e  chemical industry, petroleum refin- 
ing, building materials ,  wood-pulp and paper ,  o the rs ;  and nonintensiue - 
metal fabr icat ing,  food processing,  wood-working , and l ight industry;  

(4) Energy intensity of a n  industrial  production increment;  

(5) P a t t e r n  of industrial  energy  consumption with t h e  spl i t  between motor load 
and thermal uses .  For  t h e  regions under consideration,  w e  adopted t h e  
hypothesis of a constant p a t t e r n  of final energy  consumption throughout t h e  
e n t i r e  time f rame  (Table 2.2); 

(6 )  Electr ic i ty  use f o r  industrial  processes  as determined in re la t ion t o  t h e  level 
of pr ices ;  from these  data t h e  volume of d i r e c t  fuel  use i s  calculated and allo- 
ca ted  between boiler  plants and industrial fu rnaces  on t h e  basis of e x p e r t  
appraisa l .  The l a t t e r  breakdown provides a more sound basis f o r  identifying 
t h e  dependence of t h e  marginal p r ice  of na tu ra l  g a s  on growing demand 
(Chapter 9). 

The main resu l t s  obtained from t h e  fo recas t s  of industrial energy  consumption 
are given in Tables 2.3-2.5. Let us consider  briefly t h e  projections made f o r  each  
region individually. 

The US. According to t h e  assumptions adopted,  t h e  s h a r e  of energy-intensive 
industries will d r o p  from 56% in t h e  y e a r  1980 to 40% (minimum scenar io)  o r  to 48% 
(maximum scenar io)  by 2020. A t  t h e  same time, due to technological advances,  t h e  
energy intensity of industrial  production will b e  reduced by a f a c t o r  of 2-2.2 
(minimum scenar io)  and  1.3-1.6 (maximum scenario).  As a resul t ,  final energy  con- 
sumption will heavily depend on t h e  level  of energy pr ices :  at low p r i c e s  it will 
continue to rise (by a f a c t o r  of 1.12 by 2000 and by t h e  same f a c t o r  by 2020) and 
to decline at high p r i c e s  (by 2020 t h e  level of energy  consumption in industry will 
b e  10% lower compared with 1980). There  will b e  a s h a r p  rise in t h e  s h a r e  of elec- 
t r ic i ty  from 22% in 1980 to 5648% in 2020. At t h e  s a m e  time, t h e  volume of direct 
fuel  use d e c r e a s e s  by a f a c t o r  of 1.5-2.2 depending on  the  assumption adopted.  On 
t h e  whole, i t  should b e  noted t h a t  t h e  potential  fcrssil fuels (including na tu ra l  gas)  
market  f o r  t h e  industry will s teadily decline. 

Westsrn Europe. Similar t r ends  will emerge in West European industry.  Our 
project ions  f o r  th i s  region suggest  a d e c r e a s e  in  t h e  s h a r e  of energy-intensive 
industries from 47% in 1980 to 33-40% in  2020 and  a decline in Lhe energy  intensity 
of production by a f a c t o r  of 1.5-2.0. According to o u r  fo recas t  t h e  overal l  level  
of energy  consumpLion in West European industry will b e  20% lower compared with 
1980, in t h e  case of high energy  pr ices ,  and 25% higher ,  in t h e  case of low energy 
pr ices .  The e lec t r i c i ty  s h a r e  w i l l  grow from 20% in 1980 to 47-51% by 2020, and 
Lhe d i r e c t  use of fuel  will somewhat inc rease  by 2010, in t h e  case of low pr ices ,  but  



Table 2.2. Energy consr~mption pattern, by industry ( X ) .  

Industry 

Lighting, I n c l u d i n g  
Motor Load, - -- -- - -- 

Elec tro- Thermal- 100- 350- 550- 
lysis Processes  100°C 350°C 550°C 1000°C 1000°C 

Food 14.6 1.00.0 39.8 57.8 2.8 - - 
Woodworking and 

w o o d  pulp and paper 7.1 100.0 15.3 78.4 6.3 - - 
Chemical and petro- 

leum refining 11.0 100 .O 4 -8 63.8 14 -5 15.7 1.2 
Building materials 11.5 1.6 9.7 2.4 20.3 68.4 100.0 
Primary metals 27.6 3.00.0 9.3 3.6 7.3 - 79.8 
Metal fabricating 35. oa 100.0 12.3 43.8 20.0 - 23.9 
Others 25.6 100.0 60.0 40.0 - - - 

a ~ n p e r t  appreiael. 
SOURCES: Report on Bufldfng a 2hstafnable Future, Vol. 2, .%RIB US Government Prlntlng Office, 
Weshlngton, DC., 1981; and Boerker, S.  W., Characterization t?f Industrial Pmcess Energy Services, 
ORAU/IRA-79-9(R), Technlcel Report, 1979. 
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Table 2.3 Forecas t  of industrial  ene rgy  consumption f o r  t h e  U S  (million tce /yr) .  

- 
Scenar io  1980 1990 2000 2010 2020 

- 
Minimum (high prices) 
Industrial  ene rgy  consumption 
(excluding feedstock needs) 458 450 445 430 410 

Including e lec t r i c i ty  108 145 200 250 250 

Elect r ic i ty  consumption, 
billion kwh 878 1180 1630 2030 2030 

Elect r ic i ty  s h a r e ,  X 24* 32 45 58 60 

Direct  fuel  use,  to ta l  350 305 245 180 160 
Including 

Industrial  f u r n a c e s  b 
b 

105 110 100 90 80 
Industrial  bo i l e r  plants 245 195 145 90 80 

Medium (moderate prices) 
Industrial  ene rgy  consumption 
(excluding feedstock needs) 4 58 465 500 535 540 

Including e lec t r i c i ty  108 150 220 300 310 

Elect r ic i ty  consumption, 
billion kwh 878 1220 1790 2440 2520 

Elect r ic i ty  s h a r e ,  % 24 a 32 44 56 58 

Direct  fuel  use,  to ta l  350 315 280 235 230 
Including 

Industrial  fu rnaces  b 105 115 120 120 120 
Industrial  boi ler  plantsb 245 200 160 115 110 

Mazimum (low prices) 
Industrial  ene rgy  consumption 
(excluding feedstock needs) 4 58 475 515 580 580 

Including e lec t r i c i ty  108 155 230 320 330 

Elect r ic i ty  consumption, 
billion kwh 878 1260 1870 2600 2680 

Elect r ic i ty  s h a r e ,  X ~4~ 32 44 55 57 

Direct  fuel  use,  to ta l  350 320 285 260 250 
Including 

Industrial  f u r n a c e s  b 105 115 120 120 120 
Indust r ia l  bo i l e r  plants 245 205 165 140 130 

'~ounded. 
%pert appraisal. 



Table 2.4 Forecas t  of indust r ia l  ene rgy  consumption f o r  Western Europe (million 
t ce /y r ) .  

I Scenar io  1980 1990 2000 2010 2020 1 
Minimum (high prices) 
Industrial  ene rgy  consumption 
(excluding feedsLock needs) 

Including e lec t r i c i ty  

Elect r ic i ty  consumption, 
billion k Wh 

Elect r ic i ty  s h a r e ,  X 

Direct  fuel  use ,  to ta l  
Including 

Industrial  f urnacesa  
Industrial  boi ler  plantsa 

Medium (moderate prices) 
Industrial  ene rgy  consumption 
(excluding feedslock needs)  

Including e lec t r i c i ty  

Elect r ic i ty  consumption, 
billion kwh 

Elect r ic i ty  s h a r e ,  X 

Direc t  fuel use,  to ta l  
Including 

Industrial  furnaces" 
Industrial  boi ler  plantsa 

Mazimum (tow prices)  
Industrial  ene rgy  consumption 
(excluding feedstock needs) 

Including e lec t r i c i ty  

Elect r ic i ty  consump tion, 
billion kwh 

Elect r ic i ty  s h a r e ,  X 

Direc t  fuel  use,  total 
Including 

Industrial  f u rnacesa  
Industrial  boi ler  plantsa 

%xpert appraisal. 



Table 2.5 Forecas t  of industrial  energy consumption f o r  Japan (million tce /yr) .  

I Scenar io  1980 1990 2000 2010 2020 1 
Minimum (high prices) 
Industrial  energy consumption 
(excluding feedstock needs) 

Including e lect r ic i ty  

Electrici ty consumption, 
billion kwh 

Electrici ty s h a r e ,  X 

Direct  fuel  use, to ta l  
Including 

Industrial  furnacese  
Industrial  boi ler  

Medium (moderate prices) 
Industrial energy consumption 
(excluding feedstock needs) 

Including e lect r ic i ty  

Electrici ty consumption, 
billion kwh 

Electrici ty s h a r e ,  X 

Direct  fuel use,  to ta l  
Including 

Industrial furnacesa  
Industrial boiler  plantsa 

Mazimum (Lou, prices) 
Industrial energy consumption 
(excluding feedstock needs) 

Including e lect r ic i ty  

Electrici ty consumption. 
billion kwh 

Elect r ic i ty  s h a r e ,  X 

Direct  fuel  use, to ta l  
Including 

Industrial  fu rnaces  



by t h e  end of t h e  per iod will not  exceed  the  1980 level. All o t h e r  scenar ios  sug- 
g e s t  a decline in d i r e c t  fuel  use.  This makes US r e g a r d  an expansion of a potential  
na tu ra l  g a s  marke t  as highly probable  f o r  t h e  per iod under  consideration.  

Japan. A s  f o r  Japanese  industry,  t h e  above t r e n d s  are likely to emerge o n  a 
l a r g e r  s c a l e  and at h igher  rates compared with t h e  US and Western Europe.  The 
r e a s o n  i s  t h e  s c a r c i t y  of indigenous raw material  and energy r e s o u r c e s .  Owing to 
th i s  f a c t ,  o n e  may e x p e c t  t h a t  energy-intensive indust r ies  will b e  rep laced  at f a r  
h igher  rates compared with o t h e r  developed countr ies .  As a resul t ,  t h e  s h a r e  of 
energy-intensive indust r ies  will d r o p  from 48% in 1980 to 25-332 in 2020. Energy 
intensity will also decline at acce le ra ted  rates. But due  to higher  economic growth 
r a t e s ,  which are supposed to p e r s i s t  in t h e  fu tu re ,  and higher  population growth,  
t h e  energy  demand in t h e  Japanese  industry will continue to grow to t h e  y e a r  2000 
and beyond, at l o w  energy  p r i c e s  o r ,  stabilizing at t h e  level of t h e  y e a r  2005 to 
2015, will begin to decline at a s l o w  pace .  The s h a r e  of e l ec t r i c i ty  will substan- 
tially inc rease .  In t h e  case of l o w  energy  p r i ces ,  t h e  d i r e c t  use of fuel  will grow 
throughout  t h e  e n t i r e  time f rame  but ,  in t h e  case of high p r i ces ,  will steadily 
decline. That  i s  why both Japan  and Western Europe have possibilities f o r  expand- 
ing t h e i r  fossi l  fuel demand f o r  industry.  

On t h e  whole, f o r  t h e  developed marke t  economies, one  can  e x p e c t  a r i s e  in 
industrial  ene rgy  consumption only if p r i c e s  f o r  ene rgy  r e s o u r c e s  remain c o m -  
para t ively  l o w .  In th i s  case ,  t h e  d i r e c t  use of fuel  will inc rease  in  Western Europe  
and Japan b u t  will decline in t h e  United States. 

2.3. Transportation 
In studying energy  intensit ies of var ious  t r a n s p o r t  vehicles,  aggrega ted  est i-  

mates have been made of energy consumption for t ranspor ta t ion for t h e  US, 
Western Europe,  and Japan.  The t r anspor ta t ion  sector is  divided in to  two a r e a s .  
To t h e  f i r s t  area belong a l l  kinds of motor vehicles t h a t  have gained wide accep-  
t ance  in t h e  above  regions  and to which r igorous  conservation measures  a r e  
applied to achieve considerable  savings in speci f ic  liquid fuel  consumption. The 
o t h e r  area includes e lec t r ica l ly  powered c i ty  t r a n s p o r t ,  r a i l ,  water ,  and a i r  t r an -  
spor ta t ion  (including oil,  g a s  and,  in t h e  fu tu re ,  pulp pipelines) as w e l l  as new 
modes. 

Calculations have  been made f o r  t h r e e  scenar ios  of ene rgy  consumption: t h e  
minimum scenario - t h e  h ighest  oi l  p r i c e s  and maximum energy  conservation;  t h e  
medium scenario - moderate oil p r i c e s  and modes1 conservation p rac t i ces ;  t h e  
mazimum scenario - t h e  lowest oi l  p r i c e s  and minimum conservation.  

The following assumptions have  been made: 

(1) Speci f ic  f r e i g h t  t u r n o v e r  p e r  unit of GDP (tkm/thousand dol lars)  i s  
expec ted  to decline due to t h e  genera l  t r e n d  in developed coun t r i e s  toward an 
i n c r e a s e  in t h e  value  of t r a n s p o r t e d  f r e i g h t  p e r  unit  of weight and a correspond-  
ing decrease in o v e r a l l  dimensions. 

(2) For  all regions  t h e  s h a r e  of diesel-powered motor f r e i g h t  t r anspor ta t ion  
i s  assumed to r e a c h  85-951 of to ta l  t r a n s p o r t  ene rgy  consumption by t h e  e n d  of 
t h e  pe r iod  under  consideration.  I t  i s  expec ted  t h a t  t h e  s h a r e  of diesel-powered 
passenger  t r anspor ta t ion  will also inc rease .  Bus t r anspor ta t ion  h a s  a l r e a d y  been 
dieselized 100%. 

(3) The number of cars p e r  1000 inhabitants will inc rease  and r e a c h  a sa tu ra -  
t ion level  by 2010-2020. 



(4) Total energy  consumption in th i s  sector per unit of GDP (thousands of 
toe/dollar GDP) declines f o r  al l  regions;  

(5) Energy consumption f o r  o t h e r  (with t h e  exception of motor t ranspor ta t ion)  
modes of f r e i g h t  and passenger  t ranspor ta t ion is estimated as t h e  di f ference 
between t h e  total energy  consumption and energy consumption f o r  motor t r anspor -  
tation. 

(6) The s h a r e  of e lect r ica l ly  dr iven transport i s  expected to increase  as a 
resu l t  of t h e  introduction of battery-driven vehicles in passenger  t ranspor ta t ion 
(up to 15-202 of t h e  total  energy consumption) and  t h e  increasing s h a r e  of e lect r i -  
c i ty  in o t h e r  modes of t ranspor ta t ion (up to 25-30% of t h e  to ta l  energy  consump- 
tion in t h e  s e c t o r ) .  

(7) Given t h e  possibilities f o r  replacing liquid f m l s  by compressed or lique- 
fied n a t u r a l  g a s  or by methanol der ived from na tu ra l  gas ,  an a v e r a g e  replacement 
coefficient of 1600 m sup  3 of na tu ra l  g a s  p e r  one  ton of gasoline i s  assumed. 
With m o r e  efficient  use of methanol or i t s  der ivat ives  as addit ives,  one  ton of 
methanol can  r e p l a c e  1.5 tons of gasoline.1 

The resu l t s  of t h e  calculations are summarized in Tables 2.6-2.8. 

The minimum scenar io  suggests a g r e a t e r  reduction,  compared with t h e  o t h e r  
scenar ios ,  in  motor f re igh t  and passenger  tu rnover  and,  consequently, in energy  
consumption f o r  energy-intensive motor t r anspor t ,  and  also a m o r e  rap id  rate of 
declining liquid fuel  consumption due to t h e  increasing s h a r e  of e lect r ic i ty ,  
natura l  gas ,  and methanol. 

Total energy  consumption f o r  a l l  modes of t ranspor ta t ion and f re igh t  and 
passenger  tu rnover  i s  assumed to b e  cor re la ted  with GDP and population growth. 

The evaluation of pr ior i t ies  f o r  d i f ferent  na tu ra l  g a s  uses  shows t h a t  
methanol-based synthet ic  fuel  substitution f o r  hydrocarbon fuels in t h e  period 
under consideration (at  anticipated c r u d e  oil p r i ces )  i s  not economically viable. 
That i s  why one c a n  expec t  wide-scale application of synthet ic  fuels in motor t r an-  
s p o r t  only beyond 2020. 

2.4. Efaidential and c-ercial &or 

US. The UN f o r e c a s t  of population2 as well as t h a t  of a family f a c t o r  (number 
of persons  p e r  h o ~ s e h o l d ) ~  (Table 2.9) se rved  as s o u r c e  data f o r  residential  and 
commercial energy  consumption predictions in t h e  US. 

The assessment of energy  consumption, with r e g a r d  to major energy  uses  in 
th is  s e c t o r ,  h a s  been made f o r  t h r e e  s c e n a r i a r  corresponding to d i f fe ren t  con- 
sumption levels: t h e  minimum scenario assuming r igorous  conservation p r a c t i c e s  
and,  consequently, g r e a t e r  energy  savings in t h e  future ;  t h e  maximum scenario 
suggesting modest energy  conservation and  g r e a t e r  energy  consumption; and  t h e  
medium s c e n a r i o  based o n  m o d e r a t e  conservation measures.  

i~rwete,  P. (IB84), Using Natural Oos to Qwn the Ihy JOT &her M u r e  04s and Alcohol &Irccs, 
presentation made at the InternrUonal Gas U ~ t i n g ,  October l b l 0 ,  1984 (Internatlond Institute 
tor Applied System Anrlyds, Laxwburg, Austria). 

'world Rputation Prospects as Assessed i n  U0, Unlted Nmtlona, New York (1981). 

%llllsmson, Robert H. (19851, A MUTC~OT the h i t e d  Bates, SovletAmericcln Sympo- 
durn on Energy, Moscow, P U / a  Report No. 106 (Princeton Unlverdty, Princeton, N.J.). 



Table 2.6. Forecast  for US t ranspor ta t ion:  total  energy consumption (million tce) ,  
and  na tu ra l  gas '  potential contribution (billion m sup  3 ). 

) Transportation Scenar io  1980 la90 2000 2010 2020 1 
Minimum 
Total energy  consumption (TEC) 

Including 
Oil-derived fuels 
Methanol 
Natural gas  
Electrici ty 

Natural  gas '  contribution 
Including 

Compressed o r  liquefied g a s  
Methanol 

Natural  gas  as X of TEC 

Medium 
Total energy consumption (TEC) 

Includin~! 
Oil-derived fueLs 
Methanol 
Natural  g a s  
Electrici ty 

Natural  gas' contribution 
Including 

Compressed or liquefied gas  
M e  thanol 

Natural  gas  as X of TEC 

Mazimum 
Total energy consumption (TEC) 608.2 700 

Including 
Oil-derived fueLs 607.1 685 
M e  than01 0.2 3 
Natural  g a s  0.5 10 
Elect r ic i ty  0.4 2 

Natural  gas '  contribution 0.4 15 
Including 

Compressed o r  liquefied g a s  0.1 10 
M e  than01 - 5 

Natural  gas as X of TEC 0.1 3 



Table 2.7. Forecast fo r  West European transportation: total  energy consumption 
(million tce),  and natural  gas '  potential contribution (billion rn sup 3 ). 

Transportation Scenario 1980 1990 2000 2010 20201 

Minimum 
Total energy consumption (TEC) 317.8 330 350 350 320 

Including 
Oilderived fuels 312.1 292 288 249 205 
Methanol 0.2 8 12 16 25 
Natural gas  0.6 20 35 60 60 
Electricity 4.9 10 15 25 30 

Natural gas '  contribution 0.5 15 30 50 50 
Including 

Compressed o r  liquefied gas  5 15 25 25 
Methanol 0.5 10 15 25 25 

Natural gas  as X of TEC 0.18 6 10 17 19 

Medium 
Total energy consumption (TEC) 317.8 335 370 385 390 

Including 
Oilderived fuels 312.1 304 316 309 305 
Methanol 0.2 5 12 16 20 
Natural gas 0.6 20 30 40 40 
Electricity 4.9 6 12 20 25 

Natural gas '  contribution 0.5 15 25 35 35 
Including 

Compressed o r  liquefied gas  5 10 15 15 
Methanol 0.5 10 15 20 20 

Natural gas as X of TEC 0.18 6 8 10 10 

Mazimum 
Total energy consumption (TEC) 317.8 375 450 475 485 

Including 
Oilderived fuels 312.1 352 4 07 412 402 
Methanol 0.2 5 8 13 18 
Natural gas  0.6 12 25 35 45 
Electricity 4.9 6 10 15 20 

Natural gas '  contribution 0.5 10 20 30 35 
Including 

Compressed or liquefied gas  3 9 10 10 
Methanol 0.5 7 11 20 25 

Natural gas  as X of TEC 0.18 3.2 6 7 10 



Table 2.8. Forecas t  f o r  Japanese transportation: total  energy consumption (mil- 
lion tce) ,  and natural  gas' potential contribution (billion m sup  3 ). 

1 Transportation Scenar io  
- 

1980 1990 2000 2010 2020 1 
Minimum 
Total energy consumption (TEC) 

Including 
Oi lae r ived  fuels 
Methanol 
Electrici ty 

Natural  gas '  contribution 
Including 

Methanol 

Natural  g a s  as X of TEC 

Medium 
Total energy consumption (TEC) 

Including 
Oi lae r ived  fuels 
Me than01 
Electrici ty 

Natural  gas '  contribution 
Including 

Methanol 

Natural  ga s  as I of TEC 

Mazimum 
Total energy consumption (TEC) 74.8 105 130 145 150 

Including 
Oi lae r ived  fuels 72.7 100 121 130 130 
Methanol 0.1 1 2 7 10 
Electricity 2.0 4 7 8 10 

Natural  gas '  contribution 0.1 1 4 8 14 
Including 

Methanol 0.1 1 4 8 17 

I Natural  gas as X of TEC 0.13 1 4 7 11 

Table 2.9. Population and family f ac to r  fo recas t s  f o r  t h e  US.  

Unit 1960 1990 2000 2010 2020 

Population million 227.66 245 263.8 281.7 299 

Family size person/family 2.79 2.61 2.57 2.5 2.42 



A final energy  consumption p a t t e r n  in the  residential  s e c t o r  w a s  calculated 
from t h e  d a t a  of t h e  mid-1970s' with recalculation of e lec t r i c  energy  use to a phy- 
s ical  equivalent, t h e  efficiency of energy production and  transmission being equal 
t o  0 2 9 8 .  

Space heating accounts f o r  t h e  g r e a t e r  p a r t  of residential  energy  use in t h e  
US. Energy consumption f o r  heating in 1980 and succeeding y e a r s  h a s  been calcu- 
lated from h e a t  requirements p e r  apartment/household. This value has  been 
defined both f o r  t h e  old housing s tock (i.e., built p r i o r  t o  1980, which s e r v e s  as a 
base  y e a r  f o r  t h e  given f o r e c a s t )  and t h e  new s tock t o  be  built in t h e  periods 
under consideration with r e g a r d  to t h r e e  types  of houses: a single-family house, 
generally,  a n  individual cot tage;  a multifamily multistory building, and a mobile 
house. The housing s tock  of 1980, by house type,  i s  assumed to consist  of?  

Single-family houses 65% 
Multifamily houses 31% 
Mobile houses 4 % 

In 1980, t h e  final energy  consumption in the  residential  and commercial s e c t o r s  
w a s  a total  of 318.54 million t c e  and 192.35 million t c e ,  of which e lec t r i c  energy 
accounted f o r  88.14 million tce and 68.6 million t ce ,  respectively.6 

For  1980, h e a t  consumption p e r  apar tment  of each  type  of house h a s  been cal- 
culated on the  basis of total energy  consumption, t h e  final energy consumption pat- 
t e r n ,  and the  housing s tock s t r u c t u r e .  Specific h e a t  consumption in new housing 
during t h e  per iods  under consideration i s  assumed to be  half t h e  consumption in 
old housing, according t o  t h e  l i t e r a t u r e  ( for  instance, see Williams, op.  c i i . ,  p. 30). 

In fo recas t  calculations,  changes  in specific h e a t  consumption in old housing 
s tock were evaluated with r e g a r d  t o  t h e  obsolescence of t h e  housing stock and 
projections f o r  new housing. The following rates of obsolescence have been 
assumed: f o r  s ta t ionary houses - 2.5% e v e r y  five y e a r s ;  f o r  mobile houses - 5%. 
Heat losses at t h e  end of t h e  projection period in new buildings are assumed to 
account f o r  70-80% from t h e  base  y e a r  f o r  t h e  maximum scenar io ,  and f o r  40-50Z 
f o r  t h e  minimum scenar io .  

Future changes  in t h e  volume of t h e  housing s tock f o r  each  house type have 
been calculated taking into account  t h e  assumed rate of t h e  obsolescence of the  
housing s tock,  population fo recas t s ,  and family size Then t h e  obtained d a t a  have 
been c o r r e c t e d  according t o  t h e  e x p e r t s '  estimates. 7 

In o r d e r  t o  determine t h e  p a t t e r n  of energy consumption, t h e  to ta l  housing 
s tock has  been divided in to  houses with e l e c t r i c  heating and houses t h a t  use h e a t  
pumps as a source  of low-temperature heat .  

According to s ta t is t ica l  da ta ,  in 1980, 16% of a l l  one-family houses and  26% of 
multifamily houses used e l e c t r i c  heating. I t  i s  typical  of t h e  l a s t  decade t h a t  elec- 
t r i c  heating in t h e  new housing s tock accounts  f o r  50% of single-family houses and 
two-thirds of t h e  multifamily ones.' In 1980, t h e  to ta l  number of h e a t  pumps 

'ROSS, Uarc H. and Robert H. WIU- (1BM). Our Energy-Re~slnlng Control. Yew York: McCraw- 
Hlll. 

'Qur Isbctr, WBi. A S a t i s t i c a l  &cod  qf the  t h o  Uility. h r l c a n  Gas AsnodatJon, Arlington, 
Vlrg. (1B62). 

'Enem 6klacrt q f th r  QBGDCbnnttlet mi-IPdl. 1abrruUon.l Energy Agency, h r l s  (1983). 

'Hlrst, Brlc, Janat Carney, and Iknnls O'Be8l (197(1), Pmldbllity of u r o  rddant la l  energy 
growth, Energy 5:427-438. 

'~8s Pacts, lQB1, op.cit., p. 138; Sat is t i ca l  Abstract (Zr the United States (1981), US Department of 



installed in t h e  houses amounted to 4 million with t h e  annual sa le  of more than 500 
thousand pumps, these  values forecasted Lo inc rease  in t h e  f ~ t u r e . ~  Assuming hea t  
pump l i fe  to b e  15 y e a r s  and taking into consideration t h e  given percen tage  of t h e  
s tock obsolescence,  t h e  following quanti tat ive fo recas t s  of e l e c t r i c  heating and 
hea t  pump distr ibution have been made: The propor t ion of apar tments  with elec- 
t r i c  heating in t h e  new housing s tock during t h e  projected ten-year periods will 
increase  up to 75% for one-family houses and up t o  90% f o r  multifamily houses at 
t h e  end of t h e  f o r e c a s t  period.  Of these  houses, two-thirds will have h e a t  pumps as 
a s o u r c e  of h e a t  by 2000 while by t h e  end  of t h e  designed per iod t h e  percentage of 
houses with hea t  pumps will account  f o r  90% of to ta l  new housing s tnck with elec- 
t r i c  heating. Other  nontraditional hea t  s o u r c e s  have not been considered in the  
p r e s e n t  study. 

Final energy  requ i red  f o r  heating in t h e  housing s tock h a s  been calculated 
with due r e g a r d  f o r  t h e  following efficiency values of heating units: f o r  fossil fuel  
- 0.8; f o r  direct e l e c t r i c  heating - 1.0; and f o r  h e a t  pumps a conversion f a c t o r  i s  
assumed of 2.5 up to 2000 while f o r  a longer term - 3.5. 

