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PREFACE

The study considers three limiting scenarios that specify
possible but not necessarily likely transitions to sustainable
energy futures for Western Europe. Two scenarios consider ex-
clusively solar futures--one based on centralized solar technol-
ogies (Hard scenario) and the other on decentralized, user-
oriented technologies (Soft scenario). The third scenario,
based on nuclear technologies, incorporates an intermediate
degree of centralization in the energy system and serves as a
comparison to the two exclusively solar scenarios. All three
scenarios lead to sustainable energy futures before the year
2100, which is the time horizon of the study. While all three
scenarios eliminate Western Europe's dependence on domestic and
foreign fossil enerqgy sources, the Hard Solar scenario requires
substantial imports of solar produced hydrogen.

The scenarios are based on dynamic balances of energy de-
mand and supply using detailed models to achieve consistency.
The overall implications of each scenario are that fundamental
but different changes of the whole energy system, economic struc-
ture and life-styles are necessary in order to achieve sustain-
able energy futures in Western Europe. The nature of the
changes is different in each scenario.
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SOLAR EHERGY FUTURES IN A WESTERN EUROPEAN CONTEXT

1. INTRODUCTION

Problem Definition and Objectives

The objective of the study is to investigate the possibility
of a transition to sustainable energy systems based on solar
energy in Western Europe. By sustainable energy systems wo do
not mean necessarily that import dependence is completely alle-
viated, but that continued energy supply is assured from practi-
cally infinite energy sources. This then implies a transition
away from domestic and imported fossil energy sources.

This study was conducted under the sponsorship of the
Bundesministerium flir Forschung und Technologie (BMFT) of the
FRG, among other reasons, because the IIASA Global Study (Energy
Systems Program Group, 1981) showed that sustainable energy
systems could not be achieved by 2030, but also showed that such
systems are required in order to assure improvements and avoid
stagnation in human welfare during the next century. For this
to be possible a reasonable degree of economic growth is neces-
sary above the population growth. To assure such a degree of
continued growth one of the prerequisites is energy availability.
As the available fossil energy sources become increasingly dir-
tier, harder to exploit and therefore more expensive, it is cru-
cial that at least the developed parts of the world should phase
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out the fossil energy sources, needed in the developing countries,
as soon as possible. For Western Europe, as a developed region
with little endogenous fossil resources, this implies a transi-
tion to alternative energy sources such as nuclear, solar and
renewable energy sources. '

The sustainable energy sources considered in the study in-
clude solar insolation converted to useful forms of energy by
various technologies ranging from a relatively simple roof-top
collector to a large central receiver soclar power plant. We also
considered other alternative energy sources which can provide
energy on a practically unlimited continual basis. They include
nuclear energy in conjunction with fast breeder reactors. The
breeder reactors can decouple nuclear energyv from natural uranium
requirements so that its potential also becomes practically un-
limited. Finally, we considered a wide range of renewable energy
sources from biomass to hydropower.

From these primary energy forms available on a sustainable
basis, energy is transformed and transported until it is available
at consumption nodes in useful forms for the final consumer.

This infrastructure for sustainable energy systems is in general
different from the current one. The present day energy system in
Western Europe is based on fossil fuels and some hydropower and
nuclear energy. Oil takes the largest portion in meeting the
energy requirements. It is transported easily over large (inter-
continental) distances of more than 1000 km, it is stored easily
and requires relatively little conversion (refining) until it

can be distributed to the user. Most of these convenient char-
acteristics of oil are due to its liquid form and relatively

high energy density of about 10 000 kcal/kg. Natural gas re-
quires almost no conversion (unless it is used to generate elec-
tricity), but it is harder to transport, it requires a pipeline
network both for transport and distribution. Coal, on the other
hand, is harder to extract from the ground and harder to trans-
port and distribute to final users. Electricity is the most
convenient form of energy, it is clean and easy to use, but it
also regquires a network for distribution and power plants for
conversion of primary energy forms such as coal, oil and natural

gas. Thus, electricity is a convenient energy carrier for
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distribution of energy after it has been converted from its prim-
ary form, especially in the case of coal which is hard to trans-

port to the user without this conversion step.

Energy System Configuration

In the study we consider two types of sustainable energy
systems. The first category includes systems that in general
are expected not just to rely on larger distribution networks,
but also to involve extensive conversion of primary energy forms
into forms that are directly useful to the consumer. Electricity
and hydrogen are two of the most important final energy forms
since they are both relatively easy to transport to the consumer
(although hydrogen is easier to transport than electricity over
large distances of, say, more than 1000 km). A third energy
form comprises the synthetic liguid fuels which have similar
properties to oil and its refinery products. 1In the study, syn-
thetic liquid fuels are generated using hydrogen and the carbon
atom from biomass. Thus, in principle, two energy forms are
generated from the sustainable energy sources, the electronic
(electricity) and the protonic (hydrogen) forms. They are then
either directly consumed or used to generate useful energy.

This is a general characteristic of all envisioned sustainable
energy systems that involve remote energy generation and large-
scale energy transportation and distribution to consumption
nodes. Such energy systems we call "hard" systems since they in-
volve large-scale generation of energy and complex transporta-
tion, conversion and distribution infrastructure.

On the other side of this scale are the sustainable energy
systems that generate low to medium temperature heat or electric-
ity close to consumption nodes (or on-site) and involve very
little or no transportation and distribution infrastructure.

Such energy systems we call "soft" systems.

The Analytical Approach
The solar energy future for Western Europe is characterized

in this study by two extreme scenarios: the Hard Solar scenario
that relies mostly on solar systems with large-scale energy trans-

portation from southern to northern parts of Europe and large



distribution systems, and the Soft Solar scenario that relies
mostly on local solar systems.

The Hard Solar scenario relies primarily on large-scale
solar thermal power plants for energy generation. They are
located throughout South Europe, from Portugal to Turkey. Both
electricity and hydrogen are generated, electricity is trans-
ported to other parts of Europe via DC power lines, and hydrogen
is produced either by thermolysis or by electrolysis on site and
is then transported via pipelines to consumption centers. Two
modes of energy storage are used to balance the discrepancies
between the solar insolation and demand loads. For electricity,
mainly pumped underground hydro storage is used, and for hydrogen
the long-distance pipeline itself has the capacity for daily
storage. To balance seasonal variations, underground hydrogen
storage 1s used.

In the Soft Solar scenario, the highest priority is allocated
to the implementation of on-site solar systems such as the roof-
top collector, active and passive solar heating, and local co-
generation plants. Only as the potentials of such systems are
exhausted are more remote systems used to supplement the local
energy supply, starting from district systems and going to the
national level. Only when these possibilities have been ex-
hausted are continental energy supply systems considered.

In both Hard and Soft Solar scenarios biomass is used to
produce liquid fuels for such uses where hydrogen and electricity
cannot easily substitute liquids, e.g. feedstocks. Thus, the two
Solar scenarios can be located at the opposite sides of the de-
centralized and centralized energy generation and distribution
systems. The Hard scenario relies mostly on remote generation
in South Europe and long-distance energy transport and the Soft
scenario on on-site and local generation with very little energy
transport needs.

As a basis for comparison, and in contrast to these two
Sclar scenarios, a Nuclear scenario that relies on nuclear energy
as much as possible is also investigated. Only one nuclear sce-
nario is considered, but it includes a mixture of different nu-
clear systems. The conventional reactors with relatively simple'
fuel cycles (i.e. those that require mainly the frontend of the
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fuel cycle) are represented as well as more advanced breeder and
high converter designs. The reactors that are connected with
the electricity grid require little energy transport and are re-
latively close to the consumption centers. The more advanced
reactors with complete (closed) fuel cycles could also be placed
in energy centers that are more remote from consumption nodes and
involve large-scale energy transportation and distribution. How-
ever, energy transportation requirements would be limited to

1000 km or less, whereas in the Hard Solar scenario electricity
and hydrogen produced in sunny areas are transported over dis-
tances of more than 1000 km to consumption centers. The solar
energy transportation and distribution system is also more com-
plex since daily and seasonal storage of energy is required in
order to balance the discrepancies between solar insolation and
energy demand profiles.

In this sense, the three scenarios define three extreme
alternatives for achieving a sustainable energy future in Western
Europe. All three are based on practically infinite energy
sources--solar insolation, nuclear energy in conjunction with
breeding, and renewable energy forms. Two are based primarily
on solar energy; the Soft scenario relies mostly on local solar
energy with little average transport needs and the Hard on remote
solar generation‘with very large transport needs. The Nuclear
scenario falls somewhere in the middle ground with a mixture of
energy generation closer and further away from consumption nodes.
The three scenarios outline the limits of what is feasible from
the point of view of the configuration of the whole energy system.
Feasibility constraints such as these are usually more stringent
than mere resource limits, they require consistency throughout
the entire system from primary energy through various forms of
energy conversion, transport and distribution stages all the
way to useful energy. They also involve cost minimization of the
whole system under the constraints of build-up rates of new tech-
nologies in addition to resource constraints. These three ex-
treme scenarios thus do not represent a most likely or even prob-
able future. They are constructs designed to analyze the limit-
ing factors when one particular sustainable energy option is
utilized to the largest extent possible. Together they define
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a regiown within which more likely and more realistic sustainable
energy futures for Western Europe could be found. They test the
2xtremes of physically possible, yet consistent, sustainable
energy systems. Being the extremes of conceivable energy futures,
these scenarios are not very robust. Interdependencies are very
severe and they offer hardly any fall-back positions. In a sense
they also do not allow for reversible decisions--they all require
an all-out effort to be implemented. Thus a probable sustainable
energy future for Western Europe would include a mixture of such
extreme alternatives, and thus offer more resilience and more
fall-back options if some of the crucial assumptions should not
be fulfilled.

Therefore, the report does not offer an optimal sustainable
energy strategy for Western Europe, it also does not deal with
the question of which future developments are more likely to be
actually implemented. Instead, it is a prescriptive analysis of
limiting cases that delimit the actual deployment of energy tech-
nologies. It outlines the area of flexibility (feasibility) for
research and development efforts in Western Europe that would
lead to a sustainable energy future. Thus the future energy
system should be limited to the discussed flexibility region,
otherwise substantial discrepancies between the overall economic
growth and energy sector might be unavoidable. Our scenarios
show that in those limiting cases the investment requirements of
a consistent, but extreme energy system tend to cause departures

from the overall economic equilibrium.



2. THE IIASA GLOBAL ENERGY STUDY
The Global Energy System
In order to place the scope and the objectives of the Solar

Energy Study for Western Europe in perspective, it 1s necessary
first to identify the global aspects of the current energy
situation and the future prospects.

In 1975 more than 40 percent of globally consumed oil came
from the Gulf states. The abrupt rise in the price of oil in
1973/74, made possible by a set of political, economic and social
conditions which evolved in the world,placed most of the world's
economies under severe stress. The higher price of oil has made
it increasingly difficult for most of the industrialized countries
to sustain and continue the high rate of economic growth and
energy consumption initiated in the 1950s and 1960s. In addition,
as the developing regions of the world undergo a process of in-
dustrialization, they will require increasing amounts of energy
while the industrialized regions will need more energy to sustain
their economic growth and avoid stagnation. Since 1950 the in-
crease in commercial energy consumption has been three-fold in
the industrialized countries and about eight-fold in the develop-
ing regions. However, the relative energy consumption gap has
not been narrowed down: With 70 percent of the world's popula-
tion the developing countries share only 14 percent of the prim-
ary energy consumed world-wide. All this points to the truly
global interdependence of the world's energy system.

Thus, while it is recognized that sufficient availability
of energy is necessary for continued economic growth and improve-
ment of human welfare, the impacts of human activities on the
environment in general, and those associated with energy use in
particular, are no longer considered small and negligible. The
energy availability is increasingly more constrained through
higher prices, resource depletion and environmental constraints.
The resources are finite, or more exactly, they are becoming
more expensive and harder to exploit, due in part to environ-
mental constraints.

In detailed national analyses of energy demand and endo-

genous supply, the balance is generally expected to come from
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imports. If the world's energy resources were infinite, this
expectation would be reasonable. But given that resources are
not infinite, the gquestion then arises whether someone else has
counted on the same barrel of oil or ton of coal. A global view
1s necessary to account and balance all import needs against ex-

port availabilities.

Two Global Scenarios

The Energy Systems Program of the International Institute
for Applied Systems Analysis (IIASA) conducted a seven-year
study, which involved 140 scientists from 20 countries, in order
to encompass some 0f these complex factors affecting the present
energy problem and in order to provide a better understanding of
the long-term, global energy prospects and options. The results
of this study are described in the recently published reports
"Energy in a Finite World" (Energy Systems Program Group, 1981).
Within the global Study two scenarios are identified for the
seven world regions (see Figure 2.3) which indicate a possible
transition from the current energy demand and supply based on
relatively cheap, clean and easily accessible fossil energy
sources towards a more advanced if not sustainable energy systemn.

The guantitative and detailed analysis of energy demand and
supply in the two scenarios spans the time period of 50 years
reaching out to the year 2030, although other parts of the Global
Study looked even further into the future. Such a long time
horizon is necessary in order to encompass fundamental changes
in the energy system. Figure 2.7 shows that in the past it took
50 years before ©il and natural gas replaced about one-third of
the traditional uses of coal. The fundamental changes have re-
guired even longer periods; it took 100 years before fuel wood,
the major source of energy before the 1850s, was replaced by
fossil fuels. Today the energy system is characterized by long
lead times so that it may take 100 years or more before funda-
mental changes of the energy supply pattern could lead to a
situation where o0il and gas may no longer be the dominant energy
sources. Thus, 50 years, or two power plant generations, is the
time span necessary to analyze major technological chahges of

the energy system. In addition, it is anticipated that the next
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50 years coincide with what is anticipated to be the steepest
ever increase in global population. A time span of 50 years
also encompasses two human generations, which may be necessary
before a stable world population is reached. The population
growth in the two scenarios is based on the projections of
Keyfitz (1979) which envisage a doubling of the world population
from 4 billion in 1975 to 8 billion by the vear 2030 as shown

in Figure 2.2. Thereafter it is expected that the world popula-
tion would achieve an asymptotic level.

The aim of the two scenarios was to cover the entire globe,
yet it was impractical and probably impossible to include all of
the 140 or so national cases separately. Thus, in order to en-
compass the important national differences, the globe was divided
into seven regions, partially based on geographic proximity, but
more so on similarity of the main economic and energy character-
istics. Figure 2.3. shows the seven world regions. Region I,
North America, has developed market economies and is rich in
resources. Region II, the Soviet Union and Eastern Europe, has
developed planned economies and is also rich in resources.
Region III, member countries of the Organisation for Economic
Cooperation and Development (OECD, except North America), has
developed market economies and is poor in rescurces. Region IV
is Latin America. Region V, Southeast Asia and Africa, has
developing economies with high population and is relatively poor
in resources. Region VI consists of the relatively oil-rich
Gulf countries; and Region VII of the planned Asian economies.

Each of the two guantitative global scenarios, based on the
assumption of global cooperation, balances the energy demand and
supply for the seven world regions over the time horizon of 50
years. They are labeled High and Low, the former referring to
a global situation by 2030 in which world energy demand is re-
latively high but still manageable with a value around 36 TWyr/vr
(implying a 4.3-fold increase over the 8.2 TWyr/yr in 1975), the
latter referring to a situation in which the demand is relatively
low with a value around 22 TWyr/yr (a 2.7-fold increase of tiie
1975 value). 7These scenarios are benchmark figures and not pre-
dictions of future energy demand. Only one future is possible

but two alternative energy demand scenarios were intentionally
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/771 REGION | (NA) NORTH AMERICA
N REGIONIl  (SU/EE) THE SOVIET UNION AND E. EUROPE

REGION Il  (WE/JANZ) W. EUROPE, JAPAN, AUSTRALIA, NEW ZEALAND,
S. AFRICA, AND ISRAEL

REGION IV (LA) LATIN AMERICA

i BAN

REGION V (Af/SEA) AFRICA (EXCEPT NORTHERN AFRICA AND
S. AFRICA), SOUTH AND SOUTHEAST ASIA

REGION VI (ME/NAf) MIDDLE EAST AND NORTHERN AFRICA

REGION VII  (C/CPA) CHINA AND CENTRALLY PLANNED ASIAN
ECONOMIES

Figure 2.3. The IIASA world regions.
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considered. They concentrate on physical, engineering and
economic aspects of the energy transition. They do not explicit-
ly take into account the institutional, political and most social
aspects of the possible energy futures, although they are meant

to provide a framework within which to deal with these issues.

Economic Growth and Energy Demand

Besides the population growth and resource availability,
the future economic development is one of the principal factors
affecting the energy demand and supply opportunities. The econ-
omic growth in the scenarios is lower than during the past de-
cades in all regions of the world. Indeed, the conditions for
interregional consistency, the balance of trade and energy sup-
ply and demand in the scenarios generally limited the economic
growth opportunities. Consequently, the GDP (Gross Domestic
Product) growth assumptions are conservative, resulting in an
average 3.3 percent per year increase of GDP between 1975 and
2030 in the High scenario and 2.3 percent per year in the Low
scenario. Both scenarios anticipate declining GDP growth rates
over the next 50 years.

Table 2.1 gives the disaggregated GDP growth rates by re-
gion for both scenarios. As can be seen from the table, the
economic growth rates even in the High scenario are considerably
lower than the historically observed ones, although the per
capita growth rates of the developing regions (IV, V, VI, VII)
exceed those of the developed ones (I, II, III). However, the
economic development "gap" is not substantially narrowed, espe-
cially in the Low scenario. We stress that the growth rates do
not reflect the desires and aspirations for development in each
region. The Low scenario, in particular, may be unacceptably
low in many regions. Even the growth rates of the High scenario
fall short of the aspirations of a New Economic Order.

The population and economic growth are the principal deter-
minants of energy demand in the scenarios. Here it is crucial
to distinguish between different forms of energy, particularly
between primary and final energy. The former refers only to the
resource consumption, such as fossil fuels or natural uranium,

the latter to energy forms that are directly demanded, such as
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Table 2.1. Historical and Projected Growth Rates of GDP by
Region, High and Low Scenarios, 1950-2030 (%/yr)

A. High Scenario

Historical Scenario Projection

1950~ 1960~ 1975~ 1985- 2000~ 2015-
Region 1960 1975 1985 2000 2015 2030
I (NA) 3.3 3.4 4.3 3. 2.4 2.0
I1 (SU/EE) 10.4 6.5 5.0 4.0 3.5 3.5
III (WE/JANZ) 5.0 5.2 4.3 3.4 2.5 2.0
IV (LA) 5.0 6.1 6.2 4.9 3.7 3.3
VvV (Af/SEA) 3.9 5.5 5.8 4.8 3.8 3.4
VI (ME/NAf) 7.0 9.8 7.2 5.9 4.2 3.8
VII (C/CPA) 8.0 6.1 5.0 4.0 3.5 3.0
World 5.0 5.0 4.7 3.8 3.0 2.7
I + 111@ 4.2 4.4 4.3 3.4 2.5 2.0
W+ v+ vI® 4.7 6.5 6.3 5.1 3.9 3.5
B. Low Scenario

Historical Scenario Projection

1950~ 1960~ 1975~ 1885- 2000- 2015~
Recion 1960 1975 1985 2000 2015 2030
I (NA) 3.3 3.4 3.1 2.0 1.1 1.0
II (SU/EE) 10.4 6.5 4.5 3.5 2.5 2.0
III (WE/JANZ) 5.0 5.2 3.2 2.1 1.5 1.2
IV (LA) 5.0 6.1 4.7 3.6 3.0 3.0
VvV (Af/SEA) 3.9 5.5 4.8 3.6 2.8 2.4
vl (ME/NAL) 7.0 9.8 5.6 4.6 2.7 2.1
VII (C/CPA)} 8.0 6.1 3.3 3.0 2.5 2.0
World 5.0 5.0 3.6 2.7 1.9 1.7
I+ 1II% 4.2 4.4 3.1 2.1 1.3 1.1
W+ v + vIi® 4.7 6.5 5.0 3.8 2.9 2.6

aPresented for purpcses of comparison with data of WAES (1977) and of other
jlobal studies which exclude centrally-planned economies.

NOTE: Historical and projected values of GDP in constant (1975) U.S. dollars
are given in Chant (1981).
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gasoline or electricity.

The aggregate final energy demand in the seven world regions
accounts for substantial energy savings and reflects the assumed
conservation measures in the scenarios. The energy savings result
not only from structural changes throughout the economy and de-
mand reductions, but also from improved energy use efficiencies
that lead to higher energy "productivity". However, all of these
improvements in energy use are constrained by higher costs and
by time: To retrofit the old houses for better insulation or to
replace a housing stock by more energy efficient buildings takes
anywhere from a few years to a few decades, to retool the exist-
ing production or to build new factories based on more efficient
technologies can take from one decade to up to the plant life-
time. These constraints are reflected in the energy demand ac-
counts of the two scenarios. Table 2.2 shows the resulting final
energy demand in the two scenarios by region. As a comparison,
the final energy demand levels are given that were calculated
using historical (1950 to 1975) final energy-to-GDP elasticities
for each region. Thus, substantial final energy demand reduc-
tions of up to 50 percent are realized in all regions when com-
pared with historical trends. On the average the reductions
are higher in the High scenario mainly due to the higher level of
economic growth in this scenario.

Figure 2.4 shows the final energy per GDP plotted against
GDP per capita evolution in the scenarios. It illustrates the
extent of energy efficiency improvements and savings throughout
the whole economy. In the past the decrease of energy intensive-
ness (final energy per GDP) during the period of economic growth
(increases in GDP per capita) was realized only in Regions I and
IT. In the scenarios a decline in energy intensiveness can be
also observed in Region III. This trend characterizes a phase
of post-industrial development, while the developing regions
(IV, V and VI) undergo a phase of industrialization in the sce-
narios accompanied by increases in energy intensiveness. In
other words, the developed regions need relatively less energy
in the scenarios to sustain further economic growth and the
developing parts of the world more. The average global reduction

of energy intensiveness is from 0.91 Wyr/yr per dollar (1975)



-16-~

*S9T3TOTISeTS [eDOTA03SsTY bursn Abaaus
Teuty Aq papTATP UOTIOaload OTIPUSDOS YSYII SNUTW SITITOTISRTD TedTr0lsTY Bbuysn Abasuse Teury se pejerno{ed

q

.Awuv uothsx yoes 103 A3ToTasere dao-ol-Abasus Teuly (GLe1-0661) TeOTIOASTY HuTsn kumHsoamUm

€€ o008'1¢ 9S‘pr v  L€0'tv  98L'ze pTIOM

5SS 9¢5'¢ 685'1 v9 6¥8’8 961°¢ (¥dan/o) 1IA

91 S10°1 058 LE 065°C 079’1 (IJYN/FW) IA

ov 1er'e 9,81 ¥S 006°9 SL1'E (¥ds/3¥) A

£€ 18V ¢ 959’1 ov Tela 4 1v9°C (¥1) AI

| ¥4 19L°¢ L86'C 8¢ LEO'Q GLE'Y (ZNYL/aM) 11X

€7 0G8'¢ 256°¢C €C SGe’s vil'v (ga/ns) 11

Sg 9£0’p 9€9’¢ LY 1269 599°'¢ (¥N) I

(%)  (2K/akwp)  (2K/2AMD) (%) (28/2Kmo)  (3K/3AMD) “uothey
Qmu:muwwuao @uw TedTaA03STH OTaIeUdDS Qvu:uqaauﬁ: au IBOFAOYSTI OTIRUB3DSG

|4

YITM MO YITM uybTH

0€0Z ’S°oT3TOT3IseTd TeOTIO}STH
U3Tm pajerunote)d Abisug Teuilg 03 paaedwo) sSOTIRUSDS OMI 2yl utr Abiaug Teutrd 727 Slqed



-17-

1l (SU/EE)
250} A Historical (1950, 1960, 1970, 1975)
= o Projected (1985, 2000, 2015, 2030)
~
(o)}
§ 2.00 -
z
& ]
3 150
= ] V (Af/SEA)
g 1.00 VI {(ME/NAf)
> v
2 IV {LA)
§ 0.501 " I {NA)
-]
= 11 (WE/JANZ)
100 250 500 1000 2500 5000 10000 25000

GDP per capita ($1975/cap)

Figure 2.4a. Energy intensiveness in different world regions,
High scenario.

il {SU/EE)

_ 2.50¢ A Historical (1950, 1960, 1970, 1975)
§ ® Projected (1985, 2000, 2015, 2030)
é 2,001
S
a
2 1.50 { (NA)
z
3
5 1.00+ V (Af/SEA)
2 100 IV (LA}
]
@ &0 '<i::::::t:553¢%1mu‘1“|‘
@ 0.60+ Vi
3 =
g V1 { ME/NAf) 1 (WE/JANZ)
100 250 500 1000 25600 5000 10000 25000

GDP per capita {$ 1975/cap)

Figure 2.4b. Energy intensiveness in different world regions,
Low scenario.
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of realized GDP in 1975 to 0.53 Wyr/yr per dollar (1975) in the
High scenario, and 0.62 Wyr/yr per dollar (1975) in the Low

scenario by the year 2030.

Energy Consumption and Supply

The final energy demands result in primary energy require-
ments. In between are the various stages of energy conversion,
transport and distribution. The final energy demands of 22.8
TWyr/yr in the High and 14.5 TWyr/yr in the Low scenario by the
year 2030 (see Table 2.2) result in primary energy requirements
of 35.7 TWyr/yr and 22.4 TWyr/yr, respectively. Table 2.3 gives
the resulting global primary energy supply in the two scenarios
for the seven regions, and Table 2.4 the corresponding per capita
primary energy consumption. In both scenarios the primary energy
consumption increases more in the developing regions (IV, V, VI
and VII) than in the already industrialized ones (I, II and III).
Despite the continued population growth in the developing regions
the per capita consumption growth rates are also higher than the
global average increases (1.5 percent per year in the High and
0.6 percent per year in the Low scenario). Nevertheless, the
question remains open whether the gap between the developed and
developing regions can be substantially narrowed. The primary
energy share of the developing regions (IV, V, VI and VII), as
the percentage of the global total, increases from 14 percent in
1975 to 42 percent in the High scenario and 38 percent in the Low
scenario by the year 2030, and the primary energy per capita ap-
proaches the 1975 levels of the Regions II and III only in
Regions IV and VI in the High scenario by 2030.

We have mentioned that one of the central features of the
two scenarios is the quantitative balancing of energy demand and
supply. Let us now consider how the primary energy requirements
are met by different energy sources. Table 2.5 shows the energy
supply of different primary energy sources in the two scenarios.
The emerging pattern of primary energy supply confirms the
dominating role of hydrocarbons also in the future. Especially
large is the increase in coal use followed by a larger use of
gas, although a strong reliance on 0il is maintained by a steady

increase of o0il consumption in all scenarios. In terms of
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Table 2.3. Two Supply Scenarios, Primary Energy by Region,
1975 to 2030 (TWyr/yr)

High Scenario Low Scenario
Region 1975 2000 2030 2000 2030
I (NA) 2.65 3.89 6.02 3.31 4.37
IT (SU/EE) 1.84 3.69 7.33 3.31 5.00
III (WE/JANZ) 2.26 4.29 7.14 3.39 4.54
IV (LA) 0.34 1.34 3.68 0.97 2.31
v (Af/SEA) 0.33 1.43 4.65 1.07 2.66
VI (ME/NAF) 0.13 0.77 2.38 0.56 1.23
vII (C/CPB) 0.46 1.44 4.45 0.98 2.29
World? 8.212  16.84 35.65 13.59 22.39

®Includes 0.21 TWyr/yr of bunkers-—fuel used in international shipments
of fuel.

bColumns may not sum to totals because of rounding.

Table 2.4. Primary Energy Consumption Per Capita, 2030
(kWyr/yr,cap)

Region 1975 High Scenario Low Scenario
I (NAa) 11.2 19.1 13.9
II (SU/EE) 5.1 15.3 10.4
III (WE/JANZ) 4.0 9.3 5.9
Iv (LA) 1.1 4.6 2.9
v (Af/SEA) 0.2 1.3 0.7
VI (ME/NAf) 0.9 6.7 3.5
VII (C/CPA) 0.5 2.6 1.3
World 2.0 4.5 2.8
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Table 2.5. Two Supply Scenarios, Global Primary Energy by
Source, 1975 to 2030 (TWyr/vyr)

Base

Year HEigh Scenario Low Scenario
Primary Source> 1975 2000 2030 2000 2030
0il 3.62 5.89 6.83 4,75 5.02
Gas 1.51 3.11 5.97 2.53 3.47
Coal 2.26 4.94 1l.98 3,92 6.45
Light water reactor 0.12 1.70 3.21 1.27 1.89
Fast breeder reactor 0 0.04 4.88 0.02 3.28
Hydroelectricity Q.50 0.83 1.46 0.83 1.46
Solar® o) 0.10 0.49 0.09 0.30
other® 0.21 0.22 0.81 0.17 0.52
’I‘otald 8.21 16.84 35.65 13.59 22.39

a_ . . . . .
Primary fuels production or primary fuels as inputs to conversion or
refining processes; for example, coal used to make synthetic licuid fuel

is counted in coal figures. (For definition of energy types, see Chapter 1,
Tigure 1.3.)

bIncludes mostly "soft" solar--individual rooftop collectors; also small
amounts of centralized solar electricity.

“"other" includes biogas, geothermal, commercial wood use, as well as
bunkers used for international shipments of fuels; for 2000 and 2030,
bunkers are not estimated.

d .
Columns may not sum to totals because of rounding.

relative shares, however, oil use drops globally from 44 percent
in 1975 to almost 19 percent by 2030 in the High scenario. This
is possible because synthetic fuels produced from coal substitute
oil. This also explains the relatively high consumption of coal,
and it also stresses the principal role of liquid fuels in the
future. In the Low scenario, oil's share of primary energy
remains somewhat higher at a level of slightly more than 22 per-
cent. In this scenario oil conservation and substitution is

more limited primarily due to lower economic growth: Infrastruc-
ture and technological changes are harder to achieve and lower
grade resources are harder to exploit.

In both scenarios natural gas and hydropower maintain their
present market shares, although clearly their absolute consump-
tion levels increase. The high demand for synthetic fuels, that
are necessary to replace o0il, reduces the availability of coal
as a primary fuel for electricity generation. Thus, in order

to relieve the coal supply for other purposes, nuclear energy
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is devoted exclusively toO electricity generation in both sce-
narios. The nuclear share of about 23 percent of all primary
energy in the tWo scenarios is significant but it nevertheless
shows that the complete transition to alternative sources of
energy was not possible in the two scenarios. It turns out that
the time horizon of the study was one of the major constraints
in the implementation of the sustainable energy system in the
two scenarios. Fast breeder reactors (FBR) are not introduced
before the year 2000, and mainly due to the capacity build-up
constraints they could not acquire a higher share in energy sup-—
ply in spite of their efficient use of resources. Similarly,
the full deployment of solar power also lies beyond the year
2030. Within the next 50 years the main uses of solar energy
foreseen in the scenarios are of local character, such as space
heating.

The picture that evolves from the supply scenarios shows
that it is possible to meet the accounted final energy demand
by a balanced and regionally censistent primary energy supply
mix. It shows that it will not be easy but that it could be
done, although the transition to alternative energy sources
cannot be fully realized within the next 50 years. Nuclear and
solar energy indeed do relieve the fossil fuels supply require-
ments in general, especially those fossil fuels used for elec-
tricity generation, but they cannot diminish the continued liquid
fuels demand that still had to be supplied by oil and synthetic
fuels from coal. Figures 2.5 and 2.6 show the difference in the
structure of primary energy supply between the developed and
developing parts of the world. A large asymmetry can be seen in
the supply of nuclear energy, synthetic fuels and oil. While the
developed regions can substitute some of the current oil supplies
by increased use of nuclear energy and synthetic fuels production
from coal, the developing regions continue to rely on oil as a

major source of liguid fuels.

The Implications for Western Europe

The Global Study indicates that it is possible to master
the transition by 2030 to an energy system that will later,

beyond 2030, allow energy supply from effectively infinite
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energy sources, such as solar and nuclear energy. This transi-
tion, however, is superimposed by another transition between now
and 2030: a transition from relatively clean and inexpensive

to "dirtier" and more expensive energy sources. During this time
period the interdependence of the global energy system is crucial.
A given country or region, that is in a position to use energy
more effectively than others in providing desired commodities,

is more likely to acquire the required share of globally avail-
able energy. Moreover, such flexibility of developed countries
translates either into an alleviation or aggravation of the
energy problem in developing countries, depending on whether

such a given industrialized country or region requires less or
more of the world-wide energy supply.

The Western Eurocpean countries, as a subset of Region III,
are unique in this respect. They have developed, industrialized
market economies, but due to the lack of endogenous energy re-
sources they meet most of their energy needs through imports.

In 1975 more than one half of the primary energy requirements
were supplied by oil coming mainly from Gulf states. Also most
of the coal and natural gas consumed originated abroad. If this

heavy dependence of Region III on imported fossil resources were

to be maintained beyond 2030, the amounts available to the devel-
oping parts of the world would be even more limited. Figure 2.7
gives the oil trade patterns between the regions. The insufficient
supply of liguid fuels 1is especially critical in Region III and
has to be balanced by oil imports. Region VI continues to be the
world's largest oil exporter. Thus 0il trade is important in
alleviating resource scarcity especially in Regions III and V.

If the oil production rates should be lower, serious shortages

of liguid fuels could be expected. The conseguences would be
drastic, but the possibility must be considered. Other developed
regions, 1i.e. Regions I and II, are not in such a drastic position
since their endogenous production could cover the demand by 2030.
Therefore, large oil import requirements of Region III are in
direct competition with oil import needs of the developing world,
especially Region V. If we add to this the fact that most of the
natural gas used in Region III is also imported, primarily from

Region II, the picture 1is completed: By 2030, Region III is still
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extremely dependent on imports of fossil fuels, that are also re-
guired elsewhere.

In the Solar Study for Western Europe, therefore, one of the
primary goals was to complete the transition to sustainable energy
systems after 2030, and completely diminish oil and other fossil
energy import requirements by the end of the next century. The
achievement of this transition not only adds an important flex-
ibility to European energy supply by reducing the vulnerability
to possible shortages of fossil fuels on the world markets, but
also allows greater use of available fossil energy in developing

parts of the world.
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3. BASIC CHARACTERISTICS AND ASSUMPTIONS
Global and Internal Consistency
We have seen that the IIASA Global Study identifies the

energy outlook up to the year 2030, and also outlines the major
changes necessary to achieve the transition to a sustainable
energy system thereafter. Our objective in the Solar Study for
Western Europe was to further investigate the possibility of
such a transition, how to achieve it and still remain consistent
with the global energy prospects. Thus, in order to observe the
global consistency, we do not rely on energy options and poten-
tial solutions found infeasible in the Global Study. However,
our objective, at the same time, is to investigate the amount

of flexibility Western Europe could have in achieving this tran-
sition. We considered the complete transition away from fossil
energy sources, and therefore our time horizon is much longer
than that of the Global Study. By going to the year 2100, this
transition is possible. We have stretched our imagination in
specifying three extreme scenarios which still allow consistent
energy systems, but do cause serious limitations on the overall
economy. Each of them represents an all-out effort to implement
one particular energy option: hard solar, soft solar and nuclear
energy. . Since each scenario is feasible as an energy system,
together the scenarios also outline the limits to flexibility in
implementing a sustainable energy future in Western Europe.

In the Solar Study we have chosen to be consistent with the
economic growth of the Global Low scenario in testing the limits
of the flexibility of the Western Europe energy outlook. This
was necessary, since the Global Study showed that the economic
growth of the High scenario alleviates some of the strain im-
posed in the Low scenario: The amount of sustainable energy
supplied by 2030 is higher and the energy savings potential is also
higher. Therefore, the use of the lower econonic growth assump-
tions in the Solar Study »uts an additional strain on the imple-
mentation of the extreme scenarios and further constrains the
flexibility in the transition to a sustainable energy future.

If higher economic growth is achieved as in the Global High
scenario, then the transition would be easier to achieve. Our

objective in that sense was not to be conservative in economic
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growth assumptions, but to explore a possible lower bound knowing
that any additional growth would rather alleviate some of the
strains than aggravate them. In addition, our results show that
it is gquestionable whether a high economic growth is even pos-

sible with the Soft Solar scenario.

