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PREFACE

Based on the analytical work of the [IASA Energy Program, this paper is
an early effort to synthesize our knowledge on energy demand, energy resour-
ces, and constraints for the deployment of new technologically defined energy
options.

The long term supply problems are basically interpreted as a consequence
of the level of global energy consumption and the exhaustion of either fossil
reserves or environmental capacity, on the one hand, and the limited ability of
the energy economy to substitute for fossil energy on the other. Thus the
global system and the challenge of today’s energy engineering are directly
interlinked by the dimension of time.

Forthcoming reports on energy strategies will also embrace the geograph-
ical dimension. Within the established framework for an adequate timing, they
will contribute to the layout of technological options on a regional level. Key
consideration will be given to the transfer of resources, the embedding of fuel
cycles, and the exchange of production factors with a consequent flow of
goods and services between regions, the problem being the closure of regional
economic balances. It is only with this information at hand that we can hope
to arrive at energy strategies that are both operational on national levels and
consistent with the overall global constraints.
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ABSTRACT

The amount of fossil energy reserves and resources suggests a transition
to an energy supply system that is based on a quasi-infinite fuel supply. Several
options exist for this transition such as the nuclear breeder or solar power.
Strategies for transitions have to meet a certain demand for energy. A simple
but global scenario is given for such energy demand with emphasis on low
demand in conjunction with fossil fuels. Consideration is given to the con-
straints of such fossil energy production and emphasis is put on the CO5 prob-
lem. This allows a rough understanding of the time scale of such transitions.
In view of the timing of the transition the various options for quasi-infinite
supplies of energy are considered and priorities of a number of physics tasks are
conceived.
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ENERGY STRATEGIES

INTRODUCTION

Dealing with the energy problem today requires considerations in many
directions and a related synthesis--the energy problem is a problem of energy
systems [1]. A good starting point for looking at energy systems is the ques-
tion of fossil-energy resources. Table 1 gives representative numbers for
orientation. World resources of oil and natural gas are of the order of 400
billion tons of coal equivalent, those of coal are 20 times larger. A large

Table 1. Fossil energy resources.

FRG Western Middle East USA World
Europe
Coal & Lignite
258 422 - 2,459 9.294
(109 ¢t SKE]®)
il & Gas
Oil & Ga 0.43 15 160 50 400 ?
[109 ¢t SKE] Possibly
More
Xx)

1 t SKE (German coal unit) £ 2.73 x 1010 Wart/sec.

share of the oil resources is in the Middle East. It should be realized, however,
that the energy value of existing resources of coal in the Federal Republic
of Germany, for instance, is larger than that of the amounts of oil in the
Middle East. Similarly, it should be realized that exceedingly large amounts
of coal are located in the US, the Soviet Union and, to some extent, also
in China.

Table 2 gives the numbers of Table 1 after they have been divided by
consumption rates, on the assumption of 10kW-years per year and capita



Table 2. Ratio of reserves and total consumption.X)

FRG Western Europe USA World
Coal and Lignite
385 120 1,105 204
(Y ears)
Oil and Gas
0.9 4.2 22 8.8
(Years)

X)10kW per capita, population of 1974.

(or. simply, 10kW/capita) and the population of 1974 in the areas considered.
The final numbers are then in years. At 10kW per capita, the world population
of 1974 could live for 204 years by using only coal if all resources were shared
equally, the population of the US for 1105 years if all the US coal were con-
sumed in the US, etc. Similarly, one sees that the world could live on oil and
natural gas for only 8.8 years and the US for only 22 years. Such a considera-
tion may help us to appreciate more easily the significance of the numbers of
Table 1, although there is no physical relevance to the calculated time periods.
Data on fossil-fuel resources represent a complex problem in their own
right. Only a very minor part of the total resources has been proved and
recoverable; other resources are only probable or considered possible. Re-
coverability is a function of the costs that can be afforded and costs are, in
turn, strongly related to the production technology available and to the en-
vironmental and other constraints that are put on such production. These
aspects have been fully appreciated only recently. The McKelvey classifi-
cation of reserves and resources, as given in Table 3, helps to illustrate these
differentiations. It is a two-dimensional plot with the abscissa representing
the degree of certainty of existence and the ordinate representing the feasi-
bility of economic recovery. It should be noted that the numbers in Table 1
(and also in Table 2) refer to the upper rather than the lower limits of the total
resources. They were taken from the World Energy Conference 1974 in Detroit
[2]. Itisnotthe purposeof this paper, though, to go into these problemsin grea-
ter detail. This was done, for example, at a recent conference at the Interna-
tional Institute for Applied Systems Analysis {3]. Instead, we are looking at
production costs and prices of energy. Table 4 gives the numbers for 1964 in
3/barrel of oil equivalent. The most striking feature is the low production costs
for oil in the Middle East. Together with more complex market features, they
resulted in low oil prices and helped to conquer a tremendous market share for
oil at the expense of coal. In Western Europe, oil now has a share as high as



60% while, at the beginning of the fifties, its share was almost insignificant;
then Europe lived mostly on coal. Any other technology such as nuclear had
great difficulties in becoming competitive. It was as recent as the years 1964/
1966 that nuclear power from light-water reactors achieved a commercial
breakthrough.

Table 3. USGS—USBM reserves/resources classification (1974),

Total Resources

Identified Undiscovered
Demonstrated Hypothetical { Speculative
Measured | Indicated | Inferred (in known (in unknown
districts) districts)
2 p

5 €

33 Reserves | >

Q= ; _‘_‘

= + TE|E
g|s g >3
Eg.éﬂ Resources ;“E
o =2
S — + + + + —|z |8
2.3 1k
e 2|3

15
| | 1
«——— Increasing degree of geologic assurance
Table 4. 1964 production costs and prices of energy in $/barrel.
Coal 0il Nuclear | Solar
Hard Coal FRG Middle East | Heat, LWR
Production Cost 4.5 0.15 4.0 n.a.
|
Price for
Large Consumers 4.5 2.5 n.a. n.a.
_

n.a.: not applicable.
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Table 5 illustrates the situation of 1975. Oil from the North Sea is
at $2-3/barrel, coal at $10/barrel equivalent, and nuclear energy at $8/
barrel equivalent. Very optimistic estimates for solar power claim figures
at $11/barrel. Coal, nuclear and solar appear at almost the same level. The
sudden fourfold price increase of oil from OPEC countries has a complex
background. Nevertheless, it should be noted that an important aspect of
this increase to $11/barrel was the desire to bring energies into focus that
could replace oil [4]. The oil supplying countries do realize that, with the
present trend, they would be sold out within 40 years or so and so they want
to change that.