Lacking adequate  da ta ,  t h e  subdivision into cen t ra l  and decentralized h e a t  
supply (heating and  hot water supply) has  been made conditionally according to the  
percentage of single-family and multifamily hou!;cs in t h e  housing s tock .  

Energy consumption f o r  o t h e r  needs in t h e  res ident ia l  sector h a s  been calcu- 
lated f o r  1980 on  t h e  basis of total  energy  consumption and consumption pa t t e rn .  
Future  p rospec t s  ca l l  f o r  f u r t h e r  inc rease  in t h e  pe rcen tage  of bas ic  appliances,  
in pa r t i cu la r ,  a i r  condit ioners,  e l ec t r i c  cookers ,  and hot  water supply using elec- 
t r i c  energy ,  with efficiency improvenlents of a l l  t h e  above appliances.  The 
minimum scenar io  assumes t h e  complete substi tution of a l l  appliances by more 
advanced technology available in t h e  mid-1980s .~~  The maximum and medium 
scenar ios  suggest  only pa r t i a l  substi tution,  i.e.,  t h e  average  inc rease  in efficiency 
of a i r  condit ioners and coo le r s  by 40-50%, lighting equipment by 1.5-2 times, and so 
on. 

The f o r e c a s t  of energy  consumption in the  commercial sector i s  based on the  
following assumptions: the  to ta l  a r e a  of nonresidential buildings will continue t o  
decline, and specif ic  energy consumption p e r  s q u a r e  meter of area will d r o p  at a 
higher  rate due to more efficient  use of energy.  As a resu l t ,  the  f u t u r e  p e r  cap i ta  
energy consumption in t h e  commercial sector will continue to decrease .  

Forecas t  of to ta l  energy  consumption in t h e  residential  and commercial sec- 
t o r s  i s  shown in Table 2.10. 

Thus, to ta l  energy  consumption in t h e  res ident ia l  and commercial sectors in 
a l l  scenar ios  does not inc rease  by t h e  end of t h e  f o r e c a s t  period. On t h e  con- 
t r a r y ,  it shows a decline t h a t  i s  par t icular ly  notable f o r  t h e  minimum scenar io .  
Elect r ic i ty  consumption inc reases  slightly in t h e  maximum scenar io  and remains 
vfrtually unchanged in t h e  minimum scenar io .  A propor t ion of e l e c t r i c  energy  in 
to ta l  consumption inc reases  from 30% in 1980 to 38-40% in t h e  2020 f o r e c a s t  in all 
scenar ios .  Total p e r  cap i ta  energy consumption decreases  from 2.24 tce jman-year 
in 1980 to 1.7 tce/man-year in 2020 in t h e  maximum scenar io  and  up to 1.84 
tce/man-year in t h e  minimum one. 

Commerce, Bureau of the Census (Washlngton, DC); and Energy Conseruation Indicators, Energy In- 
Cormatlon Admlnlstration, Annual Report, October 1964 (Washlngton, DC). 

g~lect r lc l ty  growing as home heat source, Hydrocarbon Rocers GS(1O):l-1.9 (1984). 

l%llllama op. cit., pp. 29-31. 



Table 2.10. Forecast of energy consumption fo r  residential and commercial sec- 
tors. US. 

- - - 

Minimum (high prices) 
Energy consumption, 

million tce 
Including fossil fuel 
Including 

space  heating and 
hot w a t e r  supply 
- centralizeda 
- decentralized 
cooking 

Electricity, million tce 
Electricity, billion kwh 
Electricity sha re ,  X 
P e r  capita consumption, 

tce/per  cap  

Medium (moderate prices) 
Energy consump tion, 

million tce 
Including fossil fuel 
Including 

space heating and 
hot water supply 
- centralizeda 
- decentralized 
cooking 

Electricity, million tce  
Electricity, billion kwh 
Electricity s h a r e ,  X 
P e r  capita consumption, 

t ce /per  cap 

Mazimum (Low prices) 
Energy consumption, 

million tce 
Including fossil fuel 
Including 

space  heating and 
hot water supply 
- centralizeds 
- decentralized 
cooking 

Electricity, million tce 
Electricity, billion kwh 
Electricity sha re ,  X 
P e r  capi ta  consumption, 

t ce /per  cap  



Western Europe. The fo recas t  has  been developed f o r  t h e  residential  and 
commercial s e c t o r  as a whole. 

Existing t r e n d s  in t h e  energy consumption of di f ferent  West European coun- 
t r i e s  va ry  to a g r e a t  extent .  That i s  why, t o  develop fo recas t s  of energy demand of 
t h e  most developed countr ies  in this region,  t h e  FRG w a s  chosen as a point of 
d e p a r t u r e ,  because i t  i s  located in Central  Europe,  h a s  climatic conditions typical 
of t h e  region,  and  possesses a relat ively detailed d a t a  base  f o r  r e s e a r c h  into 
higher  energy  ef liciency. If o t h e r  countr ies '  conditions ( for  instance,  Turkey's  o r  
Yugoslavia's) d i f fe r  great ly  from those of t h e  FRG, t h e  fo recas t s  have been corre- 
la ted with r e g a r d  f o r  th is  inhomogeneity. This involves, in t h e  f i r s t  place,  average  
annual growth rates of energy  consumption, as a whole, and e lect r ic i ty ,  in part icu- 
l a r .  

The to ta l  energy  consumption in t h e  s e c t o r  with e lec t r i c i t  singled o u t  f o r  the  
y e a r  1980 has  been calculated from sources  l isted be1ow;"projections of the  
overall  volumes have been made on t h e  basis of populations (Table 2.11) and p e r  
capi ta  energy consumption fo recas t s  (Table 2.12). 

The p e r  c a p  consumption fo recas t  h a s  been based on t h e  following assump- 
tions: Because of conservation p rac t i ces  in t h e  residential  and commercial s e c t o r  
and nonresidential buildings, t h e  maximum scenar io  assumes a 20% reduction in t h e  
energy used f o r  s p a c e  heating by t h e  end of the  per iod under  consideration.  For  
new buildings, a 50% reduction in hea t  loss h a s  been assumed compared with exist-  
ing buildings ( for  the  US ,  th is  f igure  is  60-70%). The minimum scenar io  suggesting 
maximum energy conservation assumes a 35% reduction in s p a c e  heating energy 
needs, which cor responds  t o  a 70-80% d e c r e a s e  in h e a t  loss in new buildings com- 
p a r e d  with existing ones.  Besides, energy conservation (especially in oil products)  
will be achieved through widespread use of new s p a c e  heating systems such a s  
e lec t r i c  heating with night-time hea t  s to rage ,  h e a t  pumps, and standby boilers on 
liquid fuel  in individual homes. By 2000 when put into p rac t i ce  in t h e  FRG, these  
systems are e x  ected t o  yield energy savings of 1 . 3  million tce and 6 .1  million t ce ,  
respectively.  1B 

The pattert i  of p e r  cap i ta  e lect r ic i ty  consumption includes e l e c t r i c  heating: 
290 kWh/per c a p j y r .  I t  i s  assumed t h a t  in 1980 some 25% of homes with hot-water 
heating 'an6 5% of homes with warm-air heating had e lec t r i c  heat iW.l3  Elect r ic  
cooking plus hot water supply consti tute some 5% of t h e  total  consumption, i .e . ,  50 
kWh/per cap/yr .  The remainder  - lighting, e lec t r i c  appliances - account  f o r  
about 1300 kWh/'per cap/yr .  

I t  is assumed t h a t  by t h e  end of t h e  fo recas t  period about 20% of t h e  housing 
s tock may use e l e c t r i c  heating,  including hea t  pumps, which equals some 950 
kWh/per cap .  For  t h e  US,  th i s  f igure  is  35% of the  e n t i r e  housing s tock ;  but t h e  
European housing s tock is  more sluggish and  i t s  renovation t akes  more time. I t  i s  
a l so  assumed t h a t  a l l  cooking and  50% of hot  water supply will b e  shifted to elect r i -  
c i ty ,  which will account  f o r  800-815 kWh/per c a p  by t h e  y e a r  2020. 

llb'nergy Balance J &'W htntrtcr mi-IPB1, Or#anleaUon for Economlc Caopemtlon and 
Devolopmont, Paris (1989); Annua l  Bulletin # Qenerol E n e m  %atistics /w Eu-, Unlted Ma- 
Uonq Hew York (lOB5); and brLd En- Outlook, Or#anlsetlon for Economlc CoopbratLon and 
Devdopnwnt, h r l a  (1982). 

i2~eenen, R. et al. (1984), Kummer mlt Kohle, Energie 96(9):23-41. 

'%an, Amhad Y. and AloLs RIlel (1982). &boLution VMurr Enem &mami tU aD30 m mrrnl 
brLd Rag-: An A s s e s m n t  Made the huo IUSI( Stana+br, Reswrch Report BR-82-14 (Inkr- 
natlondlnst.lbutr lor Applld Sysbma Analydn, Laxanburg, A&rla). 
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Table 2.12. Forecas t  of energy  consumption f o r  residential  and commercial sec- 
tors, Western Europe.  

I 
I S cenar io  1980 1990 2000 2010 2020 1 

Minimum (high prices) 
Energy consumption, 

million tce 
Including fossil fuel  
Including 

s p a c e  heating and 
h o t  water  supply 
- centralizeda 
- decentralized 
cooking 

Elect r ic i ty ,  million tce 
Elect r ic i ty ,  billion kwh 
Elect r ic i ty  s h a r e ,  X 

Medium (moderate prices) 
Energy consumption, 

million t ce  
Including fossil fuel  
Including 

s p a c e  heating and 
ho t  water supply 
- centralizeda 
- decentralized 
cooking 

Elect r ic i ty ,  million t ce  
Elect r ic i ty ,  billion kWh 
Electrici ty s h a r e ,  Z 

Mazimum (tow prices) 
Energy consumption, 

million tce  
Including fossil fuel  
Including 

s p a c e  heating and 
h o t  water  supply 
- centralizeda 
- decentralized 
cooking 

Elect r ic i ty ,  million t ce  
Elect r ic i ty ,  billion kwh 
Elect r ic i ty  s h a r e ,  X 



The f o r e c a s t s  of o t h e r  domestic ene rgy  needs are based on t h e  following con- 
siderations.  Because of a high level of sa tura t ion with r e g a r d  to all  e l ec t r i c  
household appl iances  in t h e  region ( for  example, in t h e  FRG, t h e  p r e s e n t  washing 
machine market  h a s  been s a t u r a t e d  by 90%, and t h e  r e f r i g e r a t o r  marke t  by 95%), 
manufacturers  now concen t ra te  t h e i r  e f f o r t s  on improving quality, ene rgy  effi- 
ciency,  and widening t h e  r a n g e  of opera t ions .  

An up-to-date washing machine or a dishwasher consumes 15% less energy  than 
i t  did t en  y e a r s  ago.  This can  b e  a t t r ibu ted  to water conservat ion (water is regen-  
e r a t e d  inside t h e  unit i tself)  and a d e c r e a s e  in t empera tu re  result ing from t h e  use 
of highly efficient  d e t e r g e n t s  (a d e c r e a s e  in t empera tu re  to 6 0  from 9S°C reduces  
energy consumption by 40%). 

The use of e l ec t ron ic  equipment f o r  t empera tu re  and opera t ing con t ro l s  of 
household appliances,  s p a c e  heating,  and lighting also resu l t s  in energy  savings. 
Over t h e  f ive-year per iod,  1978-1983, ene rgy  consumption in g a s  c o o k e r s  dropped 
by 15.4%; in automatic g a s  h e a t e r s  by 6.6%; and in gas water h e a t e r s  by 6-182. 1 4  

Energy savings are achieved through improved insulation, utilization of waste-gas 
hea t ,  and b e t t e r  con t ro l  systems. 

A t  t h e  same time, t h e r e  a p p e a r s  to b e  new concepts  in household appl iances ,  
f o r  example, a i r  purif ication equipment, including vacuum c l e a n e r s  with dust  
f i l t e r s  suppress ing 0 .5  mm par t i c l e s ;  cooking appl iances  with induction heating,  
which inc reases  efficiency up to 90% compared with 65% of existing appliances;  and 
halogen heating of microwave ovens,  which make i t  possible to g r e a t l y  r educe  
cooking time as a r e s u l t  of uniform h e a t  distr ibution o v e r  t h e  e n t i r e  product .  

The p e r  cap i t a  ene rgy  consumption in cooking and a hot  water  supply in  abso- 
lu te  values i s  assumed equal  f o r  a l l  t h e  t h r e e  scenar ios ;  a change i s  envisaged only 
in t h e  energy  mix. 

A s  a resul t ,  t h e  s h a r e  of e l ec t r i c i ty  in t h e  energy  consumption in t h e  residen- 
t ia l  and commercial s e c t o r s  of Western Europe will inc rease  from 19% in 1980 to 
37% by 2030, f o r  t h e  minimum scenar io ,  and to 31% f o r  t h e  maximum scenar io .  

Japan. The commercial and residential  sectors in Japan consume a re la t ively  
low propor t ion of t h e  to ta l  e n e r g y  as compared to o t h e r  developed capi ta l i s t  coun- 
t r i e s .  In 1980, th i s  propor t ion amounted to 18% f o r  Japan,  while f o r  t h e  U S  and t h e  
West European coun t r i e s  i t  amounted to 30-35%.'~ By 1983 t h e  p ropor t ion  of 
ene rgy  consumed in these  Japanese  sectors jumped to 241." The main t r e n d  in 
Japanese  energy  consumption f o r  t h e  period of 1990-2000 will continue to consist  
of significant growth in t h e  res ident ia l  and commercial sectors as compared to 
o t h e r  s e c t o r s .  

Nevertheless,  f o r  those  who live in one-storeyed houses t h e  historically esta- 
blished pecul iar i t ies  of ene rgy  consumption by domestic p r o c e s s e s  will b e  main- 
tained.  This c a n  b e  s e e n  f rom t h e  energy  consumption p a t t e r n  in t h e  res ident ia l  
s e c t o r ,  which d i f f e r s  essential ly from that in o t h e r  developed cap i t a l i s t  countr ies .  
In 1980,  t h e  energy  consumption p a t t e r n  in t h e  res ident ia l  s e c t o r  w a s  as follows: 
h o t  wa te r  supply 40%, heating 30%, cooking 6%, air conditioning 14% (this par t icu-  
lar item tends to inc rease  rapidly).  

1 4 U F R ~ t i n  ~ h t e m u t i o n a l  COILfiLetCLal Iqfbnnofion (BW fl4(5847), 26 September 1985. 

'%an&.. S. (1@83), The statue of B&D of solar heaUng and coolig systems I n  Japan. In  A Long- 
Range Fbrecast # &'new *stem IkueLqpunt, i t s  ~aneuve+crWi@ a n d  ReMabCLity. h e e d -  
i n g ~ ,  Thi rd  . S b u i e t - ~ n e x e  E n e m  S p p o s i u n r  Rlga: "zrnatue" Publlshlng House. 

I$udelmo WaLdtl (1985). Changes I n  energy slLuaUon and tuture prospects. Energetfko 22(10). 



In Japan,  tradit ional  energy c a r r i e r s  in t h e  residential  and commercial sec-  
tors are kerosene ,  distillate, g a s  and e lec t r i c  energy (in o r d e r  of distribution). 
E lec t r i c  energy consumption will increase  rapidly in y e a r s  to come. According t o  
the  f o r e c a s t  made by t h e  Ministry of Foreign Trade and Industry of Japan,  growth 
of e l e c t r i c  energy  consumption in t h e  residential  sector will exceed i t s  a v e r a g e  
growth in industry and  in t h e  country  by t h e  late 1990s. 

Average annual growth rates of e lect r ic i ty  consumption in t h e  res ident ia l  and 
commercial sectors will be  5.3 and 4.2% in t h e  1980-1990 and 1990-2000 periods,  
respect ively ,  whereas f o r  t h e  country  as a whole they will be  4.3 and 3.5X, respec-  
tively. 17 

A t  p resen t ,  a typical individual house h a s  t w o  to t h r e e  heating units with oil- 
f i r ed  fu rnaces  using natural  drought  (with 2-3 kW h e a t  output), one  to t w o  room 
air condit ioners (with 2-2.5 kW power), and gas  system of hot  water supply.  Air 
condit ioners with h e a t  pump-type "air-air" have become common. In 1980, about  
two million domestic units with hea t  pumps were in use. In 1984, annual sa les  of 
h e a t  pump units amounted t o  t w o  million. Multistory residential  and commercial 
buildings are general ly  equipped with c e n t r a l  (housing) systems of a i r  conditioning 
(e lect r ic  or with h e a t  pumps). A t  p resen t ,  new systems of energy supply f o r  
domestic purposes  are being developed and introduced on t h e  basis of h e a t  pumps 
with g a s  d r ive  as well as combined h e a t  and electricity- supply systems with diesel  
engines. According t o  est imates made by- Japanese  specia l is ts , lB operat ing costs of 
such combined systems are lower than f o r  t h e  gas-driven systems. 

Forecasts  on energy conservation p red ic t  dec reased  expendi tures  f o r  heating 
due to improvements in h e a t  insulation of buildings (second window-frames, wall 
glass-wool insulation 100-150 mm thick in n o r t h e r n  areas and 50  mm thick in south- 
e r n  a r e a s )  and wide use of s o l a r  energy f o r  heating and hot  water supply.  A s  f o r  
t h e  o t h e r  t r ends  in energy use in t h e  home, t h e  main tendency consists  in t h e  pro- 
duction of appl iances  with e lect ronic  control  systems and, as a consequence,  in 
automation of housekeeping. 

Japanese industry r a n k s  f i r s t  in t h e  world in t h e  production of e lect ronic  
appliances,  and t h e  Japanese  population i s  s a t u r a t e d  with a l l  kinds of up-to-date 
domestic appliances.  These include: sound recording and  reproducing equipment, 
television sets, image recording and reproducing equipment, microwave ovens, 
e lec t ron ic  games, and e lect ronic  watches, ca lcula tors ,  and musical instruments. In 
t h e  last few years ,  t h e r e  has  been a tremendous growth in t h e  production of pe r -  
sonal computers.  

Forecasts  of energy  use in t h e  res ident ia l  and commercial sectors in Japan 
has  been made on  t h e  basis of predic ted population (Table 2.13) and  p e r  cap i ta  
energy  consumption in t h e  sectors (Table 2.14). Population growth is assumed 
according to UN estimates. In 1980, u rban  population accounted f o r  76%.19 Rates  
of energy  consumption growth up to 1990 in t h e  sector are given in t h e  work by 

" h c o r t  fl cnerpy production and use in  &pan. LSZ? 6hrLlattn ~Zntematiotual Ca#rmial In- 
jbmatbn (BIM) r.i'(V1) (1982). 
l k m n r u r a  KonU (lW5) Comblned uyst- of energy mupply ln everyday 11fe. Enetgctika &?(lo). 

l@P.ldon, J. (lBUS), Japan 1s number on.? Socl.1 probluna of the nut decadre. WuTer, OcLober, 
pp. 3123!M. 



Naoto ~ a ~ a w a , ~ '  and t h e r e a f t e r  extrapola ted using o u r  est imates f o r  t h e  t h r e e  
scenar ios .  Prospect ive  average  annual growth rates of e lect r ic i ty  consumption 
have been assumed on t h e  basis of the  above t rends .  

Table 2.13. Forecast  of population in  Japan.  

Population 
(in million) 

Average annual growth 
0.15 of population ( X )  - 0.48 0.25 0.04 

NOTE: Growth values refer t o  a subsequent decade. 
SOURCE: World Populat ion Rospects a s  Assessed in  1980, Unlted Natlons, New York, 1981. 

Space  heating and ho t  water supply a r e  subdivided into centra l ized and  decen- 
tral ized heating on t h e  basis of aggregated indicators  presented in a n  IIASA 
r e p o r t .  2 1 

Calculations show t h a t  perspect ive  p e r  cap i ta  energy consumption and t h e  
absolute value of energy  consumption in Japan's  residential  and commercial sec-  
tors increase  by a f a c t o r  of 1.5 f o r  a l l  t h e  t h r e e  scenar ios ,  the  s h a r e  of e lect r i -  
ci ty consumption increasing t o  45% from 24% in 1980 f o r  t h e  maximum s c e n a r i o  and 
up to 55% f o r  t h e  minimum scenar io .  The g r e a t  s h a r e  of e lect r ic i ty  obtained f o r  
the  minimum s c e n a r i o  can  be a t t r ibu ted  t o  higher  average  annual e lect r ic i ty  con- 
sumption growth r a t e s  assumed in th is  scenar io  due t o  a smaller  d i f ference 
between the  cos t  of e lect r ic i ty  and t h a t  of i t s  subst i tu te .  

2.5. Electricity demand prospects 
Electrici ty demand prospec t s  f o r  t h e  US, Western Europe,  and  Japan have 

been calculated from the  fair ly delailed historical  data on t h e  demand f o r  e lect r i -  
city and anticipated growth rates of the  e lect r ic i ty  s h a r e  in t h e  national economy 
and households. Based on the  base  y e a r  d a t a  and long-term projections,  a n  e x p e r t  
appraisa l  h a s  been made of e lect r ic i ty  losses in t h e  gr id .  

As f o r  e lect r ic i ty  generat ion,  t h e  following two types  were considered: elec- 
t r ic i ty  der ived from nuclear ,  hydro,  and o t h e r  renewable sources  of energq-; and 
e lect r ic i ty  genera ted  at fossil-fired thermal power plants. The distr ibution of the  
l a t t e r  o v e r  t h e  zones of t h e  load c u r v e  w a s  assumed equal f o r  a l l  regions.  From 
these  d a t a  est imates were  made of specific fuel  consumption f o r  d i f fe ren t  types  of 
e lec t r i c  plants. Specific fuel consumption rates were  averaged f o r  a l l  types  of 
e lec t r i c  plants and  regions,  which is, of course ,  a v e r y  simplifying assumption. But 
since t h e  purpose  of the  p r e s e n t  paper  i s  to make rough estimates of t h e  potential  
demand f o r  fossil fuels in e lect r ic i ty  generation,  t h e  approximate n a t u r e  of t h e  
above calculations i s  fa i r ly  justified. The resu l t s  of these  calculations are given 
in Tables 2.15-2.17. 

Zo~atawn. N. (1989). The role of energy connrrvalon In Japanese energy d-nd &rrcLure and Lhe 
future p r o s p c t s ,  i f#sedings # the k r L h  kpPrn-LPISREna+gy w i u m ,  General Renaarch Or- 
ganleatlon, Tokyo. 

" ~ h a n ,  A.M. and A .  Iilllel (1982), Evolut ion  c(rfitu+o Enevgy l k m o n d s  T i l l  2050 in  w e t e n t  World 
RrpConr: A n  Assessment Made for t h e  l im IULSA Skenarias,  Research Report RR-82-14 (Intarnation- 
a1 Institute for  Applled Systems Anelysls,  Laxenburg, Austrle).  



Table 2.14. Forecas t  of energy consumption f o r  residential  and commercial sec- 
t o r s ,  Japan.  

Scenar io  .- 1980 1990 2000 2010 2020 
- 

Minimum (high prices) 
Energy consumption, 

million tce 86.14' 105 127 137 136 
Including fossil fuel  65.38 70 74.5 72 61.3 
Including 

s p a c e  heating and 
ho t  water supply 
- centralized 1.2 4.8 8 12 16 
- decentra l ized 55.3 61.0 62 .O 55 42 
cooking 5.3 5 .O 4.5 4 3.3 

Electr ic i ty ,  million tce 20.76 34.8 52 65 75 
Electr ic i ty ,  billion kwh 168.95' 283.5 4 20 54 0 610 
Electrici ty s h a r e ,  X, 2 4 33 40.6 47.5 55 
P e r  cap i ta  consumption, 

tce/cap/y r 0.739 0.857 0.985 1.03 1.03 

Medium (moderate prices) 
Energy consumption, 

million tce 86.14" 
Including fossil fuel 65.38 
Including 

space  heating and 
hoL water supply 
- centralized 1..2 
- decentralized 55.3 
cooking 5.3 

Electrici ty,  million t ce  20.76 
Electr ic i ty ,  billion kWh 1~8.95~ 
Electr ic i ty  s h a r e ,  'k 2 4 
P e r  capi ta  consumption, 

tce /cap/yr  0.739 

Mazimum (tow prices)  
Energy consumption, 

million tce 
Including fossil fuel  
Including 

spaca  heating and  
ho t  water supply 
- centralized 
- decentralized 
cooking 

Electrici ty,  million tce 
Elact r ic i ty ,  billion kwh 
Elect r ic i ty  s h a r e ,  X 
Per cap i ta  consumption, 

tce /cap/yr  

'J?netgy Balances qf (1$W Countries, op. cit . .  



Table 2.15. Electrici ty generat ion and consumption in the  U S  (billion kwh). 

1 Scenar io  1980 1990 2000 2010 2020 1 
Minimum (high prices) 
Industry 
Transpor t  
Residential and commercial s e c t o r  
Elect r ic i ty  consumption, totala 
Nuclear and hydro  
Fossil fuel power plants 

Base load (2) 
Intermediate load (X) 
Peak load (X) 

Fossil fuel consumption 
(billion t ce )  

Base load 
Intermediate load 
Peak  load 

Medium (moderate prices) 
Industry 
Transpor t  
Residential and commercial s e c t o r  
Elect r ic i ty  consumption, totala 
Nuclear and  hydro 
Fossil fuel power plants 

Base load (2) 
Intermediate load ( f )  
Peak load (X) 

Fossil fuel consumption 
(billion t ce )  

Base load 
Intermediate load 
Peak load 

Mazimum (leu, prices)  
Industry 
Transpor t  
Residential and commercial sector 
Elect r ic i ty  consumption, totala 
Nuclear and hydro 
Fossil fuel power plants 

Base load (X) 
Intermediate load ( X )  
Peak  load ( X )  

Fossil fuel  consumption 
(billion t ce )  

Base load 
Intermediate load 
Peak load 

@Including other consumers' losses. 
NOTE: The following values of spectflc fuel consumption were assumed I n  the calculatlons: 360 
g/kWh for 1980; 350 g/kWh for 1990; 330 g/kWh for 2000; 315 g/kWh for 2010; and 300 gikWh for 2020. 



Table  2.16. Elec t r i c i t y  g e n e r a t i o n  a n d  consumption in Western E u r o p e  (billion 
kwh).  

/ S c e n a r i o  1980 1990 2000 2010 2020 1 
Minimum (h igh  prices)  
Indus t ry  
T r a n s p o r t  
Res ident ia l  a n d  commercial  sector 
E l e c t r i c i t y  consumption,  t o t a l e  
Nuc lea r  a n d  h y d r o  
Fossil  fue l  power  p l an t s  

Base load ( X )  
In termedia te  load  ( X )  
P e a k  load ( X )  

Fossil fue l  consumption 
(billion t c e )  

Base load 
In t e rmed ia t e  load  
P e a k  load 

Medium (moderate pr ices)  
Indus t ry  
T r a n s p o r t  
Res ident ia l  and commercial  s e c t o r  
E lec t r i c i t y  consumption, t o t a l a  
Nuc lea r  a n d  h y d r o  
Fossil  fue l  power  p l an t s  

Base load (I.) 
l n t e rmed ia t c  load (X) 
P e a k  load (I) 

Fossil fue l  consumption 
(billion t c e )  

Base  load 
In t e rmed ia t e  load  
P e a k  load 

Muximum (tow pr ices )  
Indus t ry  
T r a n s p o r t  
Res ident ia l  a n d  commercial  sector 
E l e c t r i c i t y  consumption,  totala 
N u c l e a r  a n d  h y d r o  
Fossi l  f u e l  power  p l an t s  
Base load  (X) 
In t e rmed ia t e  load  (X) 
P e a k  load  (X) 

Fossil fue l  consumption 
(billion t c e )  

Base  load  
In t e rmed ia t e  l oad  
P e a k  load 

9ncludlng other consumers1 losses .  
NOTE: The following values of spec l f lc  fuel consumption were assumed In the calculations: 360 
g/'kWh for 1980; 350 g~kWh for 1990; 330 g/kWh for 2000; 315 g/kWh for 2010; and 300 g/kWh for 2020. 