The Spatial Scope

The spatial scope of the Solar Study covers the whole of
Europe, outside the COMECON countries and Asia Minor. We refer
to this geographic area as Western Europe. It includes the
12 member countries of the European Community and in addition
Austria, Finland, Norway, Sweden, Switzerland, Turkey and Yugos-
lavia*.

Clearly, Western Europe is not a homogeneous entity, various
countries have different resource bases (including a large varia-
tion of solar insolation between the North and the South),
economic and political systems, industrial structures and differ-
ent levels of development. For example, the comparison of the
GDP per capita level can serve to illustrate this point.

The seven world regions distinguished in the Global Study
spanned a wide range with respect to the level of economic
development: Using GDP per capita as an indicator, the lowest
level was found for Region V (Africa and Southeast Asia) with
240%$(1975) /cap, while the value for Region I (North America) is
almost 30 times as high, namely 7050%(1975)/cap. For Region III
{(Western Europe, Japan, Oceania and South Africa) the average
level of GDP per capita in 1975 was 42608(1975) /cap; Figure 3.1
shows that for Western Eurcope alone it was 4400$(1975)/cap, but
with a range of almost a factor of 10 between Turkey and Switzer-
land (with 900 and 8500%$(13975)/cap, respectively).

In order to account for some of these and other differences
between the various parts of Western Europe, the countries were
grouped into three more homogeneous areas which we label North,

Central and South Europe. Table 3.1 lists the individual countries

*Strictly speaking, Cyprus and Iceland are also Eurcpean countries
but they were not treated explicitly.
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Figure 3.1. GDP per capita in Western European countries, 1975.

Table 3.1. Western Europe

South Central North
France Austria Denmark
Greece Belgium Finland
Italy Federal Republic Norway
Portugal of Germany Sweden

. Ireland
Spain
Turkey Luxemburg

. Netherlands

Yugoslavia

Switzerland
United Kingdom
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according to these three areas and Figure 3.2 shows the corres-
ponding geographic divisions. This grouping improves the homo-
geneity especially with respect to solar insolation and climate,
but also to a lesser extent with respect to economic development
and population growth. A potential disadvantage is the fact
that this division of Western Europe does not correspond tc the
political groupings as they exist today, but in this study we do
not consider political issues explicitly, although we recognize

and mention them where appropriate.

The Temporal Scope

The temporal frame of the Solar Study is longer than 100
years, or more than twice as long as the time frame of the Global
Study. There are many reasons for this choice. The main reason,
however, is to allow for enough time to complete the transition
away from fossil energy sources. We have seen that 50 years is
not long enough to completely capture this transition. Judging
from the past and the results of the Global Study, about 100
years are required to complete such a transition to new energy
sources, thus such a long time horizon. Enough time must pass
to make the fundamental infrastructural changes possible. For
example, 120 years ago fuel wood was the major source of energy
in Europe and it took about 50 years before coal replaced it and
another 40 years passed before coal was substituted by oil and
natural gas. Extrapolating into the future we arrive at the
year 2100 as an a priori target date for full substitution of
fossil by nuclear and sclar energy. In fact, we will see later
in the report that the results of the Solar Study show that the

transition could be achieved somewhat earlier in the 2070s.

Population, GDP and Energy Consumption

Basic assumptions that determine the structure of the energy
system are the population and GDP growth. These together with a
number of other salient assumptions and system constraints re-
sult in final energy demand. .After all energy conversion and
transport stages are considered in terms of various technologies

and their constraints, the final energy demand results in the
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required primary energy supply. Before considering the projected
population and assumed GDP growth for Western Europe up to the
year 2100, we will consider these important characteristics,
relevant for the evaluation of the scenarios, as they exist to-
day.

Table 3.2 gives a comparison of Western European countries
with respect to selected indicators for 1975, the base year of
the study, and the aggregate of these indicators for North,
Central and South Europe, Region III and the World. These indi-
cators are meant to characterize the relative importance of each
country, its climate, its level of economic development and living
standard, urban-rural settlement pattern and energy use level.
Since most of these indicators (in addition to a number of other
salient indicators) are also used in the scenarios, thus re-
guiring an assessment of their future evolution, the wide range
of values in this cross-country comparison is quite helpful.

In terms of its population Western Eurcpe represents 72 per-
cent of Region III and in terms of GDP 74 percent; its share of
primary energy consumption of Region III is 67 percent. Thus,
with respect to these three important indicators, Western Europe
can be characterized as a rather homogeneous part of Region III.

However, Western Europe is much more densely populated than
the rest of Region III. It represents only about 28 percent of
the total area of Region III and its population density is there-
fore higher at about 90 cap/km2 while Region III has on average
only about 35 cap/kmz.

North Europe is the least populated with only 6 percent of
the Western European population. The rest is distributed with
39 percent in Central and 55 percent in South Europe. Although
there are large variations between the Western European countries
in the level of development (indicated by GDP/cap level) the
Northern countries are most developed with an average level higher
than 70008 (1975) /cap, the Central European level is about 25 per-
cent lower and the South European less than one half. Primary
energy consumption per capita also shows this North-South trend
as the GDP per capita levels do, but the difference is also large.

From the total of 1.5 TWyr/yr consumed in Western Europe during
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1975, 10 percent were consumed in North Europe, 53 percent in
Central and 37 percent in South Europe. Energy consumption
densities were the highest in Central Europe with an average of

more than 1 W/m2, but Scuth and North Europe had averages of

0.2 and 0.13 W/mz. Finally, the population densities are the
lowest in North Europe with about 20 cap/km2 (exception Denmark
with 116 cap/kmz), South Europe has less than 100 cap/km2
(exception Greece with 183 cap/kmz) and Central Europe nas the
highest densities with an average of more than 200 cap/km
(exception Ireland with 44 cap/kmz).

While the energy densities are the highest in Central Europe,
the heating requirements are 25 percent lower in Central than in
North Europe and another 30 percent lower in South Europe. On
the other hand, the mean solar radiation (averaged over one year)
is almost twice as large in the South than in the North. This is
perhaps one of the most important indicators for the extent to
which solar energy can be utilized. It has a crucial bearing
on the investment costs in solar energy systems and land area
requirements. The degree of urbanization of the population deter-
mines the extent to which energy generation and distribution
systems have to be centralized in order to deliver the required
energy density to the consumption centers.

Tables 3.3A and B show the structure of primary energy
supply, Table 3.4 the import dependence with respect to each
primary energy source, and Table 3.5 the structure of electricity
production for Western Europe and its three divisions. The
import dependence is highest in South Europe (73%) and Horth
Europe (59%); in Central Europe it is only 44 percent due to
the self-sufficiency with respect to coal and gas which together
cover almost 50 percent of the primary energy consumption. The
import dependence with respect to o0il is 96 percent in Central
and South Europe; in North Europe the figure is 86 percent.
Hydropower use 1s extensive in North Europe, where it covers
73 percent of electricity production, and also in South Europe,
where 33 percent of the electricity are generated from hydro-
power. In Central Europe, 53 percent of electricity is generated
from coal. 0il is not extensively used for electricity generation
except in South Europe, where it supplies 34 percent of the

electricity consumed.
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Table 3.3A. Primary Energy Consumption by Source, Western Europe,
1975 (GWyr/vyr)

Europe

Source North Central South Western
Ceal 8.4 242.6 84.7 338.4
0il 82.0 369.1 353.9 803.2
Gas 0.9 149 .1 50.4 201.6
Nuclear 4.0 20.3 10.0 36.8
Hydropower 48.1 24.8 55.3 124,11
Biomass 4.7 1.9 19.7 26.3
Total 149.4 807.9 573.5 1530.5
Share (%) 9.8 52.8 37.4 100.0

Table 3.3B. Primary Energy Shares by Source, Western Europe,

1975 (%)
Europe
Source North Central South Western
Coal 6.3 30.0 14.8 22.1
01il 55.0 45.7 61.7 52.5
Gas 0.6 18.5 8.8 13.2
Nuclear 2.7 2.5 1.7 2.4
Hydropower 32.2 3.1 9.6 8.1
Biomass 3.2 0.2 3.4 1.7
Total 100.0 100.0 100.0 100.0

Table 3.4. Primary Energy Import Dependence by Source, Western
Europe, 1975 (%)a

Europe L
Source North Central South Western
Coal 97 2 62 11
0il 86 96 96 95
Gas 100 -5 47 8
Nuclear/Hydro 0 -3 3 0
Biomass 0 0 0 0
Total 59 4y 73 53

a)Energy import dependence is calculated as a fraction of im-

ported energy in total use of a given energy source. The total
import dependence represents a fraction of total imported
energy in total domestic energy use of all sources.
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Table 3.5. Electricity Generation and Share by Energy Source,
Western Europe, 1975 (%)

Europe
Source North Central South Western
Coal 7 13 21 36
0il 13 15 34 19
Gas 1 12 6 10
(Fossil total) (21) (80) (61) (65)
Nuclear 6 9 6 8
Hydropower 73 11 33 27
Total 100 100 100 100
Share 14 51 35 100
Total (GW(e)lyr/vr) 24 86 58 168

More details about final energy consumption are shown in
Tables 3.6, 3.7 and 3.8*. 1In North Europe, electricity accounts
for 20 percent of final energy consumption, compared to about
12 percent in Central and South Europe, due to the availability
of hydropower. For Western Europe as a whole, the final con-
sumption of fossil fuels is divided between thermal uses (indus-
try, household and service sectors) and specific uses (motor
fuel or feedstocks) in a ratio of about 2 to 1; in South Europe,
motor fuels represent a larger share than in North and Central
Europe due to the lower industrialization and the warmer climate.

Fuelwood use is insignificant in Central Europe. In North
and South Europe it represents a 5 percent addition to the commer-
cial final energy use. Assuming that it would be mainly used by
households, and assuming an efficiency of about two-thirds
relative to commercial fossil fuels, the contribution to useful
energy consumption of households would be 9 percent and 11 per-
cent in North and South Europe, respectively; with growing over-
all energy demand the share of such uses of fuel wood will cer-

tainly decline, especially in South Europe.

*To recall the definitions: The difference between primary and
secondary energy consumption consists of the conversion losses.
The difference between secondary and final consists of transport-
ation and distribution losses. Final energy is the energy pur-
chased by the final consumers; it is sometimes also called
"delivered energy".
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Table 3.6. Final Energy Shares by Type, Western Europe, 1975 (%)
Europe

Type North Central South Western
Coal 4.9 12.3 8.5 10.1

0il 69.9 54.0 64.5 59.5

Gas 1.6 22.0 12.1 16.4

Electricity 19.2 11.4 10.6 11.8

Biomass®? 4.4 0.3 4.3 2.2

Total 100.0 100.0 100.0 100.0

Share 8.9 52.8 38.3 100.0

Total (GWyr/yr) 106.7 630.9 456.9 1194.5

a)

Biomass use refers mostly to fuel wood.

Table 3.7. Final Energy Shares by Sector, Western Europe, 1975
(%)
Europe
Sector North Central South Western
Transportation 19 18 22 19
Agric./Ccnst. /Man 44 ué 49 47
Households/Services 37 36 29 34
Total 100 100 100 100
Share 9 53 38 100
Total (GWyr/vr) 106.7 630.9 456.9 1194.5
a)Agriculture, Construction and Manufacturing.
Table 3.8. Final Energy Shares by Use, Western Europe, 1975 (%)
curope
Use North Central South Western
Thermal 50 58 53 56
Coke 2 ) 4 4
Feedstocks 6 7 7 7
Motor fuels 22 19 25 21
Electricity 20 12 11 12
Total 100 100 100 100
Share 9 53 38 100
Total (GWyr/vyr) 106.7 630.9 456.9 1194.5
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Table 3.9 shows the summary of the indicators that describe
the characteristics of Western Europe, its divisions, and com-
pares them with those for Region III and the World. The future
evolution of these indicators will have the decisive influence
on energy demand and use patterns. In particular, the population
and GDP levels and their future evolution are two basic assump-
tions that are used in the scenarios, and next we will consider
the assumptions made about the population and GDP growth up to

the year 2100.

Table 3.9. Summary of Important Indicators for Scenarios,
Western Europe, Region III and World, 1975

Energy Total
Population GDP Primary Final Area
Region (10° people) (10°$75) (GWyr/yr) (10°km?)
North Europe 22 164 144 107 1.2
Central EBurope 159 894 806 631 0.8
South Europe 222 718 554 457 2.6
Western Europe 403 1776 1504 1195 4.5
Region III 560 2385 2260 1590 16
world 39u6 6176 8210 5840 151
Basic Scenario Assumptions: Population and GDP Projections

In the Solar Study the same population evolution was as-
sumed as in the Global Study. The projections are described in
Keyfitz (1979); beyond 2075, they were simply extrapolated using
the trend during 2050-2075 implied by the projections. For
North and Central Europe an increase of only 12 percent and
17 percent above the 1975 level is projected. Over such a long
period this is almost equivalent to stationary population
levels. In South Europe, however, the population would increase
by 65 percent above the 1975 level, giving an average increase
for Western Europe of 41 percent between 1975 and 2100.

Table 3.10 and Figure 3.3 show the Western European popula-
tion growing to 570 million people by the end of the next centu-
ry. Due to the differential growths between the south and north,
the population share of North Europe would decrease from 6 per-
cent in 1975 to 4 percent in 2100, while Central Europe would



Table 3.10. Population Projection (10° people)

-39~

Base

Year Projection
Region 1975 2000 2030 2060 2100&
North Europe 22 24 25 25 25
Central Europe 159 172 182 185 186
South Europe 222 282 331 353 359
Western Europe 403 478 538 563 570
Region III 560 680 767
World 3946 6080 7976

a&opulation for period 2075-2100 was extrapolated from the trend
during 2050-2075.

SOURCE: Keyfitz (1979).

MILLION :
Ciopie ML
S800 I=Jo e
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400 - + 400
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200 SOUTH 200
13980 20 1C 2040 20770 2100

Figure

3.3.

Population projection (10° people).
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retain its relative position declining slightly from a 39 percent
share to 33 percent over the same time period. South Europe,

due to still growing population, would represent 63 percent of
Western Europe in 2100 compared to 55 percent in 1975. Table 3.11
gives the population growth rates and shows that the whole of
Western Europe would reach a stable population without additional
growth by 2100. Finally, Figure 3.4 shows that the relative
position of Western Europe within Region III would not change
significantly over this long time period. Also other countries
within Region III would achieve stable population levels.

For the future GDP growth in the Solar Study, the evolution
assumed in the Global Study for the Region III Low scenario was
taken as a guideline. 1In the post-war period, and especially
during the 60s, Japan's share in the GDP of Region III (i.e.,
essentially OECD countries outside North America) was increasing
rapidly--from 14 percent in 1963 to 22 percent in 1977, or 8 per-
centage points in 15 years, but the shift was slowing down in
the latter half of the period. Due to Japan's heavy reliance on
raw material imports and export possibilities, a further shift
of only 4 percentage points was assumed, so that Western Europe's
share of the GDP of Region III would decrease from presently
74 percent to 70 percent, the main shift occurring before the
year 2000; after 2000, the growth rates of Japan would be almost

identical to those of Western Eurocpe.

Within Western Europe, South Europe increased its share
by about 4 percentage points during the period 1963 to 1977.
Because of the higher population growth in this subregion, the
shift will probably continue, so that its share in the GDP of
Western Europe could increase from presently 41 percent to 51
percent, but more steadily than in the case of Japan.

The projections were made--simplistically--by interpreting
the GDP distribution between the subregions as a function of
In(GDP), calculating transition matrices from the data for the
period 1963 to 1977, and keeping the estimated transition matrix
constant throughout the projection period.

The values adopted for the scenarios are shown in Table
3.12, Figure 3.5, Table 3.13 and Figure 3.6. Tables 3.14 and
3.15 show the GDP per capita projections and growth rates and

Table 3.16 summarizes the basic scenario assumptions,
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Table 3.11. Historical and Projected Population Growth Rates

(B/yr)

Historical Projected

1950~ 1975- 2000~ 2030- 2060-
Region 1975 2000 2030 2060 210028
North Europe 0.7 0.3 0.1 0 0
Central Europe 0.7 0.3 0.2 0.1 0
South Europe 1.1 1.0 0.5 0.2 0
Western Europe 0.9 0.7 0.4 0.2 0
Region III 1.0 0.8 0.4
World 1.9 1.7 0.9

a)Population growth for the period 2075-2100 was extrapolated
from the trend during 2050-2075.

SOURCE: Keyfitz (1979).
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Figure 3.4. Population distribution in Region III (%).
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Table 3.12. GDP Projection (10!'2$1975)

Base
Year Projection
Region 1975 2000 2030 2060 2100
North Europe 0.2 0.3 0.4 0.6 1.0
Central Europe 0.9 1.5 2.1 3.3 5.6
South Europe 0.7 1.4 2.2 3.8 6.8
Western Europe 1.8 3.2 h.,7 7.7 13.4
Region III 2.4 4.5 6.8
World 6.2 13.4 23.0
12 12
10 °g(1975) 10" °DM(1975)
18 i
|
+ 3S
- 30
12 -+
- 2
s 4+ - 20
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CENTRAL | 15
- 10
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Figure 3.5. GDP projection (10!'? $1975).
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Table 3.13. Historical and Projected GDP Growth Rates (%/yr)

Historical Projected

1950- 1975- 2000~ 2030~ 2060-

Region 1975 2000 2030 2060 2100
North Europe 5.2 1.9 1.1 1.5 1.3
Central Europe 4.2 2.1 1.1 1.5 1.3
South Europe 5.1 2.7 1.5 1.8 1.5
Western Europe 4.6 2.3 1.3 1.7 1.4
Region IIIZ 5.1 2.5 1.4

World? 5.0 3.1 1.8

a)Global Low scenario up to 2030.
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Figure 3.6. GDP distribution in Region III (%).
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Table 3.14. GDP per Capita Projection (1000$75/cap)

Base

Year Projection
Region 1975 2000 2030 2060 2100
North Europe 7.4 11.1 14.9 23.3 39.8
Central Europe 5.6 8.7 11.6 17.8 30.3
South Europe 3.2 5.0 6.6 10.7 18.9
Western Europe 4.4 6.6 8.7 13.6 23.5
Region 1112 4.3 6.5 8.5
World? 1.6 2.2 2.8
a)

Global Low scenario up to 2030.

Table 3.15. Historical and Projected GDP per Capita Growth Rates

(%/yr)

Historical Projected

1950- 1975- 2000~ 2030- 2060~
Region 1975 2000 2030 2060 2100
North Europe 4.5 1.6 1.0 1.5 1.3
Central Europe 3.5 1.7 1.0 1.5 1.3
South Europe 4.0 1.8 1.0 1.6 1.4
Western Europe 3.7 1.7 0.9 1.5 1.4
Region III® 4.0 1.7 0.9
Wor1ld® 3.1 1.3 0.9
a)

Global Low scenario up to 2030.

Table 3.16. Summary of Assumptions: Average Annual Growth Rates
of Population and GDP, 1975 to 2100 (%/yr)

Europe Population GDP GDP/cap
North 0.1 1.4 1.3
Central 0.1 1.5 1.4
South 0.4 1.8 1.4
Western 0.3 1.6 1.3
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Compared to the "short-term" post-war trends given in
Table 3.15 these GDP growth rates seem extremely low. As long-
term sustainable trends, however, the assumptions chosen for
scenarios are probably not unrealistic, considering that the
time span is longer than 100 years.

For comparison, Table 3.17 shows the GNP evolution in the
United Kingdom and Sweden, respectively, over a period of similar
length--135 years in the case of the UK, and 100 years in the
case of Sweden. One reason for the more rapid growth rates in
Sweden than in the UK might be that in the latter country the
share of active population remained relatively stable, and the
agricultural share of labor force was already low (20%) at the
beginning of the period, i.e. 1841. By contrast, the share of
active population in Sweden increased from 20 percent in 1875
to 45 percent at present, and the share of agricultural labor
force declined from 65 percent in 1875 to 6 percent in 1975.

Except for the Southern countries, the growth potential
from increasing labor force participation and from a shift away
from agriculture to industry is already small, so that the future
growth rates might be closer to those observed for the UK, where
structural changes were only modest during the last century,
because of the early start of industrialization. This example
shows that the GDP growth rates projected for the Solar Study
have a parallel in the Western European past over a similarly

long time period.

Table 3.17. Historical Growth Rates of Population and GNP? for
Sweden and the United Kingdom (%/yr)

Country Period Population GNP GNP/cap
Sweden 1875-1976 0.6 3.2 2.6
United Kingdom 1841-1976 0.8 1.9 1.2

a)

GDP levels were available only for more recent years, for
earlier periods GNP levels were used.
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4, SUSTAINABLE ENERGY SCENARIOS FOR WESTERN EUROPE

Scenario Definitions
The assessment of the energy outlook for Western Europe

over the time period reaching to the year 2100 is clearly to at
least some degree speculative. It is also obvious that a com-
pletely comprehensive study of the future is impossible. We use
scenarios which outline the structures and patterns of our image
of a consistent future as means of reducing the task to a feasible
effort in fulfilling the objective of the study.

Perhaps the two most important assumptions that we made in
the study in order to achieve this feasibility, are that we con-
sider only a surprise-free future and assume economic cooperation.
We do not envisage any major catastrophes and we do not rely on
breakthroughs of any kind unforeseen today. Political and social
aspects of the scenarios, their implications and relevant con-
siderations are not analyzed explicitly although they are con-
sidered. 1In particular, a large degree of cooperation, good-
will and free economic exchange within Western Europe and in the
world is assumed.

The scenarios should be viewed as a gquantitative and con-
sistent framework that explicitly analyzes the consequences of
the assumptions we made. They are neither prescriptions of the
"best" possible future nor descriptions of projected "reality".
They are constructions that allow the exploration of required
changes and relevant constraints in achieving a sustainable
energy future in Western Europe. Thus all numbers and quanti-
tative assumptions and conseguent analyses should be seen as
means of describing qualitative features of the future.

Only one future is possible, but we intentionally consider
three extreme scenarios: a future with as much hard solar energy
as possible and analogously futures with as much soft solar and
nuclear energy as possible. Together these scenarios outline a
range of feasible futures. They certainly do not represent the
absolute physical upper limits for these energy supply alter-
natives, but they do represent the conceivable limits to the
utilization of these alternatives within the structure of the

whole energy system.
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Each of all these scenarios implies a different infra-
structural change of the energy system during the next century.
One of the most important of these changes is the degree of

centralization in energy generation, conversion and distribution.

Energy Demand

All scenarios in the Solar Study are based on the same popu-
lation and GDP growth rates described above. In spite of that,
there are large differences between the scenarios on the demand
side that are due to assumptions about life-style changes and
energy use efficiency improvements. These result in two energy
demand projections, a Higher and a Lower one. For example, the
differences between the two demand projections are most dramatic
with respect to process heat requirements, whereas they are not
so great with respect to specific electricity, although they do
exist.

The Lower demand projection is consistent with decentralized
scenarios since the mostly local energy generation implies enor-
mous life-style changes that could at the same time allow lower
energy use at the same GDP level. However, it is obvious that
the GDP as an index, although being the same quantity for both
energy demand projections, does imply different economic struc-
tures that go along with different scenarios. In a similar way,
the Higher energy demand projection is consistent with the central-
ized scenarios.

In general, we can state that different energy demand levels
based on the same GDP assumptions will imply different economic
evolutions of Western Europe. It is obvious that the energy de-
mand is closely linked with material throughput in the economy.
On the level of the whole economy, it is impossible to describe
each specific economic activity separately in monetary flows,
but they are usually used to capture the general interrelation-
ships. As the economic structure and life-style change over time,
the GDP index will actually measure different things. The typical
basket of goods associated with the Low energy demand projection
of the decentralized scenarios will be different from that one
assoclated with the Higher demand of the centralized scenarios.
Our energy demand analysis in the MEDEE-2 model captures these
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different material needs associated with the same GDP levels of
different scenarios in physical terms and energy use efficiency
improvements during the period under consideration.

The energy supply model MESSAGE II then determines the
structure of an energy supply system that is capable of providing
the demanded energy according to each specific use. Thus, the
structure of energy supply and life-style patterns is closely
linked in our analysis, although it is not possible to easily
represent these structural changes on the aggregate level of the
whole economy. In addition to population and GDP growth, driving
forces for Lower energy demand are energy price increases. We
will see that the centralized energy supply systems are in fact
costlier. However, this link between energy prices and energy
demand 1is not formalized in our study, although it is obvious
that without higher energy prices significantly lower energy
demand would be implausible (all other things being equal). On
the other hand, when one goes so far into the future as was
necessary in this study, due to large structural changes energy
price elasticities become meaningless and cannot be used explicit-
ly in the study. Our approach, as outlined above, was to account
the specific energy needs in physical terms, in each sector of
the economy, based on the population and GDP levels and their
structure. On the supply side, the price elasticities are not
used either; instead, energy production, conversion and distribu-
tion costs are used to implement a cost minimal energy system
consistent with the specified structure and levels of energy
demand.

Thus the implementation of each scenario can be divided
into two distinct parts: first, the assessment of energy demand
level and the associated activities in the whole economy, e.g.,
industry and transport, household and commercial sector changes
that go with that energy demand level; and second, the structure
of the energy supply system capable of delivering the demanded
energy to the consumer. Methodologically we used the energy de-
mand accounting model MEDEE-2 to assess the quantities of required
useful and final energy and the energy supply model MESSAGE IT
to find an economically optimal mix of primary energy sources

to deliver the required energy under relevant constraints.
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Figure 4.1 illustrates this methodological approach. The
MEDEE-2 model is used to assess energy demand structure and levels
for each scenario starting from the GDP assumptions and popula-
tion growth projections. The resulting useful energy demands by
energy form are used then to determine the energy supply system
in the MESSAGE II model. In addition, other models were used
to assess in greater detail some of the more critical aspects of
the scenarios, such as the overall macroeconomic implications of

the scenarios (MACRO) and the investment requirements (IMPACT).

Energy Supply

In the centralized (Hard Solar and Nuclear) scenarios the
demanded energy is eventually (by 2100) supplied from sustainable
central solar or nuclear systems. This made it possible to as-
sume that the energy use patterns in industry could remain practi-
cally unchanged over the time horizon of the study. In other
words, the centralized sustainable energy systems would supply
the industrial sector of the economy in an analogous manner as
today so that drastic structural changes of this sector were not
necessary. The efficiency of the private energy consumption is
assumed to increase to the presently conceivable upper limits.

On the supply side, however, more drastic changes are assumed.
It would be necessary to generate most of the needed energy in a
large number of centrally located power plants. In the Hard
Solar scenario most of these plants would be in South Europe, in
the Nuclear scenario they would be not so far removed from con-
sumption centers, but still most of them would probably be con-
centrated in a number of "energy parks". From these central
power plants, large energy transportation and distribution net-
works are needed in order to reach the final consumer.

In the decentralized (Soft Solar) scenario the demanded
energy is supplied to the largest degree possible by renewable
and small-scale solar sources placed either directly on the side
of the user, or as close as possible. The collocation of energy
generation and conversion systems close to the user imposes
other overall constraints on the structure of energy demand and
supply than the centralized energy generation and conversion with

long~distance energy transport and distribution. We have assumed
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that the decentralized energy systems would be coupled more
easily with Lower energy demand and the centralized systems with
the Higher one. 1In fact, the study shows that it is questionable
whether the decentralized energy generation, even when taken to
the maximum degree possible, could at all be feasible with Higher
energy demand levels.

In each scenario the objective was to use the maximum feas-
ible level of one type of energy supply system, which we refer
to as the "reference system". 1In the Hard Solar scenario, the
central solar power plants in South Europe comprise the "reference
system" for energy supply. In the Nuclear scenario it consists
of the burner and breeder reactor systems and in the Soft Solar
scenario of the local solar energy sources, such as the roof-top
collector or the small neighborhood solar or hydropower plants.

The whole structure of the energy supply system is deter-
mined by implementing such a set of technologies which minimizes
the overall cost of the supply system under constraints of build-
up rates, resource depletion, etc. Thus, methodologically, in
order to use as much as possible of the specified "reference
system” and still allow cost minimization, a cost penalty is
levied on technologies which do not belong to the "reference
system". TFollowing cost penalty structure is used--2.4 percent
per year cost increase of fossil resources, natural uranium and
nuclear system investment cost (except for the Nuclear scenario
where nuclear technologies are the "reference system"). The
case of the Soft Solar scenario is more complicated where cost
subsidies are actually imposed within the "reference system"
which will be discussed below.

We feel that such an approach leaves more flexibility to
structure the energy supply system best suited under the given
constraints. The other possible alternative--to limit the use
of technologies by explicit constraints--was not preferred since
it is too rigid and does not allow changes in the modeled supply
system not foreseen by the researcher. Our approach actually
resembles the current practice of imposing taxes and other penal-
ties on "undesirable" alternatives.

Thus each scenario leads to the use of many technologies

also including those not specified as desirable in the reference
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supply system. For example, in all scenarios biomass plays an
important role as the source of liquid fuels that are necessary
in order to replace o0il in those markets where hydrocarbons are
irreplaceable, e.g. feedstocks.

All of the scenarios lead to energy systems that do not rely
on fossil energy sources. By the time the transition is completed
to sustainable energy systems, some time during the 2070s, the
delivered final energy would have completely different primary
energy sources, but the forms of the final energy would be similar
to the present ones. Figure 4.2 illustrates this transition from
0il (refinery products) to methanol, natural gas to hydrogen and
coal to biomass. Thus the types of final energy delivered are
the same in all scenarios irrespective of the whole energy supply
structure, but the mix and supply levels are different.

In the following we will describe how this final energy is
supplied from the primary energy sources through various conver-
sion steps and distribution networks while relying in each sce-
nario to the maximum possible extent on the specified "reference
energy system". In the Hard Solar scenario the emphasis is on
the solar power plants installed in South Europe and long-distance
energy transport networks to consumption centers. Here the Higher
level of final energy demand can be supplied. In the Nuclear
scenario, also centralized energy generation in mostly collocated
nuclear power plants and energy transport networks are preferred.
In the Soft Solar scenario local solar energy sources with as
little energy transportation as possible constitute the "reference
system". Here, however, only the Lower final energy demand can
be reached. Table 4.1. illustrates the correspondence of the
supply scenarios with the two energy demand projections. These
are the three main scenarios that outline the possible extreme

energy systems for Western Europe.
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The Hard Solar Reference System

The solar insolation characteristics limit the construction
of large solar power plants producing electricity or hydrogen
to South Europe. Due to the much more favorable solar insolation
in these areas the power plants have much higher capacity fac-
tors, high enough to offset large-scale energy transport losses
and costs to the consumption centers in Central and North Europe.

Electricity is generated in Solar Thermal Electric Conver-
sion (STEC) power plants in South Europe. Two basic types of
STEC power plants are considered--with and without on-site thermal
storage. The plants with thermal storage have a higher capacity
factor and relieve some of the daily storage requirements from
the rest of the energy supply system, but they are more expensive.
The solar electricity generated in South Europe is transported
to other areas via DC transmission links.

For additional daily storage needs the electricity can be
stored in underground pumped hydro facilities, but due to capacity
limitations, such facilities are not suitable for seasonal stor-
age. To balance seasonal demand and supply variations electricity
is not stored directly, but in the form of hydrogen after electrol-
ysis of water. Hydrogen can be either consumed as such or it can
be the source of electricity again when burned in fuel cells.

Hydrogen is also produced in South Europe along with elec-
tricity. Some of the STECs produce hydrogen either through
thermolysis or on-site electrolysis. This hydrogen is transported
to Central and North Europe by large hydrogen pipelines which
also function as additional form of daily storage through pressure
variations of about 10 percent.

All of the seasonal storage needs are thus implemented in
the form of hydrogen, whether it is produced directly in the
South in STECs or closer to consumption nodes by electrolysis
from excess electricity. The hydrogen is then consumed as al-
ready mentioned, either directly or as electricity after it is
burned in fuel cells, but it can also be used to produce methanol
by blending it with biomass.

Biomass reaches the consumer alsc by three different con-
version steps. Either it is supplied as solid fuel in the form

of compressed pellets with energy densities equivalent to brown
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coal, blended with hydrogen into methanol, or used alone in an
autothermal methanol production process.

Thus, altogether four forms of final energy reach the con-
sumer: biomass as solid fuel, methanol as liquid fuel originating
from biomass or biomass and hydrogen, hydrogen as gaseous fuel
and electricity. On the primary energy side, all energy is pro-
duced in large STEC power plants located in South Europe and

from large biomass plantations distributed throughout Europe.

The Soft Solar Reference System

The structure of a solar energy reference system that is
based on decentralized energy generation on-site or in the
vicinity of the final consumer is harder to define with any
degree of generality. First of all there is a multitude of
technologies which can be considered to be of a local character.
Also, these technologies have a very wide range of energy pro-
duction densities and absolute potentials. The generation den-
sities play an important role, since in most cases and especially
in more densely populated areas, the amount of land and total
surface area avallable for energy generation is limited. 1In
order to structure the problem, in this reference system we
simply assume that generation systems that can be installed on-
site, meaning either on the roof-top or in the immediate vicinity
of the consumer, should have the highest preference. 1In order to
achieve this we have imposed relative cost reductions {(i.e. cost
subsidies) on systems that are closer to the consumer. Thus
on-site systems have a cost reduction of 60 percent, national or
local level systems are 40 percent cheaper, and the costs of
continental systems are not reduced*. This procedure then usually
leads to the exhaustion of the potentials of technologies close
to the user, starting from the most decentralized (on-site) sys-
tems, unless the reduced costs of more local systems exceed the
costs of further removed generation systems. Thus, in effect
these relative cost reductions are imposed in order to offset,

to the extent still consistent with feasible potentials, the

*For the specification of energy systems location with respect
to the user see Table 7.1. in Chapter 7.
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decreasing costs to scale of larger generation units. They show
first of all the incurred additional cost to the whole economy
that has to be paid in order to avoid large-scale systems and

also to which extent one could use local energy sources even under
such a favorable relative cost structure (that could possibly
result from legislative measures such as higher taxes for larger
energy systems and subsidies for decentralized, local ones).

This then also illustrates the earlier observation that the
maximal reliance on decentralized solar systems "naturally" leads
to the Lower energy demand projection although we do not explicit-
ly consider prices. The relative cost penalties levied on large-
scale energy generation systems in fact play a role of increased
energy prices. They not only make even more drastic conservation
and higher energy use efficiencies "economically" possible, but
they also limit the availability of energy beyond the mere econ-
omic limits that would result from the cost structure without

the imposed penalties and reductions.

The Nuclear Reference System

The whole energy conversion and distribution system in the
Nuclear scenario is equivalent to that of the Hard Solar scenario.
The major difference is in the sources of primary energy. The
STECs in South Europe are replaced here by Light Water Reactors
(LWR) , Fast Breeder Reactors (FBR) and High Temperature Reactors
(HTR) which are mostly collocated in "energy parks" which are a
few hundred kilometers removed from consumption centers. In the
case of the Hard Solar scenario the distances were much larger--
2000 km or more. In addition some of the LWRs are located direct-
ly at the electricity grid nodes in the same way as they are to-
day. Within the energy parks the LWRs and FBRs generate elec-
tricity and HTRs hydrogen by thermolysis. Here again biomass
is the source of solid fuels and is also used to produce methanol.

By the 2070s the nuclear fuel cycle of all reactors is de-
coupled from additional natural uranium requirements. FBRs pro-

233 from thorium in their blankets which is +then "burned"

duce U
in LWRs and HTRs.
In all three scenarios the energy supply is basically de-

coupled from limited resources. The Hard Solar scenario is based
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on continuous solar insolation as energy source and the renewable
guantities of biomass. The Soft Solar scenario is based on renew-
able energy flows, such as wind power, local solar technologies
and biomass, the Nuclear scenario on abundant resocurces of de-
pleted natural uranium and thorium, and on renewable quantities

of biomass.
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5, ENERGY DEMAND AND END USE
Energy Demand Projections
The use of energy in industry, transportation, households

and other sectors depends on a multitude of factors--most impor-
tant among these are economic development and population growth.
Among the other factors influencing energy use are climate,
technological progress, regulations and taxes, energy and other
prices, life-style changes, cultural characteristics, social

and individual preferences, public perceptions, education, etc.
The assumptions about the economic and population growth were
given in Chapter 3. 1In this chapter we will discuss an evalua-
tion procedure which allows the integration of the other factors
influencing energy use together with population and economic
growth assumptions in energy demand projections for Western
Europe over the next 120 years. In fact, two sets of assumptions
were used to result into two different energy demand projections,
a Higher and a Lower one, both of them being based on the same
economic and population growth assumptions. These energy demand
projections should not be viewed as forecasts or predictions,
they are conceptualizatidns of long-term energy demand prospects
for Western Europe. Their value lies not in the specific nu-
merical results, but rather in the structure of assumptions that
had to be made in order to arrive at a consistent future energy
demand.