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

Coal Oil Nuclear |S o]l a r
(Hard Coal, | (North Sea) | (Heat, LWR) | (Tower Con-
FRG) cept, Austria)
Production Cost 10 2-3 8 11
(Design
Estimate)
Price for
Large Consumers 11 16 n-a n.a.

The remarkable thing is that at $10/barrel a whole variety of alternatives
become actually or potentially feasible. If we call $10/barrel expensive and
the oil-production costs of the Middle East of less than $1/barrel cheap, then
one may observe that we are amidst a quantum jump that leads us from a
state of cheap energy which is resource-constrained to a state of expensive
energy which is virtually not resource-constrained.

Indeed there are four to five options for such a virtually not-resource-
constrained supply of energy. Table 6 emphasizes this point. All units are
given in Q (which equals 1018 BTU or 33.5 TW-years). World-energy con-
sumption today is 0.25 Q/year. Coal has 200 Q, nuclear fission on the basis
of breeding is on the order of 5 x 106 Q, solar energy is practically infinite,
fusion is very similar to the fast breeder, and geothermal (i.e. the dry heat of
the earth crust) may have 5000 Q or so. There is technological maturity, how-
ever, only for coal at its present scale of use and for nuclear fission power. All
other technologies, including those for coal at a truly large scale still have to be
developed or are being developed. Such development must be oriented towards
side effects or systems effects. They will, in the final analysis, constitute con-
straints that replace the resource constraints of the state of the energy problem
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before the quantum jump. In the case of coal, there are pollution and safety
problems, together with the social aspects of very hard working conditions. For
nuelear fission, it is radioactivity mostly from fission products; for solar, it is
severe land requirements; for fusion, it is radioactivity mostly from 14 MeV
neutron activation; and in the case of geothermal, the restraints are perhaps
pollution and risks of earthquakes. All these effects are side effects when the
scale of.energy production is within certain limits, but they become a pre-
dominant aspect when the scale of energy production becomes truly large [1].

Table 6. Options for ‘unlimited energy supply’.

(1Q = 1018 Btu) | Reserves Technological Side Effects
Maturity
Mature at Present Unfavorable Working
Conditi
Coal 200 Q Scale onditions
To be Developed Land Requirements
for Large Scale COq and Other
Pollutants
Sufficient for Storage of Fission
L. Power Plants Products
Fission 6 . o .
(Breeder) ~5.10" Q Not yet Sufficient Emission of Radio
for Large Scale Nuclides
Fuel Cycle
Land Requirements
Materials Require-
ments
Solar o To be Developed Climatic Distur-
for Large Scale bance ?
Storage and Trans-
portation
Storage of Activated
Material
Fusion ~10.10% Q | To be Developed Emigsion of Radio
(D-T) Nuclides
Storage of Waste ?
Geothermal 5.1098 Q To be Developed Emission of Pollu-
(277) tants ?
Earthquakes ?
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In the case of nuclear fission power, this is exactly what the nuclear engineering
community is experiencing. It is a major task of systems analysis to identify
these side effects and to understand the resulting constraints.

What is the present consumption of energy? Figure 1 shows the number
of countries and the percentage of the total population as a function of
energy consumption. Some 72% live with less than 2kW/capita, a signifi-
cant number of countries with as little as 0.2kW/capita, while 6% have more
than 7kW/capita, the US being at 11kW/capita. Another 22% have energy con-
sumptions between 2 and 7kW/capita, central Europe is at 3—5kW/capita. This
situation cannot prevail. What we have to expect and what we have to prepare
for instead is a less dramatic consumption scenario, as given in Figure 2. Right-
ly or wrongly, there will probably always be a distribution of energy consump-
tion, but it must be a smooth one with an increased mean value. In Figure 2
we suggest, for instance, 3kW/capita as mean value. Studies of energy demand
in connection with life-style scenarios are important for making such assess-
ments. In fact, at IIASA [5S] and elsewhere related studies have been done.
From these studies it may be conecluded that 5kW/capita is a moderate target.
It may well be that the figures eventually turn out to be much higher. If, for
instance, desalination of large amounts of sea water turns out to be necessary,
the figure could easily double [1]. Similarly, a possible use of very low grade
ores could lead to higher figures. But in this paper we wish to take a most
cautious approach and would therefore like to account as much as possible
for energy conservation. 5kW/capita would imply an almost zero growth
situation for Europe and, if applied to the US, a reduction. It is, however,
not our purpose to pursue the aspect of energy consumption and conserva-
tion in geater detail. Instead, this paper concentrates on energy strategies
for meeting such a demand. Obviously, many different strategies can be
envisaged. Again we intentionally choose the most cautious approach by
assuming that the world should make the greatest possible use of coal, which
would be uniformly available throughout the world, i.e. without embargoes
in a fully developed free world trade. Such a scenario may not be realistic,
but it will help us to understand what a very modest approach to energy strate-
gies would look like. In view of this goal, the explanations given so far could
be considered as a zero-order approximation to the problem. Starting from this
view, we will try to improve and to elaborate on the next approximation of
possible strategies heading for the stated objectives.