Table 2.17. Electr ic i ty  generat ion and consumption in Japan (billion kwh). 

I 
i Scenar io  1980 1990 2000 2010 2020 1 

Minimum (high prices) 
Industry 
Transpor t  
Residential and commercial sector 
Electrici ty consumption, totalm 
Nuclear and hydro  
Fossil fuel  power plants 

Base load (2) 
Intermediate load (2) 
Peak  load (2) 

Fossil fuel  consumption 
(billion t ce )  

Base load 
Intermediate load 
Peak  load 

Medium !inoderate prices) 
Industry 
Transpor t  
Residential and  commercial s e c t o r  
Electrici ty consumption, totala 
Nuclear and hydro 
Fossil fuel power plants 

Base load (2) 
Intermediate load (2) 
Peak load (2) 

Fossil fuel consumption 
(billion t ce )  

Base load 
Intermediate load 
Peak  load 

Mazirnum (tw prices) 
Industry 
Transpor t  
Residential and commercial s e c t o r  
Elect r ic i ty  consumption, totala 
Nuclear and  hydro  
Fossil fuel  power plants 

Base load (2) 
Intermediate load (2) 
Peak  load (2) 

Fossil fuel  consumption 
(billion t ce )  

Base load 
Intermediate load 
Peak  load 

%cludlng other consumera' loaaes. 
NOTE: The f o l l o ~ i n g  values of speclflc he1 consumption ware assumed In the calculntlons: 360 
g/kVh for 1980; 350 g/kWh for 1990; 330 g/kVh for 2000; 315 g/kVh for 2010; md 300 g/kVh tor 2020. 



A s  shown by calculations, by 2000 e lect r ic i ty  consumption in Western Europe 
will r i s e  by 40-60% compared with 1980, and by 50-70% by 2020 compared with 
2000. The s h a r e  of nuclear-  and hydro-based e lect r ic i ty  will jump to 32-37% in 
2000 from 29.3% in 1980 and to 35-45% in 2020. A s  a resul t ,  fossil fuel  consumption 
at thermal power plants will amount to 550-605 million t ce  in 2000, i.e., up t o  
20-45% from 1900, and by 2020 will r e a c h  670-950 million tce .  Electricity/GDP 
r a t i o  will d r o p  to 0.8-0.9 kWh/dollar from 1.14 kWh/dollar and then  slightly 
inc rease .  This t r end  can  be a t t r ibuted t o  t h e  s t r u c t u r a l  evolution of t h e  main sec-  
tors of t h e  West European economy. 

In the  case of t h e  US,  e lect r ic i ty  consumption will go up 40-50% by 2000, and 
then 20-60% by t h e  y e a r  2020. The s h a r e  of nuclear-  and hydro-based e lect r ic i ty  
will increase  from 1980's 22.4% t o  33-40%, fossil fuel consumption at thermal power 
plants will r i s e  to 800-915 million tce by 2000 from 1980's 665 million t c e  and then  
decline at a slow r a t e  (minimum scenar io)  o r  will continue t o  grow slowly (maximum 
scenar io) .  The electricity/GDP r a t i o  i s  expected to decline throughout t h e  e n t i r e  
time f rame t o  0.95-1.2 kWh/dollar in 2020 from 1980's 1.3 kWh/dollar, but  will still  
remain higher  compared with Western Europe and Japan.  

A s  f o r  Japan,  h e r e  e lect r ic i ty  consumption growth rates will ou t s t r ip  
economic growth rates by 80-100% by 2000 and by 30-40% in 2020. The s h a r e  of 
nuclear- and hydro-based e lect r ic i ty  will r i s e  to 28% by 2000 from 1980's 14.5%, 
and then by 2020 will be up t o  37-40%. Fossil fuel  consumption will increase  t o  
265-275 million t c e  in 2000 from 180 million t c e  and f u r t h e r  t o  270-300 million t c e  
by 2020. The e1ectricity;GDF r a t i o  will sowly decline t o  0.75-0.80 kwhidollar by 
2020 from 0 . 9  kWh/dollar in 1980. 

As follows from these  projections,  t h e  e lect r ic i ty  generat ion s e c t o r  will 
remain t h e  l a r g e s t  fossil fuel  consumer in t h e  energy  balance of developed coun- 
t r i e s .  

2.6. E n e r g y  demand scenarios for the US. Western E u r o p e ,  a n d  Japan 

Tables 2.16-2.20 summarize the  d a t a  on the  primary energy demand prospec t s  
in the  regions under  consideration f o r  t h r e e  scenar ios :  minimum, medium, and 
maximum. The base  y e a r ,  1980, indicators are taken from Energy Balances of 
OECD Countries, 1971-1981 op. =it." 

An e x p e r t  appraisa l  i s  made of fuel  reprocess ing and t ranspor ta t ion losses; i t  
i s  assumed t h a t  t h e i r  s h a r e  in absolute energy  consumption will sowly decline. 

Depending on energy  p r i c e s  t h e  United States may see no growth in energy 
consumption by t h e  y e a r  2000 (minimwn scenar io)  or a sl ight inc rease  of 15-251 
(medium and maximum scenar ios) .  After t h e  y e a r  2000 t h e  di f ference will b e  more 
pronounced: if p r i c e s  remain high, then  energy consumption may begin to decline 
and by 2020 will b e  lower compared with 1980; in t h e  case of moderate and low 
pr ices ,  energy  consumption will continue to grow (as a resul t ,  by 2020 t h e  volume 
of consumption will inc rease  by 10-25% compared with 2000). Fossil fue l  consump- 
tion at low p r i c e s  will decline,  whereas  at moderate and  low pr ices  a reduction will 
o c c u r  only beyond 2000. 

*%his 1s an lrnportant aspect, since the base year lndicatora vary t o  some extent dependlng on 
statlstlcal  source. In th ls  paper, all forecasts for subsequent years have the same base year lndl- 
cators. 



Table 2.18. Energy consumption scenarios fo r  the  US (million tce).  

Scenario 

Minimum (high prices) 
Industry 
Agriculture 
Transport  
Residential and commercial sec tor  

Final consumption, total 
Nonfuel needs 
Energy losses at e lec t r ic  power plants 
Conversion and transportation losses 

Primary energy resources  
consumption, total  

Nuclear, hydropower, and o the r  
renewables 
Fossil fuel  consumption, total  

Medium (moderate prices) 
Industry 
Agriculture 
Transport  
Residential and commercial sec tor  

Final consumption, total 
Nonf uel needs 
Energy losses a t  e lectr ic  power plants 
Conversion and transportation losses 

Primary energy resources  
consumption, total  

Nuclear, hydropower, and o the r  
renewables 
Fossil fuel consumption, total  

Maximum (low prices)  
Industry 
Agriculture 
Transport  
Residential and commercial sector 

Final consumption, total 
Nonfuel needs 
Energy losses at e lec t r ic  power plants 
Conversion and transportation losses 

Primary energy resources  
consumption, total 

Nuclear, hydropower, and o the r  
renewables 
Fossil fuel consumption, total  
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Table 2.19. Energy  consumption scenar ios  f o r  Western Europe (million tce) .  

Scenar io  1980 1990 2000 2010 2024 

Minimum (high prices)  
Industry 458.0 450 440 
Transpor t  

-=I 
317.8 330 350 350 320 

Residential and commercial sectora 435.7 460 470 470 470 
Final consumption, to ta l  1211.5 1240 1260 1235 1150 

Nonfuel needs 170.0 190 210 220 240 
Energy losses at e l e c t r i c  power plants 439.7 490 560 625 650 
Conversion and t ranspor ta t ion  losses 91.7 95 95 90 85 

Primary energy r e s o u r c e s  
consumption, to ta l  1912.9 2015 2125 2170 2195 

Nuclear,  hydropower,  and o t h e r  
renewables 206.9 290 350 430 565 
Fossil fuel  consumption, to ta l  1706.0 1725 1775 1740 1630 

Medium (moderate pr ices)  
Industry 458.0 480 520 530 545 
Transpor t  317.8 325 370 300 380 
Residential and commercial sectora 435.7 465 490 500 5001 

Final consumption, to ta l  1211.5 1280 1380 1410 1425 
Nonfuel needs 170.0 190 210 220 
Energy losses at e l e c t r i c  power plants 439.7 495 580 650 750 
Conversion and t ranspor ta t ion  losses 91.7 95 100 100 

Primary energy r e s o u r c e s  

240 1 
consumplion, to ta l  

loo I 
1912.9 2060 2270 2380 25151 

Nuclear,  hydropower,  and o t h e r  
renewables 206.9 290 350 430 565 
Fossil fuel  consumption, to ta l  1706.0 1770 1920 1900 1950 

Mazimum (tow prices)  
Industry 458.0 485 540 615 670 
Trans  p o r  t 317.8 375 450 475 485 
Residential and commercial sectora 435.7 470 500 530 550 

Final consumption, to ta l  1211.5 1330 1490 1620 1705 
Nonf uel needs 170.0 190 210 225 245 
Energy losses at electric power plants 439.7 515 630 700 810 
Conversion and  t ranspor ta t ion  losses 91.7 95 100 105 110 

Primary energy  r e s o u r c e s  
consumption, to ta l  1912.9 2120 2430 2650 2870 

Nuclear,  hydropower,  and o t h e r  
renewables 206.9 290 350 430 565 
Fossil fuel  consumption, to ta l  1706.0 1830 2080 2220 2305 



Table 2.20. Energy consumption scenar ios  f o r  Japan (million tce) .  

[ Scenar io  1980 1990 2000 2010 2020 1 
Minimum (high prices) 
Industry 
Transpor t  
Residential and commercial sector 

Final consumption, to ta l  
Nonfuel needs 
Energy losses at e l e c t r i c  power plants 
Conversion and t ranspor ta t ion losses 

Pr imary energy r e s o u r c e s  
consumption, to ta l  

Nuclear,  hydropower, and o t h e r  
renewables 
Fossil fuel consumption, to ta l  

Medium (moderate pr ices)  
Industry 
Transpor t  
Residential and commercial s e c t o r  

Final consumption, to ta l  
Nonfuel needs 
Energy losses at e l e c t r i c  power plants 
Conversion and t ranspor ta t ion losses 

Frimary energy r e s o u r c e s  
consumption, to ta l  

Nuclear,  hydropower, and o t h e r  
renewables 
Fossil fuel consumption, to ta l  

Mazimum (low prices) 
Industry 
Transpor t  
Residential and commercial s e c t o r  

Final consumption, total  
Nonf uel needs 
Energy losses at  e l e c t r i c  power plants 
Conversion and t ranspor ta t ion losses 

Pr imary energy  r e s o u r c e s  
consumption, total 

Nuclear,  hydropower, and o t h e r  
renewables 
Fossil fuel consumption, to ta l  



The s h a r e  of nuclear  energy and renewable will r i s e  to 10-121 and 15-241 by 
2000 and 2020, respectively,  from 8.2Z in 1960. 

There  will b e  some changes,  although not radical ,  in t he  pa t t e rn  of final 
energy demand (1): 

Industry 28.7 29 .O 30-32 
Agriculture 1.2 1.7 1.5-1.8 
Transport  38.0 37-40 32-41 
Residential and commercial sector 32.1 29.3-32.3 27.2-34.5 

Electricity 's  s h a r e  will r i s e  from 34.6Z in 1980 up  to 40-44Z in 2000 and up to 
42-53Z in 2020. 

The energy/GDP elastici ty until 2000 will be on  t he  level of 0.3 (minimum), and 
0.8 (maximum), and a f t e r  t h e  y e r  2000 at 0.5 (minimum) and 0.6 (maximum). The 
corresponding e lect r ic i ty  elastici ty ove r  t he  course of the  period will remain less  
than 1.0 and by 2020 will b e  0.4-0.85. The reason f o r  this projection lies in t he  
g r e a t  potential of the  US p o w e r  industry to restructure and conserve energy,  
which is  expended with less  efficiency than in Western Europe and  Japan. 

Western Europe will b e  charac te r ized  by almost the  same t rends:  by 2000 
total energy  consumption will be  up 11-27Z compared with 1980, then f u r t h e r  
growth should be  expected.  The s h a r e  of nuclear energy and renewables will be 
higher  than in t h e  US and will amount to 14-16Z by 2000 from 1980's 10.8Z. The 
s h a r e  of e lect r ic i ty  in t h e  region's  energy balance will rise to 48-501 by 2020 
from 34.5Z in 1980. Changes in the  pa t te rn  of final energy consumption will follow 
t h e  same line as in t h e  United States .  

The forecaqts  developed f o r  Japan show tha t  energy consumption will con- 
tinue to grow by 2010, a f t e r  t ha t  a decline may follow, providing energy pr ices  
remain high. In any caqe by 2000 the  level of energy consumption will be  30-50Z 
higher  than in t he  base  yea r ,  1980. The s h a r e  of nuclear  energy and renewables i s  
expected to increase  to 12-l4Z by 2000, and 19-251 by 2020, from 5.7Z in 1980. 
The elect r ic i ty  s h a r e  will rise from 38Z to 50-6012 by t h e  end of t h e  period under 
consideration. The energy/GDP elastici ty will b e  within the  0.3-0.5 range  by 2000 
and 0.12-0.18 by t h e  f i r s t  q u a r t e r  of t he  next century.  

Thus, t he  projections made in th is  study f o r  total energy consumption suggest  
f a r  more moderate growth rates of energy  consumption compared with t he  fore-  
casts of the  ea r l y  1980s (see,  f o r  inslance, a collection of r e cen t  fo recas t s  
p r epa red  by IIASA).'~ Our projections,  however, exceed some extreme fo r eca s t s  - 
f o r  instance,  the forecas t s  f o r  t he  US developed at Princeton ~ n i v e r s i t y , ~ '  which 
envisage a manyfold dec r ea se  in absolute energy consumption. True,  i t  is 
app rop r i a t e  to mention h e r e  t ha t  a l l  estimates assuming a g r e a t  decrease  in 
energy consumptfcm in developed countr ies  beyond t he  y e a r  2000, in fac t ,  
emphasize possibilities f o r  energy  conservation rather than  give fo recas t s ,  which 
is not t h e  same. 

s n n e ,  A.S. end L. Sehrettenholmr (1986), 1nt.rn.tionel energy workshop: e progress  report,, 
a C  Rcviau X(3):217-320. 

2 4 ~ i l l l e m ,  R.H. (1985), A Lour firspy Mure lo+ the United a o t e s .  PU/CBES Report No. 186. 
Princeton U n l v e n l t y ,  Princeton, NJ. 



2.7. Potential natural gar narket 
A potential  na tu ra l  g a s  market  has  been assessed on t h e  bas is  of t h e  above 

f o r e c a s t s  of ene rgy  consumption. The maximum volumes of g a s  consumption at t h e  
s t age  of final ene rgy  demand in t h e  industrial  and residential/commercial sectors 
have been defined as a d i f fe rence  between final ene rgy  and e lec t r i c i ty  consump- 
tion (by physical  equivalent). I t  i s  assumed t h a t  na tu ra l  g a s  c a n  successfully com- 
p e t e  with o t h e r  fuels. For  t r anspor ta t ion ,  a n  e x p e r t  a p p r a i s a l  h a s  been made of 
t h e  maximum possibilities f o r  introducing na tu ra l  gas-derived subst i tu tes  
(methanol, methanol-based m o t o r  fuels,  e tc . )  or na tu ra l  g a s  d i rec t ly  ( for  instance,  
in compressed form). Demand f o r  n a t u r a l  g a s  as a feedstock h a s  been evaluated 
with r e s p e c t  to t h e  following t h r e e  mass-produced products:  ammonia, ethylene,  
and methanol.25 A potential  na tu ra l  g a s  marke t  f o r  e l e c t r i c  plants i s  assumed equal  
to t h e  demand f o r  na tu ra l  g a s  f o r  th i s  ca tegory  of consumers. 

Tables 2.21-2.23 p r o j e c t  potential  demand f o r  n a t u r a l  g a s  f o r  t h e  U S ,  Western 
Europe,  and Japan.  

Based on  t h e s e  project ions ,  na tu ra l  g a s  consumption growth rates are calcu- 
la ted  in Chapter  10. and a r r a n g e d  in decreas ing o r d e r  with r e s p e c t  to t h e  p r i ce  
each  ca tegory  of consumers i s  willing to pay.  For  a l l  consumers 25-year se rv ice  
l ife i s  assumed, which approximately cor responds  to a 4Xiyr coefficient  of 
replacement  of obsolescent equipment. 

2 5 ~ o  evold double counting, methanol production t s  dtvlded lnto (e) chemlcal methanol considered 
in the calculation of demend for gas e s  e feedstock end (b) fuel methanol taken lnto account In the 
transportation sector. 



Table 2.21. Potential natural gas market, U S  (billion m sup 3 ). 

Scenario 1980 1990 2000 2010 2020 

Minimum (high prices)  
Ethylene 
Methanol 
Ammonia 
Industrial furnaces 
Industrial boiler plants 
Space heating and hot water 

- centralized 
- decentralized 

Cooking 
Thermal power plants 

- Base load 
- Intermediate load 
- Peak load 

Methanol addition to gasoline 
Compressed gas in transportation 

Medium (moderate pr ices)  
Ethylene 
Methanol 
Ammonia 
Industrial furnaces 
Industrial boiler plants 
Space heating and hot water 

- centralized 
- decentralized 

Cooking 
Thermal power plants 

- Base load 
- Intermediate load 
- Peak load 

Methanol addition t o  gasoline 
Compressed gas in transportation 

Muximum (tow prices)  
Ethylene 
Methanol 
Ammonia 
Industrial furnaces 
Industrial boiler plants 
Space heating and hot water 

- centralized 
- decentlalized 

Cooking 
Thermal power plants 

- Base load 
- Intermediate load 
- Peak load 

Methanol addition t o  gasoline 
Compressed gas in transportation 



Table 2.22. Potential  natura l  gas  market,  Western Europe (million m s u p  3 ). 

Scenar io  1980 1990 2000 2010 2020 

Minimum (high prices) 
Ethylene 
Methanol 
Ammonia 
Industrial  fu rnaces  
Industrial  boi ler  plants 
Space  heating and ho t  water  

- centralized 
- decentralized 

Cooking 
Thermal power plants 

- Base load 
- Intermediate load 
- Peak load 

Methanol addition t o  gasoline 
Compressed gas in t ranspor ta t ion 

Medium (moderate prices) 
Ethylene 
Methanol 
Ammonia 
Industrial  fu rnaces  
Industrial  boi ler  plants 
Space heating and hot  water 

- centralized 
- decentralized 

Cooking 
Thermal power plants 

- Base load 
- Intermediate load 
- Peak load 

Methanol addition t o  gasoline 
Compressed gas  in t ranspor ta t ion 

Maximum (tow prices) 
Ethylene 
Methanol 
Ammonia 
Industrial  fu rnaces  
Industrial  boi ler  plants 
Space heating and  h o t  water 

- centra l ized 
- decentralized 

Cooking 
Thermal power plants 

- Base load 
- Intermediate load 
- Peak load 

Methanol addition to gasoline 
Compressed gas  in t r anspor ta t ion  



Table 2.23. Potential  natura l  gas  market ,  Japan (billion m sup 3 ). 

I Scenar io  1980 1990 2000 2010 2020 1 
Minimum (high prices) 
Ethylene 
Methanol 
Ammonia 
Industrial  fu rnaces  
Industrial  boiler  plants 
Space  heating and hot  water  

- centra l ized 
- decentra l ized 

Cooking 
Thermal power plants 

- Base load 
- Intermediate load 
- Peak load 

Methanol addition t o  gasoline 

Medium (moderate prices) 
Ethylene 
Methanol 
Ammonia 
Industrial  furnaces  
Industrial boiler  plants 
Space heating and hot  water 

- centralized 
- decentralized 

Cooking 
Thermal power plants 

- Base load 
- Intermediate load 
- Peak load 

Methanol addition t o  gasoline 

Mazimum (taw prices)  
Ethylene 
Methanol 
Ammonia 
Industrial  fu rnaces  
Industrial  boi ler  plants 
Space  heating a n d  hot  water 

- centra l ized 
- decentra l ized 

Cooking 
Thermal power plants 

- Base load 
- Intermediate load 
- Peak  load 

Methanol addition to gasoline 



Chapter 3 

Modeling the International Natural Gas Market 

As a general  case,  the situation in the  International natural gas  market can be 
described as follows. In a region the re  i s  a finite number of fuel consumers who 
are ready to change to natural gas, provided the pr ice  of gas  a t  t he  burner  t ip is  
set at a level ensuring an additional prof i t  compared with o ther  energy sources.  
The willingness-to-pay values fo r  natural  gas, a r ranged  in decreasing o rde r ,  
depend on the  gas  pr ice  p e r  volume of t h e  gas delivered to the region. Gas sup- 
pl iers  are represented by domestic gas  producers and also outside expor te rs ,  
each character ized by cer ta in  expenditures involved in  gas  production and trans- 
portation (as LNG or by pipeline). Marginal costs of gas  suppliers,  in the i r  turn,  
also depend on the  volume of gas  supplies. In the simplest case,  t he  intersection of 
these t w o  curves  (those of the willingness-to-pay and of marginal costs) 
corresponds to an equilibrium state in t he  market, when the overall  effect  f o r  both 
gas  producers  and gas consumers is  maximized. With the availability of several  gas 
markets, t he  situation is  described in a similar way. Government regulations of 
this market mechanism are taken into account through cer ta in  limitations (for 
example, on individual expor te rs '  s h a r e  of deliveries, etc.)  or taxes  and subsidies, 
which a r e  taken into account in the calculation of the willingness-to-pay values. 

For the purpose of simplification, i t  is assumed that the  effect of the  
willingness-to-pay variable on natural  gas  consumption i s  l inear,  and the  marginal 
costs a r e  described stepwise. These assumptions allow us t o  reduce t he  problem to 
a l inear  one with a quadratic objective function. Figure 3.1 gives a schematic 
presentation of this simple view of the  natural gas  market. 

pit 

Willingness 
to pay for 
natural 

Effect for suppliers at P; price 

Natural gas supplies Oit 

R g u r e  3.1. A picture  of t he  natural  gas market  i: at ~ 1 . ~  when gas demand equals C)rt and is m e t  from severa l  suppl iers  (domestic production + export-  
ers) .  



Taking into account  t h e  dynamics of the  market involves c e r t a i n  complexities. 
The dynamics are conditioned, on  t h e  one hand, by t h e  se rv ice  life of equipment 
and by c o n t r a c t  terms, on t h e  o t h e r .  The volumes of gas  consumption at e v e r y  
moment of time are determined with r e g a r d  f o r  possible changes  in t h e  na tu ra l  g a s  
p r ice  and del iver ies  in t h e  succeeding years .  

To reduce t h e  dimensions of t h e  problem, consideration i s  given to ten-year 
in tervals  within which a point corresponding to t h e  middle of t h e  in terval  i s  
defined. 

The model i s  descr ibed as follows. 

Objective: To e labora te  a s t r a t e g y  ensuring maximum ef fec t  both f o r  g a s  sup- 
pl iers  and g a s  consumers o v e r  t h e  projection period t. 

i = Natural  g a s  markets  (Western Europe, t h e  US, and Japan);  
k = E x p o r t e r s  - t h e  USSR, Algeria, Norway, t h e  Pers ian  Gulf countr ies  

( I ran and Qata r ) ,  Canada, Mexico, Southeast  Asia, Australia; 
t = Time frame (ten-year in tervals  beginning from 1990, on  t h e  whole f o u r  

per iods  up to 2020). 

Subscripts: 

Qit  = Potential growth of natura l  gas demand; 

$t = Economically viable supply to m e e t  potential  demand; 

Pi, = Maximum values of willingness to pay in t h e  market i ;  

P :t = Optimal p r i c e  f o r  gas in t h e  market i ;  (dependence of 
willingness to pay on na tu ra l  g a s  consumption volumes); 

%it = Total volumes of natura l  gas  supplies of t h e  e x p o r t e r  
k to t h e  marke t  i ;  

M k i ~  = Volume of g a s  supplies of t h e  e x p o r t e r  k to t h e  market ;  

ni't = Growth of indigenous g a s  production in t h e  region i 

- o v e r  t h e  per iod t ;  
ni t = Maximum volume of gas  production in t h e  region i ;  

G k t  = Maximum volume of g a s  production in t h e  e x p o r t e r  k ;  

ski t = Coefficient of g a s  t ranspor ta t ion losses; 

Pklt = Maximum s h a r e  of t h e  e x p o r t e r  k in g a s  supplies to t h e  market  
i;  

Clt, Ckt = FOB cos t s  of g a s  production in t h e  region i or at t h e  
e x p o r t e r  k; 

tkit = Cost of na tu ra l  g a s  t ranspor ta t ion from t h e  e x p o r t e r  k Lo t h e  
market  i .  

Model Constraints:  

(1) The total  demand f o r  na tu ra l  g a s  in t h e  market  i is met from indigenous 
production with r e g a r d  f o r  t h e  changes  caused by t h e  depletion of g a s  field and 
from g a s  imports: 



(2) The growth of natura l  gas  demand in the  marke t  i must not exceed i t s  max- 
imum possible growth o v e r  the  per iod t :  

Q;' Qlt - 
(3) The volume of indigenous na tu ra l  g a s  production within t h e  region i,  ~ i r e n  

as to ta l  g a s  production from capaci t ies  introduced during t h e  l a s t  30 y e a r s  with 
expecta t ion of a decline in production result ing from deter iora t ing geological and 
mining conditions, must not  exceed  t h e  maximum production level determined on t h e  
basis  of g a s  field r e s e r v e s :  

(4) The to ta l  volume of natura l  g a s  supplies of t h e  e x p o r t e r  k to t h e  market  i 
i s  equal  to t h e  sum of con t rac t s  signed during severn l  previous periods:  

Mii,t + ~ , , , t - l  + Ml;l.L-2 = Mklt a 

(5) The total volume of g a s  supplies of the  e x p o r t e r  k to t h e  market  i o v e r  t h e  
period t must not exceed  a given s h a r e  of th i s  e x p o r t e r  in t h e  g a s  market:  

(6) The to ta l  g a s  e x p o r t  from t h e  region k ,  including t ranspor ta t ion losses,  
must not  exceed  t h e  region's  e x p o r t  potential: 

(7) Every i marke t  during the  period t i s  cha rac te r i zed  by t h e  following 
dependence of t h e  willingness to pay f o r  natura l  g a s  on the  volume of supplies:  

p;t = a , t  + bi t  . ~ ; t  . 

where 

alt, bit = Coefficients previously defined from t h e  analysis  of 
t h e  region i energy  balance .  

(8) Non-negative values of t h e  model's var iables :  

M$~,M, , ,#~ ; , 'Q ; , ,P ; ,  2 0 - 

Objective RLnction: To maximize t h e  overa l l  e f fec t  der ived from n a t u r a l  g a s  
t r a d e  f o r  both e x p o r t e r s  and indigenous gas p r o d u c e r s  o v e r  t h e  1990-2020 
period:  

'1t la  supposed that the tlrne of gas fleld exploltetlon depends on local condltlanss. 