The analyses of this chapter were aided by the use of the
MEDEE-2 model which provides a detailed accounting framework for
assessing the factors influencing energy use. The explicit links
between MEDEE-2 and MESSAGE II occur at three possible levels:
energy services, useful energy and final energy. Another impor-
tant link, which is left to the judgment of the modeler and is
not formalized in the sense of a mathematical model or a computer
code, is between the assumptions made in assessing energy demand
and the assumptions leading to a feasible (and optimal) energy
supply strategy in each scenario. The Lower energy demand pro-
jection is consistent with decentralized energy supply and the
Higher projection with a centralized one. This link between the
demand and supply models is extremely important for the inter-

pretation of the projections.
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Clearly, it is beneficial if the same productive process or
service can be accomplished with relatively fewer energy inputs
(all other things being equal). With continually rising energy
costs and their resultant economic and other burdens, energy
saving is more than important--it is essential. However, in
our Scenarios more intensive energy saving must be achieved in
decentralized supply strategies at the same level of GDP and
population growth. This leads to the Lower energy demand level
and means that although drastic overall energy saving is re-
guired in all scenarios, the Lower energy demand level can only
be achieved through significant life-style changes that go beyond
simple improvements in efficiencies of energy use in the pro-
duction process and in providing services.

The demanded energy services can be expressed in terms of
total vehicle-kilometers that have to be traveled by a given mode
of transportation, or in demanded kilowatt-hours of electricity
in manufacturing, or in kilowatt-hours of useful low-temperature
heat required in the housing sector. This example illustrates
that the energy demand is divided into categories depending on
the type of required energy source. In some cases these services
can be provided by only one kind of final energy, for example
with liquid motor fuels or specific electricity uses. 1In other
cases, an energy service such as space heating could be provided
by many energy forms. In MEDEE-2 only the demand for such energy
service categories is evaluated, while the choice of the best
energy form for meeting a given service demand is determined
within the overall scenario specifications in the energy supply
model MESSAGE II (see Figure 4.1).

Let us recall the difference between energy services, useful
energy and final energy. Final energy is the actual energy
supplied to use, such as electricity for a house or gasoline for
a car. The useful energy is the actual use derived from final
energy, such as a switched-on light bulb or a moving car. Energy
services are a well-lit room or travel by car.

Thus the energy demand projections are specified in terms
of useful and final energy: useful energy for those demand
categories where a number of final energy forms (usually each

with different efficiencies) could provide a given service, and
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final energy for those demand categories where only one specific
form of final energy can provide the service (e.g. feedstocks).
The architecture of the supply system as determined by MESSAGE IT
specifies how all these demands are to be met.

In addressing the question of the less formalized links
between the energy demand and supply we have actually alluded
to this issue of differentiation between the energy service de-
mand components and the actual structure of energy supply. In
an energy supply system with emphasis on local and decentralized
energy generation and conversion we are not likely to encounter
a high demand for space heating with liquid fuels and most likely
we can expect extensive insulation of buildings. We would also
expect to find smaller shares of airplane transportation of goods
and people. These kinds of issues go beyond the demanded quan-
tities of one or the other form of energy, but profoundly in-
fluence the implied social structure, life-styles and a host of
other aspects of everyday life. These, however, are not for-
malized in the models, but we have attempted to make consistent
and equivalent assumptions for both the supply and the demand
side.

An alternative to our approach would be to make energy de-
mand projections on the basis of energy elasticities alone. 1In
this approach the energy demand is related to economic and other
price variables by elasticities which are determined on the basis
of historical data or by an assumption. The attractiveness of
this approach, especially in the short to medium-run projections,
is its simplicity. On the other hand, as we mentioned in the
previous chapter, when one goes so far into the future as was
necessary in this study, due to the structural and life-style
changes energy price elasticities become meaningless and cannot
be used explicitly in the study. In view of the requirements of
a less formalized judgmental link between energy demand and sup-
ply in our analysis, that extends beyond the formal link between
the quantities of supplied and demanded energy, there is a more
fundamental shortcoming of the demand-elasticity approach:
namely, no insight is gained on how and where energy conservation
and improvements of efficiencies may occur. Even at a detailed

level of disaggregation no insight is gained as to physical
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parameter changes which are very helpful for the configuration
‘of the appropriate supply strategy and for judging whether
scenario projections are reasonable. We, nonetheless, do use
energy elasticities for the interpretation of our scenarios,
although we rely on the detailed accounting framework in gener-

ating the demand projections.

Energy Demand Components

The principal energy demand components, assessed by the
accounting framework of MEDEE-2, serve as inputs for the energy
supply model MESSAGE II (see Figure 4.1). Other assumptions made
about the energy demand components are used on a judgmental basis
to aid the structuring of the energy supply system in MESSAGE II
so as to be consistent with the overall scenario characteristics
that were briefly outlined in the previous chapter. We will
return again to a detailed analysis of these scenarios in the
following chapters.

The analytical approach embodied in MEDEE-2 calls for a
detailed specification of the overall economic growth projections
from Chapter 3. In particular, a sectoral breakdown of GDP is
necessary in order to incorporate the factors influencing energy
use, including anticipated changes in the investment and con-
sumption shares of the GDP, in the mix of manufacturing activi-
ties, expected demographic changes, perceived changes in life-
styles and so on. Such a disaggregation of GDP and the specifica-
tion of anticipated future developments is not an easy task. The
historical data are usually not available on such a level of dis-
aggregation for longer time periods.

Thus the energy use accounting framework is implemented
essentially as a process of estimating large numbers of detailed
parameters most of which are influenced directly or indirectly
by the specified GDP projections.

As the first step, besides the evolution of total GDP, the
growth rates of various sectors have to be projected for each of
the three parts of Western Europe; and besides the total popula-
tion growth, also other demographic factors have to be assessed.
Table 5.1 gives the specified sectoral GDP break-down for the

three parts of Western Europe and Table 5.2 the most important



-63-

*ZL°€ 9Tgqel ut usATb ®s1e suorioeload dao,

0°SS 0" Lh 0°¢ G'8h  L°Gh 8°5 IITI uothay
OTIRUDDS MOT TeJOTH

0709 0°he 0°9 0°9¢ L*LE £€°9 6°€G 6°LE c°8 adoang yinos
0°09 0° 8¢ 0°¢ B LS 9°6¢ 0°¢ ¢ hs LT 1°¢ adoanyg Texjus)d
8°19 0" he °h 0°09 0°g¢ 0°g L°9S 6°9¢ h°9 ~ adoang Yy3jIoN
12427 puewag JIaMOT]
1 LS G5*6¢ h ¢ 0°99 0°6¢ 0°¢ 6°€S 6°LE Z2°8 adoang yinosg
G 89 9°8¢ 6°C 0°LS 0°0% 0°¢ ¢ hs L*Zh 1°€ adoang Texjuad
8°19 0°he ¢ h 0°09 0° Gt 0°¢ L°9G 6°9¢ 9 adoang Y3 IoN
19na97 puewsaq I92UbTH
*AISg  c3nuey -oTiby  "AX9S - Jnuel -otaby  ‘AISS -Jnuey -otaby uothoyg
buTsSnNoOH °*I13sU0D butsnol - a3sUOD butsnoy °*x3suc)
‘dsurx] Abasuyg L q&m:mua Abaxaug - ‘dsuex] Abasug
s . 0GLZ . T 0t0c SLol
B S . uotjyoaloxg Xeax ased

OTIRUDDS MO
TeqoTh WSYII 9yl JOo III uotrbay pur odoang uxsjzssm I0J STaADT purwag Abisusyg omg

(dad 30 %) suoridumssy  soaeys [eI0308s dap °L°§ 2Iqel



-6l4-

*0L°€ @1qel uTr usATb sT uotriosl

-oad uotjerndod !uorjzerndod [e303 JO 8IPYS ® st (20103 Ioqel) uorizerndod 2AT30® ATTeOoTWOUODY

q

suosxad (00 0¢ ueyl sxow jo suotrieindod yYyatm SIIJTO mmumqm

() uot3zerndod satjoe AfTedTwouocdd **° 004

(%) 000 0S < s913To utr uorjeindog -*° -dod

prToyssnoy iad suosasag *°° °*sasad

- ZS SS 97T 0S - IS LT St 6 0°¢€ 111 uothay

Lh (A 0°¢ 9% 8h L°C eh 9t 6°¢ L€ 6¢ A3 adoang yinos

0§ LS 17 6h 6h g°cC Lh Lt Lz LAY £h 6°¢ sdoanyg Texjuad

06§ Lt 0°¢ 6h €h £€°¢ bh Lt S°¢ Lh 9¢ L2 adoang y3jaoN

n.oom m.mom .muwm Q.oom m.;om..mumm n.oom d.mwm.“mMWm @Mwww.mwmmm..muwm uotTbay
..... e 00ic . 0€0C 000¢ SLel
Jaﬁmwomwouml. Ieax asegq

SOTIRPUSDOS TRQOTH YSYII OM3 9y3 Jo III uothay pue

adoxng uiojzsom I0J ST9A9T purwag JIamoT pue Iaybig sy3z xoj mzoﬂumezmm< OHSQmumOEmD LG o@1ged



-5~

demographic assumptions. For comparison the figures of the IIASA
Global Low scenario are also given.

The demographic assumptions illustrate the expected trends.
During the next 100 years stable population levels would be
achieved throughout Western Europe (i.e., zero growth levels,
see also Table 3.11), while at the same time urbanization is
expected to increase together with a slightly increasing fraction
of economically active population and with reductions in average
family size (persons per household).

The projected sectoral GDP evolution (Table 5.1) shows that
in addition to the same total GDP growth rates and the same
demographic assumptions in the Higher and Lower energy demand
projections, the differences are also modest with respect to the
sectoral GDP evolution. Common features are significantly smaller
shares of agriculture and somewhat larger shares of the service,
household and transportation sectors and slightly lower shares of
the construction and manufacturing sectors. The large differences
between the two demand projections are due to the assumptions
about life-style changes and energy-use efficiency improvements.

We will now discuss those assumptions and the resulting
demand for energy services, useful and final energy. We state
at this point, however, that especially the Lower demand pro-
jection is based on the expectation of a continuous increase of
relative energy prices, which would motivate life-style changes
and would accelerate efficiency improvements in energy use (in-

cluding drastic conservation measures).

Agriculture and Construction Sectors

Motor fuel is the essential energy demand within agriculture
and construction, while electricity and thermal energy uses are
generally not very important. The intensity of energy use (per
unit value added) has increased in agriculture in the past, but
since 1973 this trend has reversed largely due to the higher
prices for motor fuels. In the Higher demand projection it is
assumed that no further changes in the energy intensity would
take place, while in the Lower demand projection it is assumed
that the intensities would be reduced to roughly one half of the

current levels, largely due to the drastic life-style changes and
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drastic energy conservation measures. Table 5.3 gives the as-
sumed values for motor fuels, specific electricity and thermal
use lntensities in the agriculture sector.

Initially most of these savings are expected to come from
better insulation in greenhouses and storage buildings, lower
temperature levels for crop drying and improved efficiency of
electric and diesel prime movers (e.g. motors and tractors).

In the long run the savings are expected to be achieved from

new cultivation methods that could, for example, integrate
separate tasks into one run of the tractor or allow a shift away
from fertilization intensive agricultural patterns. The fuel
demand is projected in terms of the amount of diesel that would
be required if there were no alternative energy forms. The

shift to new motor fuels (e.g. hydrogen), to new sources of
electricity and thermal energy is modeled explicitly in the

supply strategies that will be described in the following chapters.

Table 5.4 gives the assumed energy intensities in the con-
struction sector for the Lower demand projection. As in agri-
culture, no substantial energy use reductions were assumed for
the Higher demand, while in the Lower demand up to one half of
motor fuel could be "saved" per value added and about 10 percent
of the thermal energy needs. These energy intensity reductions
are assumed to be achieved in an equivalent way as in the agri-
cultural sector. They are possible only if higher energy effi-
ciencies and new methods could be achieved during the next 120

years.

Manufacturing Sector

Industrial energy use 1s currently a major portion of the
total consumption in the world, and in Western Europe roughly
50 percent of all final energy is consumed in industrial activi-
ties. In spite of the very long time horizon of over 100 years
in the Solar Study, the scenarios do not incorporate major changes
in energy consumption share of the industrial sector. In in-
dustrial production, energy is as a factor input an indispensable
commodity, qualitatively different from energy used for trans-
portation and space heating. While it is possible to drastically

reduce energy use in transportation and house heating, both
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through technological efficiency improvements and other conserva-
tion measures, in the industrial production process it can be
achieved practically only through technological improvements.

For example, the amount of energy used in steel production de-
pends mainly on the type of steel production process used and the
output level, but the efficiency cannot be reduced infinitely--
in the end it is limited by the laws of thermodynamics. Within
our accounting framework, the industrial energy use is projected
in the same way as the energy use of the agriculture and con-
struction sectors, in terms of the product of the value added

and the energy intensiveness.

Manufacturing industries (excluding energy producers) are
classified into three subsectors, namely into industries pro-
ducing predominantly basic materials, machinery and egquipment,
and consumption goods. The first subsector includes mining and
manufacturing of primary metals, building materials, basic
chemicals, but excludes energy sources such as coal, o0il and
gas. The third subsector includes only non-durable goods such
as food, textiles and clothes.

Table 5.5 gives the projected shares of manufacturing in the
total GDP (GDP growth rates were given in Table 3.13) and the
shares of the three manufacturing subsectors in the total manu-
facturing value added. A common feature are the higher shares of
machinery and equipment sector in both demand projections. 2all
together, however, the assumed structural changes in manufacturing
are not large. Thus, the future energy demand for manufacturing
would be largely determined by the projected intensities of energy
use. The energy intensity coefficients reflect both the tech-
nological patterns of production processes and the production mix
in each subsector.

The mining and manufacturing of basic materials is charac-
terized by a high energy demand per unit of output, both for
electricity and thermal uses. The thermal energy demand of basic
metal and building material industries is mostly in the high-
temperature range f{e.g., in furnaces), while the chemical and
paper industries have a high demand for steam. The other two
manufacturing subsectors have a relatively modest energy inten-

sity: The machinery and equipment subsector's thermal energy
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demand is in the medium to high-temperature range (e.g. for
metal processing), while the non-durable goods industries have a
high demand for steam and hot water. In the last two subsectors
space heating is also of importance.

The energy intensiveness is specified in Table 5.6 for the
two main types of energy use in manufacturing: specific uses of
electricity and useful thermal energy which can be provided by
various energy forms (e.g., fossil fuels and hydrogen). The
uses of coke and feedstocks are accounted for separately (see
Tables 5.9A and B).

Table 5.6 shows that the relative decreases in energy in-
tensiveness are very large, in the range of 30 to 60 percent in
the Higher demand projection and 50 to 80 percent in the Lower
one. Yet the part of this relative decrease that is due to
structural changes is modest ranging up to a maximum of 8 percent.

Due to the large share of industry in total energy use,
these differences in energy intensity of manufacturing contri-
bute most dramatically to the differences in the overall energy
consumption between the Higher and the Lower demand projections.
In particular, the differences in the resulting useful thermal
energy requirements (process heat) are large. Table 5.7 gives
the process heat requirements for the two demand projections,
and Table 5.8 the specific electricity requirements. The over-
all growth rate of thermal energy needs is 1.1 percent per year
in the Higher and 0.2 in the Lower demand projection. The im-
plied useful energy-GDP elasticities for process heat are 0.7
and 0.1, respectively. This is a dramatic difference and im-
plies extremely large reductions in thermal energy needs, es-
pecially in the Lower demand projection. They imply fundamental
changes and restructuring in manufacturing, including maximal
utilization of waste heat from high-temperature processes for
other production processes, which operate at lower temperatures,
and also shifts to integrated production avoiding cooling and
reheating in separate production steps. This implies a lower
flexibility in product-range and location of production facilities.
The following example illustrates this point. Continuous steel
casting offers large energy savings, but it is only possible
with a sufficient demand for products of the same size and
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proportions. The need for higher standardization of industrial
output and collocation of production would be only possible if
production activity structure and life-style changes take place,
settlement or transportation patterns change, and so on.

Tables 5.9A and B summarize the energy reguirements in
agriculture, construction and manufacturing. The demand cate-
gories have been divided into two groups; the first, mainly high
and low temperature process heat, is expressed in terms of use-
ful energy and can be supplied by almost any form of final energy.
The second group represents specific final energy requirements
that can be supplied only by a given form of final energy. For
example, motor fuels stand for liquid energy carriers such as

diesel and gasoline today and methanol and hydrogen in the future.

Transportation Sector

The structure of the transportation sector is similar in
all three parts of Western Europe. The shares of freight trans-
ported by truck, train or barge are equivalent up to a few per-
cent fluctuation. Similarly the distribution of passenger
long-distance (intercity) and short-distance (urban) travel has
close resemblance when viewed according to the mode of trans-
portation. Thus the current differences in energy use of the
transportation sector are largely influenced by the volume of
transported people and goods. Together in Western Europe the
transportation sector accounts for about 20 percent of the final
energy use. Therefore, the future energy needs in transportation
would have a significant influence on overall energy consumption,
although the influence is not as drastic as that of the industrial
sectors.

In addition to the future levels of the transportation of
people and goods also structural changes in modes of transporta-
tion and transportation energy intensities (energy requirements
per ton-kilometer or person-kilometer) are important determinants
of energy use. Tables 5.10 and 5.11 give the assumed activity
levels and structural changes in the modes of transporation.
Lower energy use in freight transportation could be achieved in
the Lower demand projection than in the Higher one, largely due to

a strong shift away from truck to train transportation, a decrease
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Table 5.10. Projected Activity Levels for the Transportation

Sector (in %)

Projection
Base Higher Lower
Year Demand Demand
Western Europe 1975 2100 2100
Freicht (10°ton-km) 1020.6 6412.2 by27.1
North Europe 11 8 9
Central Europe 40 31 31
Socuth Europe 49 61 60
Passenger (10°person-km) 2567.7 8738.4 6756.0
North Europe 3 6 6
Central Europe 49 35 38
South Europe 43 59 56
Urban Transit Share of
Passenger 22 24 24

Table 5.11. Assumed Structural? Changes in the Mode of Trans-
portation (in %)

Projection
Base Higher Lower
Year Demand Demand
Western Europe 1975 2100 2100
Freicht (10°%ton-km) 1020.6 pU412.z 4427.1
Truck 59 61 46
Train 27 26 42
steam 6 0 0
diesel 35 0 0
electric 59 100 100
Barge 14 13 12
Intercity Passenger
{10°person-km) 1997.6 6599.5 5131.0
Car 65 56 52
Bus 15 10 10
Train 12 16 21
diesel 33 0 0
electric 66 100 100
Plane 8 18 17
Urban Passenger
(10 "person-km) 570.1 2138.9 1625.0
Car 88 49 49
Mass transit 12 51 51

a)Average changes for Western Europe, weighted according to the
projected activity levels in the Transportation Sectors of

North, Central and South Europe.



-76-

of truck transportation from the current share of 59 percent to
46 percent, and an increase of rail transportation from 27 to
42 percent. 1In the Higher demand level there is even a very
small shift in the opposite direction. 1In both demand projec-
tions the structural changes in passenger transportation are
very similar, mainly away from car to mass transportation systems.
The projections of passenger travel do not differ signifi-
cantly: 8.7 x 1012 person-kilometers in the Higher demand level
compared to 6.8 x 1012 person-kilometers in the Lower one. Com~
pared to the current passenger transportation this is 1 percent
per year and 0.8 percent per year growth rate. In per capita
terms the increase is from 6400 person-kilometers per year at
present to 15 400 and 11 900 person-kilometers per yvear by 2100,
or a factor increase of 2.4 and 1.9. Compared with the assumed
GDP per capita factor increase of 5.3 (see Table 3.14) the pro-
jected passenger travel in 2100 appears to be low indeed in both
demand projections. This again illustrates that drastic life-
style changes are necessary. The implied GDP elasticities are
0.6 and 0.4, which are low values. This is also evident from the
very low share of plane travel, reaching less than 20 percent of

intercity travel, and between 14 and 12 percent of the total
passenger travel. Such low shares of the fast modes of trans-

portation and slow growth of passenger transportation in general
are against current trends. Considering that the constraining
factors for (long-distance) travel are money and time, the as-
sumed GDP growth rates could easily lead to higher travel demands.
This is an especially critical assumption in the Lower demand
level which projects a 23 percent decrease over the Higher demand.

To make all this possible, the following types of life-style
and infrastructural changes in passenger transportation were
assumed (see Table 5.11). 1In urban travel a slow shift away from
individual to mass transit was assumed, from current car share
of almost 90 percent to below 50 percent. Lower demand for
urban transit implies increasingly more effective telecommunica-
tion systems, and a higher share of urban mass transportation
implies very intensive city planning.

For long-distance travel (within Western Europe) much of the
potential demand for travel by air would be substituted by high

speed train links between the cities.
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The energy use in transportation does not only depend on the
distribution of different transportation modes and their re-
spective usage, but also on the energy intensities per person-
kilometer or ton-kilometer traveled by these means of transporta-
tion. The postulated declines of the energy intensities are a
function of vehicle efficiency, capacity utilization, traffic
flow, the type of fuel that is used and so on.

We have already mentioned that the specific energy demands
that could be fulfilled by a number of final energy forms are
explicitly modeled within the supply system. This is especially
important in the transportation sector given our very long time
horizon for the study. During the next 120 years,in addition to
efficiency improvements,we also expect alternative energy forms
to be used in transportation such as hydrogen powered cars.

Thus only capacity utilization and traffic system aspects of
energy intensiveness are considered here explicitly.

Tables 5.122A and B summarize the energy service requirements
in transportation in terms of ton-kilometers for freight and
vehicle~kilometers for passenger transportation (seat-kilometers
for air travel). These estimates already include structural
efficiency and utilization load improvements, but they do not in-
clude the fuel efficiency improvements.

Finally we have assessed the energy requirements, but in
terms of currently used (fossil) fuels, shown in Table 5.13. In
the following chapters we will return to this gquestion and de-
scribe the actual energy requirements when the efficiency due to
new (renewable) forms of fuels is also accounted for (see Table
7.5 in Chapter 7). In the Higher demand projection significant
improvements on the vehicle efficiencies are postulated, but
capacity utilization is assumed to increase only in airplanes by
about 30 percent leaving the load factors of cars, trains and
urban mass transit unchanged.

As can be seen from Table 5.13, the largest efficiency im-
provements are postulated for cars: In the Higher demand pro-
jection the fuel consumption per kilometer traveled is assumed
to decrease by 52 percent and in the Low demand projection by
74 percent. This is a reduction from current average consumption
of about 13 1/100 km for the whole fleet to about 6.1 and
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3.3 1/100 km. An average fuel consumption of 3.3 1/100 km im-
plies that the whole car fleet in 2100 would consume on average
no more fuel than the advanced prototypes built for research
today. In addition it is assumed in the Low demand projection
that the average capacity utilization of passenger cars would
increase by 20 percent in intercity travel and by 150 percent

in urban transit. The other major difference in efficiency as-
sumptions between the two demand levels is for air travel, an
efficiency improvement of 43 percent is assumed in the Higher

and 65 percent in the Lower demand projection, while the capacity
utilization improves in both by about 30 percent. For other
modes of freight and passenger transportation efficiency improve-

ments of roughly 30 to 40 percent are assumed throughout.

Households and Services Sector

The principal determinants of energy demand in households
are first of all the number of dwellings and their type, such as
apartments or single family houses. This not only influences the
area that requires heating and lighting but also the insulation
measures and the achievement of energy conservation. We have
treated explicitly the following types of energy requirements:
cooking, space heating, water heating, miscellaneocus electrical
needs for lighting, appliances and air conditioning. All of
these specific energy needs (per dwelling per year) have been
projected to decrease significantly due to better insulation
measures, higher energy use efficiencies and new life-styles.
In addition, by 2100 virtually all dwellings would be either re-
placed by post-1975 ones or retrofitted in order to achieve the
comfort and energy efficiencies of post-1975 dwellings. Single
room heating is assumed to be completely replaced by central
heating throughout Western Europe. Today about 20 percent of the
heating systems in North Europe are single room heating, whereas
the shares are about 50 percent in Central Europe and about 75
percent in South Europe.

Table 5.14 gives the overall energy reqguirements per dwelling
for the three areas of Western Europe and the projected values for
2100. The reductions are very large in the Low demand projection.

For example the space heating demand would decrease per dwelling
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by 75 percent (40 percent in South Europe) in the Lower demand
projection, and by little more than 30 percent (it actually in-
creases in South Europe by 50 percent) in the Higher demand pro-
jection. The second‘large savings are achieved in the Lower
demand projection with respect to specific electricity use. On
the average for Western Europe the electricity needs per dwelling
are projected to increase by a factor of 2.3 in the Lower demand
and by a factor of 5.2 in the Higher one. Such low specific
electricity use growth in the Lower demand projection could only
be achieved by assuming that households would be soon saturated
with presently known appliances, that few new types of appliances
would be used in the future, and that the presently known ones
would undergo vigorous efficiency improvements.

Water heating needs are not projected to change much over
the current levels. Cooking energy requirements and cooking
practices are assumed to undergo rather homogeneous efficiency
improvements throughout Europe, resulting in energy requirements
lower by 30 to 70 percent than today.

In the service sector similar considerations as in house-
holds determine the long-term energy needs. Here, however, in-
stead of the number of persons living in a dwelling, the total
labor force in the service sector would be instrumental for the
level of energy use in the future. This labor force determines
the required working area. Table 5.15 gives the expected energy
requirements per square meter per year. However, it is assumed
that air conditioning will be used more intensively. At most
10 percent (South Eurcpe) of households are assumed to be air-
conditioned in 2100, while in the service sector up to 70 percent
of working area is assumed to be air-conditioned. The specific
space heating requirements are projected to improve by up to 60
percent in the Lower, and by about 30 percent in the Higher
demand projection.

Tables 16A and B summarize the useful and final energy

requirements in the households and services.
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Energy Demand and the Scenarios

The previous sections have outlined our approach of evalu-
ating energy demand and the salient assumptions made about the
demand components that determine the future energy requirements
in each sector of the economy. Two sets of energy demand com-
ponents were evaluated on the basis of the same GDP and popula-
tion growth. Thus we have implied a bifurcation of the future
trends, reflected in the Higher and the Lower energy demand pro-
jections. In many ways these two demand projections are mutually
exclusive since the underlying assumptions imply drastic changes
when compared with current life-styles and the structure of the
economic and social systems. We do expect that there would be a
rich menu of possible demand levels between the two projections
as they do represent extremes. If the society should choose to
go in one of the outlined directions, then it would soon be
difficult to reverse the social decision and choose the other
extreme path in the future.

This last observation cannot be validated in a formal manner,
but it is not foreseeable that such drastic structural and life-
style changes implied by the Lower demand projection could be
"reversed" somewhere along the path into the 21st century to
result in the Higher demand projection and vice-versa. The
bifurcation of the two projections is too large beyond the next
30 to 50 years so that the transition "window" cannot be ex-
tended indefinitely. This observation will become more obvious
in Chapter 7 when we describe the structure of the energy
supply systems that is drastically different from the current
one. Today we consume by and large exhaustible energy sources
and we envisage in the future energy systems based on sustainable
energy sources, but the supply systems would be different for the
two demand projections.

The two demand projections we have discussed so far result
in two demand levels for energy services in the transportation
sector, and useful and final energy in other sectors. The actual
amount of energy that is required in these projections depends
on how each of the demand categories is supplied. The simplest
possibility of evaluating the demand in terms of final energy

is to assume that also in the future the demand categories would
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be supplied in an analogous way as today. In other words, the
evaluation would imply that no additional structural changes
would take place beyond those that are reflected in the structure
and the activity levels of each demand category. The salient
assumption is therefore that the future final energy forms would
be equivalent to the current ones, or that no structural changes
would occur in the energy supply system.

Using this simplifying assumption, the two demand projec-—
tions imply final energy demands of 3.16 TWyr/yr and 1.33 TWyr/yr
by 2100. The corresponding average growth rates are 0.8 percent
per year in the Higher demand projection and 0.1 in the Lower one.
If we recall that the population and GDP growth levels were the
same for both demand projections, the difference between the two
demand levels is even more striking. The implied final energy-
GDP elasticities are 0.5 in the Higher and 0.1 in the Lower demand
projection. Tables 5.17 and 5.18 summarize these results. How-
ever, their usefulness is limited only to the direct comparisons
with the base year, 1975, in order to highlight the nature of
conservation and efficiency improvement measures assumed in the
evaluation of the future energy demand categories.

The actual final energy requirements will depend on the
structure of the energy supply system. The Lower demand projec-
tion corresponds to a decentralized supply system and the Higher
one to a centralized supply system. The core of their common
assumptions is the basis for the architecture of the overall sce-
narios. Thus the difference between these simplistically ex-
trapolated final energy demand levels and the actual final demand
levels in the scenarios illustrates the required changes in the
energy supply system. These changes range from utilization of
alternative sources of primary energy to new energy conversion
and distribution systems, and they are necessary if the evaluated
energy demand categories are to be fulfilled adequately, given
their underlying assumptions. In fact, some reductions of total
final energy supply due to structural changes occur 1in the Hard
Solar scenario. The total final energy in the Soft Solar scenario
is almost the same as the final energy calculated by extrapolating
current energy supply to the year 2100 with the Lower demand
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projection, but the supply structure is drastically different.
Before we analyze the energy supply systems of these two sce-
narios we will first assess the energy resource available in

Western Europe.
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6. CONVENTIONAL ENERGY RESOURCES AND RENEWABLE POTENTIALS
Energy System Configuration and Resources
The supply of sufficient amounts of energy is one of the

prerequisites for a stable and affluent future. This is an
especially crucial issue for Western Europe, since it can be
characterized as a region of the world with highly developed
economies but with few endogenous energy resources. This has
been clearly identified in the IIASA Global Study. Recalling
some of the results described in Chapter 2, it is evident that
the energy supply requires careful study, especially in Western
Europe. Otherwise it would be by no means obvious how energy
demand could lead to a reasonably consistent and adegquate energy
supply, conversion and distribution system via the complexity
of market prices, international trade, government regulations
and interventions, and physical and environmental constraints.
This is more so the case in this study, since our objective is
to investigate the possibility of a transition by the end of the
next century to a sustainable energy system based on solar energy.
The posed objective results in many conflicting constraints and
opportunities for the integration of many components of energy
cmand and supply into a coherent energy system. Some of the
important constraints are the endogenous resources and import
opportunities in the short to medium term and the practical ex-
haustion of conventional resources in the long term. The oppor-
tunities are to use the energy and capital availability in such
a way as to guarantee practically infinite supply of energy in
the long term.

The consideration of such a transition to a sustainable
energy system in the future requires a redefinition of the
current view that the energy is supplied by a large number of
more or less independent primary energy sources and energy con-
version and distribution facilities. A sustainable energy system
is an integrated system of a large number of dependent energy
supply, conversion and distribution technologies. The whole
energy system could be viewed as one complex process of inter-
related components and functions in an analogous way as we would
describe a single refinery. Thus in a sustainable solar energy

system the solar thermal power plant, a biomass plantation and
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a roof-top solar collector are no longer independent sources of
energy--they all have to be orchestrated, as if a central planning
bureau would exsist, in order to provide the demanded space heat
and final energy in the form of hydrogen, methanol and electric-
ity. It is also obvious that such integrated systems are not
only more complex than the current ones, but also that their de-
sign has to be carefully "planned" if the supplied energy is
going to satisfy the projected demands. A simple example illus-
trates this important characteristic of sustainable energy systems.
Consider a solar thermal power plant producing electricity and
thermolytic hydrogen. Electricity is transported by long distance
transmission links to consumption centers and hydrogen via a
pipeline, but both are not consumed directly; instead, biomass is
used with some of the thermolytic hydrogen to produce methancl
which then supplies the required liguid fuels demand. All elec-
tricity is not consumed directly either because of the differences
between the solar insolation profiles and demand loads. In part
it is stored in pumped hydro facilities or converted into hydrogen
by electrolysis before it is consumed. But the electrolytic
hydrogen could be used again for liquid fuel production or elec-
tricity generation in fuel cells or it could be consumed directly
as a gaseous fuel. This example shows that adequate back-up
capacities could be provided both through excess facilities but
also through careful systems design. Larger storage capacities
(including the hydrogen pipeline) could eliminate the need for
extra power plants and allow for the higher capacity utilization.
At the same time, the supply system must be flexible enough to be
adapted to new fuel mixes and fuel substitutions even during the
life-times of the installed facilities. All of this could be
achieved only if energy supply, conversion and distribution is
viewed as a single but very complex dynamic system.

In the next chapter we will discuss two principally different
energy systems that are based on sustainable sources of energy
but that supply different demand patterns identified in the pre-
vious chapter. The transition from the current consumptive use
of resources to these two sustainable energy systems and the
corresponding energy demands are embodied in the Hard and Soft

Solar scenarios. But before we present the two solar scenarios
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we will first outline the major constraints delimiting the future
energy systems, perhaps the most important among them being the

question of resources.

Assessment of Western European Energy Resources

It is a truism to say that because we live in a limited
environment also the resources that are at our disposal must be
finite. This statement must be clarified within the context of
sustainable energy futures. By a sustainable energy system we
do not imply that we intend to rely on unlimited resources, al-
though such resources might exist at another level of concep-
tualization than chosen for the Solar Study. We mean that such
energy systems use the available resources at sustainable levels,
or in other words, the limited resources are invested in an
energy system during the transition period in such a way that
eventually sustainable levels of renewable resources could be
exploited. For these purposes we distinguilsh the fossil re-
sources, which cannot be used at sustainable levels, from other
resources that are extracted from natural energy flows or from
man-made flows and can be used at sustainable levels. An ex-
ample of natural energy flows is the energy dissipated in run-
of f rivers that can be captured in hydropower plants or the part
of the solar flux that could be used for energy generation in
solar thermal power plants. An example of man-made energy flows
is the cultivation of biomass in such a way that the energy har-
vesting does not exceed the sustainable levels of the "biomass
stock". A somewhat analogous example is the use of abundantly
available depleted natural uranium in a breeder reactor with
limited amounts of fissile material as a "catalyst" for energy
generation. In all of these examples energy generation is
achieved by relying on a flow and not a "stockpile" of resources,
thus we speak of renewable energy resources. Within the context
of the Solar Study we have considered six broad classes of re-
sources: fossil resources which are truly limited, natural
uranium resources which could be both limited or "renewable" de-
pending on the energy conversion technology used, and four classes
of truly renewable resources--biomass, solar thermal conversion,
renewable electric conversion and on-site (user-oriented) re-

newable resources.
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Fossil and Natural Uranium Resources

Fossil energy sources are limited and principally cannot be
used in a sustainable manner (given a sufficiently long time
horizon). Strictly speaking, they are not exhaustible because
usually more resources could be discovered or would become ex-
ploitable given a higher price, but in practice this means that
their availability is limited.

Today fossil resources supply almost 90 percent of consumed
energy in Western Europe (see Table 3.3B), so that one of the
objectives in both solar scenarios is to substitute these re-
sources before they become too expensive and too hard to exploit
by other renewable ones.

As was mentioned above, the natural uranium could be viewed
as either a sustainable or exhaustible energy source depending on
how it is used. The resource becomes sustainable if breeder
reactors are employed; it is limited if burner reactors are used
in the same sense as crude o0il when it is burned to generate elec-
tricity.