THE MOST MODEST APPROACH TO AN ENERGY STRATEGY

Having assumed a mean value of only 5kW/capita for all future times
and for all the world, it is then most important to take reasonable estimates
for the lowest asymptotic world population level. Such an estimate is given
in Figure 3. It makes extended use of the data given by the Secretary General
of the UN World Population Conference, Bucharest, August 1974. In 1975,
the world population is close to 4 billion people. On the average, there is a
gross reproduction rate of 2. The world today is in a state of reduced and
still falling mortality, an achievement that has led to the so far experienced
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Figure 1. Distribution of per capita energy consumption in 1971
(Source: J.-P. Charpentier, IIASA).
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Figure 2. Distribution of per capita energy consumption
(Source: J.-P. Charpentier, IIASA).
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Figure 3. World population growth (Source: UN World Population
Conference, Bucharest, August 1974 — Report of the
Secretary General).

population increase. For the more developed part of the world, the UN
report expects that the trend of reduction of fertility will continue and
that for the year 2020 a net reproduction rate of 1 will be reached. while
for the countries now belonging to the less developed parts of the world
a net reproduction rate of 1 is expected as late as the year 2070. It is stres-
sed that these are optimistic estimates based on an immediate adoption
of policies aiming for a low population. During a population increase, the
average individual is relatively young as compared with equilibrium condi-
tions. Therefore, for the year 2070 the population growth will continue
since those already born will marry and have children. Therefore, only
after 2140 or so, can we hope to level off at perhaps 12 billion people.

By multiplying the population by the average per capita consumption
of energy, the global energy consumption can be estimated. We learned
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from Figure 1 that the present average of per capita energy consumption is
at 1.8 kW/capita while we assumed 5 kW/capita for the future equilibrium
state. What should we assume for the transition towards our scenario? Let
us consider total energy growth rates of 2%, 3% and 4.5% as outlined in Fi-
gure 4. A 2% energy growth rate corresponds to the present population growth
rate and would leave us at the present average value of 1.8 kW/capita for the
next 73 years or so. Only thereafter would we slowly approach the desired
value of 5 kW/capita. By contrast, the present growth rate during the past

6
ST 5 kW/cap
Q
9.4
~
: 37
£
2] 2kW/cap
1] \(FIXED) 1975 SITUATION
0 TIME

1975 2000 2025 2050 2075 2100

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

decades was at 4.5%. This value diverges significantly from the population
trend. If we continue with 4.5%/capita to around 2010, we would have 5 kW/
capita; thereafter, we would have to introduce zero growth abruptly or we
would have a swing over. A 3% growth rate that is steadily reduced after
the year 2010 leads to a fairly smooth transition, as is indicated in Figure 4

Let us recall that such growth rates are world averages. A 3% energy growth
rate would be 1.5 times higher than the present population growth rate. In
this paper, we abstain from the temptation to consider distribution problems
of such growth rates. Concentrating on the rough transition with an ini-
tial growth rate of 4.5% and the smooth transition with an initial growth rate
of 3%, the obvious step then is the integration of such energy demand. This
is done in Figure 5. In this scenario, 5 kW/capita leads to a global power
demand of 64 TW or 2Q/year as compared with current values of 7.6 TW
or 0.25 Q/year. For the sake of completeness, the intermediate plateau of
24 TW for a 2% level of energy increase is also indicated. In Figure 6, such
a demand is compared with the fossil energy reserves of Table 1. A distine-
tion is made for coal, where the first 20% of the total figure are referred to
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Figure 5. Global energy scenarios.

separately. This is in line with the explanation given with the McKelvey
diagram. Not all of the coal resources are accessible. Perhaps equally im-
portant is the problem of the recovery factor. Even accessible resources
must be harvested economically using a certain technology. This always
limits the recoverability and leaves the majority of the resources in the
ground: 20% as a world average for the amount of coal that may conceiv-
ably be used, therefore, is a high and, in the present context, a conservative
figure. It is hard to overestimate the importance and the implications of
this point. Figure 6 then indicates that we would be out of oil and coal
(combined) by the year 2030 according to the scenario with the rough tran-
sition characterized by an initial growth rate of 4.5%. The smooth transition
with an initial growth rate of 3% gives us only 8 more years while the unaccept-
able 2% scenario that leaves the world in the unacceptably low 2kW/capita
state for a long time gives as much or as little as 34 additional years. At the
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Figure 6. Fossil energy reserves and cumulated energy consumption.

utilization ceiling for oil and gas, the largest time difference (i.e. the 4.5% case
compared with the 2% case) is as small as 9 years. This is consistent with
similar results for other strategies. Often the benefits of growth-rate reductions
and, therefore, of energy conservation are overestimated. What these accom-
plish is to buy time, which usually is less than one assumes. Further, buying
time only makes sense if full use is made of it.

CONSTRAINTS

The observation has been made that side effects may constitute con-
straints that can be as effective as resource constraints, and it was further
observed that such systems-constraints become effective when energy is produced
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on a truly large scale. We would now like to illustrate this for the case of the
present modest approach to an energy strategy. Let us take it for granted that
effective abatement measures are technically available and will take care of
pollution associated with the burning of carbon. Thus, all S04, NO, fluorides