Method of Solution: Mathematical programming with a quadratic objective 
function. 



Chapter 4 

Economic Evaluation of World Natural Gas Resources 

E a r l i e r  (Sect ion 1.2) ,  we a s ses sed  t h e  r e s o u r c e  base  of t h e  g a s  indus t ry  both 
f o r  t h e  main consuming r e g i o n s  - t h e  US a n d  Western Europe-  and  f o r  t h e  a c t u a l  
a n d  p rospec t ive  expor t ing  c o u n t r i e s  with m a r k e t  economies.  Gas  r e s o u r c e s  in  t h e  
USSR w e r e  not  cons ide red  in  t h e  s tudy,  as they  w e r e  analyzed in de t a i l  in e a r l i e r  
IIASA papers .1  When appra i s ing  t h e  r e s o u r c e  base  of t h e s e  c o u n t r i e s  we used  many 
s o u r c e s  b u t  p r e f e r r e d  t h e  of f ic ia l  data and  data of nat ional  geologic s u r v e y s .  
When t h e  r a n g e  of es t imates  was l a r g e  ( fo r  example ,  in  t h e  c a s e  of Mexico), 
e x t r e m e  va lues  w e r e  excluded.  

A s  t h e  ob jec t ive  of t h e  s tudy was to identify t h e  main f e a t u r e s  of a f u t u r e  
world g a s  marke t ,  we focused  o u r  a t t en t ion  o n  a c t u a l  and  p r o s p e c t i v e  g a s  expor t -  
ers. We made use  of t h e  e s t ima tes  of t h e  r e s o u r c e  b a s e  and i t s  cost p a t t e r n  f o r  

2 var ious  c o u n t r i e s  made by Modelevsky (1985). The cost es t imates  of gas r e s o u r c e s  
were based  o n  t h e  s tud ie s  of t h e  S tan fo rd  R e s e a r c h  Ins t i tu te  (1977)~ and of t h e  
Technical Ene rgy  G r o u t  of t h e  ACC Task Force  on  Long-Term Development 0bjec:- 
t ives  of t h e  U N  (1983). 

Gas d i scove ry  and product ion  costs are a s s e s s e d  with r e f e r e n c e  t o  t h e  high 
r i s k s  a s soc ia t ed  with cap i t a l  investments  in  oil a n d  g a s  development.  A cons ider -  
a b l e  p a r t  of inves tments  in  n a t u r a l  g a s  d i scove ry  g o e s  to t h e  dr i l l ing  of d r y  wild- 
cats. A f ield 's  p roduc t ion  c a p a c i t y  may a p p e a r  sma l l e r  t han  p r o j e c t e d  e a r l i e r .  
The capi ta l  investment  r i s k  in  o f f s h o r e  development i s  also g r e a t ,  owing to t h e  high 
probabi l i ty  of acc iden t s .  

In view of t h e  a b o v e ,  we assumed a 15% r a t e  of r e t u r n  o n  investment... in o u r  
es t imates  f o r  all r eg ions .  The costs ca lcula ted  o n  t h e  bas i s  of t h e s e  assumptions 
are t echn ica l  economic costs as they exc lude  roya l t i e s  a n d  t axes .  

The costs of na tu ra l  g a s  product ion  (Tables 4.1-4.8) are es t imated  with 
r e g a r d  f o r  t h e  main ob jec t ive  of the s tudy,  i . e . ,  to de te rmine  t h e  optimal  develop- 
ment of world g a s  t r a d e  in t h e  p e r i o d  unde r  cons ide ra t ion .  Besides d i scove ry  and 
product ion  c o s t s ,  t h e  es t imated  spec i f i c  development costs include:  
- costs of o f f s h o r e  g a s  t r a n s p o r t a t i o n ;  
- costs of long-distance g a s  pipel ine t r a n s p o r t a t i o n  of Arc t i c  g a s  f o r  t h e  US, a 

g a s  impor t e r ,  a n d  Canada, a g a s  e x p o r t e r ;  a n d  
- costs of g a s  t r a n s p o r t a t i o n  f rom Norway to Western E u r o p e .  

In t h e  model costs of i n t e r r e g i o n a l  gas t r a n s p o r t a t i o n  are assumed equa l  f o r  
a l l  r e s o u r c e s .  In f a c t  t h e y  depend  o n  loca t ion .  W e  include costs of o f f s h o r e  g a s  
t r a n s p o r t a t i o n  i n  t h e  development costs of o f f s h o r e  r e s o u r c e s .  F o r  Canada t h i s  

h e  for example data prepared for IIASA1s "heray Systems ProJect" by Sovlet  researchers 
(1979); and Slnyak, Yu. (1984), Natural Caa Industry af the Sov le t  Unlon. Contribution to M S A ' r  
Internatlonal Caa Study (Bternatlond 1nrtltut.e for Appllbd S y s t o m  Analysis, Leuenburg, IIASA). 

%odelevsky, M.S., C.S. Curevleh, and E.Y. Khartukov (lQBS), Wotld Cheap h d c  011 and Natura l  
t h s  Resw?ces, presented a t  the Internatlonal Energy Workshop, June 11-13 (lnternatlon8l Insti- 
tute for Applled Syatams Analyda, Laxenburg, Austria). 

' f ie1  and  E n o m  Prlcr ib+rcosts. Plnal rmport, vol. 2. Stanford, Callf.: Stanford Refsearch Instl- 
tute  (1977). 

4~conoraics flEtpLoration and &wlopmmt  #Energy Rksourcrs. Report of the Technical Croup, 
UN Fltth Seeelon, Hew York (1983). 



Table 4.1. Froven r e s e r v e s  and potential natura l  g a s  resources ,  t h e  U S  and 
Western Europe (trillion m3). 

With Production Costs (in 
1980 US dol lars  per 1000 m3) 

Region Total up to 130 130-180 above 180 - 
US 23 .O 12.0 6.0 

Western Europe b 5.7 3.9 0.8 

aAlaukan na tura l  gss resources;  transportation conta  a r e  included In t h e  c o s t  of e x t r a c t i o n .  
%xcludlng Norway. 
SOURCES: Author's errtlmates; Browne, T.E. and M.F. S e a r l s  (1977). fie{ and Energy Prtce Awe- 
carts. EPB1-EA-433 vol. 2. Pa10 Alto, Callr.: E l e c t r i c  Power Bes&orch Institute; Modelewakl. M.S., 
C.S. Curlewlch, and E.M. Kchartukov (1966), Clobal resources  o r  cheep ol l  end n a t u r a l  gan. 
AchCrvmnents and Prospects. & t k s  "Enetpy f i e { "  10 (Moscow). 

Table 4.2. Natural  g a s  resources ,  Mexico (trillion m3). 

With Production costs (in 

- 1980 US dol lars  p e r  1000 m3) 

Scope of Estimate - Total up to 80 80-150 150-200 above 200 --- ----- 
All r e s e r v e s  6.9-11.6 1.9-2.8 2.6-4.6 

Proven r e s e r v e s  
as of 1.1.85 2.2 1 .0 0.6 0.6 

I 
Potential r esources  4.7-9.4 -- 0.9-1.0 2.0-4.0 0.9-1.8 0.9-1.8 j ------ 

SOURCES: Natural gas survey .  fitroleurn Econon~ist  8:271-273 (1985); and see footnotea for Table 
5.2. 

Table 4.3. Natural  g a s  resources ,  Southeast  Asia (trillion m3).' 

With Production Costs (in 
1980 US dol lars  p e r  1000 m3) 

Scope of Estimate Total up to 10 10-45 45-80 80-150 above  200 

I All r e s o u r c e s  5.7-13.6 0.5 1.1-1.8 1.1-1.8 1.2-2.6 

Proven  resources ,  
as of 1.1.85 2.7 0.5 0.8 0.8 0.6 - 
Potential  r e s o u r c e s  3 -0-10.9 - 0.3-1.0 0.3-1.0 0.6-2.0 2.8-6.9 

a ~ n d o n e d a ,  Malayda,  Brunel. 
SOURCES: 500 roo tno tes  t o r  Tables  4.2 m d  5.2. 



Table  4.4. N a t u r a l  g a s  r e s o u r c e s ,  P e r s i a n  Gulf ( t r i l l ion  m3)." 

With P roduc t ion  Cos ts  (in 
1980 US d o l l a r s  p e r  1000 m3) 

S c o p e  of Es t imate  TotaI u p  to 10 10-45 45-80 a b o v e  80 

All resources 4.2-11.6 3.4-5.2 8.0-9.0 7.0 2.0 

P r o v e n  r e s e r v e s ,  
as of 1.1.85 23.0 12.0 6.0 5.0 - 

P o t e n t i a l  r e s o u r c e s  12.6-18.2 6.6-11.2 2.0-3.0 2 .O 2.0 

 ran, Qatar, Saudl Arabla, Abu-Dhabl. 
SOURCES: See footnotes for Tables 4.2 end 5.2. 

Table  4.5. N a t u r a l  g a s  r e s o u r c e s ,  Algeria  ( t r i l l ion m3). 

With P roduc t ion  Costs  (in 
1980 US d o l l a r s  p e r  1000 m3) -- 

S c o p e  of Es t imate  Tota l  up  to 80 80-150 150-200 

4.2-11.6 3.4-5.2 0.5-4.2 0.3-2.2 
I 

P r o v e n  r e s e r v e s ,  
as of 1.1.85 3.3. 3.1 - - 

r e s o u r c e s  -- 
1.1-8.5 - 0.3-2.1 0.5-4.2 0.3-2.2 

-. - - - -- - - 
SOURCES: See footnotes for Tables 4.2 and 5.2. 

Table  4.6. Natu ra l  g a s  r e s o u r c e s ,  Canada  ( t r i l l ion rn3). 

With p roduc t ion  Costs  (in 
1980 US d o l l a r s  p e r  1000 m3) -- 

S c o p e  of Es t imate  Tota l  u p  to 45 45-80 80-150 150-200 a b o v e  200 

All r e s o u r c e s  6.7-20.7 0.8 1.6-4.6 1.6-5.6 1.5-5.5 1.2-4.2 

P r o v e n  r e s e r v e s ,  
as of 1.1.85 2.7 0.8 0.6 0.6 0.5 0.2 

P o t e n t i a l  r e s o u r c e s  4 .O-18.0 - 1.0-4.0 1.0-5.0 1.0-5.0 1.0-4.0 

SOURCES: See footnotes for Tables 4.2 end 5.2. 
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Table 4.7. Natural  gas r e s o u r c e s ,  Norway (tr i l l ion m3). 

With Production Costs (in 
1980 U S  do l l a r s  p e r  1000 m3) 

--1 
Scope of Estimate Total up to 80 80-150 150-200 200-250 above 250 -- 
All r e s o u r c e s  4.1-6.5 0.5 0.5 1.2-1.5 0.9-2.0 0.7-1.7 

Proven r e s e r v e s ,  
as of 1.1.85 2.2 0.5 0.5 1 .O 0.2 - 

Potential  r e s o u r c e s  1.6-4.0 - - 0.2-0.5 0.7-1..8 0.7-1.7 

SOURCES: See footnotes for Tables 4.2 end 5.2; end Economfcs of erploratfon and  deueloprnent of 
energy resources, Report of the Technical Energy Croup, Unlted Natlons Fifth Sesslon, New 1-ork 
(1983). 

Table 4.8. Natural  gas r e s o u r c e s ,  Nigeria (trillion m3) 

I With Froduction Costs (in 
1980 US dol lars  p e r  1000 m3) 

Scope of est imate Total up to 00 80-150 
I 

--- -- -- - -- -. - - - .- - - -- --A 

150-200 1 
- - - - . . -- - 

All r e s o u r c e s  t 2 .7-3.4 2.0-2.3 0.4-0.5 0.3-0.6 i 
Proven r e s e r v e s ,  
as of 1.1.85 1.3 1.3 - 

Potential  r e ~ o u r c e s  1.4-2.1 0.7-1.0 0.4-0.5 
I 

0.3-0.6 j 

SOURCES: See footnotes for Tables 4.2 end 5.2. 

approach  was applied only to Arctic r e sources .  The development cos t s  of Arctic 
r e s o u r c e s  include t r anspor ta t ion  cos ts  to the  continent.  The cost p a t t e r n  of gas 
r e s o u r c e s  in the  U S  is  a l s o  evaluated with r e f e r e n c e  to t ranspor ta t ion  cos ts  of 
Arctic gas.  

The cost p a t t e r n  of na tu ra l  g a s  r e s o u r c e s  in the  Pers ian  Gulf coun t r i e s  (Table 
4.4), compared with Modelevsky's est imates,  is less  favorable .  This i s  due  to the 
di f ferent  est imates of r e s o u r c e s  in t h e  huff zone, t h e  development of which will 
involve some technical  complexities and additional cos t s  caused by l a r g e  r e s e r v o i r  
depths ,  high p r e s s u r e ,  and  high su l fu r  content .  



Chapter 5 

Export Potential of Major Gas-Exporting Countries 

The e x p o r t  potential  of gas-exporting countr ies  i s  analyzed in two aspec t s :  (1) 
t h e  availability of gas r e s o u r c e s  f o r  e x p o r t  u p  to 2020, and (2) t h e  p r o s p e c t s  f o r  
realizing th is  e x p o r t  potential ,  taking into accoun t  t h e  fu tu re  si tuation in t h e  
world g a s  market ,  t h e  benef i t s  to g a s  e x p o r t e r s ,  and t h e  utilization policies of 
each  consumer country .  

E x p o r t  potential  w a s  calculated as follows: 1 

(1) With assumed annual rates of discovery and est imates of potential r e s o u r c e s ,  
t h e  c u r v e  of discovered g a s  reserves was calcula led  f o r  e a c h  country.  

(2) The g a s  production potential  was calculated with t h e  r e f e r e n c e  to 
rese rve /p roduc t ion  ra t ios .  

(3) The di f ference  between potential  production and domestic g a s  consumption i s  
t h e  e x p o r t  potential  of a country .  

Table 5.1. Proven natura l  g a s  r e s e r v e s  in individual nonsocialisl and developine 
countr ies ,  as of e a r l y  1985. 

.- -- 

-- - Including - 
Nonassociated Gas Associated Gas 

~ o t a l ~  - . - - - - - - - --- 
Country ( tr i l l ion m3 t r i l l ion m3 x trilliori m3 Xb 

Abu Dhabi 
Algeria 
Brunei 
Canada 
Indonesia 
I r a n  
Malaysia 
Mexico 
Netherlands 
Nigeria 
Norway 
Q a t a r  
Saudi Arabia 

%atural gas survey, Fetmleum Economist 8:271-273 (1985). 
bpeebles, M. (1983). World nature1 gas supply end demend conslderotlons, 4 t h  pertleular reference 
to  the development of the lnternetlonel gas trade. In Proceedings of the Eleventh Rbrld Petroleum 
Congmss (John Wlley k Sons, Chlcheeter). 
'ne - not avellable. 
dlncludllrg gas caps whlch constitute 6.4 trllllon m3 or  47% of tote1 resources. See, Ces In the Mld- 
dle East.. An enormous potentlel, Fetroleum hJmmalion id&MLl6 (1984). 

%he celculetlons a rc  not glven here. The lnltlel data for them e r r  ~ummerleed In Tebles 5.1-5.4. 



Table 5.2. Estimates o f  potential natural gas resources b y  coun t ry  ( t r i l l i o n  m3). 

Source 
- 

Iran Qatar A l g e r i a  N i g e r i a  C a n a d a  Mexico N o r w a y  Indonesia M a l a p i a  
- 

M.S. Modelevsky, 1984' 9.7 4.9 8.5 1.9 17.2 3.5 1.6 10.9 
G e o l o g i c a l  Survey o f  Canada, 1 ~ 8 4 ~  4-18 
' T e r n e x  ", 1980~ 9.4 
M.F. A c o s t a ,  197gd 11 .O 
O f f i c i a l  e s t ima t e ,  1984' 7.0 
The Third Arab Energy C o n f e r e n c e ,  1985~ 1.1 
N a t i o n a l  P e t r o l e u m  Directorate, 1 ~ 8 4 ~  
O P E C ,  1984 1.4 
O f f i c i a l  e s t ima t e ,  1 9 8 ~ ~  2.1 
O f f i c i a l  e s t i m a t e ,  1981e 2.3 
V.M. Rummerfield, 1984' 4.7 
B. Mossnvar-Rahmani, 1981' --- -- - - -- -. -. -. - - - - -..------PA 

6.2 

.Modelewnkl, XS., C.S. Curlewlch, end E.M. Kchertukov (1986), Clobel r e s o u r c e s  of cheep ol l  en neturnl  88s. Achieucments- and Prospects.  Sr ies  "Rnergy 
h a l "  10 (Maecaw). 
b ~ a n a d a  u p 8 r e d s i  estlm8tss f a r  o f f s h o r s  fleldn. a c e a n  I n d u s t r g ,  April 1984, pp. 240-242. 
C ? n t e r n a t i o n a l  h e + g y  O u t l o d ,  McCrew-H111, Wauhln8ton, 1982. 
%.F. Acort. (1979). The r o l e  of t h e  011 In t h e  Werlcan development plans. Ekrbajada de Werico, J u n e  1.2. 
2. C o r e t  (1984), Natural  g o t i k e y  t o  f u t u r e  p rouper l ty ,  R t r o l e u m  IPconmis t  61 (12):456-457. 
%. C h d e m  (1985). Derrelapment plan of Al8erlen ga*. The T h i r d  Amb E n e r g y  Coqference, Algie+r, Padl 195. 
6 ~ . ~ . ~ b r n  (1984), I n t e r n a t i o n a l  C a r  h d e  in Eu+apc. The h l i c i e s  of E r p o r t i n g  and hrtporting (;buntries (Helnemenn, London). 
%I. Qu1nl.n (1984), 011 p o l l c j  under  t h e  gcmerels. f i t r o l e u r n  E c m a m i r t  61(2):55-57. 
$.F. Rummerfleld (1984), Mexican petroleum exploret lon,  develapment,Oll and Gas Journal, p. 77, J u l y  2. 
b. Maneever-Rahmenl and Sh. Mossaver-Rehmenl (1984), World nature1 g a s  outlook: what ro le  l o r  OPEC? E e o ~ r o m i r t  Tntelligence Unit  @ecia l  &port  No. 167 
(KIU, London). 





Table 5.4.  Energy and na tu ra l  g a s  consumption in gas-exporting countr ies .  

Country 

Algeria 
Canada 
Mexico 
Nigeria 
Norway 
Pers ian  Gulf 
Southeas t  Asia 

Energy Consumption 
(million toe)  

1980 2000 2020 

Gas Consumption 
(billion m3) 

For  those coun t r i e s  where t h e  por t ion of g a s  r e s o u r c e s  in c r u d e  oil  f ields i s  
l a r g e  (Iran,  Saudi Arabia, Mexico, Nigeria), t h e  e x p o r t  potential w a s  est imated 
only f o r  g a s  r e s o u r c e s  in purely  gas  fields. 1 

In many coun t r i e s  g a s  e x p o r t  potent ia l  i s  not fully used,  and th i s  tendency will 
remain in t h e  fu tu re .  Most of gas-producing coun t r i e s  are c r u d e  oil  e x p o r t e r s  and 
f o r  them t h e  replacement  of c r u d e  oil by g a s  i n  domestic consumption is  highly 
ef fect ive .  But in many coun t r i e s  t h e  possibilities f o r  a s h a r p  r i s e  in  domestic con- 
sump tion a r e  limited. 

Gas e x p o r t  p rospec t s  were assessed  with r e f e r e n c e  t o  t h e  c u r r e n t  level  of 
production costs  and expected f u t u r e  changes.  Table 5 .5  i s  based on t h e  analysis  
of t h e  breakdown of r e s o u r c e s  into ca tegor ies  with r e s p e c t  to speci f ic  product ior~ 
cos ts ,  a s  well as o n  t h e  assessment of d iscovered r e s e r v e s  and t h e  Euture produc- 
tion levels.  

Table 5 . 5 .  Average specific production costs f o r  gas-producing coun t r i e s  (in 1980 
do l l a r s  p e r  1000 m3). 

I coun t ry  1990 2000 2010 2020 1 
Algeria 10-30 
Canada 30-50 
Mexico 20-40 
Nigeria 30-50 
Norway 70-90 
P e r s i a n  Gulf 10-30 

- Southeas t  Asia 10-30 

SOURCE Authors' estlmates. 

After 2000, a v e r a g e  speci f ic  costs of g a s  ex t rac t ion  will s teadi ly  grow due to 
exhaust ion of t h e  l a r g e s t  fields, t h e  ,need  to develop d e e p e r  r e s e r v o i r s  with high 
p r e s s u r e ,  and  t h e  g r e a t e r  water  d e p t h s  involved in  offshore  production. 

In t h e  second decade  of t h e  21s t  cen tu ry ,  Norway and Canada will start to 
develop offshore  Arctic g a s  r esources .  Production of t h e  even  least cost ly  p a r t  of 
t h e s e  r e s o u r c e s  will r a i s e  sha rp ly  the a v e r a g e  speci f ic  costs (Table 5.5. ). 

'~esources  of dlssolved gas end gas caps In Seudl Arabla and Mexlco ere elreedy used rnelnly In the 
domestlc petrochernlcal Industry. 



In t h e  f i r s t  decade  of the  nex t  cen tu ry ,  I r an  and Q a t a r  will possess half of the  
gas  e x p o r t  potential  of the  nonsocialist world, but  they are likely to  use only p a r t  
of i t  (Table 5.6). Norway's l a r g e  e x p o r t  potential  beyond 2000 will b e  provided by 
t h e  development of   roll,^ which can make Norway one  of t h e  leading gas  expor t -  
ers. Algeria i s  a l r e a d y  among them, and t h e  high efficiency of Algerian g a s  pro- 
duction provides  a n  incentive to enhance  t h e  country 's  e x p o r t  ability. But beyond 
2010, owing to r a p i d  growth of domestic g a s  consumption and decline in new 
r e s e r v e s ,  Algeria's e x p o r t  potent ia l  may d e c r e a s e  sha rp ly .  

Thus, in 2020 t h e  e x p o r t  potential  of nonsocialist g a s  e x p o r t e r s  may range  
from 350 to 800 bcm/year,  but  no t  more than 30-40% of i t  i s  likely to be real ized.  

Concerning t h e  e x p o r t  potential of "other" g a s  e x p o r t e r s ,  including t h e  USSR, 
t w o  s t r a t e g i e s  were  considered:  t h e  f i r s t  one  supposes  t h a t  t h e  annual volume of 
g a s  e x p o r t  will remain  at the level  of 1990 dur ing the  whole time frame; t h e  o t h e r  
suggests  g a s  e x p o r t s  will grow at a rate of 30-40 bcmiyear  e v e r y  decade,  which 
cor responds  to t h e  capaci ty  of a new main g a s  pipeline. 

Taking into account t h e  specific f e a t u r e s  of th is  g roup  of e x p o r t e r s ,  i t  w a s  
assumed t h a t  the  ini t ial  p r i c e  of gas  from "other" e x p o r t e r s  in t h e  West European 
market  will be ,  f i r s t  and foremost,  determined by production and t ranspor ta t ion 
costs of gas  from such l a r g e  e x p o r t e r s  as Algeria and Norway. 

' ~ h e  development of the Troll field will be expensive owlng to unfavorable geologicel eonditlons: 
large water depths 320-350 in), a soft seabed, low reservolr preasure. Because the reservolr ex- 
tends over 700 km4, the developrnenl of Lhls neld will requlre drllllng of numerous production 
wells. 



Table 5.6. Estimates of production, consumption, exports, and export potential of several gas-producing counlries. 

Country 

Abu Dhabi 
Iran 
Qatar 
Saudi Arabia 
Persian Gulf, total 

Algeria 
Canada 
Mexico 
Netherlands 
Nigeria 
Norway 
Southeast Asia, total 

Including Indonesia 

Total 

Production Consumption 
. - - - -. .- - . . .. - . -. -. - - . . -. 
1983 2000 2020 -- - . - - -- - - - - . . - - - - - . -. - - - 

5 7 10-20 
9 25-35 40-50 
5 10 10-20 
6 ., 40-50 60-80 
25 82-102 120-170 

Exports 
-. . -. -- - - . - - - - -- - 
2983 2000 2020 

Export Potential - - -. - -- -. - -. - - 
2000 2020 

5-10 0-20 
80-160 120-240 
50-100 60-150 
0 0-20 

135-270 180-430 



Chapter 6 

Economics of Interregional Natural Gas Transportation 

Specialized,  highly capital-intensive t r anspor ta t ion  facil i t ies will condition 
t h e  p rospec t s  of na tu ra l  g a s  development, t h e  international  g a s  t r a d e ,  and possi- 
bilities f o r  developing g a s  r e s o u r c e s  in remote  areas. 

The small volume of internationally t r a d e d  g a s  compared with oil can  be a t t r i -  
buted mainly to the high costs of l o n g 4 i s l a n c e  g a s  t r anspor ta t ion  and t h e  need f o r  
enormous investments in  special ized t ranspor ta t ion facil i t ies.  When g a s  i s  t r ans -  
por ted  o v e r  a dis tance  of s e v e r a l  thousand kilometers,  t ranspor ta t ion costs con- 
s t i t u t e  t h e  majority of t h e  to ta l  cost to consumers.  

LNG c a r r i e r s  cost abou t  seven to e igh t  times more than c r u d e  c a r r i e r s  of t h e  
same capaci ty  (in t e rms  of h e a t  equivalent). The maximum h e a t  t r a n s p o r t  capaci ty  
of c r u d e  t a n k e r s  i s ,  however,  considerably g r e a t e r  than t h a t  of LNG c a r r i e r s .  A s  
a r e su l t ,  speci f ic  costs of LNG t ranspor ta t ion a r e  10-12 times h igher  than c r u d e  
oil t r anspor ta t ion .  

The di f ference  in  pipeline t r anspor ta t ion  costs f o r  equal  amounts of c rude  oil 
and na tu ra l  g a s  - in t e rms  of h e a t  equivalent  - r a n g e s  from t h r e e  to f o u r  times. A 
pipeline of t h e  same diameter  and working p r e s s u r e  makes i t  possible to t r a n s p o r t  
f ive to s ix  times more  energy  in t h e  form of c r u d e  oil  compared with na tu ra l  g a s ,  
not  counting the  reduced  power requ i red  f o r  pumping. 

The cho ice  of long-distance g a s  transport method i s  determined by t h e  
economics of t w o  conventional modes of na tu ra l  g a s  t ranspor ta t ion (pipeline and 
LNG chains)  and t h e  one  t h a t  has  not  been y e t  used: methanol production and i t s  
s e a  t r anspor ta t ion .  The ecnnomics depend on severa l  main f a c t o r s ,  such as t h e  
volume and dis tance  of g a s  to be t r anspor ted  by sea and land,  and t h e  environment 
t h a t  a f fec t s  const ruct ion costs .  

Economies of sca le  ere lower f o r  LNG t r anspor ta t ion  compared with pipeline, 
in genera l ,  and in t h e  5-10 BCMIyr capacity range ,  in pa r t i cu la r .  

Specific t r anspor ta t ion  costs (in Tables 6.1. and 6.2) are calculated in U S  dol- 
lars with a 12% r a t e  of r e t u r n ,  excluding t axes  and t r a n s i t  fees .  Real speci f ic  
t r anspor ta t ion  costs will be  in f a c t  h igher  than t h e  costs estimated under  these  
technical  and economic assumptions; t h e  d i f fe rence  will b e  most significant  in  t h e  
case of g a s  pipeline t ranspor ta t ion.  When na tu ra l  g a s  i s  t r anspor ted  as LNG,  t h e  
only f e e s  paid are f o r  passing through t h e  Suez cana l .  Speci f ic  t r anspor ta t ion  
costs f o r  t h e  methanol option are not  p resen ted  because  t h e  latter does  not  
a p p e a r  to b e  economically viable. 