Table 6.1 gives the estimates of ultimately recoverable,
proved and additional, fossil and uranium resources for Western
Europe {and Table 6.2. their average costs). The purpose of this
table is not to gquote the actual amounts that could or might be
found underground but to give the orders of magnitude. The
table shows that the resources are unevenly distributed within
Western Europe and that the total amounts, except for coal re-
sources in Central Europe, are not very large.

At current consumption rates (1975, see Table 3.3A) and
assuming complete reliance on domestic resources, coal would last
over 1000 years, crude oil about 20, natural gas about 45 and
uranium about 230 years. This observation implies the obvious:
either a shift to heavier use of coal and nuclear energy, a
stronger reliance on imported energy, or an attempt to restruc-
ture the energy system and complete the transition to alternative
energy sources in the future. The feasibility of the last possi-
bility depends to a large extent on the magnitude of renewable

energy potentials.
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Table 6.2. Costs of Ultimately Recoverable Resources (1975
constant dollars)

Recoverable 3
Resource Average Cost
Energy Source (TWyr) ($/kWyr)
Coal 370.9 58.5
Crude Oil 15.8 90.0
Natural Gas 9.2 90.0b
Uranium 8.5 4.2

a)Average costs include all mining and extraction, preparation
and transport costs.

b)Naturall uranium costs are based on LWR use and its fuel cycle
and not on advanced reactor type. With FBR the costs would
be significantly lower due to more efficient use, but also the
resource would become very large (about 1300 TWyr).

Biomass Potential

Under biomass energy potential we understand the photo-
synthetic fixation of solar energy in plants that can be har-
vested or collected and converted into a source of energy. With-
in this category the sustainable biomass potential is the ex-
ploitation of all renewable biomass ("flows'") short of endangering
the continuous regeneration of the biomass "stock". The main
sources are the energy -plantations and various agricultural energy
by-products and wastes.

The potential depends on the yields achievable per unit area
under cultivation and the area that could be devoted to energy
generation without conflicts with other non-energy uses, such as
food production, settlement patterns, recreation, etc. Table 6.3
gives the maximal yields (under laboratory conditions) for the
most important sources of biomass energy in Western Europe.

Table 6.4 shows how much of the low-conflict land could be used
for various forms of "energy farming” in the three Western
European areas. Given the land quality and climatic conditions
and taking the maximal yields we estimate the total biomass
potential of energy farms at 0.36 TWyr/yr on a sustainable basis.
The implied energy density based on the actual area used for bio-
mass production is quite high at about 0.70 W/mz, but the energy
"density" on the basis of the total area of Western Europe is
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Table 6.3. Maximal Energy Yields from Biomass under Laboratory

Conditions?®

Energy Conversion Efficiency
Yield of Solar Insulation

Biomass Source (W/m?) (%)

Forest waste 0.08 0.07

Timber 0.18 0.16

Whole tree 0.26 0.23

Harvest waste 0.30 0.27

Reeds 1.10 1.00

Sugar beat 2.31 2.10

a)Energy vields were determined at 110 W/m? Solar Mean Radiation,
which roughly corresponds to North Europe (see Table 3.2). At
much higher solar radiation levels of say 200 W/m? (about
maximal value for South Europe) yields of up to 3.5 w/m? could
be achieved with Eucalyptus plantations.

SOURCE: Johansson and Steen (1978).

Table 6.4. Land Potential for Biomass (1000 km?)

Europe

North Central South Western
Marginal farm land 1.4 3.5 8.9 13.8
Energy forests 69.0 15.4 64.0 148.4
Catch crops 21.0 61.0 140.0 222.0
Pastures 14.0 34.0 72.0 120.0
Total area® 105. 4 113.9 284.9 504 .2
Energy GWyr/yr 114.9 80.8 159.3 355.0
Density W/m? 1.09 0.71 0.56 0.70

a)Implicit shares of the land area are 9.1 percent in North
Europe, 14.9 in Central and 10.9 in South Europe.
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only about 0.08 W/m2, whereas the current density of energy con-
sumption is 0.33 W/m2 (see Table 3.2). This rough calculation
shows that the biomass resource alone is not sufficient to
support a sustainable energy system even if exploited on a grand
scale.

The biomass potential has been estimated on the basis of
all resources up to the cost of 160 $(1975) /kWyr given in Table
6.5. Adding to this estimate the total waste potential of 0.18
TWyr/yr, given in Table 6.6 by source, we arrive at a renewable
potential of all biomass sources of 0.54 TWyr/yr. This potential
is shown by source in Table 6.7 and for the three parts of Western

Europe in Table 6.8.

Solar Thermal Conversion Potential

The direct solar insolation potential is tapped by power
plants that convert solar radiation into thermal energy that is
either used for generation of electricity or other energy car-
riers such as hydrogen. Given the expected technical charac-
teristics of these centralized conversion plants (see Chapter 7), %
the solar radiation and land availability are the major deter- |
minants of the resource magnitude. Based primarily on the cri-
teria for identification of the available land, developed in the
study of the solar thermal potential for the South West of the
United States (Aerospace Corporation, 1974) and tailored to
national conditions in Western Europe, conflicting land uses
(for agricultural and other purposes) are specified and excluded
from the consideration on a country-by-country basis. In addition,
also land areas with slopes greater than 15O are excluded (greater

than 25° for southerly sloping land). Finally, the seismic and

Table 6.5. Biomass Resource Cost Categories (1975 constant

dollars)
Annual Average Marginal
Cost Resource Cost Cost
Category (GWyr/vr) ($/kWyr) ($/kWyr)
Cheap 191 60 100

Moderate 349 120 160
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Table 6.7. Biomass Resources by Source and Cost Category (GWyr/yr)

Cheap Moderate Total
Marginal farm-land 5.2 32.4 37.6
Energy forests b6.5 98.6 145.1
Catch crops 21.1 27.1 48.2
Pastures 36.9 87.2 1241
Wastes 81.3 103.7 185.90
Total 191.0 349.0 540.0

Table 6.8. Biomass Potential per Cost Category and Region

(GWyr/yr)
Europe Cheap Moderate Total
North 60.5 103.9 164.4
Central 45.6 85.7 131.3
South 84.9 159.4 244.,3
Western 191.0 349.0 540.0

strong wind activity zones and ground conditions (e.g. sand) have
been considered as exclusion criteria.

The potential of low conflicting land in North Europe was
not great due to already large land "allocation" to the biomass
potential, and it was limited in Central Europe largely due to
higher population densities (see Table 3.2) and extensive agri-
cultural land use. Adding to this the relatively low mean solar
radiation in North and Central Europe (around 120 degree~-days
against almost 200 in South Europe, see Table 3.2), high cloudi-
ness and low direct beam inclinations, the solar thermal potential
was indeed limited. As a consequence, we have only allocated the
potentially available low-conflict land below 50° North latitude
(dividing Western Europe through South France, North Italy and
Yugoslavia) to solar thermal conversion. The low-conflict land
areas above 50° North latitude we reserved for the photovoltaic
conversion of solar insolation to electricity (discussed below).
The area of Europe extending below 50° North is segmented into

three insolation zones, as shown in Figure 6.1.
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Figure 6.1. Three high solar insolation zones of Western
Europe.
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Due to the high uncertainty in the outlined procedure for
the estimation of the actual low-conflict land availability we
have identified in Table 6.9 the lower and upper bounds of this
land potential for the three insolation zones. In terms of the
total area of Western Europe this land potential represents
between 0.4 and 2.3 percent of the land surface. Taking the
upper bound as the maximal potential, the solar thermal con-
version could contribute about 2.56 TWyr/yr of primary energy
equivalent. Table 6.10 gives this potential and equivalent
amounts of final energy depending on the type of solar thermal
conversion plants used; namely, it is possible to generate elec-
tricity (with or without internal storage) or thermolytic hydro-
gen. The resulting renewable potential is large, it exceeds the
current Western European primary energy consumption by 70 percent
and is about five times larger than the biomass potential due to
high generation densities of 43 W/m2. However, it must be con-
sidered that this potential is unevenly distributed even within
South Europe. More than 50 percent would originate from Zone III

which extends over South Spain and Turkey.

Renewable Electric Potential

There are a number of renewable energy sources that are
suited mainly for generation of electricity. In Western Europe
these include hydropower, wind and wave power, but also photo-
voltaic conversion of solar radiation into electricity.

Table 6.11 gives the estimates of the maximal potentials
of these renewable sources for Western Europe. Hydropower is
the only source that is already under extensive use in Western
Europe. Hydropower supplies 45.4 GW(e)yr/yr to the current elec-
tricity generation (1975, see Table 3.5). We estimate the
European potential at more than twice the current use at about
108.9 GW(e)yr/yr (Partl, 1977). This potential includes the
runoff river plants. It does not include the pumped hydro-
storage plants, which are also foreseen in our scenarios for
short-term (daily) storage of electricity which is necessary
for bridging the gaps between electricity demand and generation
profiles. The exploitation of this hydropower potential would

require an all-out effort to install power plants. Table 6.11
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shows that about 9 percent of the potential is suitable only for
local use, which means that also a very large number of smaller
plants would be installed wherever possible.

There are a variety of water requirements that compete with
the exploitation of this potential. Examples are the irrigation
needs, especially in view of the biomass use for energy genera-
tion, river navigation, etc. In addition scenic and ecological
constraints must be observed. In general, however, it could be
expected that the economic considerations would be favorable
to the exploitation of this potential, since the technology is
well in hand. We should also note that the hydropower potential
given in Table 6.11 is based only on the estimates of continental
Europe and it does not include Greenland's glacier power which
would almost double the European hydropower resource (with a
potential of up to 90 GW(e)yr/yr, see Partl, 1977).

The estimate of the technical potential of wind depends on
local meteorological conditions and the specifications of wind
turbines suitable for tapping the resource. Very large machines
could utilize higher altitude winds, but would interfere with
each other if they are placed at close intervals downwind. Un-
fortunately, an exact estimate of the wind resource is problematic
since the meteorological surveys record wind speeds at a standard
height of ten meters above ground level. According to such
measurements the highest wind speeds of up to 8 meters/second are
attained off the west coast of Ireland, the United Kingdom and
the Arctic (D8rner, 1974). The areas bordering the Atlantic
Ocean, the North Sea and the Baltic Sea and parts of the Alps
have mean wind speeds in excess of 6 meters/second while wind
speeds range between 4 to 6 meters/second in larger areas in-
cluding the Mediterranean coastline.

We have made two simplifying assumptions with respect to
the wind machines suitable for direct electricity grid connection
and the small wind turbines for local use (farms and rural areas).
The representative large-scale wind plant has an annual elec-
tricity generation potential of about 580 kW(e)yr/yr per site
and the small-scale units designed for local use have a generation
potential of about 2 kW(e)yr/yr per unit, both at wind speeds of

about 5 meters/second.
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Given these assumptions, we base the technically feasible
potential on the availability of land for the installation of
plants in very windy areas with speeds exceeding 5 meters/second.
This potential has been estimated on a country by country basis.
It is based on potentials for the FRG (Jurksch, 1980), France
(Goethals, 1980), Denmark (Sgrensen, 1980) and Sweden (Johansson
and Steen, 1978, L8nnroth et al., 1980) and extrapolations for
Finland, Greece, Turkey and Yugoslavia using Sgrensen's method.
These potentials confirm the assessment given in ASA (1975).
Table 6.11 gives the resulting potential of 468.2 GW(e)yxr/yr
which is a very large resource--40 percent would be enough to
supply the current electricity consumption of Western Europe
(1975, see Table 3.5). About 6.6 percent of this potential would
consist of the small local wind turbines, which correspond to the
current level of fuel oil use in power plants. In fact, the wind
potential could be even expanded significantly using the offshore
sources and higher level over-land wind machines (200 meters and
higher above ground level). Such considerations would enlarge
the resource, but at the same time we have already made some
optimistic assumptions, that not fulfilled would lower the esti-
mate. Specifically we have assumed that wind machines could be
emplaced whenever the average wind speeds are favorable (above
5 meters/second) and wherever the low-conflict land is available,
ignoring the construction difficulties in some regions and that
in some very windy areas the power plants would be particularly
vulnerable to destructive storms.

The contribution of wave energy is very small compared with
wind and even hydropower. Table 6.11 gives the wave potential
of Western Europe at 19.9 GW(e)yxr/yr. This is a low figure con-
sidering that there are many schemes proposed for harvesting
this energy source, particularly in the United Kingdom, where
wave power is estimated as high as 8 to 9 GW. We have abstained
from exceeding such favorable estimates due to technical diffi-
culties of this resource. The main problem is that the machines
must be able to convert energy with high efficiency from 3 meter
waves while being able to withstand the onslaught of 30 meter
waves. This observation pertains to all coasts where wave power
has significant potential. WNo devices with this capability are

yet in the offing.
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The largest solar resource without intermediate thermal
energy conversion steps is the direct solar electric conversion
using arrays of photovoltaic cells. The resource, with an
estimated potential of 0.72 TW(e)yr/vr, given in Table 6.11, is
almost as large as the solar thermal potential (0.95 TW(e)yr/yr,
see Table 6.10).

The photovoltaic cells are inherently modular and responsive
to both diffuse and direct radiation. These two features have
favorable implications that can hardly be overestimated. First,
in middle latitudes of Western Europe it is not impossible to
devote even relatively large amounts of land (on the order of
thousands of km2) to solar power uses, but not in large units.
Second, the possibility of using diffuse as well as direct
solar radiation makes photovoltaic applications viable even in
areas where the cloudiness is rather high. In actual cases,
given the prevailing land use and climatic conditions in Central
and North Europe, these two features of photovoltaic solar con-
version make a great difference when compared with solar thermal
conversion plants. This was actually the reason for limitinc
the solar thermal conversion potential to latitudes below 50°
North and reserving the more cloudy areas of the North and
densely populated areas of Central Europe for photovoltaic con-
version. Finally, photovoltaics have no moving parts, have
potential life times that substantially exceed those of thermal
conversion power plants, and exhibit efficiencies of up to 20
percent. This feature,in conjunction with modularity and sen-
sitivity to diffuse radiation,makes the photovoltaic systems
especially suited for local uses. In addition, for exactly the
same reasons, the on-site potential (e.g. on the roof-top) of
photovoltaics is also significant and will be discussed below
together with other on-site renewable energy sources.

Unfortunately, there are no ideal energy alternatives and
the crucial problem with photovoltaic cells are the economics
of the high capital costs. These costs, however, are expected
to decrease substantially, especially considering our long time
horizon of over 100 years. We will return to the gquestion of
cost of all resources when we describe the configuration of the

whole energy system for the two solar scenarios.
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On-Site Renewable Energy Potential

We have assumed that the user-oriented renewable energy
sources are limited to the areas in the immediate vicinity of
the user. These areas are given in Table 6.12 and include roof
and south wall areas of residential and commercial buildings
and roof and immediate ground area of industrial facilities.
They are suited for installation of water heating systems and
photovoltaic arrays. The potentials for energy generation are
given in Table 6.13 and represent an optimal allocation of the
available area to useful heat and electricity generation. The
numbers identify the portion of the actual roof area that can
be applied for active solar heating. For example, the roof of
a given house is assumed to contain solar warm water systems
for that house and does not include the excess capacity to heat
other houses that may not have the adequate roof area. The
photovoltaic arrays are assumed to be installed over the total
roof area not used for active heating and over southern wall
areas. The potentials are significant; the photovoltaic elec-
tricity and useful heat potentials are almost equal to that of
hydropower (see Table 6.11}) in terms of electricity alone in
each sector (households/services and manufacturing). The im-
plied energy generation densities of on-site renewable resources
are about ¢.7& W/m2 compared with 0.70 W/m2 for biomass and
43.03 W/m2 for solar thermal conversion. This is a clear indi-
cation that although they represent a large resource, their use
must be limited to the vicinity of the user, otherwise, on a
large-scale operation, the devices would be too cumbersome.

Table 6.14 summarizes all of the domestic Western European
energy potentials in terms of the equivalent primary energy
{although the conversions cannot be precise) in order to compare
the orders of magnitude. The renewable energy sources have been
expressed in terms of their cumulative potential contribution
over a period of 100 years. All numbers represent maximal
potentials.

These resource potentials show that the lack of resources
alone could not be considered as a constraint in itself over the
next 100 years or more, even if the current primary energy con-

sumption (see Table 3.3) should increase seven-fold. Thus,
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considerung the potentail availability of resources, the pro-
jected Higher and Lower energy demands from the previous chapter
appear to be modest. Unfortunatley we are facing a number of
overlapping problems. The availability of energy potentials and
their actual technical and economic utilization are two different
issues. The conventional (fossil) resources are obviously not
sufficient and the utilization of renewable energy resources re-
quires the development of new technologies, and their commercial
use on a grand scale. The potentials are a collective asset of
whole Western Europe, they are very unevenly distributed among
and even within the individual countries. Thus their exploita-
tion requires a cooperative effort and a long time horizon. The
fossil energy sources will become more expensive, dirtier and
more difficult to extract and convert to useful energy forms,

and at the same time an enormous effort is required for a con-
tinual transition to sustainable energy sources. This all points
to the fact that the architecture of the energy supply system is
a crucial issue that will be instrumental for the feasibility of

a transition to a sustainable energy future.

Constraints

Before we turn to the actual design of the energy supply
systems of the two solar scenarios, we will consider the con-
straints that limit the implementation of every given energy
system. These constraints must be viewed from a "macro" level
as an aggregated sum ¢f many different limitations. Some of them
we can identify explicitly as for example land use, but others
can only be interpreted as combinations of institutional, tech-
nical, economic, etc. factors.

To summarize land use requirements that we have identified
above for each renewable source that requires significant areas
for energy generation (i.e. has relatively low energy densities)
Figure 6.2 compares the land requirements to sustain various
electricity generating systems, each producing about
0.7 GW(e)vyr/vr (6.1 TWh) of electricity. Table 6.15 identifies
the important assumptions made in characterizing these elec-
tricity generating systems. Thus, from the standpoint of land-

use requirements, the solar thermal energy conversion has the
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highest needs per unit of generated electricity. This explains
to an extent the reason for the careful evaluation of solar
energy potential in terms of the low-conflict land availability
in Western Europe. What these land requirements imply for the
whole energy supply system is illustrated in Table 6.16, where
land requirements for various renewable energy technologies are
given as percentages of the Western European total land area.

A figure of orientation is the 16.6 percent of the total land
area for exploiting the biomass, solar thermal, photovoltaic and
on-site energy sources. This area is about 751 thousand kmz, or
about the same as the area of whole Central Europe (see Table 3.2),
a large area indeed. Whether such an enormous undertaking 1is
actually feasible we cannot judge now. However, it is clear -that
using this whole potential would involve unprecedented efforts
and long-term planning. It is certain that this borders on the
extreme of what can be characterized as a real energy alternative
for Western Europe.

Table 6.17 and Figure 6.3 give the materials and health
hazards, in terms of man-days lost, for each of the =lectricity
chains given in Table 6.15. Here again it is possible to doubt
the feasibility of using solar energy sources to the extent we
have specified in the estimates of the potentials, but it is
important that the reader realizes what it means in terms of
such requirements to architecture a sustainable energy system
based on renewable energy sources. It is not an undertaking
that could be realized by simply relying on market forces acting
today: Due to the large orders of magnitude of both land and
material requirements an active effort is required. It is also
obvious that this cannot be done "overnight". Therefore we
now turn to constraints that act on a "macro" level in limiting
the introduction of new technologies, we call them market pene-
tration constraints.

Every new technology must pass three distinct phases of
development before it can successfully compete with older, estab-
lished technologies: It must show scientific feasibility, pass
the technical feasibility tests in a demonstration facility and
finally prove to be commercially competitive. After these three

development phases it can substitute old technologies if it
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becomes "acceptable". Figure 6.4 shows the historical substitu-
tion process of the major primary energy sources in Western
Europe captured by the logistic substitution model (Marchetti
and Nakicenovic, 1979). It appears that the substitution rates
are rather regular (that they exhibit similar substitution
"slopes"). In fact, it turns out that this is one of the major
results of the market penetration analysis undertaken at IIASA:
Substitution rates of competing technologies on one given market
(in this case primary energy market) appear to be very regular
and exhibit similar substitution rates. On the world level it
took about 100 years for a given energy source to increase its
market share from 1 to 50 percent of the market (see Figure 2.1),
and in Western Europe only about 30 to 40 years. The typical
build-up rates determined from historical data with the logistic
substitution model are seen in Table 6.18. Assuming that these
substitution rates, characteristic of Western Europe, would also
prevail in the future, we can extrapolate that renewable energy
sources cannot contribute more than 50 percent of primary energy
supply after 2030 if not introduced before the year 2000. We
observe this "constraint" explicitly in our scenarios by speci-
fying the maximal build-up rates of new technologies. We will
describe our assumptions in the next chapter.

In conclusion we may state that Western Europe has large
renewable energy potentials at its disposal. Unfortunately these
potentials can be exploited only under the condition that long
time is allowed for their full introduction among other tradi-
tional energy sources and that very drastic structural changes
take place in the whole economy and in particular in the energy
system. In the previous chapter we outlined some of the impor-
tant changes that could lead to the Higher and Lower energy
demand projections for the next 120 years. Given the renewable
energy potentials and possible constraints on their exploitation
assessed in this chapter, we now turn to the structure of the

energy systems in the two solar scenarios.
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Table 6.18. Historical Build-up Rates of Primary Energy Tech-

nologies
Build-up Introduction
Rated Date®
Region Technology (%/vyr) {Year)
World 0il 6.8 1880
Natural Gas 6.8 1902
United States 0il 7.7 1874
Natural Gas 7.0 1879
Western Europe® 0il 13.3 19309
Natural Gas 20.7 1958
Nuclear 10.4 1967

a)Build—up rate is the exponential growth rate of the new tech-

nology (in absolute terms) as it grows from 1 to 10% of the
market it serves.

b)Year when 1% market share was achieved.

C)Western Europe excluding Yugoslavia and Turkey (European OECD

countries).
d)Introduction data for oil in Western Turope has been estimated.

SOURCE: Marchetti and Nakicenovic (1979).
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7. ENERGY CONVERSION, TRANSPORTATION AND DISTRIBUTION SYSTEM

Energy Conversion and Use

Energy in its primary form can rarely be directly consumed.
Exceptions are coal or fuel wood burned in a stove. In general
energy must be extracted or collected, it must be converted
into secondary energy forms, for example in a refinery or a
power plant, and transported and distributed to the user before
it can be put to use as gasoline in a car or electricity for
lighting the house. This is a complex system comrising numerous
separate technological processes. However, only a detailed
analysis of this system can show whether and how a certain
energy demand can be satisfied.

The following conceptualization of the general structure
of the energy supply system will help to put this chapter in
perspective (see Figure 7.1): It relies on the available re-
sources of conventional energy sources and renewable energy
potentials and after conversion delivers useful forms of energy
to final use. The magnitude of recoverable resources and re-
newable potentials we have discussed in the previous chapter.
The useful energy requirements were specified by the two energy
demand projections in Chapter 5, along with the implied changes
in the whole economy. In this chapter we will discuss how these
two components, available energy and energy demand, are linked
together by the energy supply system.

The energy system of Western Europe is modeled in MESSAGE II
to include all energy conversion, transportation and distribution
stages from primary energy sources to energy use. MESSAGE II
is a linear programming model that optimizes the configuration
of the whole energy system under the minimum cost criterion and
constraints on build-up rates of technologies and on potentials
that they could reach. We start with the current energy system
of Western Europe and consider two possible evolutions up to the
year 2100 as specified by the Hard and Soft Solar scenarios.
Each of these two possible developments outlines the structural
changes that are implied by the two scenarios. Both, however,
lead to sustainable energy systems by the second half of the
next century that are decoupled from further reliance on fossil

energy sources.
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In Chapter 4 we have outlined the basic characteristics of
the proposed sustainable energy scenarios for Western Europe
and have mentioned that each of them relies to the maximum
possible extent on the specified "reference energy system".
Before we describe these reference systems in detail, it is
useful first to identify the various stages of energy conversion.
Figure 7.1 illustrates the energy conversion steps and the re-
sulting energy forms. Primary energy is the energy recovered
from nature: water flowing over a dam, freshly mined coal or
solar insolation over a given land area. Primary energy forms
are the resources and potentials at our disposal we have dis-
cussed in the previous chapter. Primary energy is converted
into secondary energy in several ways. Today central power
plants produce electricity and sometimes district heat. Re-
fineries convert petroleum to make convenient liquid fuels--
gasoline, jet fuel, diesel and naphtha. When gasoline is not
available, coal or biomass conversion plants could make liquid
fuels. Natural gas is one of the rare forms of primary energy
that can be used directly without conversion, but when ft is
not available central power plants could produce hydrogen either
by electrolysis or thermolysis of water. Sometimes the con-
version plant is at the end point of a system, as with nuclear
fission energy or biomass, other times it is a simple machine,
as with a hydroelectric or wind generator. But, regardless,
there are conversion losses in going from primary to secondary
energy and transmission losses in getting that energy to the
consumer. It is wrong to think of these losses as wastes. They
represent a trade-off of efficiencies: The use of energy to
transform and transmit energy permits the end user to apply it
efficiently for his purposes. These final steps are the con-
version of secondary energy into final energy (e.g. liguid fuels
and electricity) and of final energy into useful energy (e.g.
space heat) which then produces energy services (e.g. person-
kilometers traveled).

Each reference system covers the whole chain of energy con-
version, transport and distribution from primary to final and
useful energy forms. As a point of departure we will first
describe the current "reference system"” that is primarily based

on the use of fossil fuels.
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Current Energy System

The current energy system of Western Europe is shown
schematically in Figure 7.2. On the left are the primary energy
sources that were described in the previous chapter and on the
right the various final and useful energy demand components de-
scribed in Chapter 5. As was described in Chapter 3 the main
sources of energy today are coal, o0il and natural gas. Nuclear
energy and hydropower are used for electricity generation, and
biomass use is limited to fuel wood burned for space heating
purposes. Cecal, o0il and natural gas are used to produce both
secondary energy fuels and electricity. Fuels, after conversion,
are transported to final use by truck, rail or pipeline and
electricity by grids. An important feature that emerges from
Figure 7.2 is that the system is not very interdependent. The
only connecting links at the central conversion stage are the
electricity grids, otherwise each primary energy source is
delivered to end use by its own transportation and distribution
system. Within the system, there are no alternative liquid
fuels that could replace crude o0il refinery products. The fuel
substitutability is largely limited to water and space heating
and high to low temperature heat in industry. Thus the current
energy system could be characterized by few interdependencies
between conversion and distribution processes of various primary
energy sources. In addition, most of the energy supply, except
for hydropower and biomass use, is based on the consumptive use
of fossil and uranium resources. Due to the limited amounts of
endogenous resources that can be used in Western Europe today,
the import dependence is also accordingly high (as was shown in
Table 3.4) at about 53 percent of all primary energy consumed.

The reference energy systems of the Hard and Soft Solar
scenarios represent a completely different mode of rescurce use.
They are both based on sustainable use of renewable energy
potentials. By the second half of the next century they are
completely decoupled from consumptive uses of resources. In
terms of the schematic representation of the energy system
given in Figure 7.2, they can be viewed as a dual to the current
energy system. By the time the transition is completed, fossil

and nuclear energy is not used at all, instead only renewable
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energy potentials are relied upon while equivalent energy demand
categories of the right hand side of Figure 7.2 are still satis-
fied through a more complex and interdependent energy conversion,
transport and distribution process. They both imply a new
energy system structure.

Between these extremes, the current energy supply and the
two sustainable energy systems of the future, is the long tran-
sition period. During this transition the energy system in-

cludes elements from both present and future structures.

Hard Solar Energy System

The hard solar reference system relies on sustainable use
of biomass, hydropower and solar thermal potentials. Hydro-
power is converted to electricity. Solar thermal insolation is
converted into electricity in STEC plants located in South
Europe. Two types of STEC plants are envisaged, without in-
ternal storage and with 12 hours thermal storage. The generated
electricity is transported to other parts of Western Europe by
long~distance DC transmission links. Some of the solar thermal
plants produce hydrogen either by water thermolysis or on-site
electrolysis. Hydrogen is transported to other parts of Western
Europe by large pipelines that can also be used as a form of
daily hydrogen storage through pressure variations (up to 10
percent of nominal pressure). Hydrogen can also be a source of
electricity when burned in fuel cells. On the other hand, elec-
tricity can itself be used to produce electrolytic hydrogen
after DC transmission and before distribution by the grid. Daily
variations between electricity generation and demand are balanced
by (underground) pumped hydro storage. Seasonal variations
between delivered and demanded energy are balanced exclusively
in the form of hydrogen as a secondary fuel and not by seasonal
electricity storage. Biomass is converted to solid fuel by
being compressed to reach energy densities similar to brown
coal (about 1 kWyr per metric ton). It is however hardly used
as a source of energy in this secondary form, instead it is
either converted to methanol directly in an autothermal ligue-
faction process or after being blended with hydrogen. Thus al-

together four forms of final energy are delivered in the hard
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solar reference system: biomass as a solid, methanol as a
liquid, hydrogen as a gaseous fuel,and electricity.

Figure 7.3 reproduces the schematic diagram of the current
Western European energy system together with the hard solar
reference system and all interconnections between various con-
version, transportation and distribution stages. The diagram,
in its full extent, shows the transition phase of the energy
system of the Hard Solar scenario. At the beginning (in the
reference year 1975) only the current energy system is installed
and slowly, as the scenario evolves,various components of the
hard solar reference system are added. Toward the end of the
next century, when the transition to the sustainable energy
sources is completed, all of the components of the current system
are eliminated. The complexity of the hard solar reference
system and the transitional systems are apparent from the dia-
gram in Figure 7.3. The interdependencies of various energy
technologies are ever present at all conversion, transport and
distribution stages. The whole energy system can be charac-
terized as one large, complex process. Fuel substitutability
is possible at almost all levels of the system, and the changing
proportions between produced energy carriers are system induced.
Even over periods of a single year the proportion between gen-
erated hydrogen and electricity changes. During the summer time,
when solar insolation is abundant and energy reguirements are
relatively low, more hydrogen is produced and stored to be
partially converted back to electricity during the winter months.
This example illustrates the intricate interdependencies built
into the supply system. Before we proceed to describe the
characteristics of various energy technologies used in the energy
system, we will first describe the reference system of the Soft

Solar scenario.

Soft Solar Energy System

We have seen that a hard solar reference system represents
a complete structural change when compared to the current energy
system. However, it has one strong similarity to the current
system: It relies almost exclusively on central energy con-

version. In fact, the energy conversion is even more centralized
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than in the current system. In order to bridge the supply and
demand the centralized solar thermal conversion in South Europe
is connected with other parts of Western Europe by unprecedented
long-distance energy transportation consisting of hydrogen pipe-
line and DC electricity transmission.

The soft solar reference system configuration relies to the
maximum possible extent on decentralized, local, and on-site
energy conversion. Thus, in the Soft Sclar scenario the tran-
sition from the current system is both based on a complete
structural change and increased user orientation in energy con-
version itself. Today, user-oriented, on-site energy conversion

is largely limited to some use of fuel wood for space heating
and in few places small hydropower and passive solar space heating

installations. This kind of on-site energy conversion is rather
simple: Fuel wood is usually collected in the vicinity of the
user and simply burned, on-site hydropower is only used if there
is no electricity grid connection and is usually supplemented by
a diesel back-up generator or battery storage. The soft solar
reference system represents a different scale of operation, on-
site conversion is used whenever possible going to extremely

low energy densities per unit of conversion area. This means,
for example, that all of the available roof area is used either
for active solar heating or photovoltaic electricity. It also
implies extensive use of the wind potential.

Table 7.1 illustrates the "level of centralization" of
various conversion technologies foreseen in the soft solar
reference system from user-oriented, on-site facilities to large-
scale energy conversion of the hard solar reference system.

The "level of centralization" (in this sense an inverse of the
distance of energy conversion to the user) increases from the top
of the table downward.

In the configuration of the soft solar reference system the
highest preference is given to the on-site conversion. Only
when the complete potential of such renewable energy is exhausted
more centralized facilities are added in order to meet the energy
demand. The preference is the lowest for the large-scale energy
supply from solar thermal conversion in South Europe, represented

by the hard solar reference system.
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Table 7.1. Location of Energy Conversion Technologies with
Respect to Final User, Soft Solar Scenario

Location Technology Energy Form
On-Site Passive Solar Heat
Active Solar Heat
Small Photovoltaic Electricity
Solar Co-generation Heat/Electricity
Biomass Co-generation Heat/Electricity
Biomass Burner Heat
Local Large Photovoltaic Electricity
Small Windpower Electricity
Small Hydropower Electricity
National Large Windpower Electricity
Wave Power Electricity
Large Hydropower Electricity
Continental Solar-Electric Electricity
Solar-Thermal Hydrogen

Figure 7.4 gives the schematic representation of the current
system and the soft reference system. The primary energy inputs
are similar to hard solar, except that now also on-site and local
level renewable sources are used: wind, wave and photovoltaic
energy potentials. The high degree of user orientation can be
seen from more elaborate integration of end use energy poten-
tials supplying useful and final energy to households, services
and industry. These range from active solar space heating of
residential and commercial buildings to on-site photovoltaic and
solar thermal conversion in industry. Such systems need minimal
energy transportation and distribution systems (energy is con-
verted on site or in the immediate vicinity of the user) so that
at first glance they would appear to reduce the complexity of
the soft reference system. However, they all need back-up systems
and in addition the potentials of on-site systems are insufficient
to cover the demanded useful and final energy. Thus most of the
supply system encountered in the Hard Solar scenario has to be
added in order to achieve the adequate energy supply, but of
course, on a smaller scale. This all adds to the complexity of
the soft solar reference system. Furthermore, the interdependence
of different conversion, transport and distribution stages and
on-site conversion are more intricate than in the hard solar

system.



-131-

*OTIRUD0S IBTOS 31JOS 9yl JOo welsis Abasujg

SIBNJ 1010 - —

z

aupadig |,

D gany “H

“f°L 2INnbTJ

ebeioyg
::c._P.Wu ,.._._ sisAjowlayy +
e - T £ R0 e aupjadig &y 2318
ll abesoig somoy e
-oipAH padung ke sur 3 fe— Na16
i A uoneosyy Jejag

UONINPLY [851G 4

1211U210g 9ABM

[e1UI04 PUI

ANIN (Ad)
e
J34S Lr—— ey S eHOA0I0Y 4 l‘ﬂ_ﬂﬂ
Ug--uQ (Ad) JBMO( ane,
2181j0A0I04y ﬂ|r._l..l W ; uoNeIBUID -0 d INEM
AWIOHT - g AANDY P
aimesadwa _MMI JilH - —4— 0 18m0d PUIM I o
e awos PTLILLT LI [ ono |
L i L 3 Jue|q
e|o =a 5 -
E & T T ey 1omodoIpA
1eayy 1 1emodospAy [* 4

aocewn y

amnjesadwa | ybipy -

ageuny Jejog

AHLSNANI

.