and other coal and oil residuals would be radically retained and thereby taken
care of. This is an unrealistic assumption but is in line with the trend of this
paper for the most modest approach to an energy strategy. It must be men-
tioned, though, that in terms of costs this assumption is a severe one rather
than a modest one. Even with these unrealistic assumptions there is still the
release of COo. It is the fuel waste of fossil fuels which is a principal feature
of their use. With today’s technologies, the CO2 is released to the atmo-
sphere. Already today there is an increase of COy in the atmosphere amount-
ing to 10—-15% that is due to the burning of fossil fuels. The CO2 content
would increase by a factor of 10, which leads to a non-negligible probability
that the climate would be severely affected. Sunlight would come in, but
infrared radiation does not fully go out at the normal average surface tempera-
ture of the earth. To reinstall equilibrium, the surface temperature must
increase slightly. The temperature increase at issue is of the order of 1-2° C,
and this could indeed have drastic consequences. It is tempting to go into
greater detail here, but this has been done elsewhere and quite often [6].
Over the last two years, this COy/climate concern has increased as it has
become apparent that the ocean accepts less atmospheric CO5 than was pre-
viously assumed [7]. Let us therefore consider the COo reservoirs and the
COy flow, as given in Figure 7. The size of the cubes indicated there is pro-
portional to the CO5 content of the part of the atmosphere or ocean con-
sidered. The deep layer of the ocean contains the overwhelming part of the
COq: it is the natural place for the final waste disposal of fossil-energy pro-
duction. The mixed layers of the oceans still contain more than five times
the amount of COy that is present in the troposphere, while the stratosphere,
in turn, contains five times less than the troposphere. The crucial point is the
low transfer rate from the troposphere to the mixed layer of the ocean and,
what is far more important, the low transfer rates into the deep sea. The
mixed layer, therefore, acts as a buffer that can be loaded and then no longer
accepts CO9 from the troposphere. The troposphere may, therefore, be
considered as a kind of balloon that can be filled only once. Only the small
transfer rates into the deep layers of the oceans would allow for a continued
COq transfer. Figure 7 also indicates the COq transfers into the ‘balloon’.
By the year 2020, its order of magnitude compares with the CO5 content
of the troposphere. Nordhaus [8] considered cases where 50%, 100% and
200% of the original CO, content of the troposphere are introduced as upper
limits that are acceptable from a climate impact point of view. At this stage
of reasoning, we must clearly point out that these percentages are somewhat
arbitrary. Science is not yet in a position to indicate somehow responsibly
acceptable levels of CO5 content in the troposphere. To that extent the
reasoning is not stringent. However, there is good reason to be concerned
about the impacts of fossil power just as there are reasons to be concerned
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Figure 7. CO, reservoirs and CO, flow (C contents in 109t, C flow in
10% per year (1970 values) (Source: Machta).

about the impacts of nuclear fission power. If the same yardstick were applied
to fossil power as is applied to nuclear power, one could also ask for a mora-
torium on fossil power until all open problems are solved. This we definitely
do not recommend. Instead, we want to indicate what the side effects and
systems problems could look like. Figure 8 shows the permissible fossil
power level as a function of time for the various limits considered here. The
situation is critical around the year 2050 when the tropospherical ‘balloon’
is filled, and the traditional fossil-waste disposal site is used up. In the case
of 200% COq above the natural background, the maximum power is at 70 TW
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Figure 8. Necessary control of fossil energy consumption, if supplied
in the form of coal, to stay below certain CO, levels in the
troposphere (Source: W.D. Nordhaus).

and the year is 2050. Of course, it is lower and earlier at 50%. Table 7 now
shows the integration of the coal consumed. The side effects of the climate
impact constrain the permissible coal consumption to something like 1800TWy
if a limit of 200% additional CO9 were set. In the three cases of our scenario
in Figure 6, 200% addition of COgy occurs between 2041 and 2085. There-
after, the permissible fossil power level goes down while, by contrast, our
considerations call for some further increase. The consequence is obvious: one
or more non-fossil energy sources have to enter the scene. We will have a look
at the various candidates later on. At this moment, we will instead take up a
slightly different line of reasoning.
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Table 7. Integrated values of consumed coal until a rapid decrease
in CO,—emission has to be enforced.

A CO(%) 50 100 200

Coal
Consumed 500 950 1800

(TWy)

Achieved
in the years 2,005 - 2,015 2,022 — 2,044 2,041 — 2,085

between x)

x)

1f world energy supply is based on coal.

Often it is explicitly or implicitly assumed that new inventions, a new product
or a completely new technology could grow without limits. Once an inno-
vation has been made, it can be used. This is not so. The bad thing is that
it takes time. Marchetti [9] at IIASA has studied world energy-market pene-
trations, which are shown in Figure 9. The market share F is the percentage

F F
10 F s MARKET SHARE } 0.9
woQoD

1004 1os0
COAL

107 lon

ot
GAS

102 401

1850 1900 NS0 W

Figure 9. World energy market penetrations
(Source: C. Marchetti, IIASA).
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of the market held, F/(1-F) is the ratio of percentages of the market held
to that not held. Wood dominated the market in 1800. It took 160 years
before wood lost 50% of the market. It was conquered by coal which, in
turn, was pushed out by oil and gas. It should be noted that the straight
line in the diagram represents a logistic curve which is often used in such
studies. The mathematics of the logistic curve is given in Figure 10. One
may consider this the Jaw of exponential growth in a limited environment,
as indicated by its differential equation. At IIASA such considerations are
employed for some forecasts [9, 10]. In Table 8, we now give the periods

i
1 .e'd-(t-tVZ)

F=

t:t”z

a

1 F
— —— = L 1-F
F t ( )

F = RELATIVE FRACTION
o = CONSTANT
t = TIME

Figure 10. The logistic curve, growth in a limited environment.



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

Wood Coal Oil Gas
wl 160 170 78 90
Br 60 66 52/135%) 95%)

x) 1 1 _ 1
Note: 135 + g5 = 57 -

for gaining or losing a market share of 50%. For more recent technologies,
such as oil and gas, the world value is at 80—90 years[ for the US the figure is
lower, namely, 60 years. It certainly is a prudent approach not to assume
that new technologies that will be necessary as future complements to and
substitutes for fossil power could be introduced faster than technologies were
introduced in the US in the past. In principle, faster introductions can be con-
sidered but one should be more than cautious in making such an assumption.
We cannot elaborate on this here. So we now assume 60 years for the achieve-
ment of 50% ofa power-production share and turn back to our original reasoning.
50% of a power-production share and turn back to our original reasoning.

We now consider the difference between the energy demands for our
global energy scenario and the permissible fossil power level or, in other words,
the demand for non-fossil power. It is given in Figure 11. Beyond the year
2030, there is a quick increase and beyond 2100 most of power production
would be on a non-fossil basis. The 50% mark, where 50% of the energy
demand has to be met by non-fossil power, occurs in 2035. Again, the dif-
ference between the two scenarios for 3% and 4.5% initial growth rates is
only insignificant. The point now is this: if we subtract 60 years for the
introduction period of the new technology, we end up at the year 1975.
This looks like a preconceived conclusion. Let me emphasize that this is
not so, we were ourselves surprised. Therefore, the time for action on new
non-fossil technologies or a technology that bypasses the COo constraints
is now, within the limits of the scenario considered.