Table 6.1. Costs of in terregional  na tu ra l  gas t ranspor ta t ion.  

Transportation Casts Pipeline Gas 
Route ---- (1980 $/lo3, ~ ~ ~ ~ / ~ e a r )  - ( X  1 --- 
Pers ian  Gulf - North 
of Centra l  Europe 70 10 

Algeria - South 
of Western Europe 

Algeria - North 
of Centra l  Europe 

Algeria - Western 
Europe (on t h e  average)  

Canada - US 
1990-2000 
2010-2020 

Mexico - US 40 5 

NOTES: Costs Include 12% ROI; they do not lnclude returns on Investments during cot~struction, 
fees, end royalties. Eatlmetes ere  besedon flow volumes assumed for eech route. 
The cost of fuel ges consumed e t  compressor stetlons I s  i~lcluded in transportetlon costs as  e price 
of loo ~ 1 0 ~ .  
SOURCES: Authors' estimates; end R.W. DlWapoll (1964), Econorntc~ of LWC projects, 011 and Gas 
kwmaL82(8):47-51. 

Table 6.2. Costs of interregional LNG transpor ta t ion.  

Route 
Transportation Costs Fuel Gas 

3 3 1980 $/I0 m /year  ( x  ) 
m o m  the Pers ian  Gulf to 

t h e  US 
Japan 
Western Europe (Rotterdam) 

From S o u t h e ~ ~ t  ASiO to 
Japan 
t h e  US 

From ALgeria to 
Western Europe (Rotterdam) 
t h e  US 

*om Nigeria to 
t h e  US 105 
Western Europe 105 

17.6 / 
17.6 

NOTES: Costs Include 12% ROI; taxes, land owners' charges, fees, royeltles, and returns on Inves t  
ments durlng conntruction e re  not Included. 
MnJor components of LWC trannportatlun costs (at  100 s/1osrn3 for fuel gas): dletance-dependent 
coats - 4.5 $ /10~d /ye r r ;  costs that  a r s  not distance-dependent - 88 $ / i ~ ~ t t ? / ~ e t n r .  
SOURCES: see footnotes for Table 6.1. 



Chapter 7 

Economics of Intraregional Gas Storage and Distribution 

In t raregional  g a s  t r anspor ta t ion  involves both transmission and distr ibution 
costs. The US has  buil t  a wide na tu ra l  g a s  transmission and  distr ibution network 
with transmission l ines  exceeding 27% of t h e  total length of t h e  US pipeline system. 
F o r  t h e  US, i t  i s  assumed t h a t  t h e  whole in t raregional  g a s  pipeline network h a s  
a l ready  been const ructed and tha t  t h e  g a s  distr ibution network will be completed 
by 2000. 

In Western Europe,  t h e  transmission/distribution pipeline r a t i o  i s  l e s s  than 
14% and i s  unlikely to change in t h e  fu tu re ,  if one  t a k e s  into accoun t  geographical  
locations of n a t u r a l  gas ' s  e n t r y  in to  t h e  West European market .  Never theless ,  f o r  
Western Europe we assumed constant  expansion of t h e  transmission and distribu- 
tion pipeline network,  with t h e  "old"/"new" network r a t i o  varying from 30/70 in 
1990 to 80/20 in 2020 (Table 7.1). 

Table 7.1. Cost of in t raregional  na tu ra l  g a s  t r a n s p o r t  ($/I000 m3). 

-. --- 
Region - 1990 2000 2010 2020 

US 
In t ra reg ioa l  mains t r a n s p o r t  5 5 5 5 

Town distr ibution t r a n s p o r t  
including g a s  s t o r a g e  

Municipal and res ident ia l  
sector in t h e  developed areas 
(%) ($30/1000 m3) 

In new areas (X) 
($70/1000 m3) 

Average value 

Commercial u s e r s  in the  
developed areas (%) 
($6/1000 m3) 

In new areas (X) 
($l0/1000 m3) 

Average value  

Western Europe 

In t raregional  mains t r a n s p o r t  

Old network (X) ($4/1000 m3) 30 40 60 
New network (X) ($13/1000 m3) 70 60 40 

Average value  10.3 9.4 7.6 

Town dis t r ibut ion transport 
including g a s  s t o r a g e  



Municipal and residential  
sector in the  developed areas 
(X) ($351'1000 m3) 

In new areas (X) 
($90/1000 m3) 

Average value 

Commercial u s e r s  in the  
developed areas O) 
($5/1000 m3) 

In new areas (X) 
($15/1000 m3) 

Average value 

Japan 
Inlraregional mains t r a n s p o r t  

Old network (X) ($2;1000 m3) 
New network (X) ($5/1000 m3) 

Town distr ibution t ranspor t  
including gas  s to rage  

Municipal and residential  
sector in the developed areas 
(X) ($35/1000 m3) 

In new areas (X) 
(S90I'lOOO m3) 

Average value 

Commercial u s e r s  in the 
developed areas (X) 
($5/1000 m3) 

In new areas (X) 
($15/'1000 m3) 

Average value 

As f o r  t h e  na tu ra l  g a s  pipeline network in Japan, i t  now comprises mainly local 
low-pressure g a s  distr ibution systems. To provide a comparison of g a s  t ranspor ta-  
tion costs ,  i t  i s  assumed t h a t  Japan's  na tu ra l  gas  pipeline system will substantial ly 
expand, providing a pipeline Is  const ructed to import Soviet  g a s  from t h e  gasfields 
in Sakhalin or Yakutiya). 

While t r a n s p o r t  cost f o r  basic g a s  mains is amenable to evaluation, estimation 
of t r a n s p o r t  cost through local g a s  pipeline systems seems to b e  difficult because 
of t h e  absence of c l e a r  classification of t h e  available g a s  distr ibution network and 
lack of comprehensive s ta t is t ica l  da ta .  There  is  no such concept  as "intraregional 
distr ibution g a s  t ranspor ta t ion"  outside t h e  USSR. The notions "distribution pipe- 
lines" including "gas mains" and  "gas s e r v i c e  lines" accep ted  outside t h e  USSR 
r e f e r  exclusively to t h e  town g a s  distribution networks; the  l a t t e r ,  in t h e  USSR, d o  
not  e n t e r  into t h e  s p h e r e  of t h e  gas  industry bu t  form a subsystem of municipal 
economy. Outside t h e  USSR, town g a s  distribution lines a r e ,  generally,  made of 
small-diameter pipes (up to 2-3"). 



In t h e  l a s t  few y e a r s ,  plast ic pipes have found application in these  g a s  d is t r i -  
bution networks (mainly when reconst ruct ing t h e  existing g a s  distr ibution lines). 
This tendency i s  typical  of a l l  countr ies  outside t h e  Soviet  Union (see re levan t  
a r t i c l e s  in Gas Enginer ing  and Management, N e w  ~ U W A - Z e i t s c h r v ,  and Pipe- 
l i n e  and Gcrs J o u r n a l ) .  Nevertheless,  a relat ively low percen tage  of p las t ic  pipe 
distr ibution l ines  is  c u r r e n t l y  in use. I t  i s  likely t h a t  in fu tu re  plast ic distr ibution 
pipelines will be used more  extensively because they cost less than  half of g a s  
l ines made of steel tubes.' 

Lack of r e l i ab le  pubLications o n  investments (except  f o r  US d a t a  published in 
Gcrs Facts) as well as on  opera t ional  costs f o r  g a s  mains and distr ibution l ines com-  
pelled us  to s e e k  indirect  data. Indirect  information included, f o r  example, ave r -  
a g e  dis tance  of na tu ra l  g a s  t ranspor ta t ion,  cost of constructing a one-kilometer 
g a s  line, re la t ionship  between costs of const ruct ing pipelines and compressor  sta- 
tions, and re la t ionship  between investments and opera t ional  cos ts .  

Thus, when estimating expenses  f o r  in t raregional  g a s  mains in t h e  US, i t  w a s  
assumed t h a t  a v e r a g e  dis tance  of g a s  t r anspor ta t ion  amounted to 1400 km, a v e r a g e  
diameter  of regional  gas pipelines = 762 mm, at a n  average  p r e s s u r e  of 65 psi .  
The calculated cost of approximately $4.9/'1000 m3 (in 1980 dol lars)  i s  comparable 
to the  costs estimated in t h e  Stanford  University study2 - $5.8/1000 m3. 

For  Europe,  a n  a v e r a g e  dis tance  of na tu ra l  g a s  t r a n s p o r t  w a s  assumed to be  
600 km. Based on  t h e  cost of g a s  t ranspor ta t ion through g a s  pipelines 1000 km 
long and g a s  production of t h r e e  to s ix  billion m3 /year ,3  t h e  cost of a new network 
w a s  est imated at $13-19/1000 m3. 

F o r  Japan,  a n  a v e r a g e  dis tance  of natura l  g a s  t ranspor ta t ion was assumed to 
b e  200 km with a v e r a g e  pipeline d iameter  508 mrn. 

When estimating town distr ibution costs (as applied to municipal, res ident ia l ,  
and industrial  consumption s e c t o r s  both in developed and newly supplied a r e a s ) ,  
t h e  above mentioned d a t a  obtained from Stanford University were  used as well a s  

4 t h e  d a t a  from t h e  In ternat ional  Energy Agency and t h e  Resea rch  Inst i tute of t h e  
Ohio University  US).^ 

Since i r r e g u l a r i t i e s  in g a s  consumption have a n  apprec iab le  e f f e c t  on g a s  
t r anspor ta t ion  economics and underground gas  s t o r a g e  i s  one  of t h e  bas ic  means of 
controlling these  i r r egu la r i t i e s ,  t h e  cost of town distr ibution gas t r anspor ta t ion  
includes t h e  cost of s t o r a g e  as well. For  US conditions, t h e  cost of g a s  s t o r a g e  has  
been assumed according to t h e  International  Underground Gas S t o r a g e  Conference 

6 held in Rio d e  J a n e i r o  1983,  while f o r  West European coun t r i e s  t h e  c o s t  w a s  taken 
from International  Energy Agency da ta .  

b n e  foot of 2" stee l  plpe c o s t s  S10.5 on the overege; the some length of polyethylene plpe - S4.3 
(PLpL L ine  Industry ,  October 1984, p. 21). By th* end of 1983, 380,000 km of plastlc gas dlstrl bu- 
tlon l lnes had been run In the U S  a t  a coat of more than S5 bllllon ( R p e  Line Industry ,  Mey 1984, p. 
4). 

2 f i e ~  and Energy Fbrecasts, Volume 2, Data Base, 1977, Stanford Research InRtltute, pp. 3.34-9.35. 

'~conomlcs of ges  Import t o  Europe from OAPEC, Oil and Gas JournaL, August 1980, pp. 55-58. 

4 ~ a t u r r r l  Gar Rotpccts to 2000, IBUOBCD, Parla, pp. 43-61 (Tables 5 and 6 )  (1982). 

'A dmulatlon model of market expansion pollcles for natural gas  dlstrlbutlon utl l l t les ,  Ene+gy 
6:1013-1043 (1980). 

' ~ l a u s i n ~ ,  R. (1.983), Philosophy and economlcs of underground gas storage I n  the U S ,  ICU Gas Coun- 
c l l  Technical Swslon,  Procerdings M t h e  Internat ional  Underground Gas S w a g e  C g F r e n c e .  Rlo 
de Jane1 ro. 



The above considerations have allowed us to estimate costs of intraregional 
g a s  t ranspor ta t ion through g a s  mains in t h e  U S  at $5/1000 m3 f o r  t h e  whole period 
from 1990 to 2020; in Western Europe from $10.3/1000 m3 in 1990 to $5.8/1000 rn3 
in 2020; and in Japan from $3.8/1000 rn3 in 1990 to $2.0/1000 m3 in 2020 (see again 
Table 7.1). 

Average cos t s  of town g a s  distribution t r a n s p o r t  including g a s  s t o r a g e  cost 
are estimated f o r  domestic u s e r s  (municipal and residential  s e c t o r )  at $30-34/1000 
m3 in t h e  US;  from $73.5/1000 m3 in 1990 to $46/1000 m3 in 2020 in Western 
Europe; and from $68 to $35/1000 m3, correspondingly,  in Japan.  The same costs 
(on t h e  average)  f o r  commercial u s e r s  in t h e  U S  would b e  maintained at t h e  same 
level throughout t h e  whole period under  consideration,  while in Western Europe 
and in Japan they would actually decline twice (in Western Europe from $10.3/1000 
rn3 in 1990 to $5.8/1000 m3 in 2020, and in Japan from $11 to $5/1000 m3, 
correspondingly ). 



Chapter 8 

Ecological Advantages of Natural Gas Over Other Types of Fossil 
Fuels 

When estimating t h e  to ta l  public costs of t radi t ional  ene rgy  r e s o u r c e s ,  one  
h a s  to t a k e  in to  account ,  among o t h e r  components, no t  only expendi tures  on  t h e  
nature-conservancy measures t h a t  might b e  considered a function of a given fuel ,  
but  also t h e  socia l  expendi tures  on compensation f o r  (a)  damage from t h e  
d i scharges  and exhaus t s  of pollutants plus (b) residual  damage from antropogenic  
pollution, which a f fec t s  a l l  t h e  gecspher ic  components as well as public production 
b r a n c h e s  and elements. The majority of s tudies  in th i s  field a r e  concerned  with 
t h e  a tmospher ic  pollution by ash ,  sul fur ,  a n d  nitrogen oxides.  For  a l l  t h a t ,  prob-  
lems connected with d i r e c t  hydrosphere  pollution (e.g., t h e  substance  washout 
from a s h  dumps), soil poliution, "small" pollutants, and t h e  heavy metal ae roso l s  
and carc inogenic  aromat ic  cyclic hydrocarbon d i scharges  are usually ignored.  

I t  i s  a r a t h e r  complicated problem to estimate t h e  damage i n c u r r e d  to bio- 
s p h e r e  and society from antropogenic  pollution because  th is  would r e q u i r e  pe r -  
forming a detai led study of t h e  pollutant tu rnover  in na tu re  and reac t ions  of a l l  
r ec ip ien t s  to c o n t a c t  with n pollutant, depending upon con tac t  intensity and dura -  
tion. Every  pa r t i c l e  of t h e  chemical. substance ,  while par t ic ipat ing in biogeochem- 
ical cyc les ,  c a n ,  passing from one medium to a n o t h e r ,  from one  biosphere  c o m -  
ponent or element to a n o t h e r ,  e x e r t  a harmful influence f o r  a long per iod.  There-  
f o r e ,  t h e  damage p e r  unit (e.g., damage p e r  one kilogram of ant ropogenic  SO2) will 
gradually increase .  This p r o c e s s  can  continue until t h e  harmful subs tance  decays  
into a harmless compound or becomes a n  i n e r t  form tha t  t a k e s  no part in ac t ive  
t u r n o v e r  (e.g., chemically i n e r t  oceanic  bottoms). Mechanisms of pollutants'  
migration, transformation,  and deposition (nonpart icipation in ac t ive  tu rnover )  
have not y e t  been  studied sufficiently. 

Over t h e  last y e a r s  in t h e  USSR and o t h e r  countr ies ,  methods have beer1 
developed allowing us to est imate a pollution damage cost and compare  i t  with 
expendi tures  o n  prevention,  i .e . ,  t h e  "expenditures-effect" est imate.  Based on 
t h e s e  methods a n  endeavor  h a s  been made to est imate t h e  damage from a thermal  
s ta t ion.  These s tudies ,  though incomplete and  on t h e  preliminary Ievel, are worthy 
of thorough investigation, full s u p p o r t ,  and a f u r t h e r  development. This c h a p t e r  
a t tempts  to compare  social losses  su f fe red  from consumption of d i f fe ren t  forms of 
o rgan ic  fuel. The est imates p resen ted  below are based on a review of some non- 
Sovie t  s tudies  and addit ional  estimations performed by t h e  au thors .  

Following avai lable  methods f o r  assessing measures  aimed at a tmospher ic  pro- 
tec t ion from thermal  s ta t ions  and  boi ler  house discharges, '  t h e  economic effi- 
ciency of t h e s e  environmental  protect ion measures i s  evaluated by t h e  minimum 
costs or payback term c r i t e r ion .  One should t a k e  in to  account  changes  in techni-  
cal and  economic indicatom here in ,  r educed  damage to t h e  national economy from 
a tmosphere  pollution, and t h e  benef i t  gained from new products  yielded from 
t r a p p e d  substances .  The total economic e f f e c t  i s  equal  t h e  to ta l  savings  of annual 
national  expend i tu res  f o r  ene rgy ,  public hea l th ,  municipal s e r v i c e s ,  ag r i cu l tu re ,  

%emporary methods for eatlnutlng the economlc eftlclency of measures almed a t  atmosphere pr* 
tectlun from pollutant dtschargea containing dirty gas of therrnd stetlona and butler housas, 
Sywtechenergo.M. (1982). 



and f o r e s t r y ,  when comparing the  costs f o r  a base  case under  consideration.  Both 
cases should b e  comparable with r e s p e c t  to t h e i r  ecological consequences.  For 
t h a t ,  i t  i s  necessa ry  t h a t  t h e  level  of s u r f a c e  a i r  pollution should not  exceed s tan-  
d a r d  san i t a ry  norms. Such n requirement  conditions t h e  choice of technical  solu- 
tions. With constant  plant  capaci ty  and burned fuel  quality, these  solutions are 
comparable ecologically, provided t h a t  t h e  products  of generalized p a r a m e t e r s  of 
dissipation conditions ( p e r  volume of pollutant  d i scharge)  are equal.  

Findings of t h e  s tudies  conducted abroad  in t h e  thermal  plant  field are sum- 
marized to a c e r t a i n  d e g r e e  in Shang-Zhi Wu's s tudyI2 which i s  mostly based on t h e  
methods used in  t h e  r e s e a r c h  e f fo r t s  accomplished under  OECD's aegis.' A.H Awad 
and T.N. Veziroglu in t h e i r  s tudy have at tempted to est imate t h e  damage p e r  1 tce 
on  a global sca le ,  i.e., in f a c t  taking in to  account  long-distance pollutant  c a r r y -  
over ,  proceeding from t h e  damage to var ious  industries.  4 

Without thorough analysis  of environmental impacts at each  s t a g e  of pollutant 
migration, and a consistent  p rocedure  f o r  summarizing speci f ic  damage to e a c h  
industry,  these  es t imates  should be  regarded  as r a t h e r  approximated.  They t u r n  
out  to r e p r e s e n t  a n  o r d e r  of the  magnitude of t h e  phenomenon under  consideration 
r a t h e r  than a p r e c i s e  quanti tat ive est imate.  

in estimating a n  ecological component within t h e  to ta l  costs of e l e c t r i c  
ene rgy ,  Shang-Zhi Wu discusses a case of a coal-fired thermal  s ta t ion with r a t e d  
capaci ty  ranging from 500 up to 2000 M W .  A l l  cos t s  are in 1982 US dol lars ,  and t h e  
legal limit on a s h  and SO2 d i scharges  is  in accordance  with t h e  one adopted in t h e  
US and coun t r i e s  of Western Europe .  The a v e r a g e  expendi tures  on  t h e  a tmosphere  
protect ion from d i r t y  gases  of thermal  s ta t ions  genera ted  by coa l  are est imated at 
$250/kW of capi ta l  investments and abou t  of 1 cent~'kW/'hour of c u r r e n t  expenses .  

Today's technology cannot  p r o t e c t  t h e  a tmosphere  from thermal s t a t ion  poLlu- 
tion any f u r t h e r .  In th i s  connection,  t h e  compensation est imates from such  pollu- 
tion starts to play a n  increasing role .  

According to Shang-Zhi Wu's p a p e r ,  t h e  OECD studies t r i e d  to estimatc t h e  
damage from thermal  s ta t ion discharges  of SO2 in to  t h e  a tmosphere  and t h e  damage 
reduction resu l t an t  from declining exhausts .  The economic damage ( the  f i r s t  com- 
ponent) was determined to b e  t h e  sum of t h e  damage incur red  to t h e  s t r u c t u r e  from 
corros ion,  dec reased  c r o p  capaci ty ,  and a declining fishing industry,  leaving as ide  
t h e  damage inflicted upon fo res t ry .  cattle breeding,  cul tura l  and his tor ica l  values,  
r e c r e a t i o n  landscapes,  and so on. 

The harm to public heal th  ( the  second component) was determined separa te ly  
and i n t e r p r e t e d ,  eventually,  as Lhe loss of products  result ing from d e c r e a s e  in t h e  
mean expected Life dura t ion.  I t  s t i l l  remains unclear  whether  th i s  est imate 
covered  t h e  inc reased  expend i tu res  f o r  public heal th ,  socia l  s e c u r i t y ,  and 
reduced l a b o r  productivity due  to t h e  de te r io ra t ion  of individual heal th .  There  i s  
no  est imate of t h e  damage su f fe red  from all t h e  pollutants contained in a l l  thermal  
s ta t ion d i scharges  e i t h e r .  I t  i s  evident,  t h e r e f o r e ,  t h a t  a1 t h e  above  es t imates  are 
only preliminary ones,  which d o  not fully r e f l e c t  a n  "ecological" component in t h e  
total social  costs of t h e  e n e r g y  produced by thermal  stat ions.  

2 ~ h e n g - ~ ~  Wu (1984), A i r  po l lu t ion  costs of e l e c t t l ~  power g e n e t a t i o n  q s t e m s .  Cernbridge. Ideas.: 
Messechusetts lnstltute of Technology. 

3 ~ h o  CDrts a n d  &mefits of s u m *  h i d e  Control. Orgenlsatlon for Economlc Coopctatlon and 
Development, Parts, 1984. 

4 ~ w e d ,  A.H. and T.N. Veetroglu (1984). Hydrogen versus synthetic loss11 fuels, I n t e r n a t i o n a l  Jout- 
n a t  of Hydrogen Energy 9(5):355366. 



In estimating the  benefi t  from decreased  pollution by country ,  t ransboundary 
migration was assumed conventionally equal  to z e r o .  A l inear  dependence of the  
damage d e c r e a s e  on pollution reduction w a s  assumed as well. The study p resen t s  a 
wide range  of est imates,  both the  f i r s t  and  second component in t h e  SO2 damage. 
For  example, at a d i scharge  of 7.5 kg of oxides p e r  t c e ,  t h e  f i r s t  component 
(economic damage) i s  est imated a t  from $1.6 up to $9.75 p e r  t c e  or $0.21-1.3 p e r  
kg of SO2. A t  t h e  15 kg/tce d ischarge  i t  i s  estimated at $3.25-16.25/tce, or $0.23.- 
l.O8/kg of SO2. A t  t h e  same time, these  est imates highly d i f fe r  by country .  Low 
estimates r ange  from $0.04/kg of SO2 up to $Z/kg; the  top  ones  - from $0.21/kg up 
to $22.5/kg. On a v e r a g e ,  f o r  eleven countr ies  of Nor the rn  and Western Europe,  a 
low estimate i s  about  $O.ZS/kg, t h e  Lop one - $2.2-2.4/kg. The es t imates  f o r  t h e  
FRG a r e  $0.4,'kg and $4 .O-4.5/kg, respectively.  

The c i ted  p a p e r  by Awad and Veziroglu est imates the  global damage from 1 t c e  
of fossil fuel .  When recalculat ing t h e i r  da ta  est imates,  w e  a s sessed  t h e  damage 
from 1 tce of h a r d  and  su l fu r  liquid fuel  a t  about $156/tce. The damage from gase- 
ous fuel  p e r  unit of the  consumed pr imary energy w a s  assumed by these  sc ient is ts  
to b e  one-third t h a t  from t h e  h a r d  and liquid fuels. Under such  assumption, t h e  
damage from na tu ra l  g a s  on a v e r a g e  will b e  $50/tce; and t h e  estimated benefi t  
der ived from coal  and fuel  oi l  replacement  by natura l  gas ,  $100/tce. Based on the  
Awad-Veziroglu d a t a ,  w e  calculated the  specific damage result ing from t h e  burning 
of di f ferent  fossil fuels ,  taking into account  the  to ta l  energy consumption s t ruc -  
t u r e .  The resulLs are shown in Table 8 . 1 .  

Table 8.1. Estimates of speci f ic  damage to socie ty  from the  burning of fossil fuels  
(in 1984 LJS $/tee). 

-- --. - - -. - - -- -. - 
Type of Fuel ! 

- - - . - -- - - - - - -- - I 
Environmental I 
Component Hard  Liquid Gaseous 1 - . - - - - - * - - - . - - - - - - - - - - -. . . - - - - - - - - - - - - - - . - 1 
Population 38 3 8 13 ! 
Stock of land 3.5 - - ! 
Agriculture and f o r e s t r y  29 29  9 ! 

Including plant  growing 1 2  1 2  4 
Catt le breeding 5 5 
Fores t ry ,  fauna,  and f l o r a  

1 j 
1 2  1 2  

Fishing r e s o u r c e s  and 
fishing indust ry  3 3 

I 
1 

Buildings and s t r u c t u r e s  3 2 30 13 
World ocean costs - 6 - 

1 Total 117/107* 106/92 36/30 1 
%urnerator - demege to coastal countries; danomlnetor - demage to inland countries. 

The a v e r a g e  n e t  annual benefi t  (effect  minus expenses)  from the  pollution 
d e c r e a s e  when summing t h e  f i r s t  with second components and having t h e  d i scharge  
d e c r e a s e  by 4.8 million t / y e a r  or 19% i s  est imated at $34.6/capita, and in t h e  case 
of t h e  e n t i r e  population - by about  $8 billion/year. Decreasing the  d i scharge  by  
11.7 million t /yea r  or 48% w e  g e t  $98.6/capita and $16.5 billion/year, respect ively .  
If one  ex t rapo la tes  the  expenses/losses r a t io ,  t h e  to ta l  benefiL from the  above 
reduct ion in cumulative b iosphere  from autochthon s o u r c e s  can  b e  estimated at 
$50 billion/year or $ZOO/capita per y e a r .  



The c i ted  p a p e r  by Awad and Veziroglu estimates t h e  global damage from 1 t c e  
of organic  fuel. When cor rec t ing  t h e i r  data estimates, t h e  a u t h o r s  assessed t h e  
damage from 1 tce of h a r d  and sulfur liquid fuel at about  $156/tce. The damage 
from gaseous fuel  p e r  unit of t h e  consumed primary energy was assumed by these  
sc ient is ts  to b e  one-third t h a t  from t h e  hard and liquid one. Under such a n  
assumption, t h e  damage from na tu ra l  g a s  on a v e r a g e  will b e  $52/tce, and t h e  
estimated benefit  when replacing coal  and fuel oil by na tu ra l  g a s  equals $100/tce. 
Based on t h e  d a t a  mentioned in th is  p a p e r ,  t h e  a u t h o r s  calculated t h e  damage p e r  
unit from dif ferent  organic  fuels taking into account t h e  to ta l  energy  consumption 
s t r u c t u r e  (see again  Table 8.1). 

Damage to coasta l  coun t r i es  includes t h e  damage to t h e  sea coast through oil 
and oil products  leakage plus t h e  damage result ing from a change in t h e  world 
ocean level due to a probab le  change of t h e  climate if organic  fuel  consumption 
continues unabated. 