[Fonis |4

(=

utes )
iy 5 H

Nanig f<

avelg

sabuassey l|_ utesy —l..-

—= — % A
NOILVLIHOdSNVHL I_ sng/ien _

ang -u0 (Ad) 71
21E1{OAOI0Y G Y

=

A

-

|enua104 0IPAH

1 " N ssewolg
uoneIBUID- 0] |loueyien S319vMINIY

TI* HMl I uawysuuy _'| whnjueiny
EELITY - o
L_S.F 13N 4 UYITONN

jouBap
0} jeo)

ANDiINDRYY e

Bunesyy g:u.ql—»

18AH - walsAg

SADIAYIS/ISATOHISNOM

Bunesyy

Buneary aaissey

NO113NQ0H4 311S-NO

ONVWIQ ADHINI ANY 38N N3

sen

T

..... — 0y

1Y Bl j 1904
seq
64 __ suljadig _1_ |
' 1 el 18Mog
10
¥ons)
~yuey |* = ™"V
_O ey Jamay
N u I

_‘.l. uoiyaejanbiy
1°0D

NQOILNGIYASIG ONY IDVHOLS ONY NOISHIANOD

NOISSINSNYHL

TYHANIOIAA

NOISHIANOD TVHINID

S804

ADHINT AUVYWILD



-132~

Reference Systems and the Demand Projections

Let us briefly summarize those characteristics of the Hard
and Soft Solar scenarios that have been considered up to this
point. Both of the scenarios lead ultimately to sustainable
energy supply as specified by the two future reference energy
systems. The Hard Solar scenario relies primarily on the use
of solar thermal and biomass potentials and the Soft Solar on
on-site renewable energy and biomass, and to a lesser extent on
local energy potentials. Only where these renewable sources of
energy are not sufficient to meet the projected demands, is the
solar thermal potential of South Europe integrated into the
reference system. This preference for user orientation in the
specified energy system of the Soft Solar scenario gives an
early indication that the Higher energy demand projection might
lead to serious supply problems if we rely only on the soft solar
supply system. We have seen in Chapter 5 that the Higher demand
projection implies greater use of liquid fuels (in transportation
and industry) and greater low and high temperature heat require-
ments (in households/services and industry). In anticipation of
the results presented in the next chapter we can state now that
this additional demand for finai and useful energy can be met
only by using the centralized energy conversion, transport and
distribution systems of the Hard Solar scenario. These, however,
are "undesirable" (have low preference) in the Soft Solar sce-
nario, and consequently this scenario corresponds to the Lower
energy demand projection. For the Higher demand projection the
Soft Solar scenario turned out to be inadequate--on-site and
local renewable potentials are soon exhausted. On the other
hand, the Hard Solar scenario appears to be mismatched with the
Lower demand projection--the large-scale conversion and the
long-distance transportation of energy is not required to the
extent specified in its reference system. In this sense we
consider the two scenarios as extremes, or two alternatives that
delimit the range of possibilities. Assuming the Lower demand
projection, the large centralized energy systems are simply not
required on the foreseen scale. Assuming the Higher demand pro-

jection, the on-site and local systems are inadequate and become
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overshadowed by the reguirements of a continental integrated
energy system.

The scenarios are at least to an extent mutually exclusive
since both of them require complete but different long-term
efforts to restructure the current Western European energy
system. Both of them reguire very intricate transition systems
that combine the properties of the current and reference energy
supply. Thus it is not foreseeable that the luxury of planning
for both alternatives could be afforded throughout the transition
period. Both systems require very high investment costs, high
land requirements and so on (see Chapter 10). But in addition
each of them implies a different supply system, a different
structure of the economy (as was seen in Chapter 5) and drastic

but different life-style changes.

Major Characteristics of Energy Technologies

Up to now we have outlined the structure of the energy
systems of the two solar scenarios. We have illustrated the
interdependencies of their various components both in the final
state when the sustainable energy systems are achieved, toward
the second half of the next century, and during the transition
period from the current structure mainly dependent on the fossil
energy sources. Figure 7.2, 7.3. and 7.4 have shown in schematic
form the various conversion, transportation and distribution
stages and links of the energy system between the resources and
demand categories. In the following sections we will describe
the performance and cost characteristics of each of these com-
ponets, starting from central conversion and ending with on-site

conversion and end use systems.

Central Conversion Plants

Table 7.2 gives the cost assumptions for the conversion
technologies used in the energy supply systems. Most of these
conversion technologies use the energy resources in their
primary form to convert them into secondary energy forms.

Typical of this class of conversion technologies are coal,
0il and natural gas power plants. The cost and performance

characteristics for these conventional power plants were taken
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Table 7.2. Cost Assumptions for Energy Conversion Technologies

Production
Capital Cost Variable cost? Cost
Technology (1975%/kW) (1975%$/kWyr) (19753 /kWvr)
Electricity Generation
Coal Power Plant with Scrubber 550 23 246
Coal Fluidized Bed Power Plant 480 36 234
0il-Fired Power Plant 350 19 340
Gas-Fired Power Plant 325 16 294
Gas Turbine Power Plant 170 17 335
LWR Power Plant 734 gsb 182
FBR Power Plant 1000 118 217
STEC Central Power Plant 1000 58 403
STEC Central Power Plant with Storage 3200 57 398
STEC Small Power Plant 2700 88 592
Central Solar Photovoltaic Power Plant 804 67 1067
Small Solar Photovoltaic Power Plant 625 105 ugz2
Hydrogen Fuel Cell 54 11 450
Run of River Hydropower Plant 620 9 111
Pumped Storage Bydropower Plant 279 25 482
lLarge Wind Power Plant 344 14 117
Small Wind Power Plant 585 14 212
Wave Power Plant 1852 B4 376
Liquid Fuels Production
Crude 0il Refinery 50 4 105
Coal Ligquefaction (Gasoline) Plant 480 4Q 180
Coal Methanol Production Plant 525 50 220
Biomass Methanol Production Plant 726 76 344
Biomass and Hydrogen Methanol Production 540 33 228
Hydrogen Production
HTR Thermolysis Plant 764 24P 100
Solar Thermolysis Conversion Plant 710 33 278
Electrolysis Plant 36 10 307
Hydrogen-Storage 50 3 318
District Heat Generation
Biomass Heating Plant 215 3 177
Active Solar Heating Plant 1703 30 212
Co-Generation
Biomass Co-Generation Plant 720 22 211
Active Solar Co-Generation Plant 2720 101 291

a)Includes operating and maintenance costs without fuel costs. Fuel costs are included in
the production costs.

b)Includes nuclear fuel cycle costs.

from the Global Study. Coal and gas need practically no treatment
pefore they are either used in power plants or transported and '
distributed to end use as secondary fuel. Crude oil, however, is
not used in its primary form. Instead, it is converted into a
number of secondary energy forms in a refinery. We have used a
rather simple model of the refinery producing one good: a mix

of refinery products. Since the use of fuel oil would be eliminated
pefore other refinery products during the transition period in

the scenarios, refinery capital costs are assumed to be higher

than at present due to additional cracking requirements.
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The runoff river hydropower and light water reactor (LWR)
plants are two additional electricity conversion technologies
in extensive use today. The hydropower plants are assumed to
be of a conventional design.

The LWRs are fueled by enriched natural uranium. During
the transition period, before sustainable reference systems
are fully implemented, more prudent use of the natural uranium
resource is envisaged in the Hard Solar scenario. The spent LWR
fuel is not discarded, instead it is reprocessed to recover
plutonium converted from fertile uranium (0238). This plutonium

stockpile is used as the initial inventory in fast breeder

reactors (FBR). The FBRs generate electricity by converting
uranium (U238) to additional plutonium or thorium to fissile
uranium (U233). The converted plutonium is used in turn to in-

stall new FBRs and fissile uranium to fuel either advanced LWRs
(or high temperature reactors (HTR) in the Nuclear Scenario, see
Chapter 9). This nuclear system is an efficient user of uranium
resources and is used to enhance the transition from current,
predominant use of fossil resources for electricity generation

to future sustainable systems. The variable costs of all nuclear
conversion technologies given in Table 7.2 include the fuel cycle
(and reprocessing) costs.

The solar thermal electric conversion (STEC) power plants
are assumed to be of the central receiver type. The centrally
located tower contains the absorber and steam turbine generator
rated at 10 to 100 MW(e) capacity. The central receiver tower
is surrounded by a field of heliostats (two-apex tracking mirrors)
that reflect and concentrate the direct beam solar radiation onto
the absorber.

To improve the capacity utilization and decrease output
variation, a STEC plant design with internal storage is also in-
cluded. A high temperature thermal storage (salt or some other
high temperature medium) is inserted between the aborber and the
turbine-generator unit. In this way the performance can be
improved and reaches a capacity factor of about 70 percent with
thermal storage capable of delivering 12 hours of output at
rated capacity. Of course, a similar effect can be achieved by

using pumped hydro (underground or mountain reservolir) storage
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instead of the internal thermal storage facility. The cost and
performance characteristics of the STEC power plants, with and
without storage, were taken from Britt et al. (1979) and Selcuk
(1975). In addition to the cost assumptions given in Table 7.2,
Table 7.3 shows the performance assumptions of the STEC plants
for the three insulation zones of South Europe.

In addition to the larger fossil, nuclear and sclar thermal
power plants, Table 7.2 includes a host of small electricity
conversion technologies suited mainly for local and on-site
electricity generation. Typical of this class of smaller con-
version units based on renewable energy potentials is the photo-
voltaic electricity conversion. Two types of photovoltaic in-
stallations are considered, larger utility operated units and
smaller user-oriented units that are installed on site of
residential and commercial buildings and industrial facilities.

All photovoltaic units are assumed to be of a modular type,
each module containing an array of photovoltaic cells with a
solar radiation to electricity conversion efficiency of 15 per-
cent. Considering the efficiency loss due to the assembly of
single cells into modules and the possible need for direct to
alternating current (DC to AC) conversion an overall efficiency
of 11 percent is assumed for a given module. In order to in-
crease the utilization factors, the modules are assumed to be
mounted with a tilt towards south (on-site installations would
also use the south~wall area). Finally, considering the differ-
ences in the solar radiation between the three parts of Western
Europe (see Table 3.2), the overall capacity factor is 11.9 per-
cent for installations in North Europe, 10 percent in Central
and 16.5 percent in South Europe.

The investment costs, given in Table 7.2, are based on the
assumption that the module cost would not exceed 500 $(1975)

per kW(e) The difference between the capital costs of

utility aggaﬁn-site units are due to other components, such as
the support structure.

The larger of the two representative-wind electric con-
version plants is also assumed to be utility operated and the
smaller is assumed to be user operated and installed in his

vicinity. The utility plant consists of a number of horizontal
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axis turbine units with a rotor diameter of 67 meters and a

hub height of 50 meters (Meier and Merson, 1979). The units are
rated at 1.5 MW(e) installed capacity and have an annual elec-
tricity generation potential of 580 kW(e)yr/yr per site at wind
speeds exceeding 5 meters/second. The small-scale units for
local use are also assumed to be of a horizontal axis machine
design (M.A.N., 1979) with a rotor diameter of 11 meters and a
hub height of about 10 meters. The annual electricity generation
potential is about 2 kW(e)yr/yr per unit at wind speeds exceeding
5 meters/second.

We have assumed that the wind power plants can supply at
most 30 percent of total electricity demand without a serious
generation and demand load profile mismatch. This share can be
substantially increased (perhaps by another 30 percent) if daily
electricity storage facilities are used. As was already mentioned
above, the pumped hydropower storage facility is foreseen for
daily generation and demand balances. This means that a part of
the electricity generation in STEC, photovoltaic, wind and wave
power plants is delivered to final use via hydro storage.

Wave power plants are the least competitive of all re-
newable electricity conversion facilities. They consist of a
number of 10 meter long buoys anchored off-shore. The elec-
tricity generating capacity is estimated at 180 MW(e) per site.
As can be seen from Table 7.2, the capital costs are very high
and capacity utilization is assumed to be at most 55 percent, so
that the electricity production costs exceed those of the wind
electricity conversion plants. Expected life time of wave power
plants is about 20 years.

We have already described the simple refinery used as a
representative current liquid fuels conversion technology. More
advanced coal to liguid fuels conversion technologies are also
included in the scenarios (as can be seen from the schematic re-
presentation of the energy system from Figures 7.3 and 7.4),
although they are not a part of the reference energy systems
which rely exclusively on renewable potentials. However, liquid
fuels production from coal is necessary in order to replace re-
finery products during the transition period before coal liquid

fuels themselves are substituted by (biomass) methanol and (solar)
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hydrogen. The advanced coal technologies include autothermal
liquefaction and later also methanol synthesis in order to en-
hance the transition to methanol as a major liquid fuel in the
reference systems. Ultimately, all hydrocarbon fuel demands
(mainly for non-energy uses, i.e. feedstocks) would be delivered
by methanol generated from biomass. The production processes

are based on biomass gasification to break the cellulose and then
synthesize methanol under pressure.  Basically this means that
the hydrogen to carbon atom ratio of biomass of about 1.7 has to
be increased to over four in order to synthesize methanol. We
have considered two possible technologies. In the first case

the ratio is increased by releasing carbon dioxide from biomass
during the gasification step. 1In the second process the carbon
dioxide is retained and biomass is blended with additional
hydrogen to generate methanol. In the sustainable system the
hydrogen blending process is used exclusively in order to enhance
the use of biomass as a source of carbon atom. Hydrogen, on the
other hand, is assumed to come from a number of different sources.

Initially, the electrolysis plant plays the equivalent role
as the coal to methanol synthesis plant. It represents an ad-
vanced version of a technology that is available today, but not
needed in the sustainable energy system. It is required, however,
to alleviate the transition to wide-spread use of thermolytic
hydrogen produced in the solar thermal plants.

Hydrogen is foreseen as a preferential form of secondary
energy not only because it can help to economize the use of the
carbon atom from biomass, but also because it is easier to trans-
port over long distances and store over longer periods than
electricity. Initially hydrogen is assumed to be produced by
eletrolysis of water, but later direct thermolytic splitting of
water would be used without electricity as an intermediate step.
In the Nuclear scenario (described in Chapter 9) also high tem-
perature reactors (HTR) would produce thermolytic hydrogen.

Today it may appear doubtful whether such advanced tech-
nology would be soon available and competitive with electrolysis.
We anticipate very favorable costs for thermolytic hydrogen pro-
duction by assuming that the current research and development
of the HTR would lead to new technological break-throughs for
the future (50 years or so) that are also applicable to STEC plants.
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We have mentioned that hydro storage facilities are fore-
seen to balance the daily electricity generation and demand load
profiles. The preferred location of these storage facilities
are the underground, already mined rock caverns and the high
mountain reservoirs so as to minimize the construction and scenic
impacts. Hydro facilities, however, are not suited for seasonal
storage due to large storage volume requirements. Since hydrogen
is assumed to be a preferential energy form, it is foreseen that
hydrogen storage would be used to complemént electricity in
balancing the seasonal generation and demand differences. Hydro-
gen would be stored in depleted gas and o0il fields of Western
Europe. Such underground formations are especially suited for
storage since they previously contained gas and fluids at high
pressures and have been connected to Western European pipeline
grids. Thus a new infrastructure would not be needed, only an
upgrading of the already existing infrastructure would be re-
guired. Consequently, capital costs are also assumed to be re-
latively low in Table 7.2. Additional daily hydrogen storage is
assumed not to be required since the long-distance hydrogen pipe-
lines from South Europe, where the STEC plants are located, have
a sufficiently large volume to act as daily storage when the
hydrogen pressure is varied by up to 10 percent.

The "indirect" seasonal storage of electricity is achieved
by using the fuel cells to convert hydrogen to electricity. We
have assumed an efficiency of about 70 percent and in addition
the possibility of using the waste heat for district heating
purposes.

For the generation of low to medium temperature heat biomass
and active solar district heat and co-generation plants can be
used in addition to the hydrogen fuel cells. The biomass co-
generation plants are assumed to be rated at 300 MW(e) installed
capacity and the smaller district heat plants at 50 MW(th) in-
stalled capacity. The active solar district heat plant is
operated during the winter using seasonal heat storage (rocks or
some other high temperature medium). The use of the solar co-
generation plants is limited to South Europe due to relatively

high solar insolation levels, but nevertheless they still need
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on the average a 60 percent back-up capacity (30 percent in
summer and 70 percent in winter time). Biomass is used as a

back-up fuel.

Energy Transportation and Distribution Systems

The transportation of solid and ligquid fuels is limited to
road and rail. Although other alternatives exist, such as barge
and oil and coal slurry pipeline, they are assumed not to be
used so extensively for energy transportation to warrant separate
treatment. To the extent that these are used, their costs are
included under truck and rail transportation in Table 7.4. A
typical unit train is assumed to contain either tank cars for
ligquids or steel bed cars for solid transportation. 10 percent
of spare cars and 7.5 percent of spare locomotives are foreseen
as maintenance back-up capacity and are included in capital
costs. The trains are rated at about one billion ton-kilometers
per year capacity and have a life time of about 20 years.

The trucks are of the over-the-road, semi-rig type capable
of transporting 25 tons of solids or liquids at an annual ca-
pacity of about 2 million ton-kilometers. The expected life time
is seven years.

Electricity and gaseous secondary energy is distributed to
end users by grids. The electricity grid consists of a network
of areal lines connecting the long-distance transmission links
and power plants with end use devices. A small number of under-
ground lines is assumed in very densely populated areas. The
costs given in Table 7.4 are based on a sub-grid unit capacity
of 132 MW(e). The expected life time is 50 years.

The natural gas or hydrogen distribution grids include the
main and secondary stations, metering and control equipment and
secondary lines. The grid connects the long-distance pipelines
with end use devices. The costs are based on a sub-grid capacity
of 0.6 GW(th) of natural gas or hydrogen. The expected life
time is 40 years. Although hydrogen has three times lower spe-
cific energy content at given pressure than natural gas, the
costs are the same, because hydrogen flows about three times
faster through a pipeline than natural gas at the same pressure
(Beghi et al, 1972).
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The costs of long-distance electricity and hydrogen trans-
portation links from South to Central and North Europe are also
given in Table 7.4. Figure 7.5 illustrates possible long-
distance links for Western Europe. Distances between nodes are
assumed to range from about 1000 to 2000 kilometers. Elec-
tricity is transported by 800 kV direct current (DC) transmission
links with an overall efficiency in excess of 90 percent. Step
stations and rectifiers are included in this estimate, the life
time of a given link is about 50 years. The hydrogen pipeline
is an advanced large volume high pressure design with a diameter
in excess of one meter. It also acts as daily hydrogen storage
facility through about 10 percent pressure variations. The
estimates include the cost of compressor stations. The expected

life time of a given link is about 40 years.

Energy End Use in Transportation

The energy demand projections for Western Europe, presented
in Chapter 5, were assessed for all sectors in terms of useful
and final energy requirements. The main exception were the pro-
jections for the transportation sector (which does not include
energy transportation requirements discussed in the last section).
There we have mentioned (on p. 77) that the energy use in trans-
portation does not only depend on the distribution of different
transportation modes and their respective usage, but also on the
energy intensities per traveled person-kilometer or transported
ton-kilometer. These intensities are a function of vehicle
efficiency, capacity utilization, traffic flow and structure,
and the types of fuel used. Thus, considering the capacity
utilization and traffic system characteristics, we have presented
a projection of different transportation service requirements
(in Chapter 5). Here we will state our assumptions about the
energy intensity of different transportation modes and their
costs. Given this information, the energy requirements for non-
energy transportation can be determined within the overall energy
system structure outlined by the scenarios.

Table 7.5A gives the specific energy requirements (in 19753)
per transported ton-kilometer and traveled vehicle-kilometer

of different transportation modes, and the relative energy
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Figure 7.5. Possible hydrogen and electricity transporta-
tion links
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intensity decreases for the two solar scenarios, assuming further
use of fossil fuels. As we have mentioned in Chapter 5 (see also
Table 5.13), significant improvements in freight and passenger
transportation efficiencies are postulated. The efficiency im-
provements results from higher capacity utilization (i.e. rela-
tively lower vehicle-kilometer activity levels compared with
person~kilometer projections) and from lower energy intenstities.
Highly optimistic energy efficiency improvements are shown for
passenger (urban and intercity average) car and plane travel.

The specific energy requirements are reduced for these two trans-
portation modes by up to 70 percent, while for other modes of
passenger and freight transportation the improvements range
roughly between 30 to 40 percent.

Table 7.5A also gives the capital and variable costs based
on the further use of fossil fuels. The apparently large differ-
ences in costs of various transportation modes are important in-
dicators of the different roles that they fulfill within the
transportation system. For example, the variable cost of freight
transportation by truck is significantly higher than the cost of
train or barge. However, truck transportation is much more
flexible and faster and in addition the only practical mode of
urban freight delivery. The factors that determine the relative
shares of different transportation modes have been discussed in
Chapter 5 within the assessment of the energy services require-
ments in the transportation sector.

The specific energy requirements of different transportation
modes given in Table 7.5A for fossil fuels could be fulfilled
by a number of final energy forms that are modeled in the sus-
tainable supply systems of the two scenarios. Table 7.5B gives
the relative cost and energy intensity changes for alternative
(non fossil) fuels. Fossil fuels cost and energy intensity is
taken to be normalized to unity in this table. It is shown,
for example, that for cars the fuel requirements (per vehicle-
kilometer) would be lower for methanol and hydrogen than for
gasoline, but that capital costs would increase due to more com-
plex fuel storage (tank) and energy conversion requirements
(engine, fuel system, etc.). Variable costs are also lower

largely due to lower environmental and other impacts of these
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fuels (e.g. the engine o0il is cleaner when methanol or hydrogen
are used which implicitly leads to longer service intervals).
Similar reasoning was used in deriving the cost and energy
intensity requirements for other transportation modes. Finally,
it should be observed that capital costs of a hydrogen airplane
are lower than those of a conventional one, since the specific
weight of hydrogen per energy unit it can deliver in a jet
engine is lower, leading to a singificantly lower weight of the

aircraft.

Energy End Use in Other Sectors of the Economy

The energy use and costs of various transportation modes
represent only one category of energy end use devices and
facilities. Within the framework of the Higher and Lower demand
projections we have presented the final and useful energy re-
quirements of all other sectors in addition to the energy service
requirements of the transportation sector. In all sectors the
projected energy demands were a function of many energy use de-
terminants, but as the most important we have specified the
implied life-style changes and structural changes, and efficiency
improvements. The resulting specific energy use regurirements
are used within the energy supply system to determine the sub-
stitution between different energy forms and various components
of the energy system necessary for satisfying the specified
energy demands. In particular, we have seen that given the re-
quired vehicle-kilometer and ton-kilometer transportation require-
ments, various fuels could be used in various transportation
modes to deliver this energy service. The choice of a given fuel,
however, would depend on the particular energy system configura-
tion. A similar consideration also applies to the energy end use
in other sectors. 1In addition, in all sectors except transporta-
tion we have also foreseen the possibility of on-site generation
within the Soft Solar scenario. This increases the complexity
of the energy end use systems. Namely, it is also possible to
use on-site energy generation for supplying a given energy demand
instead of only choosing a particular end use device with a given

final energy form.
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Table 7.6 gives the cost and performance assumptions for
energy end use in agriculture, construction and manufacturing
for the major energy end use categories specified in the two
energy demand projections of Chapter 5. Table 7.7 gives the
cost and performance assumption of energy end use technologies
for space and water heating in households and services. Since
many of these end uses and technologies are not available today,
the earliest foreseeable date of commercial utilization is also
given in Tables 7.6 and 7.7. The energy use and technologies
range from the conventional oil burner and heat pumps to advanced
conversion devices such as on-site STEC in industrial use of
solar-thermal high temperature heat.

Within the two demand projections of Chapter 5 all water
heating, steam generation, furnace (high temperature) heat and
space heating requirements have been specified in terms of useful
energy. These use categories represent the last level of the
energy system as was shown in the schematic structure of the
energy systems in Figures 7.3 and 7.4. Thus these energy use
categories represent an interface between the energy supply
system and energy demands resulting from economic and other
numan activities. At this interface the energy available for
final uses is the actual amount of different final energy forms.
Thus, the efficiencies given in Tables 7.6 and 7.7 for these four
end use categories represent the conversion of final to useful
energy. Within each of these four categories any given final
energy form can be used to deliver the demanded useful energy.
Which one is chosen depends on the overall structure of the
energy system (e.g. energy availability, costs, etc.).

The specific electricity requirements, however, are basically
(by definition) not substitutable by other forms of final energy.
For space and water heating, however, a host of technologies can
be used. We have limited our consideration of the end use de-
vices (for all sectors) to the components specific for a given
technology and have exluced those components common to all end
use devices., For examplé, the costs of space heating systems in-
clude only the parts relevant to the given form of final energy
(e.g. gas, oil, methanol, hydrogen, electricity and active on-

site solar) such as the burner itself, fuel or heat storage,
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Table 7.6. Cost and Performance Assumptions for Energy End Use in
Agriculture, Construction and Manufacturing

Capital Variable Plant Introcuction
Cost Cost Efficiency Factor Date
Energv End Use (19758 /kW) (1975$/kW) (51 & (%) (Year)
Thermal Low
Coal 100 15 85 70 1975
0il 38 6 89 70 1975
Gas 30 5 90 70 1975
Biomass 120 30 85 70 1980
Methanol 38 6 89 70 1990
Hydrogen 30 6 100 70 2010
Electricity 120 3 95 70 1975
Solar-Thermal (low) 1011 76 n.a. 490 1995
Thermal High
Coal 550 17 60 100 1975
0il 500 15 60 100 1975
Gas u50 14 60 100 1975
Methanol 500 15 60 100 1990
Hydropower 4590 14 100 10a 2010
Electricity 400 12 100 100 1975
Solar-Thermal (high) 1311 98 n.a. 40 2010
Steel Production
Coal (Coke) 1000 30 75 100 1975
Gas 500 15 100 100 19890
Methanol 500 15 100 1%0 19390
Hydrogen (and Coal) 500 15 135 100 2010
Feedstocks
0il 100 1975
Gas 100 1975
Methanol 100 1990
Motor Fuels
0il 100 1975
Gas 100Q 1975
Methanol 120 1990
Hydrogen 200 2010
Electricity
On-Site Photovoltaics 625 157 12 12 2010
On-Site STEC 2704 203 4Q 40 2010
Co=-Generation
Cecal 690 24 87 85 1975
Biomass 569 34 82 5Q 1995
a) R
(n.a. = not applicable).

The efficiencies for coke, feedstocks and motor fuels indicate the relative performance of
alternative fuels with respect to coal for coke, and oil for feedstocks and motor fuels. Since
these fuels are directly used in these three energy use categories without prior conversion the
capital and variable costs are not given.
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connection to grid or local energy transport and so on. The
parts common to all space heating systems are not included:
distribution system within the building (pipes), radiators,
thermostats, etc.

The coal, o0il, gas and electricity heating devices and heat
pumps are all available today. Biomass (mainly fuel wood) is
also used in Western Europe, but current use is limited to a few
rural areas. The biomass heating envisaged in the scenarios is
based on pre-processed biomass that has gualities of other com-
mercial fuels (it is compressed to energy densities of brown
coal). Thus the efficiencies of biomass heating systems are as
high as those of burning coal, but costs are higher due to more
elaborate fuel handling. The use of methanol and hydrogen in
heating systems and extensive solar heating are new technologies.
We have assumed that these fuels would provide similar effi-
ciencies and performance similar to current liquid (oil) and
gaseous (natural gas) fuels. The performance and costs of solar
heating systems are qualitatively different from current heating
devices. These systems do not simply convert final into useful
enerqgy, they generate useful energy on site. In addition, their
effective application necessitates a new design or substantial
modification of the building and usually also requires some kind
of back-up capacity or storage system. Fortunately, relatively
high reductions of energy for space heating were possible in
both demand projections (see Tables 5.14 and 5.15 in Chapter 5),
due to very high insulation of buildings, so that additional in-
sulation requirements for solar heating are not very elaborate.
This tends to reduce the already high investment costs of solar
heating systems. In particular, the only additional insulation
needed to convert a very efficient house of the Lower demand
projection into a passive solar house is the exterior glazing and
framing on the south wall, movable shutters to retain the col-
lected heat during the night, heating vents in the wall area and
suitable materials to ensure good absorption and wall stability
at higher temperatures. Only these costs are included in the
estimates in Table 7.7. The capital costs of 2639 $(1975)/kW
is an average figure for Western Europe (the capital costs are

in fact 14 percent lower in South than in Central Euorpe). The
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estimates are based on the analyses of monthly mean global solar
radiation and air temperatures at representative sites of
Western Europe.

The costs and performance of the active solar systems have
been assessed by an equivalent procedure. The basic additional
components are the non-concentrating solar heat collectors that
operate at moderate temperatures. The capital costs are lower
since some of the additional insulation is not required. All
of the solar heating capital costs (for both passive and active
systems) have in addition the cost of back-up capacity. The
cost estimates of all solar systems are based on the work for
an earlier report to the BMFT (Bell et al., 1978).

The specific electricity requirements (Table 5.16B) of
households and services are assumed to be provided by the grid
and some use of on-site photovoltaic and wind electricity con-
version. These systems were previously discussed under the
section on central conversion technologies above.

The generation of useful heat and specific electricity for
agriculture, construction and manufacturing (see Tables 5.9A and
B and 7.6) employs all end use devices described above except
passive solar space heating. The specific electricity require-
ments can be partially fulfilled by on-site generation from
small STEC plants with heat storage and on-site photovoltaic
arrays. These on-site electricity generation systems do not
include the costs of the back=-up, since the connection to the
grid with a sufficient capacity is assumed whether on-site
generation is used or not. The small STEC plant can also be
employed directly for production of furnace and low temperature
(process) heat. Finally, small coal and biomass co-generation
plants can also be used.

The specific final energy needs such as current uses of
coke for steel production, petrochemical products as feedstocks
and motor fuels are assumed to be fully substitutable by hydro-
gen and methanol in Table 7.6.

These categories of energy end use have been expressed in
terms of final energy in the two demand projections of Chapter 5.
Therefore, the efficiencies indicate the relative performance of

alternative fuels with respect to coke (from coal) uses, cil
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use for feedstocks and motor fuels. For example, the use of
hydrogen (with two percent coal as a source of carbon) for steel
production implies a relative performance improvement (efficien-
cy) factor of 1.35. 1In terms of final energy requirements for
coke this means that 74 percent less hydrogen is required than
coke. The use of methanol for feedstocks causes the same final
energy requirements as the use of 0il products. The use of
methanol and hydrogen for motor fuels, on the other hand, implies
lower final energy requirements than the use of gasoline and
diesel fuels (13 percent reduction for methanol and 50 percent
reduction for hydrogen use).

We have seen that a variety of energy supply technologies
can compete within the energy system to meet demands. However,
a change in the sources of primary enerqgy usually leads to
different energy end use patterns. In some cases such structural
changes of the energy system lead to higher final energy require-
ments for a given useful energy demand and in others to lower re-
guirements. However, the actual energy flows and balances
throughout the energy system are not only a function of the
substitutability between various energy forms and technologies,
but also of technological development and cost structure changes

of various fuels and technologies.

Build-Up Rates of Technologies

We have seen that the energy supply systems of the two solar
scenarios employ a host of new technologies assumed to become
commercially available during the next 100 years. The use of the
new technologies and those already available today is limited
locally and in Western Europe by the magnitude of resources, re-
newable potentials and the opportunities of additional energy
imports.

These limitations have been specified in the previous
chapter. Thelir assessment was based not only on the absolute
magnitude that might eventually become available but also con-
sidering the various constraints, such as competitive land use.
We have also mentioned that the specified potentials of new and
traditional resources can be exploited only under the condition

that much time be allowed for the full introduction of new
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technolgies and that anticipated structural changes in the )
Western European economy take place. In this chapter we have
addressed the required structural changes of the energy system
that would result after the transition period in a sustainable
energy supply of the two reference systems. The dynamics of
these structural changes is limited by the maximum build-up
rates of new technologies. Table 7.8 gives the assumed build-
up rates for energy conversion, transportation and end-use tech-
nologies. They do not exceed the historical build-up rates of
today's energy technologies given in Table 6.18. In addition,
the start-up capacity given in Table 7.8 indicates the level

at which a technology is assumed to become commercially available.
Together the build-up rates and start-up capacities determine the
maximum asymptotic growth of any technology, with higher growth
rates at the beginning. As a general feature, the build-up
constraints are more stringent for end use technologies, re-
flecting typically greater complexity of such systems. It is
relatively easy to construct one solar heated house, but a

large-scale construction effort requires an elaborate supporting

Table 7.8. Build-up and Start-up Constraint Assumptions for New
Energy Technologies

Build-upa Start—upb
Energy Technology Rate (%/vr) Capacity (MW)
Conversion 15¢ 300
Transportation
and Distribution 15 900 3
End-Uses 7 n.a.

a)Build-up rate is the maximal exponential growth of a new

technology.

b)Maximal installed capacity in the introduction year of the
new technology.

c)Build-up rate constraint for nuclear conversion technologies
was assumed to be 8.4 percent per year due to relatively
favorable costs of this technology.

d)Not applicable. Start-up constraint for every end use tech-

nology was specified at 0.1 percent of the demand class it

serves.
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infrastructure and an active participation of the energy con-
sumer. However, the build-up rate constraints provide only an
upper limit to the introduction rates: The actual introduction
rates depend on other factors, one of the most important of them

being the relative costs of competing technologies.

Cost Assumptions

The assumptions used in this chaptéf for assessing the
capital and variable costs of competing technologies are highly
judgmental in spite of the fact that they were arrived at by
averaging and comparing many different data sources. And while
these costs will surely change over time, perhaps dramatically,
just one cost estimate for each technology was given for the
entire time horizon of 120 years. Thus the possibility that
the cost figures given in previous sections might be greatly
understated should not be overlooked. It can be observed today
that the real costs of complex energy supply systems invariably
exceed expectations, and this may not change in the future.

This possibility could well strengthen interest in the potential
economic attractiveness of energy efficiency improvements (or
energy productivity increases) that have been assumed in the two
energy demand projections in Chapter 5. The cost estimates used
in this chapter for the energy system are, for better or for
worse, no more than a composite of the best estimates.

We have already seen that the two energy supply reference
systems of the Hard and Soft Solar scenarios represent a radical
restructuring of the energy system in order to provide sustainable
amounts of required energy after a long transition period. There-
fore it is by no means obvious how such an energy system could be
achieved even in the long run by relying exclusively on market
forces and international trade opportunities. Governmental regu-
lations and interventions alone are probably also not sufficient
to assure such a transition to sustainable systems. Clearly it
would be possible to impose in a model additional physical con-
straints on the energy system that would force the desired struc-
tural changes. This approach would be similar to the procedure
we have used in the previous chapter of explicitly observing

physical and environmental constraints in the assessment of
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energy resources and potentials. However, the imposition of
such explicit limitations on the energy system necessarily leads
to a host of complex political and social issues that we can not
assess today. At the same time it is not clear if such limita-
tions could even be agreed upon and which mechanisms could trans-
late them into operational regulations that limit the structure
of the energy system. A simple moratorium on one particular
energy source or form clearly does not lead to the desired re-
sult. In particular, partial moratoriums would be required for
many technologies starting with energy conversion and going all
the way to end use. Other desirable technologies would have to
be supported. Finally, we should state that such a procedure

is only feasible in a model if limitations are considered for
each specific technology and then for the energy system as a
whole, requiring a very elaborate and sensitive iterative ap=-
proach that may not necessarily lead to the specified reference
systems. Thus, due to these difficulties of interpreting the
required limitations leading to a given system structure, and
the difficulties of actual implementation of the limitations in
a model, we have chosen an alternative approach that leads to a
consistent energy system structure. We have specified relative
changes in costs of different energy technologies, favoring re-
newable energy systems. These differential costs can be easily
interpreted--they correspond to taxes or cost penalties levied
on systems that are not desirable in the long run, but necessary
during the transition period. It is conceivable that the
revenues resulting from such taxes could be used to cover the
development costs of new technologies or even for transfer pay-
ments for already introduced new technologies that are not fully
competitive.

Our scenarios were not intended to be predictive or de-
scriptive of a likely energy future of Western Europe. We have
attempted to design two extreme energy systems and to outline
the corresponding energy demand and economic implications. Now
we will show that changes in relative costs of energy technol-
ogies are also required for the implementation of a sustainable
system and that they are different for the two scenarios. Table

7.9 1illustrates our assumptions that lead, after the transition
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period, to the sustainable systems. The relative cost increases
of fossil and nuclear energy are greatest in both scenarios. A
relative almost 20-fold cost increase over the 1975 level is
assumed (corresponding to a 2.4 percent annual increase). On
the other hand, in the Soft scenario the wind power and small
conversion plants are assumed to have relatively lower costs.
The most drastic cost differentials are assumed for on-site re-
newable energy sources, such as passive and active solar heating
and photovoltaic roof collectors. Finally, we should also ob-
serve that a 6 percent annual discount factor and an additional
0.5 percent real cost increase were used for all companents of the
energy system for the entire time horizon.