Let us recall what we did:

1) We considered a scenario with plausible features. Indeed, other
scenarios have to be considered as well. While such scenarios do
not predict the future, they enhance and clarify the thinking.

2) The present scenario stresses the possible impact of energy conser-
vation and tends to emphasize fossil-fuel power as much as possible.
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Figure 11. Required non-fossil power production: time for action.

3) It concentrates on the COo issue while arbitrarily and probably un-

4)

3)

6)

realistically disregarding the pollution problem that is due to SO,,
NO, and other ingredients of fossil fuel.

Further, it quite realistically stresses the aspect of the dynamics
of introducing a new technology on a large and significant scale.

The main conclusion is that, even under these restrictive assump-
tions, a new non-fossil power source must be introduced. The time
to do that is now, in the seventies.

In reality, the pressure for the introduction of such new technolo-
gies is very probably greater than demonstrated here. The reasons
are the following:

— 5 kW/capita is probably too low a figure. New life styles in con-
nection with larger populations may well require desalination,
for instance.

— Uniform distribution of the coal and oil available all over the
globe is unlikely. Regionally, the pressure for non-fossil power
will be much larger and will set in earlier.

— Other side effects, not only CO,, will also come out as con-
straints.
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Let us now at least briefly examine the various candidates for such new
technologies from a systems point of view.

SYSTEMS ASPECTS OF NEW TECHNOLOGIES FOR LARGE-SCALE
ENERGY PRODUCTION

Before at least briefly reviewing the various possibilities for large-scale
energy production, it is necessary to have a look at the final uses of energy.
Too often physicists only think of electricity. Figure 12 shows the final
energy use in the Federal Republic of Germany as of 1970. This may be
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Figure 12. Partitioning and final use of secondary energy (FRG).

considered of some relevance to our purposes. The FRG consumption of
energy is at 5 kW/capita and our studies at [IASA indicate that in this range
the shares of final energy uses do not differ very much for widely different
countries [5]. The largest consumer is the sector on residential and commer-
cial applications, whose largest portion of consumption is low-temperature-
level heat. The heat below 200°C for all sectors makes up as much as 47%.
By contrast, all electricity consumption together only amounts to about
10% of the final end uses under present circumstances. [t should be noted
that 10% on the secondary side relates to 25% on the primary energy side.
Process heat above 200°C, and this includes automobiles, accounts for about



42%. While it is apparent that the electricity share can be raised, it is never-
theless clear that a new energy source must be in position to produce more
than electricity. Let us therefore consider the various forms of secondary
energy and their evolution in time. These are shown in Figure 13. One rec-
ognizes the trend from solid fuels to liquid fuels and then to gas. Gas and
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Figure 13. Final energy use in the FRG (1970).

electricity are both expanding in their market share as they are most versatile
and easy to handle. Liquid fuels will perhaps be concentrated in the trans-
portation sector. All this requires investigation and explanation in greater
detail. The point of importance here is that, besides electricity, a new energy
source must be usable for production of a gas as a secondary fuel. The most
likely candidate for this is hydrogen made by splitting the water molecule.
Burning hydrogen leads to water and is thereby highly acceptable in environ-
mental terms. There is much excitement today about hydrogen for energy
applications. The excitement seems to be well founded [11], and this area
should certainly receive wide attention. It appears that the difficulties in
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handling large amounts of hydrogen are not the main obstacle for the intro-
duction of a hydrogen technology. Rather, it is the large-scale production
of sufficiently cheap hydrogen. There appear to be two ways of achieving
such production. One is low-temperature thermal decomposition (thermo-
lysis). A temperature of 3000°K is required if water molecule splitting is
to be achieved on a thermal basis, which on a large scale is not feasible tech-
nically. DeBeni [12] and Marchetti developed the idea of dismantling the
molecule in stages at more moderate temperatures, which on balance results in
a splitting of water. Chemical agents enter the picture and act, on balance.
as catalysts (see Figure 14). The goal is to find a process that only involves
fluid or gaseous chemical agents which are abundant and environmentally
acceptable. The other way is that of electrolysis. However, there has been
much objection to it since the overall efficiency of primary energy use is as
low as 25%. But let us recall what we said in the beginning: the new energy
resources are not or almost not constrained, so that such a low efficiency may
well be acceptable if other aspects are favorable. It may well be that a combi-
nation of both methods for water splitting turns out to be the best solution.
Bowman [13] has proposed such a combination (see Table 9) and Westing-
house is pursuing this now. The thermal heat is applied at moderate tempera-
tures, that are below 1000°C in the first stage, while a remainder is applied

2H, 02
2Fe 01.
8H,0 —> —3 — —>6H,0
2 650°C 150°C 2

CHLORINE

-
12HCl

Figure 14. Mark 9 process of thermochemical water splitting.



Table 9. Thermolysis/electrolysis of water.

1) Hys0, Themal oh,0+50,+ 20,

Electro-

After: M.G.Bowman (Los Alamos)

as electricity. This requires new kinds of technical electrolysis. A fallback
position in our efforts for the use of a gaseous secondary energy carrier is
ammonia, the technology of which is well developed. Equally, the gasification
of coal may be considered in this context for shorter or for more extended
time periods.

more extended time periods.

The reason why we stressed these aspects is that they are common to
almost all conceivable modern, non-fossil energy systems. They may perhaps
be more important than the development of new energy sources beyond the
ones that are aiready available.