These est imates suggest  t h a t  t h e  damage d e c r e a s e  from replacing h a r d  and 
Liquid fuels by na tu ra l  g a s  i s  of $60-80/tce. Awad and Veziroglu (p. 363, Table 6 )  
a l so  contains est imates of t h e  average  damage from synthet ic  g a s  (similar t o  
natura l  gas  in i t s  composition) equal t o  $150/tce, and  from synthet ic  fuel oil equal 
to $217/tce. The damage decreaqe  with t h e  liquid fuel  substi tution f o r  gas  i s  
$70/tce in o u r  case. 

According to t h e  d a t a  presented in Q~tions,~ t h e  a u t h o r s  have attempted t o  
estimate approximately t h e  damage p e r  unit f o r  t h e  U S ,  which turned out  t o  be  
$l9O/tce. 

Therefore ,  t h e  benefit  f o r  developed countr ies  ( the damage d e c r e a s e  f o r  t h e  
society) gained by replacing coal  and fuel  oil with natural  gas  in t h e  energy  bal- 
a n c e  in t h e  f i r s t  approximation might r a n g e  from $60 up to $120/tce. Our prelim- 
ina ry  estimations indicate such  a benefit  might b e  $80/tce (in 1984 $). I t  shows 
t h a t  t h e  use of ecologically c lean fuels (notably na tu ra l  gas)  provides  additional 
gains within t h e  mentioned range.  A t  c u r r e n t  world market  p r ices  f o r  na tu ra l  gas ,  
t h e  economic e f fec t  i s  abou t  half the  selling p r ice .  

Looking at a l t e rna t ive  energy  r e s o u r c e s  with r e g a r d  to socia l  costs makes 
one see t h e  effectiveness of individual technologies in quite a dif ferent  light. In 
th i s  r e s p e c t  technologies based on natural  gas  have substantial  economic advan- 
t ages  o v e r  o t h e r  fuels. 

In the  calculations t h a t  follow, th i s  a s p e c t  has  not been f u r t h e r  considered.  
Therefore ,  t h e  willingness-to-pay estimate f o r  na tu ra l  gas  and project ions  of t h e  
world market  f o r  na tu ra l  g a s  p roceed  from the  corre la t ion of "explicit" economic 
consequences when g a s  competes with a l t e r n a t e  energy  c a r r i e r s .  In f a c t ,  incor- 
porating a substantial  ecological component ("implicit effect") might violate t h e  
market  equilibrium, causing h igher  g a s  consumption and,  thus ,  promoting an 
inc rease  in t h e  selling p r ice .  If t h e  socia l  value of g a s  g rea t ly  exceeds  i t s  selling 
p r ice ,  th i s  would allow policymakers to t a x  o t h e r ,  "dirt ier" energy  c a r r i e r s  and 
thus  induce manufacturers  and consumers of gas to expand t h e  g a s  market .  

Owing to t h e  lack of information o n  t h e  economic damage result ing from t h e  
burning of var ious  fuels,  we have taken in to  account  only t h e  expendi tures  
involved in environmental protect ion - notably, g a s  s t a c k  cleaning. Based on t h e  
analysis of Soviet  and  fore ign publications, rough cast estimates have  been made of 
desulfurization f o r  t h e  most widespread technologies of fuel  burning (Table 8.2). 
The estimates are given f o r  the per iods  p r i o r  to and beyond t h e  y e a r  2000; i t  i s  

' ~ c l d  rain, mtionr I, Intarnotlono1 IndItute tor Applled Systems Anelysls, Laxenburg, Austria 
(1984). 



assumed t h a t  in t h e  fu tu re  t h e  application of new cheap  and more efficient  methods 
of g a s  cleaning will probably lower t h e  cos ts .  The above est imates have  been taken 
in to  account  in the  calculat ion of marginal na tu ra l  g a s  p r i ces .  Accordingly, the  
p r i c e  of natura l  g a s  in individual markets  has  been determined with r e g a r d  f o r  th is  
f a c t o r .  

Table 8.2. Additional expendi tures  involved in g a s  s t ack  cleaning,  t h e  burning of 
solid and liquid fuels compared with na tu ra l  g a s  (dollar/ tce).  

Fuel Type F r i o r  to 2000 Beyond2000 

Solid Fuel (towsulphur coal) 
Thermal power plants 

Base-load 
Intermediate-load 

Heating boi ler  plants 
Industrial  boi ler  plants 

Liquid Fuel 
Thermal power plants 

Base-load 
Intermediate-load 

Heating boi ler  plants 
Industrial  bo i l e r  plants 
Household installations 



Chapter 9 

Evaluation of Marginal Natural Gas Prices 

Crucia l  to t h e  model f o r  t he  in terna t ional  n a t u r a l  g a s  m a r k e t  i s  t h e  depen-  
d e n c e  of g a s  consumption on  willingness to pay  (marginal  cos ts ) .  

The willingness of a consumer  to pay  f o r  a limited r e s o u r c e  is equal  Lo t h e  
cost of a n  e n e r g y  r e s o u r c e  t h a t  i s  marginal  f o r  a given  consumer .  In simple cases, 
where  a marginal  r e s o u r c e  i s  g iven ,  i t s  marginal  p r i c e  i s  ca lcula ted  f rom t h e  com- 
p a r i s o n  of cost e f f ec t iveness  of both r e s o u r c e s .  In m o r e  complex si tuat ions,  in t h e  
ca lcula t ion  of cost e f f ec t iveness  of more  than  t w o  technologies,  a modeling 
a p p r o a c h  i s  r e q u i r e d  t o  de t e rmine  margina l  p r i c e s .  

In a g e n e r a l  c a s e ,  t h e  e x p e n d i t u r e s  involved in  product ion  or s e r v i c e s  C c a n  
b e  p r e s e n t e d  as follows: 

C = P . b + A + E,, . K , do l l a r /p roduc t ion  uni t  (9.3.) 

where  F i s  t h e  p r i c e  of a n  e n e r g y  r e s o u r c e ;  b t h e  consumption; A t h e  o p e r a t i o n  
costs (excluding e n e r g y  c o s t s )  in dol la rs /product ion  unit ;  K t h e  c a p i t a l  investment  
in dollars/ 'production unit ;  and  I?,,, t h e  normative coef f ic ien t  of a r e t u r n  on invest-  
ments. 

If a margina l  r e s o u r c e  f o r  a given consumer  i s  known, t hen  t h e  willingness of 
t h e  consumer  to pay f o r  t h e  limited r e s o u r c e  i s  ca l cu la t ed  f rom t h e  following r a t io :  

- b, (A,--Ag) + (K ,-K *) 
Pg = P", . ?;- + Ell . 

g g b, 

where  g index - n a t u r a l  g a s ;  m - marginal  e n e r g y  r e s o u r c e .  

A s t i l l  more  complex case o c c u r s  when t h e  r e s u l t a n t  p r o d u c t  i s  used as a 
feeds tock  f o r  f u r t h e r  convers ion .  F o r  example ,  methanol de r ived  from n a t u r a l  g a s  
or coa l  c a n  b e  c o n v e r t e d  to olef ins  or motor  fue ls .  This  will r e q u i r e  t h a t  technol-  
ogy b e  p r e s e n t e d  as a mult is tage p r o c e s s  beginning when a p r imary  p r o d u c t  i s  p u t  
ou t ,  including subsequen t  s t a g e s  of conve r s ion  of s emip roduc t s  to a n  e n d  p r o d u c t  
in t h e  f ina l  s t a g e .  In t h i s  c a s e ,  t h e  p r i c e  of t h e  r e s o u r c e  in equat ions  (9.2) and 
(9.3) i s  r e p l a c e d  by  t h e  va lues  ca l cu la t ed  f rom equa t ion  (9.1). 

In  t h e  case of t w o  s t a g e s  of conve r s ion  ( f o r  example ,  methanol product ion  
f rom n a t u r a l  g a s  or coal with subsequen t  convers ion  to e thylene) ,  t h e  ca lcula t ion  
of t h e  margina l  p r i c e ,  equat ion  (9.3), h a s  t h e  fo rm 

where  f - p r i m a r y  p r o d u c t  (feedstock);  e - end p r o d u c t .  



Based on th is  method, approximate assessments of the  dependence of marginal 
gas  p r i c e s  f o r  the  l a r g e s t  energy consumers have been made (Tables 9.1 -9.13). 

All calculations suggest  a 12% r e t u r n  on investments. 

Table 9.1.  Marginal na tu ra l  g a s  p r ice ,  base-load e lec t r i c  power plants (6500 
h/yr) .  

Specific Operat- Specific 
Invest- Capital ing Serv ice  Fuel Con- 
ments Charge Costs Life sumption 1 plant  Type  SAW^) ($/vh) (;) ( g g )  1 

Coal-f i r e d  24.0 . 1 0  -3 6.65 . 
Gas-fired 1 5 . 3 . 1 0 - ~  2 . 1 . 5 . 1 0 - ~  
Fuel oi  1-f i r e d  700 1 6 . 5 . 1 0 ' ~  2 . 1 5 - 1 0 - ~  340 

SOURCE: Calculated from Durrow, KC., Nesbltt,  D.M., and Marshalls, R.A. (1983), An analys ls  of the  
benefl ts  of gas technology R&D, Energy Systems Fblicy 7(3):195-233. 

NOTE: Merglnel natural  gas  price depending on marginal technology: 

Coal-fi red 
power plants Fg = 1.69 . PC + 25, dollar/lOOO m3 

Fuel 011-fl red 
power plants Pg = 1.08 . Pi + 5, dollar/ 1000 m3 

where 

PC - coal prl ce, dollari tce;  and 
Pf - fuel oil price,  dollari t .  

Table 9 .2 .  Marginal na tu ra l  gas  p r i c e ,  intermediate-load thermal power plants 
(3500 h/yr) .  

Specific 
Invest- Capital 
ments Charge 

Plant Type ($/kwh) ($/kwh) 

Operat- 
ing 

Costs 
($/kwh) 

Serv ice  
Life 

kfrs) 

Specific 
Fuel Con- 
sumption 
(g/kWh) 

Coal-fired 1000 43 .7 .  
Natural  gas-f i r ed  650 30.6 . 
Fuel oil-fired 700 28.4 . 
Gas/staam cycle 900 35.0 . 10 -3 
Gas/steam cycle  with 

coal  gasification 1200 52.5 . 10 -3 

SOURCE: Calculated from Durrow, K.C. el al., @.eft. 

NOTE: Marglnal natural  ge s  price depending on rnarglnal technology: 

Coal plants  F,, = 1.60 . P, + 70, dollar/ 1000 m3 - 
Fuel oil plants  P,, = 1.05 . Pi - 10, dollar/ 1000 ma 

where 

P, - coal prlce,  d o l l a r h e ;  and 
Pi - fuel 011 price,  dollar/t.  



Table 9.3. Marginal  n a t u r a l  g a s  p r i c e ,  peak-load e l e c t r i c  power p lants  (1100 
h i y r ) .  

Speci f ic  Opera t -  Speci f ic  
Invest-  Capital  i ng S e r v i c e  Fuel Con- 
ments Cha rge  Costs  Life sumption 

P lan t  Type ($/kwh ($/kwh ($/'kwh) (y r s )  (g//kWh) 

Gas t u r b i n e  230 32.10.10-~ 2.52.10-~ 15 410 
Liquid-f ueled 

g a s  t u r b i n e  230 32.10.10-~ 3.65.10-~ 15 4 10 
Pumped s t o r a g e  500" 50 = 0.80 

1200 
Air s t o r a g e  800 25 = 0.75 

%ountalnous reg1 ons. 
SOURCE: Calculated from Durrow, K.C. e t  al., qp.cit. 

NOTE: Marglnal natural gas price dependlng on merglnal technology: 

Llquld-fueled 
gas turbine plants F8 = 0.60 - PfL, doIlar/l000 m3 

Pumped storagc F8 = 3600 Pal t 60, dollar/ l000 m3 (nlountalnous reglons) 
power plants Pg = 3600 Pmi t 275, dollari1OOO n13 
Alr storage 

power plants F8 = 3800 . P,; t 150, dol ler i  1000 nr3 

where 

Pft - prlce of d ls t l l la te  fuel 011, dollari t ;  and 
P,; - prlce of off-peak e l e c t r l d t y ,  dollari'kk'li. 

Table  9 . 4 .  Marginal na tu ra l  g a s  p r i c e ,  indus t r ia l  b o i l e r  p lants .  

Speci f ic  Opera t -  Speci f  ic  
Invest- Capital  i ng S e r v i c e  Fuel Con- 
ments C h a r g e  Costs Life sumption 

Fuel ---- ($/'Gcal) ($/Gcal) ($/Gcal) ( ~ r s  (kgceiGca1) -- -- - - -- - 
Coal 65 9.9 2.3 25 200 
Fuel o i l  25 4 .O 1.6 25 178 
Natu ra l  g a s  23 3.5 1.4 25 160 

SOURCE: Calculetad from Durrow, K.C. e t  al., op.cit.  

NOTE: Marglnal natural gas prlce dependlng on marginal technology: 

Coal-fired 
boiler plants F,, = 1.04 . PC + 50, dollar/ LOO0 mS 

Fuel oil 
boiler plants F8 = 0.82 - Pi + 5, dollar/ 1000 rnJ 

where 

P, - coal prlce, dollar/Lce; and 
Pi - fuel oil prlce, dollarit.  



Table 9.5. Marginal n a t u r a l  g a s  p r i c e ,  indus t r ia l  f u r n a c e s  ( t h e  hea t ing  of metal).  

Spec i f i c  Opera t -  
Invest- Capital  i ng S e r v i c e  
ments  C h a r g e  Cas t s  Life Effi- 

S o u r c e  of E n e r g y  (S i t )  (S/t) (S i t )  (FS) ciency - 
Natu ra l  g a s  8-10 1.4-1.8 0.4-0.5 15 0.35 
Fuel  oi l  12-16 2.1-4.5 0.6-0.8 15 0.33 
Elec t r i c i t y  3-4 0.55-1.7 0 15 0.80 

'one should t a k e  i n t o  account metal burnlng lofts (0.51 f o r  g a s  and e l e c t r l c l t y  f u r n a c e s  and 1% f o r  
fuel oil  furnecea). 
SOURCE: Calculated from Durrow, K.C. et al., q) .c i t . ,  end A.S. Nekrasov and Yu. V. S i n y e k  (1965), 
Indus t r la l  h e a t  economics, Gosene+gol+dat, M. 

MOTE: Merglnal nature1 g a s  p r l c e  dependlng on marginal technology: 

Fuel 011 
fur-necra F,, = 0.88 . Pf + 33, dollar/lOOO m3 

Elec t r ic  
fu rnaces  F8 = 4070 . Pol - 9, dol ler /  1000 m3 

where 

Pi - fuel 011 pr ice ,  dol lar / t ;  end 
Pol - e l e c t r l c l t y  p r l c r ,  dollerikWh. 



Table 9.6. Marginal natural gas price, space heating and hot water supply (cen- 
tralized). 

--- - -7 
Specific Operat- 1 
Invest- Capital ing Service ! 
ments Charge Costs Life Effi- 

Type of System ($/Gcal) (f /Gcal) (f /Gcal) (yrs) ciency 

Gas- or fuel oil- 
fired boiler plants 0.9 

60 M W t/t/5500 h 3.5 
60 M W t/t/7000 h 3.0 
15 MWt/t/4000 h 5.7 
15 MWt/t/5500 h 4.5 

e ~ w t / t / ~ s o o  h 6.0 
8 MWt/t/3000 h 4.1 
2 MWt/t/1500 h 11.5 
2 MWt/t/3000 h 8.4 

I 
Coal-f ired boiler plants 5 60 M W tjt/5500 h 8.2 0.8 I 

60 M W t/t/7000 h 7.1 I 
15 MWt/t/4000 h 12.3 

I 
i 

15 MWt/t/5500 h 9.9 I 

1 8 MWl/t,!1500 h 16.9 i 
8 MWtjtj3000 h 11.0 

I 

2 MWt/'t,'1500 h 33.8 ! 

2 MWt/t/3000 h 
I___ 

24.9 
-. . - I 

SOURCE: Calculated from Caenetl, R .  e t  al. (1984), Kumnwr nllt Kohla, E n e q i e  36(9):23-41 

NOTE: Marglnel netural gas  price  depending on margl nal technology: 

Coal-fl r e d  boi ler  p l c s :  
largc plants Ps - 0.9 . PC + 36, dollar/lOOO m3 

small plants Fg - 0.9 PC t 120, dollar/1000 m3 

Fuel 011-fl red 
boller plants P', - 0.8 . Pf dollar / 1000 m3 

P, = prlce of coal,  dollar/tce; atrd 
Pi - price of fuel 011, dol larit .  



Table 9.7. Marginal natural gas  price,  space heating of decentralized consumers 
(one-storeyed houses). 

Type of Heating 

Radiator hot-water 
or panel heating 

Natural gas  
Distillate 
Resistive heating 
Heat pump 

Specific Operat- 
Invest- Capital i ng 
ments Charge Costs 

($/'house) ($/house/yr) ($/'house/yr) 

Warm-air heating 
Natural gas  1100 185 
Distillate 1500 255 
Resistive heating 900 155 
H e a t  pump 3400 580 

Service 
Life Effi- 
(yrs) ciency 

SOURCE: Calculated from Schurr, S.H., J. Drrmstedter, H. Perry ,  W. Remsey, end M. Ruasal (1979) 
Energy in  America's Rrlure: The Choice before us. Baltlnrore end London: Johns Hopkln~ Press. 

NOTE: Marginel neturel ges prlce depending on merglnel technology: 

For h u t w e t e r  heating: - 
dlstl l late PI = 0.8 - P + - 96 , doller/lOOO mJ 

q 

- 
heat pump Pg = 2100 . Pel t - , doller/ 1000 rnJ 

q 
For warnr-alr Iraetlng: 

dlst l l lete Fa = 0.8 P + - 640 , doller/lOOO m3 
9 

- 
heat pump PI = 2100 P.1 + q 2850 , doller/ 1000 rnS 

where 

P - prlce of dlatillate, doller/t; 
Pal - prlcr of electrlcl ty,  dollar/kWh; and 

q - the bulldlng'e heet losseu durlng the  heating naenon, Ccal/yr. 

Typlcel heet consurnptIon for one-storeyed houses In the  reglons under conslderrtlon 1s  1 6 2 2  
Ccel/yr for edrrtlng and 10-12 CcaVyr for new and prmpectlve houlllng stock. 



Table  9.6a.  Margina l  n a t u r a l  g a s  p r i c e ,  h o t  w a t e r  supp ly  of d e c e n t r a l i z e d  consu- 
m e r s  (one-s toreyed  houses )  (in 70 l / pe r son /day  at 65°C). 

- 

Spec i f i c  Ope ra t -  
Invest-  Capi ta l  i ng S e r v i c e  
ments  C h a r g e  Cos ts  L i fe  Effi- 

Water H e a t e r  (f / house /y r )  ($,'house/j-r) ($/house/yr)  ( y r s )  c i ency  

S t r a igh t - t h rough  sys -  
t ems  o p e r a t i n g  on:  

Dis t i l l a te  180-190 40-42 0 10 0 . 6  
N a t u r a l  g a s  180-190 40-42 0 10 0.8 
E l e c t r i c i t y  170-180 37-40 0 10 1.0 

1 Of f-peak storage 190-200a 42-45 0 10 1.0 

n~ncludlng 500 1 water stol-age a t  a prlce of 30-50 dollar/mS. 
SOURCE: Mecarthur, J.W., Flnn-Carlson, D.W., and Nglyen, H.H (1980), Reducing realdentlal fuel 
cunsumptlun through cost-effective Intersctrsonal energy trrosfer,  Energy  Consemat ion  a n d  
Management W(3):161-179. 

NOTE: Marglnal nature1 gas prlce dependlng on marglnal technology: 

StralghLthrough sy_stems operatlng on 
distlllete Pa = 0.8 Pd, dollar/iOOOmS 

electricity 5 = 9260 . Pel , dollar/iOOO m3 

where 

Pd - price of dlatlllate, doller/t; 
Pel - prlce of electricity (daytime), dollar/kWh; end 
P a  - price of electricity (nighLtlme), dollarl'kwh. 

Table  9 .6b .  Marginal  n a t u r a l  g a s  p r i c e ,  cooking .  

1 Spec i f i c  O p e r a t -  

Inves t -  Capi ta l  i ng S e r v i c e  
ments  C h a r g e  Cos t s  L i fe  Effi- 

Type of Range  (f ($ /p iyr )  ($/'P/Y~) (Y= c i ency  - - . . - - -- - - ------- - -- 
Gas 0.65  
Liquid f u e l  (d i s t i l l a te )  0 .65 
E l e c t r i c  0.80 

NOTE: Marglnal natural gas price dependlng on marginal technology: - 
Llquld fuel range PI = 0.0 P , dollar/ 1000 mS 

Electric range F8 = 9200 . Pel , dollar/ 1000 mS 

where 

P - price of dlstlllnte, dollar/t; and 
Pd - price of electricity, doIlnrAcWh. 



- 86 - 

Table 9.9. Marginal na tu ra l  gas pr ice ,  methanol production. 
--- 

Specific Operat- Specific 
Invest- Capital ing Serv ice  Fuel Con- 
rnents Charge Costs Life sumption 

Source  ($/t) (S/t) ($/t) (Y=) (tce/ta) 

Natural  g a s  95 18 34 15 1.2 

Coal ( through 
gasification) 350 72 190 15 2 .O 

%'eeddocks and fuel. 
SOURCES: Chauvel, A. (1981), Utl l leat lon de produl t s  orgenlques oxygenes c o m e  c e r b u r a n t s  e t  
combust iblas  dons lea motours. Deuxlwne part le .  Lea d i f f e r e n t e s  fllleres d'obtentlon d e s  cer-  
burols. Analyse technlco-economlque. Revue de l ' h t i t u t  h c a i s  du  Apt~ole S6(6):685; Andrew, S. 
(1984), LLquld fue l s  f rom alternative feedstocka.  The Chemical Engineer, January ,  p. 28; and Leo- 
nerd, J.P (1979), S y n t h e t l c  g a s  and chernlceln from coel: econornlc e p p r a l s a l ~ ,  Chenricat Engineev- 
ing  86(7):183. 

NOTE: Marglnal ne tura l  g a s  p r l c e  dependlng on marglnel technology: 

where 

PC - coal pr lce,  dol lar / tce.  

Table 9.10. Marginal na tu ra l  gas pr ice ,  ethylene production.  

Source  

- - 

Specific Operat-  Specific 
Invest- Capital i ng Serv ice  Fuel Con- 
ments Charge Costs Life sumption 
($/I) (S/t) (S/t) ( Y ~ s )  (tce/ta) 

Naphtha (straight-  
r u n  pet rol )  500 100 -185 15 5.6 

Ethane 
(natural  gas) 395 79 110 15 5.7 

Methanol - 650 130 -30 15 3.1 - 
a ~ e e d a t o c k s  snd fuel.  
SOURCES: Mlkulla, ICD., H. B l l t ,  8.  W c h t e r  (1960), E lnsa te f lox lb l l l tP t  In Oleflnanlegen (Tell I). I11 
k d d l  und Kohle - Erdgas - &trochewaie w r e i n i g t  n i t  B+cnnst@chemie SS(7):309; Arnl, V.R.S. 
(1982), bkctping ArtmchemicaLr Technology. h+icationsjorlkueloplng Countries, UNIW/IS.3LiO 
(Unlted Natlons Industrial Devedopment Organleatlon, Vienna); and Ber ry ,  R.J. (1980), Casollne o r  
oleflmr from a n  alcohol food, ChemCcal EnginetrSng 87(8):66. 

NOTE: Marginal na tura l  g a s  p r i c e  dependlng on marginal bchnology:  
(a) Ethylene from e t h a n e  (marginal naphtha-based technology) 

(b) Methanol-derived e thy lene  from na tura l  g a s  (marginal naphtha-bawd technology 

(c) Ethane-derlve e thy lene  (marginal coal methanol-bawd lechnology 

Fa a 6 . PC + 500 , dollar /  1000 rnS 



Table 9.11. Marginal n a t u r a l  gas p r i c e ,  ammonia product ion .  

Speci f ic  Opera t -  Speci f ic  
Invest- Capi ta l  ing S e r v i c e  Fuel Con- 
ments  Cha rge  Costs  Life sumption 

S o u r c e  -- ($/t) ($i t> ($i't) ( y r s )  ( tce / ta )  - ---- 
Natu ra l  g a s  300 6 0  7 15 1.25 
Coal (gasif icat ion by 

Koppers-Totzek) --- 535-620 105-125 9-11 15 1.5-1.7 

" ~ e e d s t o c k s  end fuel. 
SOURCES: LeBlenc, J .R.  (1986), Technlcel aspects of reduclng energy consumptlon I n  new and ex- 
ist ing emmonla ple~rts,  Chemical Economy a n d  Engineer ing Reuiew 18(5):22; Petzet ,  C.A. (1983), 
U.S. emmonie producers hlt  by hlgh coat, alack demand, Oil a n d  Gus J o u m a l  82(20):2528; Ennls, K. 
et  al. (1977), How small BH3 plants compete, Hydroca~bmr Processing 66(12):121; and Willlums, C. 
end W.W. HoeNng (1983), Causes of ammonla plant shutdowns: survey I V .  Chemical Engineering 
Progress 79(3):11. 

NOTE: Marglnel netural gas prlce depending on merglnal technology: 

where 

P, - coal pr ice ,  dolla!.itce. 

Table 9.12. Marginal n a t u r a l  g a s  p r i c e ,  motor  fue l  product ion .  

I 
Speci f ic  Opera  t- Speci f ic  i 
Invest- Capital  ing S e r v i c e  Fuel  Con- j 
ments Charge  costsa Life sumptiona I 
($/'t) ($/It) ($/'t> (Y rs (tce, ' t j  S o u r c e  

-.-- ----- 4 
From c r u d e  oil 1 

D i r e c t  coa l  
1 
I 

l iquefact ion 1150 230 20 15 4.5 1 

Coal gas i f ica t ion  and  1 
process ing ,  Fisher-Tropsch 4900 980 -505 15 6.0 i 

I 
M e  than01 by I 
Mobil p r o c e s s  130b 15 2.4 i 

' ~ x c l u d l n ~  by-products. 
%ncludlng capltal charge. 
SOURCES: Andrew, S. (1984), Uquld fuels from alternative feedstocks. The Chemical Engineer,  
January, p. 211; A r l ,  V.R.S. (1982), Emerging Aetrochemicals Technology. h p l i c a t i o n s  for k u e l o p  
i n g  Counttfes, UNIW/IS.350 (Unlted Natlons lndufkrlal Development Organlzatlon, Vlenne); 
DeuLsch, D.J. (1980), A blg boost fo r  gasullne from methand. Chemical Engineetfng 87(4):104; Al- 
ternate  furl  cos ta  detalled. Oil a n d  Gas k u m a l  77(38):94 (1979); Cohen, L.H. and H.L. Huller 
(1985), Methanol cannot economically dislodge gasoline. 011 and Gas Jwmol89:119; nnd Sung, N.W. 
and D.J. Patterson (1982), Theore t l c~ l  l imits of engine economy with a l ternat ive  automotlve fuels. 
Energy R e s e a ~ c h  2:121. 

NOTE: Merglnal natural gas prlce depending on rnarglnal technology: 

Crude oil Fa = 0.5 . Po - 55 , dollar/lOOO mJ 

Direct coal 
Uquefectlon = 3.3 . P, + 510 , dollar/ 1000 n13 

Coal gaslflcetlon Fa = 6.0 P, + 145 , dollor/ 1000 nr3 



Table 9.13. Marginal natural  gas  p r ice ,  automobile t ranspor t .  

Natural  gas  or its der ivat ives  c an  be used in automobile t r an spo r t  as: 
- Methanol additions to gasoline by weight 10-15%; 
- Gasoline produced from methanol by t h e  Mobil process ;  and 

- Compressed natural  gas.  