In conclusion, the general approach in the scenarics is that
a variety of energy conversion, transportation and distrubiton
technologies can compete to meet demands. We have assumed that
technologies compete primarily on a cost basis, the cheapest
technology available being used first. But there are constraints
on the rates at which resources and potentials can be exploited,
on new facilities built and implicitly on the total amount of any
single activity that can be used. All of these numerous con-
straints affect decisions which would otherwise be dominated by
cost considerations alone. Together with differential cost
changes they can be seen as deliberate planning of the energy
system to maintain flexibility during the transition to a sus-
tainable future--to provide diversity in order to cope better
with unexpected changes. In fact, to the extent that the two
scenarios represent extreme future solar energy systems, they
delimit the flexibility. For example, a future with lower energy
use than in the Soft Solar scenario is perhaps possible, but
within our analysis not by a smooth "surprise-free" transition
from the current energy system. In a sense, all of the con-
straints imposed in our analysis, taken together, are the singular
characteristic of the scenarios. In the next chapter we will pre-
sent the actual results for the two scenarios, showing the results
of this constrained competition within the energy system that is
consistent with the assumed evolution of the economic and energy

demand structure.
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8. ENERGY DEMAND AND SUPPLY IN THE SCENARIOS

Energy Balance

In Chapters 5 through 7 we assessed the future energy demand
of Western Europe and the economic and life-style changes that
are consistent with the Higher and Lower demand projections. We
explored the potentials of different energy options and the con-
straints that could limit the extent to which those potentials
could be exploited. Finally, we outlined the structure of
energy conversion, transportation and distribution systems ca-
pable of delivering the demanded energy under the limitations of
technological and resource constraints. All these aspects of
the future energy outlook for Western Europe, together with cost
considerations, result in a quantitative balancing of energy de-
mand and supply that leads to a truly sustainable energy system
built around non-depletable resources.

In this chapter we will show how such a balance is achieved
within the energy systems of the Hard and Soft Solar scenarios.
Thus the material in this chapter is complementary to that of
the previous chapters. The two previous chapters sought to ex-
plore the bounds of the possible, this chapter balances the con-
straining factors to identify the limits of the plausible. The
Hard Solar scenario represents the limit on energy demand and
supply from centralized solar energy systems and the Soft Solar
scenario the limit on energy demand and supply from local and on-
site energy systems. The purpose of the two scenarios is to
detail realistically the consequences that might follow from the
assumptions. The results should be interpreted carefully since
the scenarios do not represent predictions of a likely evolution
of the Western European energy system. On the contrary, they
outline two consistent evolutions based on two sets of assump-
tions. Thus the detailed description of the assumptions in
previous chapters must be viewed together with the energy balances
of this chapter as a synthesis of our scenario approach. The
guantitative energy balances represent the qualitative changes
necessary to achieve sustainable energy systems. Thus the sig-
nificance of the numerical results is important as a guarantee
for consistency, however the central feature of the scenarios

are the qualitative changes implied by the numerical results.
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Summary of the Results

It will be impossible here to describe in full detail all
of the results of energy balancing performed in the MESSAGE II
model. This is apparent when the complexity of the energy
systems described in the previous chapter is considered. In-
stead, we will present the quantitative results by considering
the evolution of the scenarios at carefully chosen intersections
and links of the energy system, such as liquid fuels supply or
installed capacities of electricity conversion plants. It should
be emphasized that the balances are cost optimal under the con-
straints and limitations we have presented in previous chapters.

Recalling the schematic diagrams of energy systems from
Figures 7.3 and 7.4, the first such intersection is the primary
energy supply. Table 8.1 and Figure 8.1a show the primary energy
use from 1975 to 2100. It increases almost four-fold in the Hard
Solar scenaric and more than two-fold in the Soft Solar scenario.
The next obvious intersection is the final energy use that re-
sults after the primary energy is converted into more convenient
energy forms and fuels, transported and distributed to the final
user. Table 8.1 and Figure 8.1b also show the final energy use
from 1975 to 2100. Here, due to conversion losses the increases are

not as large as was the case for primary energy. 1In fact, the final

Table 8.1. Primary and Final Energy Use (TWyr/yr)

Base
Year Scenario
Energy Form 1975 2000 2030 2060 2100
Primary
Hard Solar 1.53 2.29 3.20 4.47 5.76
Soft Solar 1.53 1.84 2.36 2.75 3.16
Region III®  2.26 3.39 4.54
World?® 8.21 13.59 22.39
Final
Hard Solar 1.19 1.52 1.82 2.20 2.81
Soft Solar 1.19 1.26 1.17 1.27 1.39
Region III% 1.59 2.39 2.99
World?@ 5.74 9.6uU 14.56
a)

Global Low scenario.
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energy use stays almost constant with respect to the 1975 level
in the Soft Solar scenario, and increases more than two-£old in
the Hard Solar. But even the primary energy increases are modest
considering the long time horizon of over 100 years. During the
25 year period of 1950 to 1975 the primary energy use increased
by a factor of 2.5--an increase larger than in the Soft Solar
scenario by the year 2100. In the scenarios the low energy
growth was only possible due to the strong change of economic
structure and life-styles and radical efficiency improvements in
energy use.

The relative increases of energy use are shown more clearly
in Table 8.2 where average annual growth rates are presented.
Also the growth rates of the Global Low scenario are given for
comparison. Thus the future energy use levels represent a radical
change of the historical trends. This is more striking when we
recall that the same GDP growth rates (see Table 3.13) were as-
sumed for both solar scenarios and that they exceed the energy
growth rates even of the Hard Solar scenario. A convenient way
of specifying the degree of dependence between economic growth
and energy growth at this aggregate level is by means of the
energy—-GDP elasticities, which are given in Table 8.3. A value
of unity implies that economic growth and energy growth are
closely coupled. This is evident for the historical elasticities.
Especially on the global level the primary energy use and econocmic
growth went hand in hand. But also in the Global Low scenario the
elasticities decrease. In the solar scenarios even stronger de-
coupling of energy use and economic growth is achieved. The
elasticities continuously decrease. The values of below 0.5 are
typical and mean that if GDP should grow four-fcld, energy use
would less than double. The negative value. encountered in the
Soft Solar scenario means that energy use is decreasing during a
period of economic growth. This is of course due to very strong
energy conservation measures of the scenarioc. It should be noted
here that the energy elasticities are the results of scenarios
and not assumptions. Thus, the fact that the elasticities do not
continuously decrease throughout the study period indicates that
strong energy conservation and efficiency improvement measures

are periodically offset by the need to introduce new energy
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sources (primary energy) and new energy forms (final energy) in
order to achieve the transition to a sustainable energy future.
The extent of energy efficiency improvement embodied in the
two scenarios can be seen in Figure 8.2 where final energy per
unit of GDP is plotted against GDP per capita for the Hard and
Soft Solar scenarios and the Global Low scenario for Region III.
It can be seen that the ratio of final energy to GDP continues
to decrease while the GDP per capita increases. The energy use
efficiency improvements are very great in both Solar scenarios,
and greatest in the Soft scenario. After 2030, with a con-
tinuous phase-out of conventional energy forms and increasing
incorporation of hydrogen and other final energy forms converted
from renewable energy, the efficiency improvements reach
asymptotic values while GDP per capita continues to grow. The
decrease of energy-GDP ratio is in line with the historical
trends in developed parts of the world. 1In terms of energy-GDP
elasticities this implies values less than unity. In fact the
primary energy-GDP ratio has been decreasing in the U.S.A. ever
since the 1900s at an average rate of one percent per year. 1In
the Soft Solar scenario we encounter the same average annual de-
crease of this ratioc (one percent per year), while in the Hard
Solar it is about one half of a percent per year. On the other
hand, we have already seen in Chapter 2 that this ratio has been
increasing for the developing parts of the world, and that the
Global Study indicates that it would continue to increase in
these regions at least initially and that it would later flatten
off and even start decreasing for Regions IV and VI (see Figure
2.4). All this points to the fact that Western Europe is entering
a phase of post-industrial development in the two solar scenarios.
The whole economy, energy system and energy use undergo a phase
of infrastructural change after a phase of industrialization and
economic development that has been completed in the past. This
new development is underscored by the aggressive conservation
measures in addition to the structural change of the energy
system assumed in the scenarios. They reflect the belief that
vigorous actions to increase energy efficiency and to improve
energy productivity are necessities. Without such improvements
the energy supply would surely prove to be inadequate and would

not lead to use of sustainable energy potentials.
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Primarv Energy Reguirements

The bottom line of any energy accounting is the primary
energy use. As a point of departure we will first describe the
evolution of primary energy requirements by energy source in the
two scenarios, keeping in mind the structure of the energy
systems described in the previous chapter. Figures 8.3a and
8.3b show the relative shares of different primary energy sources.
In Tables 8.4 and 8.5 the same shares and total primary energy
from Figures 8.2 and 8.3 are also given. The first thing to ob-
serve is a gradual shift away from depletable fossil resources
to sustainable use of alternative energy sources. Thus the
transition is achieved to the reference energy systems of the
two scenarios of the previous chapter. The transition, however,
is not immediate, in the year 2060 fossil and nuclear energy are
still used in both scenarios. Actually their use increases in
absolute and even relative shares during the transition period.
By the year 2000 only the relative shares of ocil are lower than
they are today. By that time, in the Hard Solar scenario, the
use of natural gas and coal is amost twice as high as it is
today. Consumption of gas and coal exceeds today's levels in
the year 2000 and 2030 for the Soft and Hard Solar scenarios,
respectively.

The sustainable energy sources are introduced slowly during
the first three decades of the next century. By 2030, in the
Hard Solar scenario, the centralized solar energy sources (pro-
ducing electricity and hydrogen) contribute 36 percent of all
primary energy. By the time this transition is completed this
share increases to 86 percent. This high share of solar-thermal
energy that is generated exclusively in the three high solar
insolation zones of South Europe (see Figure 6.1 and Table 6.10)
means that virtually all primary energy would originate from
South Europe and abroad (see next section). The other 14 percent
of total primary energy is shared by biomass and hydropower.

In the Soft Solar scenario the situation is more complex.
We have already seen from the structure of the soft solar ref-
erence system that many different energy sources of local charac-
ter must be utilized in addition to some use of centralized re-

newable sources in order to fulfill the energy supply requirements.
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By the year 2000 the collective contribution of these technol-
ogies is already significant. It is achieved by adding up a
number of smaller sources and user-oriented energy technologies.
This means that it would be necessary to pursue not one, but a
host of separate research, development, commercialization, and
marketing activities, different in both scope and character.
These technologies should not only be accepted but should find

a wide-spread active use and support by the consumer himself.

In the scenario this was possible only by the explicit cost re-
duction of the user-oriented technologies with respect to the
centralized (utility operated) ones. This cost bonus, presumably
resulting from subsidies transferred from additional taxes levied
on conventional sources, ranges between 40 and 60 percent (see
Table 7.9). Thus, here we encounter a departure from cost
minimal supply of energy that necessarily implies a wide spectrum
of policy measures in the Soft Solar scenario.

Among the group of user-oriented technoclogies, on-site
energy generation takes a central role. By the time the tran-
sition is completed to the sustainable reference system, on-site
sources and wind power contribute over 60 percent of the primary
energy supply. Together with biomass this share increases to
77 percent of the total energy supply.

Table 8.6 shows the shares of primary energy for the three
parts of Western Europe in the Soft Solar scenario. Due to the
extensive use of windpower, biomass and on-site energy sources,
the primary energy in each part of Western Europe is proportional
to the respective potentials of these renewable energy sources
(see Chapter 6). In the Soft Solar scenario there is also a
strong shift toward South Europe which would provide more than
one half of all primary energy by 2100. This situation, how-
ever, is not so drastic as in the Hard Solar scenario, where
eventually almost all primary energy originates from South
Europe.

The evolution of primary energy shares shows that although
it was possible to replace all of the consumptive use of de-
pletable resources by renewable potentials, each scenario re-
sulted in a gradual dependence on two to three energy sources.

This situation is somewhat similar to the current dependence on
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Table 8.6. Primary Energy (Equivalent), Soft Solar Scenarioa,
1975 to 2100 (%)

Base

Year Scenario
Europe 1975 2000 2030 2060 2100
North 9.8 9.2 8.5 8.5 8.5
Central 52.8 45,6 41.1 40.5 38.3
South 37.4 45.2 50.4 51.0 53.2
Western (TWyr/yr) 1.53 1.84 2.36 2.75 3.16

a)In the Hard Solar scenario most of the energy comes from solar

conversion plants installed in South Europe, so that by 2100
almost 90 percent of primary energy originates from South
Europe.

coal, oil and natural gas, and immediately poses the question of
import dependence. The increasing import dependence and environ-
mental degradation due to fossil energy consumption are perhaps
the two most important reasons behind any attempt to increase
the use of renewable energy sources. Table 8.7 shows the total
primary energy consumption by source over the time horizon of
the study together with the total endogenous availability of
energy sources assessed in Chapter 6 (see Table 6.14). In both
scenarios all domestic fossil sources are exhausted except coal.
In the Hard Solar scenario the sustainable sources are used to
the limit toward the end of the next century. The user-oriented
energy sources are not utilized in this scenario. This is due to
the lack of cost subsidies that are imposed in the Soft Solar
scenario. In the Soft Solar scenario, on the other hand, these
resources are still not used to their absolute limits in spite
of the subsidies. This explains the need to import oil and
natural gas during the transition period, although to a lesser
extent than in the Hard Solar scenario. In any case, the fossil
energy imports are eliminated in both scenarios before the year
2100.

It should also be noted that although the utilization of
nuclear energy is larger in the Hard Solar scenario, it is import
independent, whereas in the Soft Solar scenario natural uranium

imports are necessary due to the low utilization of FBRs in this
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scenario. In the Hard Solar scenario there are enough FBRs to
breed fissile material after reprocessing to meet the fuel re-
quirements of LWRs which exceed domestic uranium resources. In
the Soft Solar scenario this is not the case since less than

3 GW(e) installed capacity of FBR are utilized (roughly two
power plants of the Super-Phenix type).

Especially striking are the large import requirements of
the solar thermolytic hydrogen in the Hard Solar scenario. The
endogenous solar thermal potential (of South Europe) is prac-
tically exhausted by electricity production, so that most of the
required hydrogen is imported.

Table 8.8 shows the import dependence as a fraction of
total primary energy requirements for the two scenarios. In
the Soft Solar scenario a gradual decrease of import dependence
is achieved, resulting in complete reliance on domestic re-
newable sources by 2100. Even in the Hard Solar scenario the
import dependence is lower in 2030 than today. In terms of oil
requirements alone the reduction is especially dramatic. In the
year 2030 about 88 GWyr/yr of oil must be imported by Western
Europe in the Hard Solar scenario and only 33 GWyr/yr in the
Soft Solar scenario. Recalling the oil trading between the
world regions of the Global Low scenario given in Figure 2.7
(see Chapter 2), this represents only 5.5 and 2.1 percent of the
1600 GWyr/yr of the oil imported by Region III, an amount that
should be readily available to Western Europe.

Unfortunately, as time progresses the energy import de-
pendence increases again in the Hard Solar scenario mainly due
to the large hydrogen import requirements mentioned above. This
raises the question of whether such large amounts of hydrogen

would be actually available on the world market.

Hydrogen Imports
In Chapter 6 we have argued that most of the centralized

solar thermal electric conversion plants (STEC) would be located
within the three high insolation zones of South Europe (see
Figure 6.1 and Table 6.10). Due to the fact that the solar
thermal potential of these zones is partially devoted to
electricity generation by the year 2100 in the Hard Solar
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scenario, only about 18 percent of the required hydrogen can

be produced in Western Europe. The other 82 percent have to be
imported. This amounts to about 3.9 TWyr/yr of (primary equiv-
alent) hydrogen import requirements.

An important feature of the hard solar reference system is
that all electricity and hydrogen produced in South Europe is
transported to consumption centers by long-distance electricity
transmission links and hydrogen pipelines. Thus we have not
assumed any hydrogen transportation in liguefied form. Due to
the long time horizon it is conceivable that intercontinental
transportation of liquefied hydrogen by large tankers would
become attractive. However, cryotransport on such a scale is
two times greater than the total amount of crude oil transported
from North Africa and the Middle East today (about 1.6 TWyr/yr
in 1975). The technology is neither easy nor inexpensive. If
it becomes available hydrogen could be imported to Western
Europe from wherever it should be available.

A second more practical possibility would be the expansion
of the Western European hydrogen pipeline links. Possible ex-
tensions beyond the Western European borders are to the Middle
East and North Africa. Such an extended hydrogen pipeline
transport system would make the vast areas of the Sahara avail-
able for hydrogen production. Here the land potential for solar
thermal power plants would not be a constraint. The total land
area of the Sahara is about 9.1 million square kilometers, or
about twice the size of Western Europe (see Table 3.2). This
area is very sparsely populated, and almost 90 percent 1s covered
by deserts. Considering the very high mean solar insolation and
almost negligible cloud cover throughout the year, less than one
percent of the desert area would be required for the production
of hydrogen required by Western Europe. Certainly it would not
be a problem to use one percent of this area for energy produc-
tion by carefully choosing sites where the movement among the
sand dunes has ceased or by using rocky plateaus (hammada) for
the construction of solar power plants. Due to the lack of water
in such desert areas, transmission of electricity to the Medi-
terranean Sea would be required instead of in-situ hydrogen

thermolysis. On the sea coast electrolytic hydrogen could be
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produced and then transported by pipeline to Western Europe. In-
situ hydrogen production is also conceivable if a secondary pipe-
line grid were used to provide water for hydrogen thermolysis.
This is perhaps an unrealistic scheme, but it offers a vast source
of hydrogen potentially available to Western Europe. In the

Hard Solar scenario it is assumed that hydrogen is imported from
the Sahara since this is a sustainable source of energy, although
of a non-European origin. Setting aside the political issues
involved, we have assumed that the total production and invest-
ment cost of this scheme would be carried by Western Europe, SO
that these costs are included in the scenario.

A third possibility is simply to import fossil sources to
Western Europe instead of hydrogen. Today approximately
0.5 TWyr/yr of natural gas are flared world-wide. In addition,
the natural gas resources are large soO that a pipeline system
to Western Europe could be used to import up to 3.9 TWyr/yr of
natural gas from North Africa and the Middle East and elsewhere
in the world, at the same costs assumed for hydrogen in the
scenario. However, this would mean that the Hard Solar scenario
would cease to be based on sustainable sources of energy.

We have seen that the gradual transition to sustainable
sources of energy in the scenarios required on the order of
100 years and that it was necessary to exploit fossil and nuclear
energy during the transition at higher levels than today. The
transition was not achievable in a shorter period of time, and
had it lasted longer, larger amounts of depletable energy would
have been necessary. Thus, time is also one of the important
resources required in the scenarios.

Translated into more intuitive terms, the time constraint
means that new facilities can be built at rates not exceeding a
certain maximum (specified in Table 7.8). It also means that
the construction and structural changes must occur gradually so
that the whole energy system is always in balance. For example,
electricity generation plants cannot be built over night; they
must be ordered, constructed and licenced, and the supporting
infrastructure such as electricity grids must also be installed.
On the other hand, to build these facilities in anticipation of

possible demand in the long-term future would be uneconomic
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and therefore unrealistic. The minimum cost criterion under con-
straints assures that such things do not occur. The balance in

the whole energy system is always assured.

Secondary Energy

The next level of the energy system at which we analyze this
balance are the secondary energy forms that result from conversion
of primary energy. Recalling the schematic representation of the
energy system from Figures 7.3 and 7.4, the secondary energy forms
result in final energy delivered to the user after transportation
and distribution. The most important forms of secondary energy
in the scenarios are gaseous and liquid fuels and electricity.

Figures 8.4 and 8.5 give the evolution of gaseous fuel
supply in the two Solar scenarios. Here we oObserve a continuous
transition from natural gas to hydrogen supply. Natural gas is
imported to meet the demand in excess of domestic¢ resources. It
requires no conversion facilities so that it represents at the
same time a primary and a secondary enerqgy form. Hydrogen, on
the other hand, is converted either from electricity or directly
in the solar thermal plants, most of it originating from North
Africa as was explained above. Table 8.9 gives the required
capacities of hydrogen conversion plants, both electrolytic and
thermolytic (including those in North Africa). The installed
capacities are almost ten times higher in the Hard Solar than in
the Soft Solar scenario. Here we already see some drastic differ-
ences between the two scenarios with respect to the evolution of
the energy system. After 2030 the build-up rates of hydrogen con-
version facilities are very large in the Hard Solar scenario and
if not followed consequently they are probably not achievable.
Such large capacities are required, since in this scenario hydro-
gen serves for generation of electricity, high (furnace) to low
temperature heat, and transportation purposes. In the Soft Solar
scenario the demands are much lower and in addition almost all
low temperature heat is generated on-site (roof collectors, etc.).

Currently the largest electrolysis plant (Norsk-Hydro in
Norway) has a capacity of 200 MW and with future increases in
power density, plants on the order of 1 GW capacity are certainly

in sight for the next century. This would translate into about
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eight thousand installations in the Hard Solar scenario and
about 800 in the Soft Solar.

Electricity generation is closely coupled with hydrogen
production in the scenarios, since some of the hydrogen is con-
verted into electricity in fuel cells. The main reason for this
double conversion is the electricity storage problem.

Currently 65 percent of all electricity is generated by
fossil power plants (see Table 3.5). Fossil fuels are easy to
store due to relatively high energy densities, so that electricity
generation can follow very closely the electricity demand lcads.
As electricity generation is slowly shifted to renewable energy
sources such as wind and solar insolation, the load following
generation mode is not possible any more. This means that elec-
tricity would have to be stored. This is also foreseen in the
scenarios. Pumped hydro storage is used to balance daily load
variations. However, for seasonal variations the storage
capacity requirements would be too excessive. Thus an alter-
native approach was chosen, namely to store hydrogen and con-
vert it into electricity when the demand is high.

Table 8.10 shows the production, storage and actual de-
liveries of hydrogen (after storage). By 2100 about 19 percent
of all hydrogen is delivered through storage in the Hard Solar
and about 14 percent in the Soft Solar scenario. Due to the
much lower hydrogen production levels the storage capacities of
the Soft Solar scenario are accordingly lower than in the Hard
scenario. Thus, in this way it is possible to balance the
seasonal electricity supply through hydrogen storage and elec—
tricity conversion in fuel cells.

Figure 8.6 and 8.7 show the electricity generation by energy
source for the two scenarios. It should be observed that the
amounts of generated electricity by the year 2100 are practically
the same in both scenarios: 878 GW(e)yr/yr in the Hard Solar and
826 GW(e)yr/yr in the Soft Solar scenario. However, the sources
of electricity are different. In the Hard Solar scenario about
57 percent of generated electricity comes from hydrogen con-
version in fuel cells, the remainder is almost evenly divided
between hydropower and solar thermal power plants. In the Soft

Solar scenario only 8 percent of all electricity is generated
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Figure 8.6. Electricity generation, Hard Solar
scenario.
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from hydrogen. Here wind power contributes the largest share--
48 percent of all electricity generation. Utility operated
photovoltaic plants contribute another 7 percent and hydropower
13 percent. On-site (user-operated) electricity generation
systems take a special role in this scenario with a 19 percent
share in total generation. Altogether,one fifth of electricity
is generdted on site, largely by photoveoltaic arrays on the roof
and south wall of the houses and small wind and biomass plants.
Finally a small amount of biomass is used for co-generation of
electricity and district heat, contributing 3.5 percent of the
total electricity generation. In this scenario fuel cells are
also used in a co-generation mode--all waste heat is utilized
for district heat. Thus, not only are the sources of elec-
tricity different in the two scenarios, but also to the extent
that they are the same, they are used under a different regime.
This is reflected in the structure of the installed capacities
of electric power plants in Table 8.11 and 8.12. It is really
striking that the installed capacities are twice as large in

the Soft Solar scenario, although the generated electricity is
almost the same in both scenarios. This of course is the con-
sequence of the relatively low capacity utilization in the Soft
Solar scenario. In the Hard Solar scenario fuel cells operate
at 77 percent of installed capacity and solar thermal plants at
69 percent resulting in an average installed capacity utilization
of 71 percent. This is possible due to the extensive use of
hydrogen as a storage medium. In the Soft Solar scenario, on
the other hand, the total average installed capacity utilization
is only 31 percent. Photovoltaics have the lowest plant factors
of only 12 percent. On-site systems are utilized at 28 percent
and wind power at 36 percent of rated capacity. This is all
connected with the lack of extensive use of hydrogen for elec-
tricity storage described above. Instead, all capacities have
to be large enough to meet most of the demand peaks. This is
especially true for all on-site and photovoltaic systems, and
also for the small amounts of hydrogen that are used. 1In the
Hard Solar scenario high utilization of fuel cells is possible
since they generate electrigity the whole time, in the Soft Solar

scenario they are used in a co-generation mode and are therefore
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Table 8.11. Installed Capacities for Electricity Generation,
Hard Solar Scenario (GW(e))

Base

Electricity Year Scenario

Conversion Plant 1975 2000 2030 2060 2100
Fossil Thermal 2u8.7 382.5 145.,7 0 0
Nuclear 18.1 153.8 162.0 13.5 0
Hydropower 113.4 153.2 201.8 228.8 204.0
Solar Thermal 0 0 340.0 246.0 104.6
Fuel Cells 0 0 222.8 696 .4 926.0
Total 380.2 689.6 1072.3 1184.7 1234.6

Table 8.12. Installed Capacities for Electricity Generation,
Soft Solar Scenario (GW(e))

Base

Electricity Year Scenario

Conversion Plant 1975 2000 2030 2060 2100
Fossil Thermal 248.7 185.0 0 0 0
Nuclear 18.1 93.3 53.5 12.2 0
Hydropower 113.4 140.2 217.9 231.2 232.7
Photovoltaics 0 0 31.8 212.6 505.8
Windpower 0 127.7 845.8 951.1 1102.8
Wave Power 0 9.6 28.9 28.0 28.9
Fuel Cell 0 1.2 414.5 140.8 148.9
Co-Generation 0 8.1 85.7 89.6 79.5
On-Site@ 0 39.0 189.2 401.9 549.8
Total 380.2 poU .1 1494.3 2068.3 2648.4

a)On—site electricity conversion facilities are user operated.
The electricity grid connection serves only for utilization
of excess capacity.

utilized only during the cold seasons when the district heat is
also needed resulting in a relatively low utilization of about
44 percent.

The relatively low utilization of installed capacity in the
Soft Solar scenario is also to a lesser extent due to the lack of
daily (pumped hydro) electricity storage. Table 8.13 shows elec-
tricity generation, storage and delivery in the two scenarios.
In the Hard Solar scenario daily storage of electricity is used

(for day-night cycle) to allow much better plant factors for STEC
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plants. In the Soft Solar scenario load following electricity
generation, especially of the on-site and local renewable sources,
turned out to be more cost effective. In both scenarios, however,
electricity is utilized mainly for such demand categories where
specific heat cannot be used (e.g. air conditioning, lighting).
This of course reduces to an extent the mismatch between the
generation and the load profiles, eliminating most of the ex-
treme peaks.

Today liguid fuels take a special role in the energy
system--they are not easily substitutable by electricity or
natural gas, since they are practically the only source of
energy for free-range vehicles. In the scenarios they are slowly
substituted by other forms of secondary energy and by 2100 their
role is largely limited to non-energy uses, e.g. feedstocks. 1In
addition, while most of the liguid fuels are converted from oil
today, in the scenarios methanol is increasingly produced from
biomass and hydrogen. Only during the transition period are
small amounts of methanol produced from coal. Figures 8.8 and
8.9 show the liquid fuel supply for the two scenarios. 1In the
Hard Solar scenario the liquid fuel supply is reduced by 40 per-
cent in the year 2100 and in the Soft Solar scenario by 75 per-
cent. This means that most of the traditional uses of liquids
such as in transportation are replaced by gaseous fuels and
electricity. 1In addition, by 2100 liquids are no longer used
as a source of heat. Even the on-site solar heating systems
rely on biomass or hydrogen as a back-up fuel.

Thus the secondary energy balances show a very strong shift
away from solid and liquid fuels. Tables 8.14 and 8.15 show the
resulting secondary energy balances for the two scenarios. In
the Hard Solar scenario the shares of gaseous fuels and elec-
tricity increase and in the Soft scenario the shares of elec-
tricity and on-site energy sources grow while the shares of
gaseous fuels decrease slightly. Within each category--the
solid, liguid and gaseous fuels--there is a complete transition
away from fossil toward renewable sources of energy. 1In the
Soft Solar scenario, in addition, on-site local forms ©f energy
also substitute other forms supplied centrally by utilities.

By 2100 almost 40 percent of all secondary energy is produced
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Figure 8.8. Secondary liguid fuels, Hard Solar
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Table 8.14. Secondary Energy Shares by Form,

Hard Solar Scenario,

1975 to 2100 (%)
Base
Year Scenario
Form 1975 2000 2030 2060 2100
Solid (total) (11.7) (14.7) (19.0) (9.1) (3.0)
Coal 9.7 9.5 13.9 4.4 0.1
Biomass 2.0 5.2 5.1 4.7 2.9
Liquid (total) (57.2) (33.3) {(19.5) (15.3) (17.0)
0il 57.2 32.0 14.2 1.0 0
Methanol 0 1.3 5.3 14.3 17.0
Gaseous (total) {(18.1) (30.5) (36.4) (47.3) {(51.9)
Natural Gas 18.1 30.4 22.1 1.0 0
Hydrogen 0 0.1 14.3 46.3 51.9
Electricity 13.0 21.5 25.1 28.3 28.1
Total (TWyr/yr) 1.29 1.65 1.99 2.44 3.11

Table 8.15. Secondary Energy Shares by Form,
1975 to 2100

Soft Solar Scenario,

Base
Year Scenario

Form 1975 2000 2030 2060 2100
splid (total) (11.7) (22.7) (14.2) (10.7) (8.0)

Coal 9.7 20.3 4.5 0.2 0.1

Biomass 2.0 2.4 9.7 10.5 7.9
Liguid (total) (57.2) (27.0) (8.5) (12.5) (15.0)

0il 57.2 26.6 6.3 1.6 0

Methanol 0 0.4 2.2 10.9 15.0
Gaseous (total) (18.1) (23.3) (18.4) (15.7) (15.5)

Natural Gas 18.1 21.9 4.4 0.2 0

Hydrogen 0 1.4 14.0 15.5 15.5
Electricity 13.0 16.4 20.7 18.6 19.7
District Heat 0 0.7 2.8 2.9 2.3
On-Site 0 9.9 35.4 39.6 39.5
Total (TWyr/yr) 1.20 1.35 1.25 1.35 1.48
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on site by the user himself. It should be noted that the com-
parison of the relative shares of on-site energy with other forms
is not exact. All other energy forms are converted from primary
energy sources into secondary forms in central, usually large,
facilities. From there the energy has to be transported and
distributed to final use causing losses, but in spite of these
additional losses the centralized conversion is more efficient.
On-site energy, on the other hand, needs negligible transporta-
tion and distribution, it is generated and used locally, thus
transportation and distribution losses are small. Because of
the local character of on-site energy forms, the difference be-
tween secondary and final energy is minimal, while for the other
centralized forms of energy this difference is a function of
transportation and distributon efficiency. The final energy
balance is also the last level of energy system before energy

is put to actual use.

Final Energy
Figures 8.10a and 8.10b and Tables 8.16 and 8.17 show the

final shares by form. Direct comparison with Tables 8.14 and

8.15 showing secondary energy shares indicates the transportation
and distribution efficiencies at an aggregate level. In 1975
about 92 percent of all secondary energy was delivered as final,
by 2100 the efficiency slightly decreases to 90 percent in the
Hard Solar due to a larger share of long distance energy trans-
port, but increases to 94 percent in the Soft Solar scenario
because of the large share of on-site energy generation. Beyond
such similar shifts in shares of various energy forms, the over-
all structure is equivalent to the secondary energy shares.
However, we have already observed the strong substitution within
each category of secondary energy forms; this is of course trans-
lated directly in strong shifts in the kind of final energy de-
livered to use (or what is equivalent to demand categories of
Chapter 5).

From the point of energy use the structural shifts between to-
day and the year 2100 go beyond substitution among solid, liquid,
gaseous fuels and electricity and even beyond the substitutions

of various forms of final energy within each of these categories.
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Figure 8.10a. Final energy shares by form, Hard Solar
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Table 8.16. Final Energy Shares by Form, Hard Solar Scenario
(Higher Demand Projection), 1975 to 2100 (&)

Base

Year Scenario
Form 1975 2000 2030 2060 2100
Coal 10.1 9.7 14.5 4.6 0.1
0il 59.5 34.0 15.2 1.1 0
Gas 16.4 29.6 21.8 1.0 0
Electricity 11.8 19.9 23 .4 26.6 26.5
Biomass 2.29 5.4 5.3 4.9 3.1
Methanol 0 1.3 5.7 15.5 18.5
Hydrogen 0 0.1 14.1 46.3 51.8
Total (TWyr/yr) 1.19 1.52 1.82 2.20 2.81
Table 8.17. Final Energy Shares by Form, Soft Solar Scenario

(Lower Demand Projection), 1975 to 2100 (%)

Base

Year Scenario
Form 1975 2000 2030 2060 2100
Coal 10.1 20.6 4.6 0.2 0.1
0il 59.5 27.9 6.6 1.7 0
Gas 16.4 21.2 4.2 0.2 0
Electricity 11.8a 15.0 18.9 16.8 17.8
Biomass 2.2 2.5 9.8 10.6 7.9
Methanol 0 0.5 2.4 11.3 15.6
Hydrogen 0 1.4 13.5 14.8 14.9
District Heat 0 c.7 2.9 3.1 2.5
On-Site 0 10.3 37.1 41.2 41.2
Total (TWyr/vr) 1.19 1.26 1.17 1.27 1.39
a)Biomass use in 1975 refers mostly to fuel wood.
The actual use of final energy forms changes. For example oil

refinery products have a very wide-spread use today--as a source
of heat, as vehicle fuel and as feedstocks in the chemical in-
dustry (besides their primary energy use as a source of elec-
tricity). In the scenarios, methanol is the major liquid fuel,
but its use is largely limited to feedstocks. As a source of
heat, oil products are replaced by many other final energy forms
(e.g. biomass, on-site generation, hydrogen, etc.), and as a
fuel in transportation mainly by electricity and hydrogen.

Thus at the level of final energy the structural changes of

the energy system must be analyzed at least according to energy
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form, energy use and the distribution between various sectors
of the economy.

Table 8.18 shows the various forms of final energy use in
1975. It is worth noting that except for thermal (low and high
temperature) uses each energy form supplies only one specific
use and that each of the non-thermal uses is supplied by only
one energy form. This illustrates the obvious, that fuel sub-
stitution is relatively easy only in thermal uses of energy.
Table 8.19 shows the use of final energy forms for the Hard Solar
scenario in 2100. Here the situation is different. First of
all, as we already know, fossil energy forms have been fully
substituted by biomass, methanol and hydrogen. But only hydro-
gen and biomass have thermal uses. In fact, hydrogen rather
than methanol can be seen as the replacement for o0il; it has the
most wide-spread use in 2100. The diversification in fuel uses
has increased somewhat by this time; in most use categories two
energy forms are utlized. The increase in diversification is
even greater in the Soft Solar scenario, shown for the year 2100
in Table 8.20. The thermal uses somehow resemble the current
situation where many energy forms are utilized. In this scenario
electricity and on-site energy together can be viewed as oil re-
placement. They are the most wide-spread energy forms.

Tables 8.21 and 8.22 show the evolution of final energy uses
for the two scenarios. In the Hard Solar scenario thermal use of
final energy and motor fuels decreases continuously from a 77 per-
cent share to 57.5 percent between 1975 and 2100, while elec-
tricity use and feedstocks (non-energy use of final energy) more
than double their share from 19 percent to 40 percent during the
same period. Exactly the same trend can be observed in the Soft
Solar scenario, except that here the decrease of thermal uses and
the increase of electricity are more dramatic. Their joint share
in all final energy uses, however, is about the same in both sce-
narios by 2100--65 percent in the Hard Solar and 68 percent in
the Soft Solar scenario. It should be observed that in the Soft
Solar scenario 41 percent of all final energy is delivered by
on-site systems including 11 percent of specific electricity

uses (see Table 8.17).
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form, energy use and the distribution between various sectors
of the economy.