As far as non-fossil primary energy is concerned, nuclear fission power
is the most developed one. It achieved commercial competitiveness in the
mid-sixties and is almost entirely geared to electricity production. The pre-
sent generation of nuclear power stations utilizes only a fraction of the urani-
um, roughly 1%. The most common reactor type is the Light Water Reactor
(LWR); the Heavy Water Reactor of the CANDU type (the Canadian line of
reactors) must certainly also be mentioned. The two types of the second nu-
clear reactor generation are the Fast Breeders and the High Temperature
Reactors. Fast Breeders breed fertile material such as U238 or Th232, thereby
utilizing natural uranium or thorium up to approximately 70 %. The Fast
Breeder has achieved a high degree of maturity and is now developed on an
almost commerical scale. The French prototype Phenix, for instance, which
is at 250 MWe, has been in successful operation since the spring of 1974;
the 1200 MWe version of this development line is now going into construction.

High Temperature Reactors produce high temperatures. In 1974, at
Jiilich, FRG, the AVR reactor was in routine operation at 950°C. Their
large-scale development is as favorable as that of Fast Breeders. In looking
at scenarios for the more distant future as they are considered in this paper,
and in realizing their slow or even no growth features, it becomes natural
to think of a combination of both, Fast Breeders and High Temperature
Reactors. One may consider this combination with the idea that the breeding
gain of the breeder reactors would be used to provide the net fuel requirements
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of High Temperature Reactors. Such net requirements of, say U233 exist
as this reactor type does not breed. If the Fast Breeder had, for instance,
a radial blanket containing thorium, this fuel-cycle coupling would be possible.
It is then natural to have the Fast Breeder produce electricity and the High
Temperature Reactor produce a gaseous secondary energy carrier, say hydro-
gen. This is outlined in Figure 15. Such schemes and, in particular, the prob-
lem of timely transitions from today’s features of energy supply to such asymp-
totic reactor scenarios have been studied recently by Hifele and Manne [14].
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Figure 15. Asymptotic integrated reactor system.

These authors used a medium size linear programming model for the allocation
of power from various sources such as coal, oil, and gas to the LWR, Fast
Breeder and High Temperature Reactors. Such reactor strategies are there-
fore different from those that were studied in the sixties, when the sequencing
of various reactor types within the scope of electricity production was stu-
died [15].

The next candidate for a new type of energy production is coal. This
may be surprising in view of what was said before. Indeed, in the long-range
future, coal may not be usable in view of the COy constraints on the atmo-

sphere. But the COy does not necessarily have to go to the atmosphere.
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Marchetti’s idea (IIASA) to avoid such atmospheric releases is this: consider
large energy parks in the open sea that are located in ocean streams which by-
pass the mixed layer and end directly in the deep sea. There is such a place
around Gibraltar. Below the sea surface is a stream that comes from the At-
lantic and enters the Mediterranean while, at greater depths, a counter system
with a higher salt concentration flows from the Mediterranean, enters the At-
lantic and quickly falis into the deep sea. If coal were burned in such an energy
park, the CO5 could be directly released to the lower ocean stream and the
COg constraint could accordingly be eliminated. Of course, pipeline connec-
tions for such CO5 dumping could also be considered. It should be realized
that a debate is forthcoming that will deal with the question to what an extent
nuclear power should be produced in energy parks [16]. We now see that
there may be broader reasons to follow such a concept. In such energy parks,
coal and/or nuclear power could be converted into a gaseous secondary energy
form which could then be transported and stored. One now also has a much
better vision of the importance of modern forms of secondary energy. It is
obvious that such a scheme still requires much analysis, but new thinking is
essential. While such advanced schemes for burning coal may not yet be neces-
sary for tomorrow, modern forms of mining coal may be required much
sooner. High recovery factors, together with acceptable working conditions at
production rates ten times as high as today, may well force us into radically
new technologies. The liquefaction of coal in situ by ammonia or methanol
[17] or other solvents may indicate the kind of breakthroughs that are re-
quired for greatly augmented coal utilization.

Another candidate for new technologies is solar power. In Table 10,
the insolation is given for three places: Vienna (Austria), Paris (France), and
Phoenix (Arizona). The insolation at Vienna is about 3 kWh/m?2 day. This
figure is typical for our latitudes. At Phoenix in the US, only a factor of two
is gained and the insolation is at 6 kWh/m2 day. However, these figures are
yearly averages, the real difference between regions like the Southwest of
the US and Austria lies in the difference between the maximum and the mini-
mum values. For Phoenix the ratio is as low as 2 while for Vienna it is close
to 7. A truly large scale use of solar power does require large-scale energy

Table 10. Sunlight in some cities (kWh/mz—day) (L5f et al., 1966).

City January April July October Annual
Vienna (Austria) 0.8 3.9 5.3 1.9 2.96
Phoenix (U.5.A)) 3.5 7.5 7.6 5.3 6.05
Paris (France) 0.9 3.9 5.3 1.9 3.04
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storage to bridge the summer/winter cycle. We consider hydrogen to be an
excellent candidate for this. The conversion efficiency of solar power to elec-
tricity is between 10% and 20%. If 1000MWe, today's usual size for a modern
power station, is to be produced on the basis of solar power, large land require-
ments have to be met, as shown in Table 11. At 10% and 3 kWh/m2 day,we
need 80 km2; at 20% and 5 kWh/m2 day, 24 km2. Such large requirements
may be difficult to meet in regions like Europe. The impact on ecology, the

Table 11. Land demand for solar energy (km? for 1GWe)

(average power).
System Efficiency Insolation™)
3 4 5
0.1 80 60 48
0.2 40 30 24
x) 2
kWh/m<“-day.

settlement pattern and consequently the whole infrastructure of a country
have to be carefully studied. Similarly, the implied changes to the albedo and
their conceivable impact on the climate have to be investigated too. Again,
one can visualize constraints for the use of this power source that is uncon-
strained in terms of fuel resources. All this looks much better in regions
like North Africa. But this invokes energy transportation on a truly large
scale. Again, a secondary gaseous energy carrier may be a good solution. It
should be noted how vastly different schemes for the use of solar power can
be. This is indicated in Table 12. On the 3-10 kW level, the solar house is

Table 12. Four alternatives of solar energy.