When used as a n  addition t o  s tandard gasoline, one ton of methanol i s  thought 
to save  1.8 tons of gasoline. Then t h e  maximum pr ice  of na tura l  ga s  used in the  
production of methanol f o r  additions to gasoline amounts to 

where Pb is the  p r i c e  of gasoline; a i s  t he  gasolinelcrude oil p r i c e  r a t i o  (it i s  as- 
sumed tha t  a = 1.3);  and P, i s  t h e  c rude  oil pr ice .  

In t he  case of methanol-derived gasoline, t he  maximum pr ice  of natural  gas  
with regard  f o r  efficiency of methanol production (Table 9.12) accounts f o r  

In o r d e r  t o  estimate t h e  maximum p r i ce  of natural  gas  used in compressed 
form, t he  following assumptions are made: gasoline consumption - 40 1/100 km (for 
a t ruck) ;  mileage p e r  yea r  - 50,000 km; gasoline/natural ga s  calorific value r a t i o  
- 1.26; additional investments in t he  automobile - 2500 dol lars ;  se rv ice  life - ten  
years ;  and with t h e  changeover to natural  gas ,  t he  coefficient of increased fuel 
consumption equals 1.2. Under these  assumptions 

SOURCE: Jswetz, P. (1984), Using natirrol  gas to open the  way jar other future gas and alcohol 
sou+ces, presented s t  the Internstlonal Css Meetlng, held s t  the Internstlonsl Inatl tute for Applied 
Systems Anslyals, Laxenburg, Austria, October 18-19. 



Chapter 1 0  

Dependence of W i n e s s  to Pay on Potential Incremntal 
Demand for Natural Gas 

Users '  willingness t o  pay,  determined by t h e  methods of Chap te r  9 and 
a r r a n g e d  in decreas ing numerical value, d i rect ly  a f fec t s  r e s o u r c e  consumption 
volume (Figure 10.1). 

Willingness to pay 

Growth of natural gas demand 

Figure 10.1. Willingness t o  pay depends on the  growth of demand. 

This dependence might b e  applied in explici t  form o r  by means of i t s  approxi-  
mation in mathematical form ( the  most simple approximation in t h e  form of t h e  
l inea r  dependence is: p = a + b . Q.' 

Willingness t o  pay is  r e la ted  t o  FOB u s e r  conditions. To determine willingness 
to pay at t h e  e n t r y  t o  t h e  market,  one should s u b t r a c t  from Fg t h e  cos t s  of g a s  dis- 
tr ibution within t h e  region and underground s t o r a g e  (the latter f o r  u s e r s  with 
c lear-cut  seasonal uneven consumption). F u r t h e r ,  by subtract ing from willingness 
t o  pay at t h e  e n t r y  t h e  long-distance t r a n s p o r t  costs f o r  e x p o r t e r s ,  one  c a n  de te r -  
mine t h e  willingness t o  pay a t  t h e  production s i t e  of e x p o r t e r s  and  by t h a t  define 
which e x p o r t e r s  are eligible to e n t e r  the  market  under  consideration.  The 
e x p o r t e r s  who are prone  to par t i c ipa te  in t h e  market  and volumes of t h e i r  sup- 
plies,  in t h e  most simple c a s e ,  will b e  determined by a dif ference between t h e  wil- 
lingness to pay and individual costs. 

Formalization of th is  idea in t h e  mathematical model enables  us  to evaluate  a n  
optimal s t r a t e g y  f o r  u s e r s  and e x p o r t e r s  in t h e  developing world g a s  market.  (The 
model descr ipt ion was presented in Chap te r  3.) 

The wi l l ingness-bpay estimate is  c a r r i e d  o u t  f o r  a limited number of major 
energy  u s e r s  who are in a technological  position to use na tu ra l  g a s  and  a financial 
position to c o v e r  a basic  s h a r e  of t h e  energy  demand. 

l ~ f n e a r  opproxlrnatlon was chosen for thle etudy to  reduce task size, although the cholce necenal- 
tates  applyl~rg the square functional to  the task of modellng the world natural gas marker. 



An initial s t a g e  involves estimating t h e  status of marginal technologies in e a c h  
of t h e  g a s  consumption sectors under  consideration.  The marginal technology 
s t a tus  r e p o r t  is  p r e p a r e d  on  t h e  basis  of additional economic considerations and 
e x p e r t  estimate. Table 10.1 es t imates  marginal technologies in bas ic  sectors of 
na tu ra l  g a s  consumption o v e r  t h e  per iod 1990-2020 f o r  t h e  US,  Western Europe,  
and Japan.  2 

In estimating t h e  na tu ra l  g a s  consumption volume, i t  h a s  been assumed t h a t  t h e  
energy  r e s o u r c e s  consumption forecas t ing as weU as i t s  d i rec t ion by markets  
under  consideration (regions) and t h e  time per iod are known. 

I t  i s  assumed t h a t  t h e  potential  growth in t h e  na tu ra l  g a s  consumption f o r  a 
u s e r  j i s  determined by t w o  summands, one  of which i s  t h e  growth o v e r  t h e  per iod 
achieved with t h e  equipment using na tu ra l  gas ,  provided t h e  capaci ty  d r o p  due to 
t h e  expira t ion of e a r l i e r  equipment h a s  been taken in to  account.  The second sum- 
mand r e p r e s e n t s  t h e  growth in  consumption of t h e  a l t e rna t ive  energy  carriers, 
which, under  c e r t a i n  conditions in  t h e  g a s  market ,  could be  rep laced  with gas ,  pro- 
vided t h e i r  withdrawal e f f e c t s  have  been taken in to  account .  A s  t h e  g e n e r a l  case 
s tands ,  t h e  potential  growth in natura l  g a s  demand f o r  u s e r  j o v e r  per iod t i s  equal  
to 

where Qgjt - g a s  consumption by u s e r  j; Qsjt - a fuel form S consumed by u s e r  j 
t h a t  might b e  rep laced  with g a s ;  As, Xs - decline in the  g a s  demand o v e r  p a s t  
per iod g o r  in t h e  a l t e r n a t e  c a r r i e r  demand s due t o  wear and t e a r  on  t h e  old 
equipment; qg j t ,  v s j t  - g a s  utilization efficiency g and t h a t  of t h e  a l t e r n a t e  energy  
c a r r i e r  s f o r  u s e r  j. 

On completing t h e  calculat ions of t h e  gas  willingness-to-pay Ft and  potential  
consumption voluize Qj t ,  t h e  decreas ing o r d e r  ranging of t h e  above is  c a r r i e d  out .  
Eventually, u s e r s  with a negative willingness to pay (&t < 0 )  are excluded from 
consideration as t h e i r  g a s  utilization o v e r  t h e  per iod i s  bound to be  inefficient a t  
t h e  given p r i c e s  f o r  marginal ene rgy  resources .  A cumulative potential  growth in 
n a t u r a l g a s  demand will b e  Qt = x Qjt ( for  j under  F j t  > 0) .  

J 
In th is  way, a g r a p h  of t h e  potential  demand f o r  natura l  g a s  at t h e  market .  

depending on t h e  g a s  selling p r i c e ,  i s  const ructed.  

A potential demand meets a supply of pract ica l ly  unlimited g a s  del iver ies  to 
t h e  marke t  at a v e r y  low pr ice .  In f a c t ,  ac tua l  g a s  consumption volumes will b e  
determined by t h e  a l t e r n a t e  marginal ene rgy  r e s o u r c e  p r i ces ,  by marke t  e n t r y  
cos t s  of g a s  suppl iers ,  and  by state policies toward e x p o r t e r s  and importers .  A s  a 
ru le ,  ac tual  consumption will b e  considerably l e s s  than  t h e  potential  demand. The 
ac tua l  g a s  consumption level  in  t h e  world marke t  i s  c a r r i e d  o u t  on  t h e  bas is  of t h e  
world g a s  supply system dynamic model. 

The willingness of individual ca tegor ies  of consumers to pay f o r  n a t u r a l  g a s  is 
determined by t w o  main fac to r s :  (1) by t h e  p r i c e  of a competitive fuel; and (2) by 

%he expert estlrnetes presented In Table 10.1 were calculated over the couree of two stages: 
Flrst, probable lntroductlon of electrlc energy into eech of the processes has beerr studled with 
respect to  the expected prlces and eWlclency. Second, fuel technology developments embracing 
the technologies marglnal to natural gas have been deflned. 



Table 10.1. Marginal ene rgy  r e s o u r c e s  and technologies used in calculat ion of marginal na tu ra l  g a s  p r i c e s  f o r  the  11s. Western 
Europe,  and Japan.  

- - - -- - - - - - -- - - - - . - . - - - - - - . - - . - - - - - - - - - . - - - . - - - - - - .- .- - - -. A - . - - . . - . . . - -. - -. . . - . -. - - - - 
Y e a r s  

Natura l  Gas-Consuming Sector 
-. 

1990-2000 2000-201.0 2010-2020 2020-2030 
~ .. -.. . -.  - . 

Elec t r i c  power p lants  
Base-load coal-fi r e d  LWRs FRRs FBRs 

plant  

Boller plants 
Indust r ia l  

Heating ( l a rge )  

Local s p a c e  and  w a t e r  
h e a t i w  plants  

coal-fi r e d  
plant  

coal-f i r e d  
plant  

coal-fired 
plant  

coal-f i r e d  
plant  

liquid-f ueled liquid-fueled liquid-f ueled liquid-fueled 
g a s  tu rb ine  g a s  tu rb ine  g a s  turbine  g a s  turbine  

plant  plant  plant  p lant  

fuel oil coala coala  coala 

fuel  oil fuel  o i l  nuclear  h e a t  nuclear  h e a t  
supply supply 

dis t i l la te  dist i l late dist i l late disti llate 

Cooking dist i l late dist i l late d is t i l la te  dist i l late 

Industrial  hig h-tempera- 
t u r e  fu rnaces  

Al~tomobile t r a n s p o r t  

Feedstocks 
Ammonia 

fuel  oi l  fuel  oil fuel  oil fuel oi 1 

gasoline 
diesel  fuel  

gasoline 
diese l  fuel 

gasoline 
diese l  fuel 

gasoline 
diese l  fuel  

coa l  coal coal  coal  

Methanol coa l  coa l  coal coal  

Ethylene naphtha naphtha  naphtha --- -. . -- 
naphtha  
- - --. - - - . . 

a~luldip .sd-bed combust1 an. 



t h e  n a t u r a l  gas jcompet i t ive  fue l  economics r a t io .  The latter factor's influence w a s  
s tudied  in de t a i l  in C h a p t e r  9; h e r e ,  we br ie f ly  cons ide r  t h e  p r i c e  of major  com- 
pe t i t i ve  fue l s  - coal and  pe t ro leum p roduc t s .  

The p r e s e n t  s tudy uses  oi l  p r i c e  p ro j ec t ions  as a bas is  f o r  t h r e e  s c e n a r i o s  
(Sect ion 2.1): 

Minimum leve l  230 125 145 175 220 
Medium level  230 150 100 220 270 
Maximum level  230 175 205 260 330 

To c h a n g e  f rom c r u d e  oi l  to pet ro leum p r o d u c t  p r i c e s ,  u se  h a s  been  made of 
convers ion  coeff ic ien ts  t h a t  w e r e  t yp ica l  of t h e  e a r l y  1980s and  t h a t  are assumed 
to b e  cons t an t  t h roughou t  t h e  p ro j ec t ion  pe r iod  (Table 10.2) 

Moreover ,  w e  h a v e  t a k e n  in to  a c c o u n t  t h e  costs involved in  liquid pe t ro leum 
p r o d u c t s  d is t r ibut ion ,  which are heavily dependen t  on  type  of fue l  a n d  t h e  consu- 
m e r  c a t e g o r y  (Table 10.3). 

Table 10.2. Pe t ro l eum p r o d u c t j c r u d c  oil r a t i o  (as of e a r l y  1980). 

r . - - - - - - - - -- .- -- - -- - - - - -- - - - -. - .- - .- . -- - 
Crude  oil - 1.00 

i Gasoline,  k e r o s e n e  - 1.25 
Diesel fue l  and  domestic  f u r n a c e  fuel  - 1.15 
Naphtha  - 1.50 

I Fuel oil  - 0.85 
SOUKES: Messt~er,  M. (1984), User's Guide fov the  Mat& Generation of llEJS4W17, Aort Ir Model 
Desc+iption and Inrplenaentation h i d e  and  Part n: Appendices. Worklng Papers  WP-84-71a and 
WP-84-71b (Inter'natlonal l n s t l t u t e  f o r  Applled S y s t e m s  Analysis ,  Laxenburg, Austrle);  end Stru-  
begeel., M. (1984), User's Guide for the Post-APcessor of E!ZSW.XII, Worklng Paper WP-84-72 (Inter- 
natlollal I ~ l s t l t u t r  f o r  Appllrd S y s t e m s  Analysis,  Laxenburg, Austrln).  

Table  10.3. Economics of pe t ro leum p r o d u c t s  d is t r ibut ion  (in 1980 $i t ) .  

E l e c t r i c  Res ident ia l  and  
Power  Commercial 

Pe t ro l eum P r o d u c t  P l an t s  Indus t ry  Sector 

Fuel o i l  10-15 15-20 15-20 
Domestic f u r n a c e  fue l  - - 60 
Motor fue l  - - 60 

SOURCES: Data based on Messner, S .  - . d l .  und Strubegger,  M .  op.cit. 



Table 10.4 gives coal  cost est imates f o r  major na tu ra l  g a s  markets .  I t  i s  
assumed t h a t  t h e  values given in the  table  will pe r s i s t  through to 2000; a f t e r  tha t ,  
one  can e x p e c t  coa l  p r i c e s  to grow slightly as c h e a p  coals  of t h e  main solid fuel 
e x p o r t e r s  are deple ted .  Table 10.5 provides t h e  values of additional cos ts  of 
in t raregional  coa l  distr ibution to end use r s .  

Estimates of t h e  potenLia1 demand f o r  na tu ra l  g a s  by each  of t h e  consuming 
s e c t o r s  are determined according to t h e  energy  consumption f o r e c a s t s  developed 
in Chap te r  2. 

The resu l t s  of calculat ing t h e  dependence of t h e  willingness to pay f o r  natura l  
gas on its consumption growth are given in Tables 10.6-10.14. 
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Table 10.5. Economics of coal distribution. 

Residential and 
Commercial sectorsa r- 1980 Wtce -1 
Country-side 
Small and larger towns 
Big cities 

Industry - 15-20 
Electric power plants - 5-10 

a~alculated from Durlng, K. el a l .  (1979), Central versus decentral energy supply strategies for 
Industrialize countries - so f t  or hard anergy strateglas. Proceedings, S c o n d  I n t e r n a t i o n a l  
C o v e r e n e e  o n  E n e m  Use Hanageinent ,  R.A. Faeeolare and C.B. Smlth, ede. Oxford: Pergamon 
Press. 



Table 10.6. Dependence of potential incremental demand f o r  natura l  g a s  on its 
pr ice:  t h e  U S  (minimum scenar io) .  

Technol- Marginal Incremental 
ogy No. L P r i c e  Demand - 

1990 I 

Technol- Marginal 
ogy No. P r i c e  

I 
Incremental I 

Demand 1 

NOTE: The technologies a r e  defined e s  follows: (1) ethylene;  (2) methanol; (3) ammorria; (4 )  Indus- 
trial furnaces ;  (5) lndus t r la l  boi lers ;  (6) apece heet ing end hot w a t e r  supply In cen t ra l leed  syx- 
tenls: (7) space  heat ing 111 decentrel lzed sys tems;  (8) same f o r  hot wete r  supply; (9) cooklng; (10) 
thermal power plents ,  base load; (11) thermal  power plents ,  ln te rmedie te  loud; (12) thermel  power 
plants,  pack load; (13) methanol e d d t t i o ~ i  t o  gesollne; (14)  gasol ine from methanol; end (15) diesel  
fuel f rom methanol. 



Table 10 .7 .  Dependence of  potential incremental demand f o r  natural g a s  on its 
pr ice :  the U S  (medium scenario) .  

Technol- Marginal Incremental 
ogy No. -- P r i c e  Demand 

1-990 

Technol- Marginal Incremental 
ogy No. P r i c e  

---- 
Demand 

2000 

MOTE: For de f ln i t lon  of technologies see Table 10.6. 



Table 10.8. Dependence of potential incremental demand for  natural gas  on i t s  
price: the US (maximum scenario). 

Technol- Marginal Incremental Marginal incremental 
Price Demand Price Demand 

NOTE: For detlnit ion of  technologies w e  Table 10.6. 



Table 10.9. Dependence of potential incremental demand for  natural gas  on its  
price: Western Europe (minimum scenario). 

Technol- Marginal Incremental Technol- Marginal Incremental 
ogY No. t Price  Demand Demand -. 

1990 

1 ogy NO. Price 1 
2000 

NOTE: Fur definition of technoluglos see Table 10.6. 



Table 10.10. Dependence of potential  incremental  demand for na tu ra l  g a s  on i t s  
p r i ce :  Western Europe (medium scenar io) .  

- - - - - - - -- - - 

NOTE: For daflnitlon of technologies see Tabla 10.6. 

-- - 

Technol- Marginal Incremental  
ogy No. Demand .--- 

- 

Technol- Marginal Incremental  
ogY No. P r i c e  Demand 

2000 



Table 10.11. Dependence of  potent ia l  incrementa l  demand f o r  n a t u r a l  g a s  on  its 
p r i c e :  Western E u r o p e  (maximum scena r io ) .  

I Technol- 
] ogy No. 

Marginal Incrementa l  
P r i c e  Demand 

Technol- Marginal 
ogy No. 
-- 

P r i c e  

2000 

Incrementa l  
Demand -- 

NOTE: For deflnltion of technologies see  Teble 10.6. 



Table 10.12. Dependence of potential incremental demand for  natural gas  on i t s  
price: Japan (minimum scenario). 

NOTE: For deri nl t lon  of  t ~ c h n o l o g l e s  u e  Table 10.6. 

Technol- Marginal Incremental 
ogy N o .  Price  Demand 

1 9 9 0  

12 360 .OO 0.70 
2 265.00 1.70 
4 185.00 16.70 
11 170.00 41.70 
7 160.00 61.70 
1 155.00 61.70 
8 155.00 64.30 
3 145.00 66.30 
6 145.00 67.70 
5 135.00 93 -80 
9 125.00 123.80 
10 120 .OO 145.80 
14 115.00 145.80 
13 65.00 145.80 
15 55.00 145.80 

2 0 1 0  

12 555.00 3.90 
1 305.00 6.90 
2 285 .OO 10.40 
7 265 .OO 28.40 
8 255.00 30.40 
11 255 .OO 63.40 
4 250.00 73.40 
14 205.00 73.40 
6 195.00 76.80 
10 180.00 116.80 
3 155.00 120.80 
5 130.00 138.90 
9 120 -00 165.90 
13 115.00 165.90 
15 105 .OO 165.90 

-------- -- - . - -- - - - - - 
Technol- Marginal Incremental 

1 

ogY No. Price  Demand --------- 
2 0 0 0  

12 430.00 3.20 
2 268.00 5.20 
4 213.00 17.60 
1 208.00 18.60 
11 203 .OO 47.60 
7 200.00 68.60 
10 198.00 98.60 
8 195.00 101.20 
6 178.00 103.50 
14 150.00 103.50 
3 148.00 107.00 
5 148.00 129.00 
9 128.00 160.00 
13 88.00 160.00 
15 78 .OO 160.00 

2 0 2 0  

12 720 .OO 10.00 
1 423.00 15.50 
7 345.00 29.50 
8 335.00 31.50 
11 323 .OO 64.50 
2 298.00 

1 
68.50 1 

4 298.00 76.00 
14 275 .OO 76 -00 
6 208.00 80.30 
10 188.00 102.30 
3 163 -00 106.30 
13 153.00 106.30 
15 143.00 106.30 
5 138.00 119.10 
9 128.00 134.10 



Table 10.13. Dependence of potential incremental demand for  natural gas  on its 
price : Japan (medium scenario). 

Technol- Marginal Incremental Technol- Marginal Incremental 1 W o .  P:;;o Demand 1 ogy No. Price ---- -- 
2 0 0 0  --- i 

WOTE: For deflnltlon of technologles see Table 10.6. 



Table 10.14. Dependence  of potent ia l  incrementa l  demand f o r  na tu ra l  gas on  i t s  
p r i c e :  J a p a n  (maximum scena r io ) .  

/ Technol- Marginal Incrementa l  Technol- Marginal Incrementa l  / 
P r i c e  Demand ogy  N o .  C P r i c e  - - 1 Ogr 1990 2000 I 

12 430.00 5.00 j 12 520.00 
1 2  295 .OO 8.50 1 2 305.00 

7 235.00 31.50 7 280.00 
8 225.00 34.10 1 8 270.00 
4 220 .OO 51.10 
6 205 .OO 55.10 
10 190.00 95.10 
11 185.00 131.10 
14 185.00 131.10 
1 170.00 134.10 
3 165.00 138.10 

145.00 171.10 

1 245.00 
10 245.00 
11 230.00 
4 220 .OO 
14 220.00 
6 215.00 
3 170.00 
5 145.00 L ,i 130.00 199.10 9 135.00 

85.00 13 110.00 
15 - 75.00 199.10 lggal"i l5 -- 100.00 

NOTE: For deftnltlon of technologtes Bee Table 10.6. 



Chapter 1 1 

Future Prospects for the International Natural Gas Trade 

The previously considered f a c t o r s  conditioning t h e  development of the  in ter-  
national natura l  gas  market  have been integrated within s e v e r a l  scenar ios  postu- 
lated on t h e  bas is  of the  dynamic model f o r  t h e  international g a s  market  (Chapter 
3). 

Let  us highlight t h e  basic charac te r i s t i c s  of t h e  main scenar ios  considered in 
t h e  paper :  

(a)  The time f rame  is  between 1990 and 2020 with a breakdown into ten-year 
periods. 

(b) Major natura l  gas  consumers are t h e  US, Western Europe,  and Japan.  

(c)  Three  hypotheses of c r u d e  oil p r i c e  growth are considered: 1 - low pr ices ,  2 
- moderate p r ices ,  and 3 - high p r ices .  

(d) Two ex t reme  versions of e x p o r t  potential have been accepted f o r  "other" 
e x p o r t e r s  ( this g roup  includes t h e  USSR): 1 - throughout t h e  e n t i r e  time 
frame, "others"  k e e p  t h e i r  e x p o r t  potential a t  t h e  1990 level; 2 - e v e r y  ten  
y e a r s  "others" inc rease  t h e i r  potential by some 40 bcm/yr, which equals t h e  
throughput  capaci ty  of a new large-diameter pipeline. 

(e)  An assessment has  been made of t h e  influence of t h e  two s t r a t e g i e s  of gas- 
importing countr ies  (notably West European countries)  on outside e x p o r t e r s :  
1 - of imposing limitations on the  s h a r e  of l a rge  individual g a s  e x p o r t e r s  in 
total  gas  imports;  2 - of no limitations, t h e  market  s h a r e  of individual gas  
e x p o r t e r s  depends on t h e i r  compatibility. 

The main resu l t s  of modeling are given in the  following tables:  

Tables 13..1-11.3 na tura l  gas  balance f o r  t h e  U S  

Tables 11.4-11.6 na tura l  g a s  balance f o r  Western Europe 

Tables 11.7-11.9 na tura l  gas  balance f o r  Japan 

Tables 11.10-11.12 "direct" discollnted e f fec t  of natura l  g a s  t r a d e .  

11.1. The general situation 

Proceeding from t h e  fu tu re  p rospec t s  f o r  t h e  energy  economy of industrial- 
ized capi ta l is t  coun t r i es  (Chapter 2) ,  one  c a n  e x p e c t  t h e  demand f o r  fossil fuels 
(potential demand f o r  na tu ra l  g a s )  to rise r a t h e r  than  to decline.' Indigenous g a s  
production in t h e s e  regions  will constantly decline. By 2020 na tura l  g a s  produc- 
tion in t h e  U S  i s  expec ted  to d r o p  by a f a c t o r  of 4-4.5 from t h e  p r e s e n t  level. In 
Western Europe,  excluding Norway, it will fall less than threefold.  Against t h e  
background of t h e  overal l ,  though much slower than e a r l i e r  expec ted ,  growth of 
energy  p r i c e s  and  a l so  of production and t ranspor ta t ion costs ,  th i s  will have a 

%he authors  thlnk t h a t  t h e  low and moderate  011 p r l c e  s c e n a r i o s  a r e  t h e  m o s t  probable In t h e  lone 
term.  Under t h i s  aasumptlon fur ther  growth i n  e n e r g y  consumption (Including f o s s l l  f u e l )  1 s  ax- 
pet ted .  



Table  11.1. N a t u r a l  g a s  ba l ance  f o r  t h e  US,  minimum s c e n a r i o  (high e n e r g y  p r i c e s ) .  
-. . -- - .- -- -. 

I "Others" by  Maximum (without 
"Others" at t h e  3 990 Level  - - - . - - . -. - - - - - - - . - -. . . . - . -. - - . - - - . . . . . . - - - -- -. .. . .. - - . - -. . - - l imitations o n  e x p o r t  to E u r o p e )  

- - -. -. .. .- -. . . -. . - - -. - .- - - - - - - -. . - - . . -. - . - - - . - - -, - - . . . -. - - 
1980 1990 2000 2010 2020 3.990 2000 2010 2020 

- - . - - - . - - - -- - .. . .- . - - - . - - . - - - - - - . . . . . . -- - . - - -. - -- - . . - -. - . - -- . -. - . . .- . - - -. . - . - - . - . - -. . -. .- . - - - -. - -- - - . - - . . - - - . - -. . . . - . - - -- -, - -. . - . - . . . 
Total  e n e r g y  consumption 
(million t c e )  

Po ten t i a l  demand f o r  
natural .  g a s  (bcm) 

Actual demand (bcm) 

N a t u r a l  gas r e s o u r c e s  (bcm) 
(a) Domestic product ion ,  

including in t roduct ion  
of new c a p a c i t i e s  

c a t e g o r y  I 
c a t e g o r y  I1 
c a t e g o r y  111 

(b) Import ,  t o t a l  
Canada 
Mexico 
Niger ia  
P e r s i a n  Gulf 
S o u t h e a s t  Asia 

Na tu ra l  g a s  p r i c e  at t h e  point  
of e n t r y  in to  t h e  r e g i o n  ($/1000 m3) 1 1 1.55 195 270 

330 - - - - - - - - - - - - . . -- - - - - - -- - - - - . - - - - -- . . . - . . . . . - . . . . -. . -. -. . - - . - - - - -. - . - -. .. - - - -. -. . . - . - - -. -. - - 



Table 11.2. Natural  g a s  balance f o r  t h e  US,  madi~im scenar io  (moderate energy pr ices) .  

"Others" by Maximum (without 
limitations on e x p o r t  to Europe) 

- - - - - -. . - --- - - - - - - . - - - -- -. -. - - . - - - - -. - 
1990 2000 2010 2020 

"Others" a1 t h e  1990 Level 
-- -- -. . - - . - - - - - . - - - - -- - - - - . - - - - . -- . - . - -. - - 
1980 1990 2000 2010 2020 - -. . -- -. . - - - . - - - - - . - . . - - . . - . - - - - - .- - - . -. -- . . . - -- . - - . - - 

Total energy  consumption 
(million t c e )  

Potential  demand f o r  
na tu ra l  g a s  (bcm) 

I Actual demand (bcm) 521 4 30 300 230 

Natural  g a s  r e s o u r c e s  (bcm) 
(a) Domestic production,  

including introduction 
of new capaci t ies  

ca tegory  I 
ca tegory  I1 
ca tegory  111 

(b) Import, Lolal 
Canada 
Mexico 
Nigeria 
Pers ian  Gulf 

Natural  g a s  p r i c e  at t h e  point 
of e n t r y  into t h e  region ($/I000 m3) 

- . - - - - . - - - . . -- - -. . . . . . - . . . . . - - - . . . . . - - - - - . . -. - 



Table 11.3. Natura l  g a s  balance  f o r  t h e  U S ,  maximum s c e n a r i o  (low energy  pr ices) .  