Table 8.18 shows the various forms of final energy use in
1975. It is worth noting that except for thermal (low and high
temperature) uses each energy form supplies only one specific
use and that each of the non-thermal uses is supplied by only
one energy form. This illustrates the obvious, that fuel sub-
stitution is relatively easy only in thermal uses of energy.
Table 8.19 shows the use of final energy forms for the Hard Solar
scenario in 2100. Here the situation is different. First of
all, as we already know, fossil energy forms have been fully
substituted by biomass, methanol and hydrogen. But only hydro-
gen and biomass have thermal uses. In fact, hydrogen rather
than methanol can be seen as the replacement for oil; it has the
most wide-spread use in 2100. The diversification in fuel uses
has increased somewhat by this time; in most use categories two
energy forms are utlized. The increase in diversification is
even greater in the Soft Solar scenario, shown for the year 2100
in Table 8.20. The thermal uses somehow resemble the current
situation where many energy forms are utilized. In this scenario
electricity and on-site energy together can be viewed as o0il re-
placement. They are the most wide-spread energy forms.

Tables 8.21 and 8.22 show the evolution of final energy uses
for the two scenarios. In the Hard Solar scenario thermal use of
final energy and motor fuels decreases continuously from a 77 per-
cent share to 57.5 percent between 1975 and 2100, while elec-
tricity use and feedstocks (non-energy use of final energy) more
than double their share from 19 percent to 40 percent during the
same period. Exactly the same trend can be observed in the Soft
Solar scenario, except that here the decrease of thermal uses and
the increase of electricity are more dramatic. Their joint share
in all final energy uses, however, is about the same in both sce-
narios by 2100--65 percent in the Hard Solar and 68 percent in
the Soft Solar scenario. It should be observed that in the Soft
Solar scenario 41 percent of all final energy is delivered by
on-site systems including 11 percent of specific electricity

uses (see Table 8.17).
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Table 8.21. Final Energy Shares By Use, Hard Solar Scenario,
1975 to 2100 (%)

Base

Year Scenario
Use 1975 2000 2030 2060 2100
Thermal Low 42 36.5 35.6 32.4 30.1
Thermal High 14 13.5 12.9 11.7 11.2
(Thermal Total) (56) (50.0) (48.5) (44.1) (41.3)
Steel Production 4 4.0 3.4 2.4 2.2
Feedstocks . 7 8.9 11.2 16.1 18.5
Motor Fuels 21 22.6 19.0 15.6 15.0
Electricity 12 14.5 17.9 21.8 23.0
Total (TWyr/yr) 1.19 1.52 1.82 2.20 2.81

Table 8.22. Final Energy Shares by Use, Soft Solar Scenario,
1975 to 2100 (%)

Base

Year Scenario
Use 1975 2000 2030 2060 2100
Thermal Low 42 37.0 41.4 37.8 33.9
Thermal High 14 12.2 10.4 9.8 8.9
(Thermal Total) (56) {49.2) (51.8) (47.6) (42.8)
Steel Production 4 3.6 2.4 2.3 2.3
Feedstocks 7 8.2 10.5 13.2 15.6
Motor Fuels 21 22.0 14.9 13.8 14.0
Electricity 12 17.0 20.4 23.1 25.3
Total (TWyr/yr) 1.19 1.26 1.17 1.27 1.39

These changes in the patterns of final energy use are also
reflected in the allocation of final energy among the wvarious
sectors of the economy. Tables 8.23A and 8.23B show how the
final energy is shared between the sectors in the two scenarios.
In both scenarios the energy use 1in transportation, households
and services decreases, while the use of final energy in industry
{(agriculture, construction and manufacturing) increases. This is
consistent with the useful and final energy demands assessed by
the Higher and Lower demand projections in Chapter 5. However,
in Chapter 5 the transportation sector demand was expressed in
terms of energy services; the other sectors' demand levels were

expressed in useful and final energy.
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Table 8.23A. Final Energy Shares by Sector, Hard Solar Scenario
(Higher Demand Projection), 1975 to 2100 (%)

Base

Year Scenario
Sector 1975 2000 2030 2060 2100
Transportation 19 19.4 16.0 12.9 12.1
Agriculture,
Construction and
Manufacturing 47 52.8 56.3 63.7 67.3
Households/Services 34 27.8 27.7 23.4 20.6
Total (TWyr/yr) 1.19 1.52 1.82 2.20 2.81

Table 8.23B. Final Energy Shares by Sector, Soft Solar Scenario
(Lower Demand Projection), 1975 to 2100 (%)

Base

Year Scenario
Sector 1975 2000 2030 2060 2100
Transportation 19 18.4 11.8 10.7 10.2
Agriculture,
Construction and
Manufacturing 47 51.1 53.8 57.1 60.0
Households/Services 34 30.5 34,4 32.2 29.8
Total (TWyr/vyr) 1.19 1.26 1.17 1.27 1.39

In the previous chapter we investigated the exact nature
of this interface between energy supply and demand. We saw that
the infrastructural changes of energy end use--the changes in
final energy forms and their uses--can lead to both higher and
lower efficiencies (in fulfilling a given demand category)
relative to fossil energy forms. Therefore, the next three
tables compare the assessed energy demands for the year 2100
with the actual amounts of final energy delivered in the two
scenarios. The correspondence between demand and supply is ob-
vious only if the relative performance of final energy forms
supplied to end use is compared to performance of replaced fossil
final energy forms (see Tables 7.2, 7.5, 7.6 and 7.7).

Table 8.24 shows the energy end use in agriculture, con-

struction and manufacturing for the two scenarios and the
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corresponding energy demand projections. The Higher demand
projection for low temperature heat (thermal low) for water
heating and steam generation is 524.2 GWyr/yr useful energy.
537.2 GWyr/yr final energy are supplied in the Hard Solar sce-
nario to meet this demand (87.9 GWyr/yr biomass and 449.3 GWyr/yr
hydrogen). This corresponds to a final to useful energy con-
version (ratio) of 98 percent (85 percent for biomass and 100
percent for hydrogen given in Table 7.6). Taking coal as a ref-
erence fossil fuel, 616.7 GWyr/yr final energy would have been
required due to its relatively low conversion efficiency of 85
percent. Thus the substitution of fossil fuels by biomass and
hydrogen has caused an effective reduction in final energy re-
quirements. Similarly, a reduction of 14 percent is achieved by
a change from coke to hydrogen (with 2 percent coal added) in
steel production. Especially dramatic is the reduction in the
motor fuels supply, 50 percent less final energy is required
because hydrogen is twice as efficient as oil products and
natural gas (see Table 7.5). 1In some cases the energy require-
ments have not changed with respect to demand projection. For
example, high temperature heat (thermal high) requirements for
furnaces are the same since hydrogen can be converted into use-
ful heat with wvirtually no losses.

The correspondence between the Lower demand projection and
the Soft Solar scenario can be established in a similar way.
However, the situation is more complex since many final energy
forms supply a given demand category. For example, biomass co-
generation delivers 68.4 GWyr/yr of final low temperature heat
and 27.8 GWyr/yr of electricity. In particular, 67.8 GWyr/yr
of the 160.5 GWyr/yr of useful energy demand for low temperature
heat is supplied by 13.8 GWyr/yr final energy equivalent of
biomass and 68.4 GWyr/yr of biomass co-generation (at conversion
efficiencies of 85 and 82 percent, respectively, see Table 7.6).
The remaining 92.7 GWyr/yr of useful energy demand is covered by
solar active co-generation and solar thermal (small STEC) plants.
Taking the same conversion efficiency as for coal, it is easily
seen that the demand is fulfilled. Assuming that coal were used
to supply all of the low temperature heat demand, 188.8 GWyr/yr

of final energy would have been required. In the Soft Solar
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scenario 192.5 GWyr/yr are actually delivered. Thus, while in
the Hard Solar scenario the useful low temperature heat demand
was delivered more efficiently than would have been possible by
fossil fuels, we see that in the Soft Solar scenario the opposite
is the case. However, this apparent reduction in efficiency is
an illusion to some extent. On-site solar energy sources have no
obvious final energy equivalent, since most of them deliver use-
ful heat without an intermediary final energy form. Thus it is
correct to say that active solar co-generation and scolar thermal
plants contribute 92.7 GWyr/yr of useful energy; the final energy
equivalent of 110.3 GWyr/yr given in Table 8.24 is a construct
that is necessary in order to make all numbers comparable (in
terms of final energy equivalent). This is not the case in the
Hard Solar scenario, the 449.3 GWyr/yr of hydrogen delivered to
low temperature heat is the actual final energy of hydrogen after
transportation and distribution. This example illustrates that
it is important to observe that local and on-site energy sources
deliver useful energy and have no obvicus final energy equivalent
correspondence. With this observation it is not hard to verify
that final energy delivered to other demand categories in the two
scenarios actually corresponds to the projected demands.

In a similar way the correspondence between supply and de-
mand can be established for energy use in transportation given
in Table 8.25. Here the demand categories are specified in terms
of energy service (required ton-kilometers or vehicle-kilometers).
In both scenarios these energy services are supplied by the same
final energy forms. All free-range vehicles use hydrogen,
otherwise electricity is used. For example, the final energy
use in freight transportation by train is 11 GWyr/yr. By 2100
all trains are powered by electricity compared to 66 percent in
1975 (see also Table 5.11). Taking the energy intensity of
electric powered trains in the Hard Solar scenario of 6.6 Wyr
per 1000 ton-kilometers (20 Wyr per 1000 ton-kilometers if diesel
is used, see Tables 5.13 and 7.5A, and 66 percent less 1f elec-
tricity is used, see Table 7.5B), this exactly corresponds to
the demanded 1683.9 x 109 ton-kilometers of energy service. In
a similar way all other energy services in the transportation

sector are fulfilled.
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Finally, Table 8.26 gives the energy use in households and
services. Here again the actual final energy supply for each
demand category resembles the pattern shown in Table 8.24 for
the agriculture, construction and manufacturing sectors. In the
Hard Solar scenario hydrogen and electricity supplied by central
distribution grids fulfill all demand categories. In the Soft
Solar scenario, on the other hand, on-site sources are used ex-
tensively. They include passive and active solar heating and
photovoltaic arrays. Hydrogen is not used at all and only small
amounts of electricity are supplied by central grids (60.9 GWyr/yr
for specific electricity uses and another 16.1 GWyr/yr through
heat pumps for space heating). The correspondence between demand
and final energy delivered to end use can be verified in the same
way as was done for the agriculture, construction and manufac-
turing sectors. Here again it can be observed that the efficiency
of final energy use for heating purposes is much higher in the
Hard Solar scenario (less final energy 1s supplied for a given
useful energy demand) than in the Soft Solar scenario {(where more
final energy equivalent is supplied for a given useful energy
demand) .

Thus the final energy end use of the two scenarios shows
that large differences persist in the structure of the two energy
systems starting from utilization of primary energy all the way
to energy use.

While the pattern of final energy delivered to fulfill the
transportation demand projections was the same in the two sce-
narios, final energy use in all other sectors showed completely
different patterns. In the Hard Solar scenario hydrogen and
electricity became the most extensively used energy forms leading
to significant improvements in energy end use efficiencies com-
pared with the current energy system. In the Soft Solar scenario
a switch to user-oriented energy systems caused a general de-
crease in the efficiencies of final energy equivalent end use.
Although we have mentioned that this apparent decrease of final
energy use efficiency is due to the lack of an obvious final
energy correspondence of the on-site and local energy sources,
this fact nevertheless illustrates the large differences between

the two scenarios. Their difference is so great that even the
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comparison of energy balances is not obvious at the final energy
level of the energy system.

These drastic changes in the final energy forms and their
uses in the scenarios all indicate that the sustainable energy
systems in 2100 are very different from the current one from the
perspective of the user. It is possible to observe some analo-
gies to the current system as we have outlined above, but they
stress even more the overall difference.

On the other hand, while these differences can hardly be
overstated, the transition to these sustainable energy systems
takes on the order of 100 years, a long time indeed. Looking
back 100 years or so, we would also encounter drastically
different energy forms and use: fuel wood, some use of coal,
animal muscle and wind power. All of these energy forms, ex-
cept coal, can also be considered to be renewable. Thus the
transition foreseen in the two scenarios appears to require
changes of no lesser magnitude than those that took place during

the last 100 years.
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9. CONSISTENCY WITH THE GLOBAL AND NATIONAL LEVELS AND WITH
THE NUCLEAR OPTION

Comparison with the FRG and Region III
Throughout the analysis of possible energy futures for

Western Europe the Global Study and in particular the results

for Region III have served as a consistency check. In fact, the
population and economic growth projections used in both Solar
scenarios were based on the assessment of the future evolution

of Region III beyond the time horizon of the Global Study, i.e.
the year 2030. 1In that sense the two most basic scenario assump-
tions represent a top-down approach--a disaggregation of Region
ITT.

At a more general level the Global Study served as a guide
for the formulation of the overall objectives of the Solar Study.
The scenarios were extended well into the second half of the
21st century, precisely because the conclusions of the Global
study have shown that sustainable energy systems could not be
effected before 2030. Yet it was clear that the developed re-
gions would be in a better position to master such a transition
than the rest of the world. 1In the Global Study Western Europe
as a part of Region III was the major importer of fossil energy
by 2030 in direct competition with the developing parts of the
world (see Figure 2.7). Thus the achievement of the reduction
and eventual elimination of the Western European dependence on
further fossil energy imports gains more importance when viewed
within the global context.

At a different level of disaggregation an obvious guestion
is what the results of the two solar scenarios imply for a
specific country within Western Europe. In Chapter 3 we have
emphasized that although Western Europe could be viewed as a
relatively homogeneous partition of Region III, it is in fact by
no means an entirely homogeneous entity. In order to account
for some of the differences between individual countries, Western
Europe was grouped into three more homogeneous areas (North,
Central and South). Nevertheless, there exists no obvious mecha-
nism for the translation of the results of the two scenarios in-
to specific implications at the national level. A récently com-

pleted IIASA Energy Systems Group study for the BMFT (Energy
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Systems Group, 1982) investigated the possibility of such a
translation of the Global scenarios for the FRG. Instead of
undertaking such a complex analysis, we will compare the results
of the Solar Study with a specific scenario for the FRG formulated
for the Enquete Kommission (Faude et al., 1980). This scenario,
labeled Energiepfad 3A, is based on different specific assump-
tions about the future development of the energy system of the
FRG than those made in the Solar Study. The Energiepfad 3A
was one of four alternative scenarios designed to investigate
national energy and economic development over the time horizon
of 50 years, up to the year 2030. This scenario is most similar
to the Solar scenarios in terms of the high energy conservation
in Energiepfad 3A and a parallel introduction of renewable energy
sources. This aspect of the three scenarios (Global Low, Western
Europe, and FRG) marks the usefulness of the comparison--it
illustrates a possible difference between national aspirations
and regional, collective interests with basically similar eco-
nomic growth and energy use assumptions.

Table 9.1 compares the most important scenario indicators
of the three scenarios for the FRG, Western Europe and Region
III, based on different objectives but with similar overall as-
sumptions. The Energiepfad 3A indicates that already today
the FRG has reached a stable population level and projects a
population decline in the future. Between 2000 and 2030 an
average population decline of 0.4 percent per year is assumed
while in the solar scenarios the population of Western Europe
and Region III still grows at 0.4 percent per year. This leads
to a relative decline of the FRG share 1in Western European popu-
lation from 15.4 percent in 1975 to 9.3 percent in 2030. Western
Europe as a whole maintains an almost constant share of the popu-
lation in Region III, declining from 72 to 70.1 percent over
the same period. It is interesting to note that at the declining
population levels the FRG continues to maintain adequate eco-
nomic growth, so that its relative share in Western European GDP
declines from 23.5 percent to not less than 19.1 percent. The
opposite is the case for the Western European GDP share in
Region III, it declines more rapidly than its population share,
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from 74.5 percent in 1975 to 69.1 percent in 2030. In other
words, Western Europe is projected to realize lower levels of
economic growth than Japan, Australia and other non-European
countries of Region III, but the FRG,being one of the five most
developed Western Europen countries in 1975 (see Figure 3.1),
could potentially use this position of relative advantage to
assure continuous productivity increases with a declining popu-
lation.

The primary and final energy use comparison in Table 9.1
of the three scenarios is based on the Hard Solar scenario for
Western Europe and the Low Global scenario for Region III. The
Soft Solar scenario is not included in this comparison since it
does not correspond as well as the Hard scenario to the Global
Low scenario in terms of its overall assumptions.

The Energiepfad 3A, on the other hand, could be placed in
this respect somewhere between the Hard and Soft Solar scenarios.
Naturally, these relative "positions" of the scenarios are only
approximate since (as mentioned above) an exact comparison is
not possible. The fact that the primary energy consumption of
the FRG compared to that of Western Europe in the Hard Solar
scenario is reduced by one half indicates higher energy use effi-
ciency in the FRG than in Western Europe as a whole (leading to
a relative share decrease from 20.7 to 11.6 percent). The final
energy use decreases by about the same amount, which indicates
that the two energy systems (of the FRG and Western Europe) have
about equivalent overall energy conversion, transportation and
distribution efficiencies. However, it is worth noting that re-
lative to the Soft Solar scenario the shares of primary and final
energy of the FRG do not decrease much. The final energy use de-
creases to 19.7 percent and primary energy consumption to 15.7
percent of the Soft Solar scenario. These observations indicate
that the energy system of the Soft Solar scenario is less effi-
cient than that of the Energiepfad 3A. The opposite trend can be
observed between the Hard Solar and the Global Low scenarios.

The share of primary energy consumption of Western Europe in
Region III increases from 67.7 percent in 1975 to 70.5 percent
in 2030, while the final energy share decreases from 75.1 to

60.9 percent over the same period. Thus, the energy system of
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the Hard Solar scenario is less efficient than that of the
Global Low scenario.

The reasons for these differences are more transparent in
Table 9.2 showing the relative shares of primary energy sources
in the scenarios. The structure of the primary energy supply is
similar in the base year (1975). The FRG shows the highest re-
lative use of coal, most likely due to relativley high endogenous
resources. But also the total relative use of fossil sources is
higher due to limited hydropower potential and lower use of nu-
clear power.

In the scenarios, in spite of the similar starting structure
of energy supply, the changes are different. The major similari-
ty, however, is the general trend to lesser use of fossil energy
and an increasing deployment of alternative energy sources.
Within this overall trend, the higher relative shares of coal
persist in the FRG, and Region III shows lower relative reduc-
tions in o0il and natural gas use. Western Europe falls somewhere
in between. The reasons for these differences are obvious. The
FRG expands its domestic coal use in order to substitute more
expensive and imported fossil fuels; Region III, on the other
hand, is more dependent on import of fossil energy. The extreme
example 1s Japan's complete dependence on energy imports. The
energy imported to Region III has to be transported over long
distances mainly from the Gulf States so that o0il remains to be
the preferential energy source in spite of its higher price.

The increasing use of the alternative energy sources in the
scenarios also portrays different trends. Although the common
tendency is to use more of both nuclear, renewable and solar
energy up to the year 2000, afterwards the relative positions
of alternative energy sources become asymmetric. In the Energie-
pfad 3A both nuclear and renewable energy use increase hand in
hand, whereas in the other two scenarios one alternative is
favored at the expense of the other. In the Hard Solar case,
solar and renewable energy sources provide more than half of all
primary energy while the nuclear share shrinks to the lowest
contribution of about one-tenth in total primary supplies. 1In
the Global Low scenario exactly the opposite happens--the renew-

able and solar option acquires the lowest share and nuclear the
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second largest with about one third of all primary energy.

This difference in the levels of alternative energy deploy-
ment merits further consideration. At the surface it appears to
indicate a deep dichotomy between the scenarios with respect to
the two classes of alternative energy sources--breeder and burner
reactors on the one hand (i.e. FBRs and LWRs) and renewable
(electric) and solar (thermal) options on the other. We have
observed earlier (in Chapter 4) that either of these two alter-
native energy sources could provide sustainable amounts of energy,
provided that their deployment is properly planned for. Thus they
are similar with respect to their possible use as sources of con-
tinuous energy flows in the far future. However, the similari-
ties of nuclear and solar energy become more apparent than is
generally recognized today when they are both viewed as a part
of a sustainable energy system. It is precisely because of these
similarities that these alternatives are compared today on the
basis of their possible comparative advantages or disadvantages.
We will attempt to outline some of these similarities.

Neither nuclear nor solar energy can be used directly by the
consumer for all of his energy needs. In order to meet the en-
tire useful energy need exclusively on the basis of either nu-
clear or solar energy an intermediate storage and transport me-
dium is required. Transport is needed to bridge the spatial
separation and configuration of energy conversion and end use.
Storage is needed to bridge the temporal mismatch between energy
supply and demand. It is obvious that energy transport is needed
for both nuclear and solar. Even if a part of the conversion
takes place locally, energy transport is needed at least in the
transportation sector and energy trade. It is also obvious that
energy storage is needed for solar conversion during the night,
and if we recall that nuclear power plants operate most economi-
cally in base load mode, storage needs become apparent here too
since demand for energy has peaks.

The similarities go further: Since a seconcary energy car-
rier is needed for energy transport and storage, the question
arises what should be its characteristics. Since it should be
easily storable, electricity alone cannot be used. Since it

should be easily transportable it cannot be a solid either,
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which leaves the ligquid or gaseous form. Therefore we come back
again to the reason why o0il products, natural gas and electricity
are the preferred energy forms today.

This similarity in possible future use of nuclear and solar
energy leads once more to the important role of the liquid and
gaseous secondary energy forms--methanol and hydrogen--in the
two schematic representations of the sustainable energy systems
from Figures 7.3 and 7.4. 1In order to illustrate and compare
these similarities and differences between the nuclear and solar
options we present a Nuclear scenario based on the same structure
of the sustainable energy system and the same basic assumptions

as in the Hard Solar scenario.

The Nuclear Scenario

The Nuclear scenario completes the scope of possible energy
futures for Western Europe that are based each on one class of
sustainable energy sources. The Soft Solar scenario was based
to the maximum extent possible on renewable and user-oriented
energy potentials, while the Hard Solar scenario deployed mainly
central solar conversion systems. The Nuclear scenario goes into
the third possible direction--maximal reliance on nuclear central
conversion. In that sense it could also be labeled "Hard" Nuclear
scenario. In order to maintain comparability of the scenarios,
+he basic underlying assumptions were only modified where it was
absolutely necessary. Thus, the population and economic growth
are the same in the Nuclear scenario. Furthermore, it is based
on the Higher energy demand projection and on exactly the same
structure of the energy system as the Hard Solar scenario that
was illustrated schematically in Figure 7.3. The difference
between the two scenarios consists only of minor changes in the
relative cost structure of the Nuclear scenario. Table 9.3
shows the relative cost increases of the Nuclear scenario in
comparison to the Hard Solar (see also Table 7.9). 1In the Hard
Solar scenario all nuclear technologies have the same factor in-
creases as the fossil energy resources, while centralized solar
technologies have no cost increases. In the Nuclear scenario
this assumption is changed. Now the cost of nuclear technologies

increases only by a factor of 1.8, and central sclar thermal
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conversion becomes more costly over the next 100 years. The

cost of other technologies is not changed, so that nuclear tech-
nologies continue to have the second highest cost increases in
the future, while solar thermal technologies become as expensive
as fossil fuels and natural uranium (see also Table 7.9 for
comparison of relative cost increases in the Soft Solar scenario).
This change in relative cost increases is the only difference in
assumptions between the two scenarios. The cost assumptions in
the base year and performance of all technologies in the energy
system remain the same as in the Hard Solar scenario (they were

given in Chapter 7).

Primary Energy Consumption and Import Dependence

We will start the brief description of the Nuclear scenario
results with the primary energy requirements. Table 9.4 gives
the shares of different primary energy sources used and the total
consumption (for comparison with the Hard and Soft Solar sce-
narios see Tables 8.4 and 8.5). The first thing to observe 1is
that the Nuclear scenario also leads to sustainable use of re-
sources by 2100.

A more careful inspection of the relative shares of three
sustainable energy sources in 2100--nuclear, hydropower and bio-
mass--reveals an almost mirror image of the Hard Solar scenario.
In both scenarios hydropower and biomass are used to the same
extent. In the Hard Solar scenario, the central solar technol-
ogies contribute almost 90 percent of the required energy and
in the Nuclear scenario the nuclear technologies do the same.
This mirror image analogy between the two scenarios goes further.
In the Hard Solar scenario solar-hydrogen conversion is preferred
to solar-electric conversion, primarily due to high energy stor-
age requirements. In the Nuclear scenario the roles are reversed.
The HTR-hydrogen conversion is less intensive than the FBR-
electric conversion. This is caused simultaneously by the lesser
energy storage requirements and the need for a relatively high
share of FBRs. Their share must be higher in order to maintain
the balance of fissile materials within the joint FBR-HTR fuel
cycle. Specifically, FBRs must breed some plutonium in order

to allow for further installation of new FBRs, and in addition
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they convert thorium to U233 in order to provide the fuel for

HTRs. Thus, this shows that the ratio between FBRs and HTRs is
a function of the growth rate of the total nuclear installed
capacity. However, the FBRs are best suited for electricity
generation, whereas the HTRs can easily produce hydrogen by on-
site thermolysis since they operate at a much higher temperature.

Table 9.5 gives the cumulative resource requirements of the
Nuclear scenario. It shows that all sustainable energy sources
deployed in the scenarios require no net energy imports. This
result, of course, implies that the endogenous natural uranium re-
source (corresponding to 8.5 TWyr of primary energy if used in
LWRs with once-through fuel cycle) is actually used. Once the
enriched natural uranium from this resource is "burned" in the
LWRs, enough plutonium is produced to establish the "stock" of
FBRs capable of supporting all HTRs in conjunction with some of
the depleted natural uranium (left over from the LWR operation)
and thorium. Thus, in this scenario the FBR plants represent
the investment in the future sustainable energy system in an
analogous way as the STEC plants did in the Hard Solar scenario.
However, the difference from the Hard Solar scenario is that
absolutely no energy imports are required by 2100 and yet the
higher energy demand level can be supported. Table 9.6 shows
how this import independence is achieved. 1In this respect the
Nuclear scenario is similar to the Soft Solar scenario (see
Table 8.8). The import dependence is somewhat higher during the
transition to the sustainable mode of resource use, but after
2060 the imports of energy are completely eliminated.

This observation offers an interesting comparison of the
scenarios. The Hard Solar scenario was found to be compatible
with the Higher energy demand projection. Perhaps the major
single reason is that at relatively high energy generation den-
sities (compared to those of the Soft Solar scenario) the energy
supply is well matched to the demand patterns and levels of the
Higher demand projection. The correspondence with the Lower
demand projection would not have been well chosen due to the
high degree of implied energy conservation and user orientation.
In the Hard Solar scenario this 1is simply not necessary and

furthermore the high degree of user orientation of the Lower
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Table 9.5. Cumulative Use of Primary Energy (Equivalent), Nuclear
Scenario, 1975 to 2100 (TWyr)

Scenario
Primary Total Remaining
Energy Resource = Total Resource or
Source Available Consumed Total Imports
Coal 370.9 28.5 342.4
0il 15.8 42.5 ~-26.7
Gas 9.2 27.3 -18.1
LWR , 8.5 8.5 0
FBR 351.3 n.a.
HTR® { 1307.5 n.a. n.a.
Hydropower 35.3 34.0 0.7
Biomass 56.3 51.5 4.8
a)

For fossil energy and LWR the total resource available repre-
sents the ultimately recoverable resources. For other renewable
energy sources the numbers represent renewable potentials
cumulated over 100 years (for hydropower over 120 years), as
they become available (see Chapter 6 and in particular the
resource summary in Tables 6.14 and 8.7).

b)Total (cumulative) imports are represented by negative numbers.

C)The LWR cumulative fuel consumption would also exceed the
natural uranium resource, »ut after the exhaustion of the
domestic natural uranium the advanced LWR are used and fueled
by U%?3? produced in the FBR.

d)E'BR potential is based on depleted natural uranium resource of
Western Europe; the potential could be even higher, but we only
use the depleted uranium stockpile left over from LWR, resulting
in the given estimate of this energy source. Thus the remaining
resource estimate is not applicable (n.a.). The FBR can also
breed U?3? in addition to plutonium. U2?*? is converted from
thorium. Thorium is assumed to be available to the extent that
it is needed.

e)'I‘he HTR cumulative fuel consumption is not accounted for in

terms of energy equivalent since it is fueled by plutonium from

FBR and thorium. Thorium is assumed to be available to the

extent that it is needed.
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. a
Table 9.6. Primary Energy Import Dependence ,

Nuclear Scenario,

1975 to 2100 (%)
Base

Primary Energy Year Scenario
Resource 1975 2000 2030 2060 2100
Coal 11 0 0 0 0
0il 95 48.7 4.4 100.0 0
Gas 8 51.0 100.0 100.0 0
Total 53 22.3 6.3 0.6 0
a)

All other energy forms used in the
imported.

Nuclear scenario are not

Energy import dependence is calculated as a frac-

tion of imported energy in total use of a given energy source.
The total import dependence represents a fraction of total
imported energy in total domestic energy use of all sources.

demand projection would have been uneconomical:

It would require

complex end use technologies in addition to intricate and complex

centralized energy conversion.

For precisely the same reason the

Nuclear scenarioc also corresponds to the Higher demand projection.

The difference between the two,

however,

is that the Hard Solar

scenario needs additional hydrogen imports,whereas the Nuclear

scenario results in import independence.

Final Energy Use

The difference and the similarity of the Hard Solar and the

Nuclear scenario can be better illustrated at the level of final

energy forms that are supplied to end use.

It is obwvious that

the amount of final energy supplied must be equivalent for both

scenarios,

since they both must balance the same levels and

patterns of final and useful energy and energy service require-

ments. At the same time it is clear
energy delivered to end use need not
low temperature heat can be provided

However, this is not the case in all

e.g.
on hydrocarbons.
to end use after
bution.

sents in many ways a mirror 1lmage of

primary energy conversion,

that the actual forms of

e.g.
by almost all energy forms.

always be the same,

energy demand categories,

the feedstock for the petrochemical industry must be based

Table 9.7 shows the final energy forms delivered

transport and distri-

We have mentioned above that the Nuclear scenario repre-

the Hard Solar scenario
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Table 9.7. Final Energy Shares by Form, Nuclear Scenario (Higher
Demand Projection), 1975 to 2100 (%)

Base

Year Scenario
Form 1975 2000 2030 2060 2100
Coal 10.1 9.8 10.6 1.6 0.1
0il 59.5 33.7 12.1 0.4 0
Gas 16.4 28.8 11.0 0.8 0
Electricity 11.8 20.4 38.0 45.8 50.2
Biomass 2.22 5.4 5.7 5.0 3.1
Methanol 0 1.3 6.2 15.7 18.3
Hydrogen 0 0.6 15.4 30.7 28.3
Total (TWyr/yr) 1.19 1.51 1.69 2.18 2.82

except that it allows for complete import independence (just like
the Soft scenario), whereas the Hard Solar does not. Compared
with the final energy forms delivered to end use in the Hard
Solar scenario (see Table 8.16) the Nuclear scenario shows exact-—
ly the same biomass and methanol deliveries and also parallel but
exchanged roles of electricity and hydrogen. Although this re-
sult may appear to be surprising, it can be easily explained.
Biomass is the only solid fuel left and as a source of carbon
atom cannot be substituted by any other energy form. The same is
true for methanol, all of it is needed to provide feedstocks.
Thus the amount of these two energy forms must be the same in
both scenarios. Hydrogen and electricity on the other hand are
perfectly substitutable forms of energy in many energy demand
categories. The main exception is the transportation sector.
It turns out that it needs a basically fixed proportion of hydro-
gen and electricity since all free-range vehicles rely on hydrogen
as an energy source and trains on electricitv.

Thus, in the Hard Solar scenario more hydrogen is delivered
since it can also be used to store energy over longer periods
in order to match the solar insolation availability and energy
demand loads. In the Nuclear scenario such large storage capac-
ities are not required. Nuclear power plants are suited to
operate in base load mode but they do not have seasonal variations,
thus some daily storage is also required but not to the extent as

in the Hard Solar scenario. In other words, within the structure
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of the energy system and energy demand that have the common base
in both scenarios, about one-fourth of all final energy should be
in the form of hydrogen, about one-fourth in the form of electri-
city and little less than one-fourth is perfectly substitutable
between hydrogen and electricity. This last category illustrates
the flexibility that is given to the energy system, most import-
antly that the flexibility is limited to only 25 percent of total
final energy. In the Hard Solar scenario this flexibility was
utilized as a buffer between energy supply and demand (in the
form of hydrogen) and in the Nuclear scenario as an. opportunity
to reduce the supply complexity (by supplying the FBR generated
electricity in electricity form). Table 9.8 shows that the final
energy use patterns are essentially unchanged with respect to the
Hard Solar scenario (see Table 8.21). Thus, in the two scenarios
that are based on central energy conversion systems, hydrogen

and electricity together provide three-fourths of all final ener-
gy. This stresses again the importance of these two energy car-
riers in the future:. The symmetry is perfect: ¢folar-thermal
conversion needs the proton more as an energy carrier because it
can be easily stored, and nuclear energy needs the electron more
because it can be converted into an energy carrier at lower tem-
peratures. But this freedom is limited, both energy sources must

provide both energy carriers; the variation in the mix of these

Table 9.8. Final Energy Shares by Use, Nuclear Scenario, 1975 to

2100 (%)

Base

Year Scenario )
Use 1975 2000 2030 2060 2100
Thermal Low 42 36.6 36.2 32.9 30.6
Thermal High 14 13.3 10.9 10.8 11.1
(Thermal Total) (56) (49.9) (47.1) (43.7) (41.7)
Steel Production 4 4.1 3.2 2.3 2.2
Feedstocks 7 8.9 12.0 16.3 18.3
Motor Fuels 21 22.6 18.4 15.6 15.0
Electricity 12 14.5 19.3 22.1 22.8

Total (TWyr/yr) 1.19 1.51 1.69 2.18 2.82
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two energy carriers is limited to 50 percent. Thus the Nuclear
scenario is similar to the Hard Solar scenario as far as the
energy consumer is concerned--both scenarios fulfill exactly
the same energy demand categories. However, at the same time
the Nuclear scenario provides for complete import independence
just as the Soft Solar scenarioc does,but without an active role

of the consumer in the energy conversion systems.
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10. INVESTMENTS AND ECONOMIC IMPACTS

Evolution of Energy Costs and Prices

The infrastructural changes both in the energy system and
energy use in the two scenarios imply not only different life-
style patterns when compared with the current situation in
Western Europe, but also changes in the structure of consumption
and investments. In particular, the important gquestions are how
the investments in the energy system and payment for the import
of energy change. For Western Europe the transition to a sus-
tainable supply of energy means that higher capital investments
would replace the payments for the continuous imports of fossil
energy. The Global Study has shown that Region III would be the
only one of the three developed Regions (I, II and III) that
would remain to be a net energy importer by the year 2030. By
the year 2100 in the Soft Solar scenario it would be possible
for Western Europe to become self-sufficient and independent of
energy imports. In the Hard Solar scenario such independence
could not be achieved, but the results showed that energy import
would be reduced to solar hydrogen from the Sahara. The capital
for exploiting this resource would be provided by Western Europe.
Thus, although not a Western European energy source, the hydrogen
production in the Sahara was considered as a part of capital re-
quirements to implement the Hard Solar scenario. Thus, in the
Hard Solar scenario, Western Europe has both the burden to in-
vest in development of hydrogen production outside its borders
and to pay for continuous hydrogen imports. The cost of imported
hydrogen was assumed to be the same as that of domestic hydrogen.
Due to the fact that hydrogen production in the Sahara would be
cheaper than in Western Europe, because of the higher solar in-
solation and probably cheaper labor, the cost of imported hydro-
gen should leave enough room for some profit for the exporting
countries.

Already this guestion of the cost of imported hydrogen in-
dicates that a realistic analysis of the economic impacts of the
two scenarios is extremely difficult if it is possible at all.
Most of these difficulties arise from the extremely long time
horizon of the analysis. Precisely because the future price

evolution is uncertain and not predictable over long time periods,
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all of the energy balances for the two scenarios were considered
in physical units (e.g. primary or final energy equivalent) and
not in terms of market prices. In addition, the costs of energy
technologies and other components of the energy system were given
in real monetary terms--in U.S. dollars at 1975 prices and ex-
change rates. They express cost-prices of producing an energy
commodity without accounting for future development of indirect
taxes or other factors that determine market prices such as indi-
vidual utility preferences. Thus the cost figures used in the
analyses are predetermined and were not based on market prices
resulting from an economic equilibrium. In other words, the
energy supply and demand balances were achieved by cost minimal
allocation of energy to end use at given demands and not through
a price mechanism. Only in such a way was it possible to struc-
ture an energy system capable of supplying sustainable forms of
energy after a transition period of almost 100 years.