o  Solar House ~3 — 10kW
o Tower Concept ~100MWe
o Photovoltaic, Many Small Sites

o Ocean Thermal Gradient
10GWe ?




a fairly near-term opportunity with warm water as its prime output. The tower
concept opens the 100MWe domain: a tower of perhaps 200m hight is located
in the center of an area of 3km?2 that is covered with mirrors which heat a
boiler on top of the tower. Photovoltaic cells inherently allow us to make use
of land that is available only in bits and pieces, a hectare here and half a hectare
there. They also allow for cloudiness but they tend to be expensive. There is a
fourth mode of solar power that should be borne in mind: the ocean thermal
gradient in the mixed layer. It requires the large-scale application of low tem-
perature Carnot cycles using freon or ammonia as a secondary working fluid.
As vast areas are available on the sea, this may be a possibility. We should
bear in mind, however, the constraints that may become visible with large-scale
implementation. The effects upon the ecology of these areas may be a related
question, for instance. Not very much will be said about nuclear fusion. It
is more similar to nuclear fission than one thinks [18]. As long as the D-T
reaction is employed, the resource situation of lithium is very similar to that
of uranium, and the energy is then offered in terms of 14MeV neutrons. This
always leads to neutron activation. The hope is to find a structural material
that largely avoids such activation. It is a personal view that we may expect a
factor of 30-100 improvement in the curies per watt thermal that have to be
handled in a fusion reactor, as compared with a fission reactor. This difference
is quantitatively significant but does not alter the situation qualitatively
as compared to fission. Nor can we say much about geothermal here, the
dry heat of the earth crust, as the hot water and steam sources all over the
globe make up only for 60GW or so. There is a thermal gradient of about
35°C/km in the earth that allows for energy harvesting which is similar to
that described above for the ocean. Yet the heat conductivity of the earth
is small. What one has to expect is a tight lattice heat-exchanger arrange-
ment over wide areas and in great depths. At IIASA, we will look into such
schemes only in 1976. We will not discuss this here any further.

After this crude review of the various TW technology candidates, one
further remark must be made: none of these can be expected to have a conver-
sion efficiency as high as that for the use of oil today. By conversion effici-
ency, we mean the ratio of useful energy required by the final energy consumer
to the amount of primary energy which is necessary to produce that useful
energy. This holds for the production of hydrogen, gasification of coal, fusion
power when converted into hydrogen, ocean and earth thermal gradients, etc.
Let us favorably assume a 50% additional loss upon conversion. This then
leads to an increase from 5kW/capita to maybe 10kW/capita and, accordingly,
to the power production scenario of Figure 16. The shaded area indicates
both the required increase and the domain for improvements by technology
and physics that could lead to less drastic increases above SkW/capita.
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Figure 16. Required additional power production for
non-fossil (10kW/cap).

TIME FOR ACTION, PHYSICS TASKS

We saw that in our decade we must take actions that are designed not
only for the commercial short-range-future--though they continue to be im-
portant, of course--but that also take into account the long-range future. This
challenge is new. It comes from the fact that the world is getting smaller
and the population larger.

It is then very important to reflect on the sequence of decisions to be
faced, one after the other. It seems convenient to plot such a sequence of
decisions in the form of a decision tree. At I[ASA, we are doing this more and
more extensively. As our own thinking is constantly evolving, we cannot claim
to have arrived at a fairly broad and conclusive decision tree. Nevertheless,
we have elaborated such a decision tree that covers a partial aspect of the prob-
lems. It is shown in Figure 17. The decision tree is embedded in the time
power plane and is meant to evolve into these dimensions accordingly.
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Figure 17. A decision tree for advanced energy systems.

The first question is the following: nuclear power, yes or no? If no, then
other alternatives come in. Similar decision trees have then to be considered
for each such alternative. If yes, then the next question is: nuclear power for
the production of electricity or more? If not, then the next step is to face the
question: is one satisfied with the present share of electricity or not? If yes,
nuclear electricity may have a share as high as 25% of the primary energy de-
mand. If not, consumption has to be adjusted to additional uses of electricity
and the share may rise to as much as 40 or 50%--but then there is a limit. If
more than nuclear electricity is desired, the next question concerns the full
scale infrastructure for storage and transportation of a gaseous fuel. If the
answer is negative, only local and sufficiently large-scale applications of nucle-
ar-process heat can be envisaged. This may be not more than 7-10% [16]. If
it is positive, the next question to be answered is: coupling of the secondary
energy systems or not? If not, then two autonomous secondary energy systems
will evolve, electricity and gas, both of which have to be sufficiently reliable
and self-sufficient. If yes, the reliability will increase or become cheaper and
it will be possible to store electricity in that way. Such coupling has several
advantages. It will be more easily possible to accept other primary energy
sources, in particular solar power which somehow goes better with hydrogen
than with electricity. But also shipments of secondary fuels from energy parks
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could more naturally be accepted. If such other options come in, we have a
diverse, redundant and thereby resilient energy system. If not, we may face the
problems of centralization.

We do not claim that all these so envisaged decisions have to be faced at
once. But one’s thinking should be organized in this or a similar fashion. This
could mean that, in early decisions, lower in the tree, one could look for ways
that keep future options open. Here some decisions on energy parks that are
forthcoming may be crucial.