- 
Total e n e r g y  consumption r (million t ce )  
Potential  demand f o r  
n a t u r a l  g a s  (bcm) 

( Actual demand (bcm) 

Natura l  g a s  r e s o u r c e s  (bcm) 
(a)  Domestic production,  

including introduction 
of new capaci t ies  

c a t e g o r y  I 
c a t e g o r y  11 
c a t e g o r y  111 

(b) Import, to ta l  
Canada 
Mexico 
Nigeria 
P e r s i a n  Gulf 

- - - - 

1 "Others" by Maximum (without 1 
I "Others" at t h e  1.990 Level limitations on e x p o r t  to Europe)  

-- ---- - i 

Natural  g a s  p r i c e  at t h e  point 
of e n t r y  in to  t h e  region ($/I000 m3) 

- 
125  175  230 260 I .  125 .. - .  .. . . . - . . . . 

1.75 230 250 
. . - . .- . - - - ~. - . . . . .. .. - I 



Table 11.4. Natural  g a s  balance  f o r  Western Europe,  minimr~m s c e n a r i o  (high energy  pr ices) .  

Total e n e r g y  consumption 
(million t c e )  

"Others" 
at t h e  1990 Level 

- - -  -- 

1980 1990 2000 2010 2020 C --- -- -- . - - - . - - - - - . -. - - - - - . - - - - - - . .. 
Potent ia l  demand f o r  
na tu ra l  g a s  (bcm) 11435.0 1450 1490 1460 1370 

Actual demand (bcm) 240 270 205 225 

Natura l  g a s  r e s o u r c e s  (bcm) 
(a) Domestic production,  

including introduction 
of new capac i t i e s  

c a t e g o r y  1 
c a t e g o r y  I1 
c a t e g o r y  111 

(b) Import, to ta l  
Norway 
Algeria 
Nigeria 
P e r s i a n  Gulf 
"others" 

g a s  p r i c e  at t h e  point of 
t h e  region (&'1000 m3) 

"Others" by Maximum (with 
limitations on e x p o r t  

- ... . -. . .~ . --- ..- 

1990 2000 2010 2020 
-. . . . . - - - - - .- - . . - - - - - - . - -- . . -. . . - -- . . . -. - - - -. 

"Others" by Maximum (without I 
limitations on e x p o r t )  

-. - - - - - . -. . - - - - - - - - - - - - - - .- - . - - - - -- - 
1990 2000 2010 2020 1 

. - - - - - - -. - -. . -. - - . - - - . -. - - . . - - . - - - . -. - - .- 



Table 1.1..5. Natural  g a s  balance  f o r  Western Europe,  medium scenar io  (moderate energy  p r i ces ) .  

-------.----- 

e n e r g y  consumption 
(million t c e )  

Potent ia l  demand f o r  
na tu ra l  g a s  (bcm) 

Actual demand (bcm) 

Natura l  g a s  r e s o u r c e s  (bcm) 
(a) Domestic production,  

including introduction 
of new capac i t i e s  

c a t e g o r y  I  
c a t e g o r y  I  I 
c a t e g o r y  Ill 

(b) Import, to ta l  
Norway 
Algeria 
P e r s i a n  Gulf 
"others" 

- - - . . - - - -. -. . . - - - - -. . . - -. -. - - . . - -. . 
"Others" 

at  t h e  1.990 Level 
- . . . - - . . - - - .. - - - - . - . .- - . . . . -. . . . . . . . . - I 1980 1990 2000 2010 2020 . . .- . -~ .. - - . -- .. .. - 

- - . 

'Dt-hers" by Maximum (with "Others" by Maximum (without 
limitations on e x p o r t  limitations on e x p o r t )  

2010 2020 

Natural  g a s  p r i c e  at t h e  point  of 
in1.o t h e  reg ion  ($ jl000 m3) I 160 195 200 235 163 195 1 200 220 165 185 I 1.95 215 

. -.  - -. 1 



Table 11.6. Natural  g a s  balance  f o r  Western Europe,  maximum scenar io  (low energy  pr ices) .  

"Others" 
at t h e  19110 Level 

- - - . - . - - .. . - . . -. . - . - - - - - - . - - . - . - - 

- - - - -. - 1900 1990 2000 2010 2020 
- - -. - - -. -. . . -. . - . - . - . - . . . - . . - . . . - - . . . 

Total e n e r g y  consumption 
(million tce) 1912.9 2120 2430 2650 2870 

"Others" by Maximum (with 
limitations on e x p o r t  

-- - - - - - - - . . -- - - -- - - 
3990 2000 2010 2020 - - - - - - - - - - - - - - - - 

I Potent ia l  demand f o r  
na tu ra l  g a s  (bcm) 

Actual demand (bcm) 240 255 205 220 235 255 260 265 

Natura l  g a s  r e s o u r c e s  (bcm) 
(a) Domestic production,  

including introduction 
of new capac i t i e s  

c a t e g o r y  I  
c a t e g o r y  11 
ca tegory  I11 

(b) Import. to ta l  
Norway 
Algeria 
Nigeria 
Pe rs ian  Gulf 
"others" 

Natura l  g a s  p r i c e  at t h e  point of 
e n t r y  in to  t h e  region ($/I000 m3) I 160 105  0 215 165 185 J 185 205 

-- . .-. . .- -. 

"Others" by Maximum (without 
limitations on e x p o r t )  

- - - . . . . - - .- - - - . . . - . - . - . - -. - -. - - .. . -. -. - - -- - 
1990 2000 2010 2020 
- . . - - - - - . - . - - . - .- - .- - - - . - - .- - - - -. . . . . - . -. . - - - 
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Table 13.9. Natural  g a s  balance for Japan,  maximum scenario (low energy  pr ices) .  

Potant ia l  demand f o r  
n a t u r a l  gas (bcm) 

l ~ c t u a l  demand (bcm) 

Import  (bcm), to ta l  
Pe r s ian  Gulf 
Southeas t  Asia 
o t h e r s  

"Others" by Maximum (without 
limitations on e x p o r t )  

- . - . - - . - - - -. - . - . -. - .-. . . - - - - - - -- - . - . 
3.990 2000 2010 2020 
- . . . - - - - - . . . - - - - . - - -. - - . . - . . - - . - - - . - - .. . - - - . - I "Others" 

at t h e  1990 Level 
-- .- . - -- - - . -. . - - . - . - . . - - - -- . . ... -. . - - - - - 

Natural  g a s  p r i c e  at t h e  point of 
e n t r y  in to  t h e  region ($/I000 m3) L 165 195 200 245 1.66 200 200 200 240 

-- - - . - -- - - . . -. - - - - . - - - - - - - -- 

f'Others" by Maximum (with 
limitations on e x p o r t  

. . -. - - -. . -. . . . . . . . - - - . .- -. - - -. - . . . . . . - - . - - - - 
1980 1990 2000 2010 2020 1990 2000 2010 2020 C .. 

.- -... . -. 



Table 11.10. Estimated d i r e c t  discounted e f fec t s  (billion $) of natura l  g a s  t r a d e ,  
1990-2020, minimum scenar io  (high energy  p r i ces ) .  

"Others" "Others" by Maximum "Others" by Maximum 
at t h e  1990 (with limitations (without limitations) 

- Level on  e x p o r t )  on  e x p o r t )  

Importers 
US, total 254.9 249.0 285.0 

Gas industry 458.4 459.2 418.3 
Consumers -203.5 -210.2 -133.3 

Western Europe,  total 4.7 
Gas industry 55.2 
Consumers -50.5 

Japan,  to ta l  -19.0 -16.3 -14.4 I 
Exporters  
Canada 
Mexico 
Norway 
Algeria 
Nigeria 
Pe rs ian  Gulf 
Southeas t  Asia 
Others 

Table 11.11. Estimated d i r e c t  discounted e f fec t s  (billion $) of na tu ra l  g a s  t r a d e ,  
1990-2020, medium scenar io  (moderate energy  p r i ces ) .  

"Others" "Others" by Maximum "Others" by Maximum 
at t h e  1990 (with limitations (without limitations) 

------ Level on  e x p o r t )  ----- on  e x p o r t )  .- -- -- - - 
Importers 
U S ,  to ta l  148.5 141.0 160 .O 
Gas industry 259.7 269.4 247.5 
Consumers -111.2 -128.4 -87.5 

Western Europe,  to ta l  47.8 
Gas industry 31.4 
Consumers 16.4 

E z p o t t e t s  
Canada 
Mexico 
Norway 
Algeria 
Nigeria 
Persian Gulf 
Sou theas t  Asia 
Others  



Table 11.12.  Estimated d i r e c t  discounted e f f e c t s  (billion $) of na tu ra l  g a s  t r a d e ,  
1990-2020, maximum scenar io  (low energy  pr ices) .  

--- - ---- 
"Others" "Others" by Maximum "Others" by Maximum 

at t h e  1990 (with limitations (without limitations) 
Level on e x p o r t )  on e x p o r t )  

importersa 
US, to ta l  1.7 -6.9 10.5 

Gas industry 164 -7 175.1  155.2 
Consumers -163.0 -182 .O -144.7 

Western Europe,  to ta l  27.2 
Gas industry 7.9 
Consumers 19.3  

Japan,  to ta l  -9.3 -8.0 -5.8 
I 

E z p o r  t e r s  
Canada 
Mexico 
Norway 
Algeria 
Nigeria 
Pe rs ian  Gulf 
Southeas t  Asia 
Others  

+he overall effrcL for tSeglons vilLh don\estlc gee production 1s equal to  Lhat for consumers and the 
gas lndustl-y. 

s t rong  res t ra in ing influence on natura l  gas '  contribution to t h e  regions '  fuel  and 
energy  balance.  

On t h e  o t h e r  hand,  f o r  some economic, political, and technical  r easons ,  t h e  
e x p o r t  potential  of main g a s  supp l i e r s  will be  limited compared with t h e  theore t i ca l  
oppor tuni t ies  o f fe red  by t h e  r e s o u r c e  base (Chapter 5). Under t h e s e  c i r -  
cumstances i t  i s  likely t h a t  by t h e  end of t h e  project ion per iod t h e  ac tua l  demand 
for na tu ra l  g a s  in t h e  US will decline more than twofold. In Western Europe  th i s  
t r e n d  will be  l e s s  pronounced.  Depending on t h e  p r i c e  of competitive energy  
r e s o u r c e s  and t h e  a t t i tude  of West European countr ies  to g a s  e x p o r t e r s ,  t h e  ac tual  
demand for g a s  in th i s  region c a n  b e  expec ted  to inc rease  to some ex ten t ;  bu t  f o r  
a l l  scenar ios  th i s  r i s e  will n o t  exceed  25-301 by t h e  end of the per iod.  F a r  more 
dynamic i s  t h e  Japanese  marke t ,  where t h e  p r e s e n t  na tu ra l  g a s  s h a r e  i s  re la t ively  
small and one c a n  e x p e c t  g a s  consumption to r i s e  by t w o  to t h r e e  times t h e  c u r r e n t  
level. But in absolute  terms,  t h e  Japanese  marke t  will b e  s e v e r a l  times less 
energy-intensive t h a n  t h a t  of t h e  US or Western Europe.  

Despite r a t h e r  slow growth in g a s  consumption, t h e  in ternat ional  t r a d e  in 
na tu ra l  gas will expand.  This w i l l  b e  conditioned, on t h e  one hand, by high competi- 
t iveness  of na tu ra l  g a s  as t h e  most cost effect ive  and ecologically c lean fue l  and 
by a r a p i d  decline in indigenous g a s  production in industrialized cap i t a l i s t  coun- 
t r i e s ,  on  t h e  o t h e r .  Our es t imates  show t h a t  o v e r  t h e  per iod under  considera t ion 
(1990-2020), g a s  imports  in  t h e  US may inc rease  f ive  to seven times t h e  p r e s e n t  
level ,  and by a f a c t o r  of 1.5-2.5 in Western Europe and Japan.  All s c e n a r i o s  sug- 
g e s t  t h a t  t h e  e x p o r t e r s '  potent ia l  should b e  fully rea l ized (with t h e  except ion of 
"others"  in t h e  s c e n a r i o  with limitations on e x p o r t s  to Europe.  where import  f r o m  
"other" supp l i e r s  i s  r e s t r a i n e d  art if icial ly) ,  which points to considerable  



possibilities f o r  expanding the international gas t rade,  provided the re  a r e  addi- 
tional natural gas supplies to support i t .  

Natural gas prices. A s  expected, natural gas prices will be heavily depen- 
dent on the price of competitive fuels, notably crude oil and oil products, and, 
under the hypothesis of oil price growth, wi l l  also tend to increase. Because 
natural gas  as an  ecologically clean fuel has an advantage over  o ther  fuels (which 
w a s  taken into account in the calculation of the willingness to pay f o r  natural gas), 
t he  natural gas/oil pr ice rat io remains higher than 0.1 throughout the en t i re  time 
frame. For all regions, with oil pr ices  falling, this ra t io  increases. This can be 
attributed to the lowering s h a r e  of natural gas in the  fuel and energy balance of 
the countries, in the  event of declining energy prices and higher-value uses. After 
the y e a r  2000, the  price rat io,  as a rule, appears  lower as a resul t  of reduced 
expenditures involved in gas  stack cleaning and higher efficiency of purificauon 
facilities, i.e., natural gas  as an ecologically clean fuel becomes less advanta- 
geous. 

Beyond these considerations, energy prices w e r e  estimated with regard  fo r  
the dynamics of the market p e r  unit of gas distribution costs: f o r  regions with a 
developed gas supply network (the US, some par t s  of Europe), these costs a r e  f a r  
lower compared with those regions where the network is under development. 

11.2. The rituation in individual natural gas -Lets 
US. Because of the depletion of fairly cheap natural gas resources,  domestic 

gas consumption in this region i s  expected to drop t o  s o m e  430 bcm by 2000 and t o  
230-265 bcm by 2020. This will resul t  in higher gas imports f r o m  neighboring 
countries, Canada and Mexico, whose expor t  potential will be realized during the 
ent ire  period. Other expor ters  - Africa, Persian Gulf countries - because of 
costly gas transportation by sea ,  may strengthen the i r  position in the American 
market only after 2000, when the price of natural gas will be at a level ensuring a t  
least a minimum acceptable profit f o r  these exporters .  A t  the  s a m e  time the 
growth in gas prices will reduce gas consumption and limit gas imports. 

I t  should be noted tha t  the modeling effort  revealed the influence of the  West 
European market on the American natural gas market. If "other" gas suppliers to 
the West European market have their  expor t  potential at some constant level 
throughout the ent ire  psriod, this will resul t  in expanded Middle East supplies to 
Western Europe where marketing conditions a r e  m o r e  favorable than in the US. On 
the o the r  hand, if the  expor t  potential of "other" suppliers increase and expor t  
Lidtations a r e  withdrawn, "others" w i l l  begln to oust Middle East gas from the 
European market. A s  a result ,  Middle East gas w i l l  g o  to the U S  and Japan. That is 
why natural gaq imports in the U S  will grow, while gas pr ices  will decline somewhat. 

A s  shown in Table 11.10, the discounted effect of gas t r ade  f o r  the  American 
market heavily depends on oil prices. If oil pr ices  remain low, the  overall  effect 
ove r  the 30-year period will be within *10 billion dollars. A t  high oil pr ices  the 
effect will amount to a n  estimated 250-280 billion dollars. 

W u t m  Europe. The situation in the West European market i s  the mast com- 
plex one. First  of all, i t  should be noted tha t  gas supplies will continue to 
incrsase. If "other" suppliers d o  not expand the i r  expor t  potential, one can 
expect  that  by 2000 gas imports w i l l  constitute only 115-120 bcm/yr by 2000 and 
145-150 bcm/yr by 2020. Should the potsntial of o the r  suppliers increase, gas 
imports in Western Europe as a whole may rise to 145-150 bcm and 225-240 bcm, 
respectively. 



I t  would be interesting to s e e  how the  strategy of West European countries f o r  
limiting some gas exporters '  market sha re  affects the European market. With such 
limitations in existence, the Persian Gulf countries a r e  expected to en te r  the 
market as early as 2000, expor t s  from these countries will rapidly increase and by 
2020 may account f o r  one-fourth of total gas supplies. I t  should be noted that  
under limitations the availability of very big gas expor te rs  (the USSR, Persian 
Gulf countries, Algeria, etc.) will promote the  expansion of the market, increasing 
t o  cer tain limits the volume of supplies of each of the exporters .  

If t he re  are no limitations on individual exporters ,  gas  supplies from "others" 
- notably, the USSR - are Likely to expand to a g rea t  extent. By the  end of the 
period i t  may appea r  tha t  the West European gas market will be dominated by three  
major exporters :  the  USSR, Algeria, and Norway. Supplies from the Persian Gulf 
countries wi l l  b e  but a small fraction. Al l  o ther  expor te rs  will be ousted by these 
giants. 

The overall benefit derived from natural gas t r ade  f o r  Western Europe in the 
1990-2020 period amounts to 5-45 billion dollars (high oil prices) and to 25-50 
billion dollars (Low oil prices). The small difference in the values of the  overall  
effect is due to the fac t  tha t  the  la t te r  is different f o r  gas  consumers and produc- 
ers. As a result ,  the  two extreme strategies  produced almost the s a m e  values of 
the overall  effect. I t  should be emphasized that  the maximum benefit w a s  derived 
in the case of limitations on expor te rs .  

Unlike the American market, which benefits by lower natural  gas prices,  the 
European market makes the  biggest gain3 at moderate pr ice growth r a t e s  when 
both gas producers and consumers enjoy positive effect.  In this case the overall  
benefit throughout the period is estimated at 50-70 billion dollars (Table 11.12). 

I t  appeared in the final analysis tha t  the s t ra tegy  of imposing limitations on 
gas imports from individual expor t e r s  is dictated by political r a t h e r  than economic 
considerations. Expansion of natural  gas  t rade in the USSR will resul t  in addi- 
tional gains 1.5-2.0 times the 1990 level. 

hprarr. Owing to i t s  geographic position, the Japanese market is marginal in 
the international t rade  in liquid and gaseous fuels. As mentioned above. 
throughout the en t i re  time frame, more dynamic demand f o r  energy resources com- 
pared with the o the r  regions of capitalist countries will promote fu r the r  growth in 
natural gas consumption, supported by s t r i c t  ecological constraints and scarci ty  
of indigenous coal resources.  At high oil prices gas  imports will be somewhat 
higher, though total energy consumption will be f a r  lower than in the case of l o w  
prices. This can  be at t r ibuted to a reduction in gas consumption in Western 
Europe. A s  a result ,  surplus gas  will be  supplied to the Japanese market, which 
will lead to a rise in gas imports at higher oil and gas prices.  Again, this  points t o  
the  dependence of the  Japanese gas  market on the situation in Western Europe. 

If "other" expor te rs  do  not expand the i r  potential a f t e r  1990, the  Persian 
Gulf countries will or ient  themselves toward the W e s t  European market where the  
benefit derived from gas sales will be  higher than in the Japanese market. As  a 
result ,  gas  export  to Japan will decline. Limitation policies will lead to higher  gas  
pr ices  and lower gas  consumption in  Europe. The greater p a r t  of Middle East gas 
will b e  brought to Europe where i t  will enjoy more favorable conditions than in 
Japan. The Japanese market will receive only small quantities of the  remaining 
Middle East gas. 

If "others" expand the i r  potential, then under limitations in the  European gas 
market this will create an additional incentive fo r  Middle East gas to come to 
Europe because the potential of "other" expor te rs  is higher than tha t  of the  Per-  
sian Gulf countries. This will mean a reduction in gas  supplies to the  Japanese 
market. 



A quite different situation will arise in the absence of limitations. In this case 
the European market will be dominated by "other" exporters ,  who will almost 
entirely oust Middle East gas from Europe to Japan. As a result ,  gas  consumption 
in this region will grow. 

Part icular  reference should be made to the pos~ibi l i t ies  of Soviet gas  exports  
to Japan. This option w a s  not included in the  scenari- under consideration, 
though additional calculations made in this study confirm i t s  cost effectiveness. In 
this case  one can expect tha t  a fbr  2000 natural gas prices in the  Japanese market 
will be 15 -20Z  l o w e r  while gas  consumption will increaqe compared with the options 
excluding Soviet gas  exports.  A situation i s  likely to arise when Soviet gas  will 
begin to oust Middle East gas  from the Japanese market. Because of i ts  central  
position between the two markets, i t  will be advantageous f o r  Middle East gas  
expor t em to d t c h  over  to the European market again. 

The assessment of the discounted benefit f o r  Japan in the 1090-2020 period 
shows tha t  on the  whole i t  has  a negative value, which increases as oil pr ices  go 
up. In all scenarios the value of damage w a s  minimal, provided the expor t  poten- 
tial of "others" expands to a maximum and limitations in the European market a r e  
withdrawn (Table 11.13). 

11.3. Individual gas exporters 
C a d a .  Proximity to the US - the world's Largest natural gas  market with 

dwindling domestic production - ensures full realization of Canada's expor t  poten- 
tial throughout the ent i re  time frame. N e t  export. revenues over  t h e  30-year 
period are estimated at 30-60 billion dollars depending on a level of gas  prices.  

Mezico. A similar situation exists in Mexico. The country can fully realize its 
expor t  potential, which is likely to increase in the future. N e t  export. revenues 
will be equal 75-100 billion dollars. 

Norway. Future prospects of the Norwegian gas  industry are heavily depen- 
dent on oil pr ices  and on West European countries' policies toward gas  exporters .  
Under limitations on gas expor te rs  and at high oil prices,  Norway can realize i t s  
expor t  potential to the full. A t  low oil pr ices  the  development of prospective 
natural gas  fields in Norway (north of latitude 60" north) does not prove economi- 
cally justified. This will lead to a drop  in the country's gas production. But the 
existence of limitations makes i t  possible to keep natural gas pr ices  at a level 
ensuring tha t  costly Norwegian gas  will contribute to West Europe's energy supply. 
On the whole, t he  expor t  revenues are estimated at 105-165 billion dollars. 

A 4 w h .  Algeria fully realizes i t s  expor t  potential. Thanks to i t s  sound posi- 
tion in the  European gas market, Algeria's net expor t  revenues ove r  t he  en t i re  
period account f o r  150-190 billion dollars. 

Nigeria. Our study suggests tha t  Nigeria should en ter  the world natural  gas  
market a f k r  2000. I ts  expor t s  w i l l  b e  mainly oriented toward the  American 
market. N e t  export revenues will be 20-40 billion dollars. 

AB1.siun Ou~eounts iss .  In the case of l o w  oil pr ices  and no Urnitations in the 
European market, the  marketing of Middle East gas  through to 2000 wi l l  encounter 
cer tain difficulties. Though, theoreCically, the Persian Gulf countries possess a 
large expor t  potential, t he i r  r e a l  expor t s  will be  substantially lower. Of particu- 
l a r  practical concern i s  the construction of a pipeline tha t  m u s t  t raverse  several  
countries. With r ega rd  fo r  the  political situation in the region this will involve 
additional expenditures, which are likely to make Middle East gas a marginal fuel 



in the European market. In all  d h e r  w e s  the expor t  potential of these countries 
is  fully realized. Net expor t  revenues are estimated at 80-150 billion dollars. 

S o u t h t  A h .  This expor t e r  sells gas mainly ta Japan where i t  i s  a margi- 
nal gas supplier. Therefore,  Southeast Asia i s  t he  f i r s t  to be  affected by all fluc- 
tuations in the  world natural gas  market. For example, when gas  deliveries from 
"others" to Western Europe are on the  r ise ,  Middle East  ga s  will be switched over  
to the  Japanese market  where i t  will compete with gas  coming from Southeast Asia. 
Soviet gas  expor t s  to Japan may also strongly affect  expor t e r s  from Southeast 
Asia. Net expor t  revenues could equal 90-125 billion dollars; if the  USSR e n t e r s  
the Japanese market, they will d rop  at least  twofold. 

"Utitsr" s z p o r t n s .  The realization of the i r  potential will be heavily depen- 
dent on  W e s t  Europe's s t ra tegy.  If limitations pers is t ,  then by 2020 only half of 
these expor te rs '  potential will be realized. N e t  revenues derived from gas  sales 
over  the forecast  period could amount to 190-510 billion dollam, depending on oil 
pr ices  and expor t  levels. But i t  should be noted t h a t  if t he  expor t  potential 
increases fourfold, then the i r  expor t  revenues will rise by only a fac tor  of 2-2.5. 

Thus, under newly emergent t rends in future  energy supply of developed coun- 
t r ies ,  f u r the r  expansion of t he  world natural gas  t r ade  i s  important to both gas  
importers and gas  expor te rs .  The f i r s t  receive a n  ecologically clean fuel, which 
permits them to reduce liquid fuel consumption and in s o m e  cases coal as well. The 
indirect effect  resulting from reduced health hazard and environmental pollution 
is  far higher than an inevitable rise in the  pr ice  of gaseous fuels. For expor te rs ,  
primarily developing countries,  t he  natural gas  t r a d e  will facil i tate the solution of 
the i r  domestic social  and economic problems. 

One can hardly expect,  however, t ha t  natural gas '  contribution can  b e  com- 
pared with tha t  of oil. Natural gas  should be viewed r a t h e r  as a temporary option 
fo r  the period of transit ion from the  energy economy based on fossil fuels to an  
economy based on virtually unlimited energy sources  - nuclear and thermonu- 
c lear ,  renewable. A g r e a t  number of developing countr ies  now have declining 
rates of fossil fuel consumption, many have already reached a s table  consumption 
level, and in the  fu ture  a reduction in fossil fuel consumption should be  expected. 
That i s  why the  potential natural  gas  market, in the  long run,  i s  likely to shrink 
r a t h e r  than expand. This will increase competition between fossil fuels and pro- 
m o t e  t he  development of only t he  cheapest  sources  of energy. I t  should also be 
mentioned that the  possibilities f o r  extract ing cheap natural gas  are limited, too, 
and gas  transportation costs are f a r  higher compared with oil. This fac tor  w i l l  
also res t ra in  t he  international natural gas  t r ade  and  make many prospective gas  
expor t e r s  consider t he  possibility of converting natural gas  at the  production s i te  
and hence exporting liquid fuels. Because natural ga s  i s  compatible with petroleum 
products in many uses, i t  i s  unlikely Lhat ga s  pr ices  will be  low; they will follow oil 
pr ices  with a c e r h f n  lag. I t  i s  quite possible that the oil/gas pr ice  ratio will be 
lower than 1.0 due to the  advantages of gas as a n  ecologically clean fuel and the 
replacement of higher-grade and more expensive oil products. 

Success in Lhe world natural  gas  t r ade  will  only be achieved in a climate of 
mutual trust and cooperation between s ta tes ,  since t h e  complex and cumbersome 
rrystem of gas  transportation, especially by land, i s  extremely vulnerable to al l  
sorts of political erupt iom. Converssly, the world ~ t u r a l  gas  t r a d e  may help 
improve the  global political climate insofar as i t  involves both developed and 
developing nations with different political systems whose cooperation of fe rs  a real 
opportunity f o r  solving global problems faced by mankind. 