At the same time it is obvious that the changes in market
price of commodities and capital are essentially determined by
short-term fluctuations of the business cycle. The list of de-
terminants of these fluctuations is extremely large, strating from
exchange rates and balance of payments all the way to taxation
policy and changes in tastes and attitudes of the consumer. The
explanation of the business cycle represents a large body of
economic theory and econometric research today. Because of the
interest in the possible long-term evolution of the energy system,
and for reasons of reducing this task to a feasible dimension,
we were forced to replace these complex market forces and inter=-
relationships with exogenous cost assumptions. In order not to
neglect the evolution of relative prices entirely we have assumed
changes in relative costs of energy technologies (see Table 9.3).
But we must observe again that in the same way as our cost assump-
tions do not encompass short-term price variations, they are not
predictions of long-term price development either. 1In order to
reflect financial flows in Western Europe correctly, a detailed
world trade model would be needed to balance import requirements
and export aspirations over long time periods. However, such a
model does not exist. Although the Global Study could not be

pased on such an approach either, it is possible to interpret
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the scenarios since they are global and tackle these questions in
a gualitative way. Unfortunately, because it was necessary to
extend the time horizon of the solar study beyond that of the
Global Study in order to achieve the transition to a sustainable
energy future, the "yardstick" of the Global Study is missing
after 2030. Therefore we cannot analyze, even in a gqualitative
way, the possibility of increasing Western European export activ-
ities to the extent that they match the energy import reguirements
Thus we are not in a position to . evaluate the reasonableness of
our GDP growth assumptions with respect to ability of the Western

European economy to afford the specified energy imports.

Energy Import Cost

We can, however, compare the relative increase of payments
for energy imports in total GDP given in Figure 10.1. In the
Hard Solar scenario the total energy import bill increases from
less than 5 percent in 1980 to a maximum of almost 7 percent in
2060 and then decreases gradually to 4.5 percent GDP share by
2100. The intermediate increase in the value of imported energy
up to 2060 is caused by the need to import all of the required
fossil energy (0il and gas, see Table 8.8). After 2060 fossil
energy 1is completely phased out so that all of the imported energy
by 2100 is in the form of hydrogen. For example, in 2030 73 per-
cent of the import bill is due to fossil energy imports and the
remainder due to hydrogen imports from the Sahara.

In the Soft Solar scenario the energy import bill is very
low. Already by 2030 less than one percent of total GDP goes for
energy imports, and by 2100 no energy is imported. In terms of
relative shares, in 2030 almost 85 percent of import payments are
due to fossil energy imports and the remainder is due to natural
uranium imports. In the Hard Solar scenario uranium imports were
not needed because of sufficiently large FBR installed capacities,
large enough to fuel (after fuel reprocessing) the part of LWRs
not supplied by domestic uranium resources. This gradual decrease
of the relative share of the energy imports and eventual import
independence in the Soft Solar scenario can only have positive
effects on the total balance of payments and overall economic
growth. However, even in the Hard Solar scenario the relative
share of energy imports in GDP increases less than 50 percent

over a period of more than 50 years, and in the long run decreases
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Figure 10.1. Cost of imported energy as share of GDP, Hard
and Soft Solar scenarios.
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below the current level. This should probably not cause any
critical problems. It represents at most a doubling over the
current energy import bills of most of the Western European
countries (e.g., in the FRG the share of energy imports in GDP
was 3.1 percent in 1975). It should be observed that the import
bill in the scenarios, along with all other monetary flows, is
given in real terms. Of course, the differential cost changes
of energy technologies (given in Table 9.3) are reflected in the
import bill. But real problems can occur when energy imports
are considered in current terms and world trade prices. Depend-
ing on the base year of the real cost levels it is possible that
a positive real trade balance turns into a trade deficit in cur-
rent price levels. This of course also applies to the relative
share of import in GDP. For reasons explained above it is un-
fortunately not possible to evaluate whether the energy imports
of the Hard Solar scenario could lead to more serious economic
problems in the long-term future, although this appears unlikely
in real terms.

As a sensitivity analysis of the costs of imported energy
it is also interesting to investigate the effects of relaxing our
assumption of differential cost changes. In particular, the cost
evolution in the scenarios favors very strongly the renewable
energy sources and increases the costs of fossil and nuclear
energy. However, by assuming no changes in real costs over the
time horizon of the study, the import bill share in GDP is re-
duced quite significantly. The relative share decreases continu-
ously to half the current level--by 2100 only 2.5 percent of GDP
are paid for energy imports (as compared to 4.5 percent assuming
differential cost increases).

We may conclude that the absolute increases of energy im-
ports in the Hard Solar scenario would probably lead to negligible
or at most minor impacts, provided sufficient economic growth
can bé sustained as was foreseen in the two scenarios (see Table
3.13). In the long run, beyond the transition away from fossil
fuels, the energy import bill would take no greater share of the
total GDP than today. However, problems could occur if payments

for energy, foreign and domestic, clash with increasing demands



-230~

for highly capital intensive energy technologies of the two
scenarios. Thus we will first consider the capital requirements
in the two scenarios and then the total costs of the energy

systemn.

Investments and Capital Requirements

We have seen that the basic assumptions of the two scenarios,
based on the same population and GDP growth patterns, imply an
average GDP increase of 1.6 percent per year while the population
grows at only 0.3 percent per year (see Table 3.16). Due to only
minor changes in the economically active population (see Table
5.2) most of the GDP growth must be realized through productivity
and capital intensiveness increases.

Already in the past similar trends have caused in most in-
dustrialized economies, especially in Western Europe, a continu-
ous substitution of capital for labor. For example, in the FRG
the capital-output ratio has increased by 15 percent between
1970 and 1980, reflecting a relative fall in the productivity of
capital accompanied by relative increases in labor productivity.
This tendency is expected to continue in the future as long as
economic growth is supposed to continue as assumed in the sce-
narios. In particular, a shorter work week and longer annual
leave could lead to lower labor participation in the production
process. A large degree of user-oriented and implicit life-style
changes all imply large capital investments throughout the econ-
omy. Furthermore, the extraction of practically all endogenous
energy resources also demands additional capital, since less
accessible resources requiring complex processing equipment must
also be used. However, the change of the whole production pro-
cess that leads to higher energy efficiency, assumed in the energy
demand analysis, would cause a similar trend at higher capital
requirements in extraction of all raw materials. A parallel trend
to capital intensive infrastructural changes and resource deple-
tion is the growing consciousness towards environmental impacts
of the energy system and all economic activities. Thus energy
and all other conservation measures and development of new infra-
structures all add to the increase of capital requirements in the

future.
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Only some of these considerations are reflected in the high
capital requirements of the two scenarios. Figure 10.2 compares
the total investments in the energy system for the two scenarios.
In the Hard Solar scenario the energy investment share in GDP in-
creases to over 5 percent in 2030 and gradually doubles by 2100.
In the Soft Solar scenario it increases somewhat up to 2030 and
slowly reduces to below 3 percent of GDP by 2100. Thus, due to
the continuous economic growth, the energy investment share in
GDP even in the Hard Solar scenario appears not to be too criti-
cal, although in absolute terms the energy investment requirements
increase by a factor of 13 in the Hard Solar scenario and by a
factor of 5 in the Soft Solar scenario. These total investments
in the energy sector are based on the capital requirements of
all technologies employed in the scenarios and differential cost
changes that were described in Chapter 7. As all other cost
assumptions in the scenarios they are also based at the 1975
price level and exchange rates in U.S. dellars. However, these
investment requirements include only the capital needs of the
energy system included in the energy supply model MESSAGE II.

The modeled energy systems include energy c¢onversion, transport-
ation, distribution and end use technologies as was shown in the
schematic representation in Figures 7.3 and 7.4. 1In particular,
the capital requirement of energy extraction is not chsidered
explicitly. The investment requirements of this part of the
energy sector are determined in the IMPACT model. This model
takes the primary energy production and the capacity accumulation
of production, conversion, transportation and distribution tech-
nolcogies from the energy supply model and determines the corres-
ponding investment needs. Special attention is given to lead
times and their conseguences on the timing of investment activi-
ties. They could be especially important during the next few
decades since nowadays ten or more years are needed between an
order of a power plant and its first commercial operation. How-
ever, since very careful timing of the future energy system con-
figuration in the two scenarios i1s a prerequisite for their imple-~
mentation, the long lead times must be planned for. In any case,
the investment requirements determined by IMPACT indicate.an addi-
tional 60 percent increase in capital needs for energy extraction



-232-

%

13980 2010 20440 2020 210¢0C

Figure 10.2. Capital requirements as share of GDP, Hard and
Soft Solar scenarios.
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in the year 2000. However, these additional capital needs are
necessary only during the transition period and diminish drasti-
cally as the fossil and nuclear energy are phased out in the
scenarios. Unfortunately, the total capital requirements in the
energy sector determined by the IMPACT model do not correspond
directly to those of the energy supply model MESSAGE II, since the
wide spectrum of end use technologies that are extremely import-
ant, especially in the Soft Solar scenario, is not reflected
accordingly. Energy extraction, conversion, transportation and
distribution technologies are included in IMPACT, but not end use
and on-site technologies.

In general it should be observed that the capital require-
ments of energy supply and use in the two scenarios do not
correspond directly to current accounting practices. Due to the
increased complexity of energy end use and strong user orienta-
tion in the Soft Solar scenario, the energy systems include all
end use devices and technologies and therefore also their costs.
To ignore this part of the energy system would be to ignore the
larger part of the energy supply. Energy end use devices of to-
day that are equivalent to the user-oriented technologies in the
scenarios belong to the group of noncommercial energy uses and
are not included in the energy accounts. In the scenarios all
of the end use devices are encompassed in order to warrant direct
comparison with user-oriented energy sources. Therefore a direct
comparison with the published accounts of energy sector costs and
those determined by the IMPACT model is not appropriate. At the
same time it would not be meaningful to compare the costs of the
two scenarios excluding the end use devices, since especially the
Soft Solar scenario would appear to be inexpensive without its
large share of user-oriented technologies.

Figures 10.3 and 10.4 show how the capital requirements in
the Hard and Soft Solar scenarios are distributed between energy
conversion, transportation and distribution, and energy end use.
For the Soft Solar scenario the capital requirements for energy
end use technologies are further disaggregated to illustrate the
difference between the more conventional energy end use devices
that are supplied by central energy conversion systems and the
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Figure 10.3.

Capital requirements for conversion, trans-
port and distribution (T&D), and end use,
Hard Solar scenario.
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port and distribution (T&D), end use, and
on-site, Soft Solar scenario.
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on-site energy conversion and end use. The first group is simply
labeled end use and the second on-site.

In both scenarios energy transportation and distribution
capital requirements are comparatively low and their relative
shares decrease as energy conversion and end use become more
comlex during the next century. It should be observed that cen-
tral conversion capital requirements increase more than those of
end use. In the Soft Solar scenario the on-site energy becomes
the most capital intensive part of the energy system accounting
for almost one half of all capital requirements. Thus the
structure of capital needs of the energy sector shows different
evolution in the two scenarios. In addition, the total capital
needs of the Hard Solar scenario are three times larger than those
of the Soft Solar. However, in the Hard Solar scenario the capi-
tal requirements include not only domestic investment but also
the capital needs of solar generation of hydrogen in the Sahara.
Figure 10.5 shows the investment share in GDP for the Hard Solar
scenario (from Figure 10.2) disaggregated into domestic and
foreign capital needs. The share of foreign investment rapidly
increases after 2030 to result in almost one half of all capital
needs of the energy sector. Investing almost half the capital
allocated to energy outside Western Europe toward the end of the
next century certainly appears problematic, to say the least.
However, such large foreign investments could be viewed as an
alternative to even larger import and continuous dependence on
even more expensive fossil fuels. Thus, large domestic and even
foreign investments could be considered as an alternative to an
even higher import bill. After all, if it is assumed that the
conversion facilities built by Western Eurcope in the Sahara would
be available as an energy source over the whole life time of the
installations, then there is practically no difference between
domestic and foreign investments. Presumably such facilities
would also be built by Western European companies, so that the
adverse effects of foreign investments could be limited to pur-
chases of raw materials abroad and employment of foreign unskilled
labor. These would be offset by the increased economic activity
connected with such large construction programs. These issues

are very difficult and resemble somewhat those involved today
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in the decision to finance the development of natural gas pipe-
lines in the Soviet Union in exchange for longer-term natural gas
deliveries. The difference is not in the nature of the associated
problems but only in orders of magnitude associated with a Euro-
pean venture of solar power development.in North Africa.

The analysis of the capital requirements in the two sce-
narios has illustrated the increasing shares of end use and
on-site energy technologies in total capital needs. This trend
illustrates that both energy conservation and user orientation
could relieve many of the traditional energy supplies from cen-
tralized energy systems. Thus higher investments can help to
reduce the increase of the total energy bill by reducing energy
demand and increasing the amount of energy generated locally.
However, there is an additional factor implied by the scenarios
that is not explicitly reflected in the capital needs: namely,
the indirect capital needs that would result from life-style
changes and infrastructural changes. Certainly, also these
aspects of more efficient energy use are also associated with
higher capital requirements throughout the economy. For example,
the higher cost of more efficient urbanization patterns or re-
structured production processes also imply higher capital invest-
ments. However, these structural changes are so numerous in the
scenarios that they cannot be all accounted for in monetary
terms. This 1is exactly the reason why the energy demand model
MEDEE-2 was used to account different energy needs in physical
terms for the assumed GDP level and structure. In other words,
we have assumed that continuous economic growth would lead to a
substitution of capital for energy throughout the economy and
not only in the energy sector itself. Although reduced economic
growth would also lead to reduced energy needs and structural
changes in the economy, the reduction would be of a different
nature. It would imply a change in life-styles based on curtail-
ments rather than on substitution between factors. In summary,
direct investment needs of the energy sector would definitely in-
crease over the next 100 years in Western Europe, and their re-
lative share in GDP would also increase during the next 50 years.
Given the guite favorable economic environment of the scenarios,

these increases would cause increases in real capital costs,
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but should not lead to insurmountable problems. However, given
the state of the art of long-term economic modeling, this can be
viewed as an assessment and not as a definite answer, since there
is no guarantee that the assumed economic growth is realizable.
This depends on a host of other factors not considered in the

analysis.

Energy System Costs

The investment reguirements and energy import bill are not
the only costs of the energy sector. Domestic fuel costs and
the expenditures for the operation and maintenance of the energy
system complete the list of charges of the energy sector against
the economy. They are also expected to follow the upward trend
in the future. Figures 10.6 and 10.7 show the evolution of all
costs in the two scenarios. In the Hard Solar scenario, opera-
tion and maintenance costs of solar installations in the Sahara
are included in the total cost. Thus all three classes of ex-
penditures for energy--capital requirements, total fuel, and
operation and maintenance costs--have a domestic and foreign
component in this scenario. 1In the Soft Solar scenario only
fuel is imported during the transition period. Thus, by 2100
all ccsts of the energy sector are domestic in this scenario.
Since the renewable and on-site energy sources have no obvious
analogue to fuel costs, the domestic fuel costs include the
payments for fossil and nuclear fuels until their phase-out
and in addition to the cost of biomass. By 2100 the fuel costs
are somewhat higher in the Soft Solar scenario due to the greater
use of biomass.

Operation and maintenance costs are higher in the Soft Solar
scenario. However, if energy generation outside of Western
Europe is also considered, then the picture changes. The total
(foreign and domestic) operation and maintenance costs of the
Hard Solar scenario are more than two and a half times larger
than those of the Soft Solar scenario. Such a direct comparison,
however, is not really correct. The on-site and local energy
systems have additional operation and maintenance costs that can-
not be easily assessed. For example, well insulated houses re-

quire more careful maintenance by the user himself, but what is
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Figure 10.6. Total capital, operation and maintenance
(0&M), and fuel costs, Hard Solar scenario.
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more important, the new sophisticated end use devices, such as
solar heating with biomass back-up,also require more operational
effort by the user than, say, a single thermostat of an electric
heating system. Similar observations are also true for industry
and transportation. Higher energy efficiency is connected with
more careful planning as well, for example, better scheduling of
air and city traffic. These costs can also be seen as additional
operation and maintenance costs that are not easily accountable
and were not included in our estimates.

In both scenarios a strong substitution between capital
and variable (fuel, operation and maintenance) costs can be ob-
served. By 2100 the capital share in the total energy bill in-
creases from about 20 to 49 percent in the Hard Solar and to
44 percent in the Soft Solar scenario. This observation in a
sense summarizes the nature of the transition from consumptive
to sustainable use of energy. Large capital investments are re-
quired in order to establish a new energy system capable of de-
livering the required energy on a sustainable basis. Thus capital
can also replace continuous input of depletable resources. This,
however, requires prudent timing and new structures both of the
whole economy and also of the energy system and energy use.

Up to now we have shown the split of the total energy bill
according to fuel costs (domestic and import), operation and
maintenance costs (domestic and foreign), and capital requirements
{domestic and foreign). However, as mentioned earlier, the cur-
rent energy cost accounting does not usually include the costs
and investments of energy end use. Instead, the cost of energy
is determined only up to final energy deliveries. Figures 10.8
and 10.9 show the disaggregated total costs for central conver-
sion, transport and distribution, end use, and (in the case of
the Soft Solar scenario) also on-site systems. In the Hard Solar
scenario end use contributes a constant share of about 30 pexrcent
to the total energy bill. 1In the Soft Solar scenario, on the
other hand, the share of end use and on-site systems increases
from 30 to over 50 percent of total costs. At the same time the
share of central conversion systems in total costs increases in
the Hard Solar scenario from over 40 to almost 60 percent, while

in the Soft Solar scenario it remains essentially constant.
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This again illustrates the difference between the two scenarios:
the increasing role of centralized energy conversion systems in
the Hard Solar scenario and of end use and on-site systems in

the Soft Solar scenario.

Energy Sector and Economic Activity

Figure 10.10 shows the evolution of the total costs of the
energy systems of the two scenarios as shares of GDP. 1In both
scenarios the costs fall relative to GDP. However, one should
note that these cost figures do not include any taxes, duties,
profits, and so on. Like all other costs in the scenarios they
do not represent market prices. Keeping in mind that taxation
for some energy products alone has accounted for more than 50
percent of their selling price (e.g., gasoline taxation in almost
all Western European countries), the share of the energy bill in
GDP could increase accordingly due to taxation policies alone.

But at the same time, the energy system costs in our scenarios
include energy end use and on-site technologies which contribute
initially 30 percent to total costs. 1In any case, the relative
decrease of energy costs compared to GDP shows that large capital
investments in the energy system during the next 50 years would
not only lead gradually to sustainable energy use but would also
lower the relative costs of energy after 2030. Table 10.1 com-
pares the growth rates of energy costs, GDP and primary and final
energy. It is interesting to observe that in both scenarios the
final energy growth is lower than the cost increases, while the
opposite is true for primary energy until 2030 while fossil fuels
are still used. Moreover, the scenarios lead to energy use and
energy cost increases well below the level of economic growth as
the population levels stabilize, meaning small increases of the
economically active part of the population. This was possible

by a complete change of the energy system from current consumptive
use of largely imported fossil energy to sustainable use of renew-
able energy sources. Along with such change of the energy system
many parallel changes in life-styles and the economy were assumed.
Whether these changes are possible during the next 100 years is

an open question.
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Figure 10.10. Total costs as share of GDP, Hard and Soft Solar
Scenarios.

Table 10.1. Annual Growth Rates of Population, GDP, Energy and
Total Costs of the Energy System, Hard and Soft Solar
Scenarios, 1975 to 2100 (%/yr)

1975- 2000- 2030~ 2060~
2000 2030 2060 2100
Population 0.7 0.4 0.2 0
Labor Force? 2.0 0.8 0.3 0.1
GDP 2.3 1.3 1.7 1.4
Primary Energy
Hard Solar 1.6 1.1 1.1 0.6
Soft Solar 0.7 0.8 0.5 0.3
Final Energy
Hard Solar 1.0 0.6 0.6 0.6
Scoft Solar 0.2 -0.3 0.3 0.2
Total Costs
Hard Sclar 2.5 1.9 0.5 1.0
Soft Solar 1.0 0.1 0.9 .8

a)Economically active population.
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In order to investigate this question further, a general
economic equilibrium model, MACRO, was applied with the assumptions
embodied in the scenarios. The results, however, are not con-
clusive. The model includes two sectors, an energy sector and
the rest of the economy. It clears the markets for energy,
capital and labor by means of factor price adjustments. Thus
any change in the combination of the aggregate production process
is solely a response to changes in the factor prices. This means
that any regulatory measures or changes in life-styles such as,
for example, higher insulation standards or lower travel distances
are translated into price changes. Thus the only translation of
the assumed life-style changes and higher efficiencies in energy
use are the relative price changes and productivity increases.
For example, the determination of import and export prices is
necessary for the balance of exports and imports which play an
important role, especially in the Hard Solar scenario. This,
however (for reasons that were mentioned above), is impossible
to do over a period of 100 years or more without at least knowing
something about the global trade evolution over the same period.

Given these problems in applying a general equilibrium model
to the scenarios, the results show that the share of energy in-
vestments in total investments would increase by roughly 10 to
30 percent by 2100. This implies a major structural change in
the composition of total output. These consequences do not even
include the capital needs for an adequate end use structure. In
addition, the analysis indicates that the relative share of labor
to capital in the economic output would decrease, causing serious
problems in income and wealth distribution.

The internal consistency between economic activity, energy
use and enerqgy prices was in the foreground of the analysis.

The discrepancies mentioned before, however, limit the conclusive-
ness of the numerical values calculated by MACRO. Just taking

the given evolution of GDP and secondary energy demand, the real
energy price (above inflation) should have increased by a factor
of 6.9 between 1980 and 2100. This corresponds to an annual

price increase of 1.6 percent. Assuming a general inflation
adjusted for the omission of energy doubling every 20 to 25 years
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(equivalent to 3 percent per year),lthe 6.9 real price increase
in energy would result in an overall inflation of roughly 5.2
percent.

In the scenarios, however, energy costs are mainly based on
predetermined costs and not equilibrium prices. But according
to MACRO energy is not sufficiently expensive to initiate price
induced energy conservation and substitution effects. Thus price
induced conservation alone would not be adequate to cut down
energy demand as conceived in the scenarios consistently with the
cost assumptions. However, any other non-price mechanism is not
reflected in this model.

This result indicates that the two scenarios basically can
not be compared with respect to required investments or energy
costs,since each of them implies an essentially different econom-
ic structure so that the base of comparison vanishes. In addi-
tion, the results of MACRO, based on the current economic struc-
ture, show that neither scenario could be achieved with the given
assumptions under the condition of market equilibrium. This in-
dicates that unprecedented government controls and regulations
and a parallel change of consumer habits would have to take place
in the future. Whether this 1s possible or even desirable still
remains to be seen. But Ehe analysis of the costs of the two
energy systems in the scenarios has demonstrated that a consistent
energy supply and demand balance can be achieved in a sustainable
energy future of Western Europe if appropriate changes in life-
styles and economic structure are consistent and possible. With
the methodological tools at our disposal today the feasibility

of these changes cannot be determined.
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11. CONCLUSIONS AND IMPLICATIONS
The aim of the study was to investigate the possibility of

a transition to sustainable energy systems based on solar energy
in Western Europe. In pursuit of this objective an analytical
approach was adopted involving the assessment of the two sets

of assumptions that define the Hard and Soft Solar scenarios and
lead to a balance of energy demand and supply. After a period

of some 100 years virtually all energy demand categories could

be supplied on a sustainable basis from solar and renewable
energy sources. Thus it would be tempting to conclude that such
a future is within our reach. But the analytical approach could.
only designate technical and techno-economic solutions that in-
dicate how such a transition could be achieved. Behind these
solutions, however, are the two sets of normative assumptions
that specify a parallel, and within scenarios necessary, evolu-
tion of life-style patterns and economic structure. In the pre-
vious sections we have attempted to show why these aspects of the
scenarios cannot be treated together with other scenario impli-
cations with the same analytical approach that was based on
physical balances and monetary flows in real terms. In other
words, it was possible to determine what type of structural
changes are necessary in order to achieve a balance within the
energy system, but it is not possible to assess the guantitative
feedbacks throughout the society in the same manner as within

the energy system. It is simply not possible to compare differ-
ent economic structures and consumer habits with current measures.
Due to these reasons the two scenarios should not be viewed as
predictions of a likely future for Western Europe. The scenarios
cannot be viewed as alternative options for Western Europe as

it exists today either, since each scenario necessitates complete
but different changes of the current socioeconomic structures.
Rather, they represent two "yardsticks" that delimit the range

of feasible and consistent futures given the assumptions. A
choice between the scenarios would certainly not only depend on
preferences for certain technologies but on social, cultural as
well as political preferences. These changes of preferences
would affect Western Europe as it exists today more dramatically
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than the associated technological changes of the energy system,
although in the scenarios both are necessary.

At the risk of using very general and perhaps vague terms,
we will outline the broad implications of the scenarios based on
the specific findings of the study.

We have emphasized throughout this report that the two
scenarios could be viewed as two extremes. This does not mean
that the two extremes would be the only two possible alternatives
among which to choose--on the contrary, the future will probably
bring some aspects of each scenario and most likely many features
not encompassed within this study. Precisely this was the reason
for the analysis of the third scenario, based on nuclear technol-
ogies, that incorporates an intermediate degree of centralization
of the energy system and serves as a comparison to the two ex-
clusively solar scenarios. But the two solar scenarios are ex-
clusive in one important respect: If the society should choose
to go one way and not the other--if it should choose to go "soft"
or "hard"--in the sense prescribed by the scenario assumptions,
then over the long—-term future, say after the year 2000, and
especially after 2030, the social and economic structure of the
scenario would tend to reinforce itself (to "attract") making
it more difficult for the society to choose a significantly dif-
ferent option. It is hard to conceive that the life-styles and
the economy of the Soft scenario could be easily changed during
the second half of the next century to result in the energy sup-
ply structure of the Hard Solar scenario. This means that the
vast capital and human investments necessary to achieve a "soft"
future leave little room for the choice of a different road into
the future once the course is taken. This is of course also
true for the Hard Solar scenario. As an illustration we recall
the different structure of end use systems of the two scenarios.
In the Hard Solar scenario most of the end use technologies are
based on hydrogen, in the Soft on the on-site and local energy
sources.

In the most general terms, perhaps the central feature of
the Hard Solar scenario is the broad unification of Western
Europe. For example, the FRG could provide capital and technol-

ogical know-how to South European countries. In that way it
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should be possible to guarantee a steady supply of solar derived
energy and at the same time provide additional economic activi-
ties for the further development of South Europe and an eventual
reduction of North to South economic differences in Western
Europe. In terms of the energy system this possible unification
of Western Europe means that solar insolation can match energy
demand. This was possible only by central solar conversion into
an energy carrier that can easily be transported over long dis-
tances and stored. The storage is a new aspect not encountered
today. Long distance transportation implies a sophisticated and
centralized distribution grid. This all leads to the choice of
hydrogen as the preferential energy carrier. It is the only
energy form in sight today that unifies all of the outlined
qualities and characteristics. It has the great advantage that
the current energy end use patterns could be maintained with some
structural changes, e.g. hydrogen cars and aircraft, hydrogen
burners for space heating, etc. This still necessitates life-
style changes, higher conservation measures, but not necessarily
different urbanization patterns. Hydrogen, as a high-quality
fuel can be consumed at the same high population densities that
are encountered today in industrialized zones of Western Europe
without adverse environmental effects of coal and oil. In other
words, in the Hard Solar scenario it is the energy system that
establishes an interface to the end use. However, this is asso-
ciated with certain physical constraints such as land availability
in high solar insolation areas of Western Europe. Already the
energy demand increases of the Hard Solar scenario necessitate
hydrogen imports. This is precisely where the life-style changes
are necessary; they must lead to relative demand reductions, more
efficient energy end use but not necessarily a completely differ-
ent mode of energy end use.

In a similar way the central feature of the Soft Solar sce-
nario could be identified as the large degree of user orientation
which strengthens the regionalization of Western Europe. The
local surrounding gains importance in energy generation. The
user himself provides the new interface between energy conversion
and end use and not a utility operated energy system. He has to
adjust his life-style in order to rely on many "five percent
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options". This does not only imply even stronger energy conser-
vation and demand reductions, but also results in different
urbanization and settlement patterns. This is a logical pre-
requisite due to relatively low energy conversion densities
achievable by local use of photovoltaics, warm water collectors
and biomass. The energy conversion and end use becomes one and
the same thing--the use of energy carriers that provide the
"buffer" between generation and use of energy is reduced to the
bare minimum.

The Nuclear scenario completes the scope of possible energy
futures for Western Europe that are based on one class of sus-
tainable energy sources. The energy conversion, transport and
distribution system is also centralized in the Nuclear scenario
but it does not necessitate a unification of Western Europe as
the Hard Solar scenario does. The spatial separation between
the user and energy conversion facilities is smaller leading to
the alleviation of some problems caused by the requirement for
long-distance transport and seasonal storage of energy in the
Hard Solar scenario. It is similar to the Soft Solar scenario
in the sense that it also results in the elimination of all
energy imports and a reliance on domestic, sustainable energy
sources by the year 2100.

These broad characteristics of the scenarios were reflected
throughout the analysis. The Hard Solar and Nuclear scenarios
were more consistent with higher energy demand than the Soft
scenario. Most of the capital burden of the Hard scenario was
in central conversion systems, in the Soft Solar scenario it was
in the end use systems. Thus each of the scenarios deals differ-
ently with the change of the current structure of energy svstem
based on the fossil fuels both as a form of energy storage and
energy source. In the Hard Solar scenario the "front end" of
the energy chains is changed the most, wihile in the Soft Solar
scenario the end use changes more significantly. This is also
the unifying characteristic common to both solar scenarios--
both imply changes in our everyday 1life. The future will surely
bring some of the changes outlined in the scenarios. Clearly,
all the aspects of these changes cannot be deduced from the anal-

ysis of the potential role of alternative and solar energy systems
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within Western Europe. The study does show, however, that to

the extent that some considered and possibly other not considered
changes do take place, they would have a decisive influence on the
configuration of the future energy system. The ultimate configur-
ation of the energy system will depend on choices made now and
during the transition period. 1In any case, significant changes
are necessary for a sustainable energy future, they must be anti-
cipated and perhaps stimulated today. The sustainable use of re-
sources at our disposal requires an investment before the readily

available stocks are dissipated through irreplaceable flows.






=253~

REFERENCES

Aerospace Corporation, 1973. Solar Thermal Conversion Mission
Analysis, and: Area Definition and Siting Analysis, South
Western United States. ATR-74(7417-16)-2. Vol.V.

El Segundo, California.

ASA. 1975. Energiequellen fiir Morgen? Report of the Bundes-
ministerium fir Forschung und Technologie of the Federal
Republic of Germany durch das Programm "Angewandte System—
analyse in der Arbeitsgemeinschaft der Grossforschungs-
einrichtungen”. Frankfurt: Umschau Verlag.

Bechtel Natiocnal, Inc. 1978. Resource Requirements, Impacts,
and Potential Constraints Associated with Various Energy
Futures, Annual Report prepared for the U.S. Department of
Energy. San Francisco, August 1978.

Beghi, G., et al. 1972. Transport of Natural Gas and Hydrogen
in Pipelines. ISPRA-1550. Euratom, Ispra (Varese), Italy.

Bell, C.R., F. J&ger, and W. Korzen. 1978. Systems Study on
the Possibilities of Intensified Use of Solar Energy in the
Federal Republic of Germany, ET 5006A. Final Report to the
Bundesministerium fiir Forschung und Technologie of the
Federal Republic of Germany. AR-78-4. Laxenburg, Austria:
International Institute for Applied Systems Analysis.

Britt, J.F., C.¥W. Shulte, and H.L. Davey. 1979. Heliostat Pro-
duction Evaluation and Cost Analysis. General Motors Cor-
poration, SERI ITR-8052-1. Golden, Colorado.

Chant, V.G. 1981. Two Global Scenarios: Evolution of Energy
Use and the Economy to 2030. RR-81-35. Laxenburg, Austria:
International Institute for Applied Systems Analysis.

D8rner, H. 1974. Gesichtspunkte zur optimalen Auslegung von
Windenergieanlagen. J#l1-Conf-12. Seminar Windenergie,
"Kernforschungsanlage J#lich, October 1974,

Energy Systems Group of the International Institute for Applied
Systems Analysis. 1982. Evaluation and Improvement of
Energy Scenarios in the Light of Financial and Capital Con-
siderations. U4347A. Final Report to the Bundesministerium
fiir Forschung und Technologie of the Federal Republic of
Germany. Laxenburg, Austria: International Institute for
Applied Systems Analysis.

Energy Systems Program Group of the International Institute for
Applied Systems Analysis, W. Hifele, Program Leader, 1981.
Vol.1: Energy in a Finite World. A Global Systems Analysis:
and Vol.2: Energy in a Finite World. Paths to a Sustain-
able Future (written by J. Anderer with A. McDonald and
N. Nakicenovic). Cambridge, Mass.: Ballinger Publishing Co.



~254-

Faude, D., P. Jansen, and P. Klumpp. 1980. Das Energiemodell
SOPKA-E - Modellbeschreibung und Computer-Ausdrucke der
Energilepfad-Berechnungen. Report of the Enquete-Kommission
Zuklinftige Kernenergie-Politik, Deutscher Bundestag, Bonn.

Goethals, R. 1980. L'Energie Eolienne. La Recherche 11(109):
262-271.

Johansson, T.B., and P. Steen. 1978. Solar Sweden - An Outline
to a Renewable Energy System. 1977-12-15. Secretariat for
Future Studies, Stockholm.

Jurksch, G. 1980. Die Windverhdltnisse in der Bundesrepublik
Deutschland im Hinblick auf die Windkraftnutzung, Teil I,
Binnenland. Report to the Bundesministerium fiir Forschung
und Technologie of the Federal Republic of Germany. Dlissel-
dorf: VDI-Verlag GmbH.

Keyfitz, N. 1979. Population of the World and Its Regions,
1975-2050. WP-79-11S5. Laxenburg, Austria: International
Institute for Applied Systems Analysis.

L&nroth, M., T.B. Johansson, and P. Steen. 1980. Solar Versus
Nuclear - Choosing Energy Futures. Secretariat for Future
Studies, Stockholm.

JALN. 1979, Description of Wind-Energy Converter Aeroman.
EO-DOK-Na. ERA 41/79. Maschinenfabrik Augsburg-Ntrnberg
AG. Munich, November 1979,

b
¥

Marchetti, C., and N. Nakicenovic. 1979. The Dynamics of Energy
Systems and the Logistic Substitution Model. RR-79-13.
Laxenburg, Austria: International Institute for Applied
Systems Analysis.

Meier, R.W., and T.J. Merson. 1979. Technology Assessment of
Wind Energy Conversion Systems. LA-8044-TASE. U.S. Depart-
ment of Energy, Washington D.C.

OECD NEA/IAEA. 1977. Uranium Resources Production and Demand.
A Joint Report by the Agency of the Organisation for Eco-
nomic Cooperation and Development and the International
Atomic Energy Agency. Paris: Organisation for Economic
Cooperation and Development.

Partl, R. 1977. Power from Glaciers: The Hydropower Potential
of Greenland's Glacial Waters. RR-77-020. Laxenburg,
Austria: International Institute for Applied Systems
Analysis.

Selcuk, M.K. 1975. Survey of Several Central Receiver Solar
Thermal Power Plant Design Concepts. JPL Report 900-714.
Pasadena, California: Jet Propulsion Laboratory, August
1975.



-255-

Sgrensen, B. 1980. A Regional Wind-Hydro Electricity Supply
System. Third International Symposium on Wind Energy
Systems, Copenhagen, August 1980. Cranfield, England:
BHRA.

Workshop on Alternative Energy Strategies (WAES). 1977. Energy:
" Global Prospects 1985-2000. New York: McGraw Hill.

World Energy Conference (WEC). 1980. Survey of Energy Resources
1980. 11th World Energy Conference, Munich, September 8-12,
1980.