What, then, are the physics tasks for the TW domain? How could we
physicists best contribute in view of such energy strategies? Table 13 lists a
few of these tasks. No claim for completeness is made. Storage and trans-
portation will in almost any event be a key to modern TW technologies and

Table 13. Physics tasks for the TW domain.

o  Storage of Energy
o  Transportation of Energy
o  Coal Liquefaction in Situ/Coal Gasification

o  Physics of the Atmosphere Climate

o Dynamics of the Ocean Control

o Hydrogen/Electrolysis/Thermolysis
o Cheap Solar Power Receivers

o Fusion

should therefore be studied. The most obvious candidate here is storage and
transportation of a gas. But storage and transportation by means of supercon-
ductivity, for instance, may be equally important as it is still within the domain
of electricity. Fuel cells and electrolysis in the GW and TW domain are related
to this topic, too. The liquefaction of coal in situ by liquid solvents, as men-
tioned earlier, may be crucial for the tenfold larger harvesting of coal when
compared with what is done today. Coal gasification is probably a must if
coal is to recapture a share of the market under near- and medium-term aspects.
It invites a tie between coal and nuclear power, in particular. Perhaps the most
urgent topic of all is climate control, as not too much is known in this field. A
new theoretical approach to the equations of gas dynamics should be sought.
More personally, we feel that the most recent topological methods for looking
into the climate without weather calculations appear very promising. But also
more physics and related physics data are required, particularly in the field of
ocean dynamics. Similarly, our understanding of the physics of the strato-
sphere must improve. Do we have to expect constraints from that angle or
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not? Within ten years or so, we should be in a position to give at least a vague
answer to the decision makers. Most certainly, hydrogen with all its inplica-
tions has to be developed. Modern electrolysis in the GW range and beyond,
with efficiencies of 80% and more, and temperature ranges between 500°C and
1000°C, must be looked into, as must thermolysis. It should be emphasized
that so far our list has not included new power sources, A general trend today
is to over-emphasize the importance of the production of energy. But, the
adequate handling and embedding of the stream of energy into the atmosphere,
the hydrosphere, the ecosphere, and the sociosphere are equally or, under pre-
sent circumstances, even more important. Even so, physicists must continue
to look for devices for harvesting solar power, the salient point of which is
that it must be cheap. Work on fusion must continue at the present or an
increased rate. There are more tasks, we cannot list them all.

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



[1]

(2]

(3]

[4]

[51

(6}

[7]

(8]

(91

[10]

31-

REFERENCES

Hifele, W., Energy Systems, Bulletin of the International Atomic Energy
Agency, 16, 1, 2; reprinted, (February/April 1974), A Systems
Approach to Energy. American Scientist, 62 (July 1974), 438-447

Goeller, H.E. et al., eds., Survey of Energy Resources 1974, 9th World
Energy Conference, Detroit, September 22-27,1974. World Energy
Conference, London

Proceedings of the Conference on Methods of Assessing Energy Re-
sources, May 20-21, 1975 (forthcoming), International Institute
for Applied Systems Analysis, Laxenburg, Austria

Khene, A., Aktuelle Olprobleme aus der Sicht der OPEC. Lecture to
Wirtschaft und Politik of Friedrich-Ebert-Stiftung, September 28,
1973, Bad Godesberg. Vierteljahresberichte der Friedrich-Ebert-
Stiftung, 55 (March 1974), 1-11

Charpentier, J.-P., Toward a Better Understanding of Energy Con-
sumption, (forthcoming), International Institute for Applied Sys-
tems Analysis, Laxenburg, Austria

See, for instance, Matthews, W.H., Kellogg, W.W_, and Robinson, G.D.,
eds., Man’s Impact on the Climate, Cambridge, Massachusetts,
M.LT. Press, 1971

Flohn, H., Energieproblem und Klima im 21. Jahrhundert, paper pre-
sented at Reaktortagung 1975, Nurnberg, April 8-11. Forthcoming
in Atomwirtschaft

Nordhaus, W., Can We Control Carbon Dioxide?, unpublished internal
paper, International Institute for Applied Systems Analysis, Laxen-
burg, Austria, 1975.

Manne, A.S., and Marchetti, C., Hydrogen: Mechanisms and Strategies
of Market Penetration, RR-74-4, International Institute for Applied
Systems Analysis, Laxenburg, Austria, 1974

Hifele, W., Future Energy Resources, paper presented at 9th World
Energy Conference, Detroit, September 22-27, 1974. RR-74-20,
International Institute for Applied Systems Analysis, 1974



[11]

(12]

[13]

[14]

[15]

[16]

[17]

[18]

.39.

Marchetti, C., Hydrogen and Energy. Chemical Economy & Engineering
Review (January 1973)

DeBeni, G., Procédé pour la préparation d’hydrogéne, Fr. Pat. No.
2.035.558 (February 17, 1970); US Pat. Pending No. 9.399 (Feb-
ruary 6, 1970)

Bowman, M.G., Fundamental Aspects of Systems for the Thermo-
chemical Production of Hydrogen from Water. First National
Topical Meeting on Nuclear Process Heat Applications, October 1-3,
1974, Los Alamos. U.S.A.E.C. Contract W-7405-Eng. 36, LA-UR-
741459;

and

Farbman, G.H., and Brecher, L.E., Process Applications of a Very High
Temperature Nuclear Reactor (VHTR). Paper presented at 10th
Intersociety Energy Conversion and Engineering Conference, August
21, 1975. Pittsburgh, Pennsylvania, Westinghouse Electric Corpora-
tion. Technical Paper

Hifele, W., and Manne, A.S., Strategies for a Transition from Fossil to
Nuclear Fuels, RR-74-7, International Institute for Applied Systems
Analysis, Laxenburg, Austria, 1974. See also Energy Policy, March
1975

Hifele, W., Schikorr, W., et al., Reactor Strategies and the Energy
Crisis. Paper presented at IAEA Study Group on Reactor Strategy
Calculations, Vienna, November 5-9, 1973. International Institute
for Applied Systems Analysis, Laxenburg, Austria, 1973

Hafele, W., Sassin, W, et al., Applications of Nuclear Power other than
for Electricity Generation. Paper presented at European Nuclear
Conference, Paris, April 21-25, 1975. In forthcoming conference
proceedings, Enrichment and Special Applications, 13. Oxford,
New York, Paris, Pergamon Press, December 1975

Howard, P., Hanchett, A., and Aldrich, R.G., Chemical Comminution
for Cleaning Bituminous Coal. Syracuse University Research Cor-
poration, Syracuse, New York. Technical Paper, 1975

Hifele, W., and Starr, C., A Perspective on Fusion and Fission Breeders.
Journal of the British Nuclear Energy Society, 13 (April 1974), 2,
131-139



