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Climate and Water:

Interfaces with the Energy Problem

Wolf Hafele and Cesare Marchetti

What precedes refers to an analysis of the possible

meteorological consequences of the distributed use of

energy. But the large scale use of nuclear energy may

introduce a new problem: that of a very localized release
of heat, in very large amounts, where the intermediate energy

vectors, electricity or hydrogen, are produced. This heat

may become in time comparable to that released in a distrib­

uted way over the continents, and the spots where it is

released may be very limited in number, in order to satisfy

the numerous boundary conditions for nuclear power siting.

The line of thought we are assessing now is the

following:

The ocean is obviously the only place that can provide

sUfficient cooling capacity, but thermal plumes have to be

avoided. This is mainly because of the interference with

the biosphere of large bodies of water 10-150 warmer than

"natural." This warmer water covering probably thousands

of square miles would certainly not be accepted by con­

servationists, being an obvious threat to all sorts of

equilibria, biological and climatological, anu so it has

to be avoided at any price.

For this particular point the solution appears fairly

simple, if not inexpensive: in the tropical and temperate

areas where these stations are more likely to be located,

the ocean is layered in temperature, with an upper layer

relrttively well mixed and at high temperature.
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In order to fix the ideas. we may say that this upper

layer has a temperature of 200 C and a thickness of 50

meters. Below this layer. temperatures taper down. in the

next 50-100 meters. to perhaps 70 C and then stay constant.

This transition layer is called the thermocline.

In order to avoid the thermal plume it is then

sufficient to take the cooling water under the thermocline.

and to adjust its flow so that its temperature. when it

leaves the plant. closely matches that of the water in the

upper layer.

The secondary effects of this operation are: a certain

increase in the local upwelling. and in the thickness of the

upper warm layer in order to provide the outward driving

force. The first effect is in general considered beneficial

by oceanologists. the second disappears in the background
noise for powers of the order of 100 GW/km. In spite of

being second order effects by respect to the "hot plume case."

they deserve a most careful study. especially when the energy

released at a single spot may amount to various TW.

Now if local effects can be avoided by carefully "erasing"

the plume. the same cannot be said at a global level. as this

energy is going to reappear somewhere.

Here comes the second line of our approach: this energy

should emerge in a neutral region. i.e. in a place where it

can be properly dissipated with minimal "teleconnections"

with the global weather pattern.

This is obviously the toughest part of the problem. both

because long term global meteorology is a science still in

its infancy. and because the most unexpected teleconnections
have recently been discovered by Namias (e.g. droughts in
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Sahel being related to blocking in Scotland).

In order to delineate the background for these choices,

let us enter, very schematically, into the mechanism of

earth energy balance. Energy coming in from the sun is

absorbed by the atmosphere and by the earth surface, and

is reradiated as infrared mainly from the atmosphere, in a

region we may roughly indicate between 6 and 8 km. The

temperature of this layer is fairly low and variable with

the season. Just to fix the ideas, let us say it is -200 C

between 0 0 to 600 latitude, and -500 C from 60 0 to 900 .

Energy absorbed at the surface of the earth is transported

to the emitting layer mainly as latent heat of the water

vapor carried upward by air circulation.

Apart from this vertical energy transport, there is a

horizontal transport, generally poleward, through air and

ocean currents. The yearly main value of this energy flow,

at our latitudes, is around 100 GW/km (41019 Kcal/year or

160 Qs at the 400 parallel).

In the case of the oceans, through the shear of the

winds and Coriolis forces, the upper warm layer of water is

in a sense collected and converted into large currents flowing

west of the ocean basins. (E.g. the Gulf and Kuroshio

streams in the northern hemisphere, each carrying north

something around 20 Q/year.) This energy is liberated in

the northern part of the oceans, in form of water vapor

transferred to the dry and cold air coming from the polar

regions. This vapor is carried upward by thermals and

finally releases energy into the IR radiating layer of the

atmosphere at high latitudes. So very schematically a

large fraction of the radiation unbalance of the tropics

is transferred through sea currents plus evaporation to the

polar regions which act as a kind of global cooling radiator.
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Now we are trying to assess the extra cooling capacity

somehow available in these regions and to find the proper

mechanism to transfer waste heat there horizontally with

a minimum of interference along the way, and a minimum of

teleconnections at the final vertical transfer point.

The importance and novelty of this approach lies in

the fact that we are taking an active position towards the

problem of large scale waste heat disposal; and instead

of just trying to forecast the consequences of our increased

use of energy, we try, through an operation of global

engineering, to minimize its effects by the search for

optimal heat dumping sites.

In order to establish the techniques and the proper

contacts with the oceanographers and long term weather

forecasters, we will choose a couple of sites, which

intuitively appear promising, and try to analyze in

detail the fate of heat dumped there.

One of these sites should be near the east coast of the

U.S., above the northern rim of the Gulf current. The

expected effect is an increase in evaporation from the sub­

arctic sea at the level of Greenland, with increased precipi­

tation in contiguous regions, and a northward displacement

of the troposphere subsidence, with a corresponding increase

in the local temperature of the radiating layer.

The other site should be the Kerguelen Island in the

South Pacific. In this case the mechanism would be different

as the water from the site would be circulated around the

Antarctic by the circumpolar current and would probably increase

the humidification of the winds emerging from the polar sub­

sidence, increasing the precipitations presumably in the
Southern Pacific on the rim of the polar circulation cell.



A Possible Solution to Some Waste Heat Problems

Richard Patzak

The work of Mr. Marchetti comprises options only from

a global point of view and for the more distant future. Since

we have to cope with problems of waste heat also in the pre­

sent and in the near term future, I have studied in more de­

tail the waste heat problem from a regional point of view.

The problem of waste heat arises since it is impossible-­

according to the second law of thermodynamics--to convert

heat-energy completely into any other form of energy. Losses

of energy are inevitable. The ratio of losses and useful

energy is called efficiency. The efficiency parameter of

the presently driven machines or devices varies between

approximately eight and approximately forty percent. And

we cannot hope to increase this percentage. This means that

an increased amount of energy consumption will implicitly

cause an increased amount of waste heat in the future. In

addition to these conversion losses there are also losses

by transportation of energy regardless of the type of trans­

portation. In the case of electricity we will perhaps be

able to avoid these losses with the help of super-conducting

cables.

All forms of released heat might have an impact on cli­

mate where energy is used abundantly. Therefore we should

try to separate the places where energy is generated (e.g.

Primary Energy Parks) and the places where energy is con­

sumed (especially in cities) and to connect these places
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with convenient secondary energy carriers (e.g. electricity,

or to transport it in pipelines in the form of chemical bind­

ing energy). But the useful energy also is ultimately trans­

formed into heat (according to Fig.l).

Up to now it was not necessary to uncouple supply and

consumption for the ecological equilibrium was not signifi­

cantly disturbed by power plants with relatively small capa­

cities. But in future times we will probably have to switch

to plants with huge capacities in order to meet the increas­

ing demand of an increasing number of people. And in these

power plants the problem of waste heat release is of growing

importance. From the climatological point of view, these

power plants are so-called "hot-spots" in the temperature

distribution of the world's surface, which might generate

microclimates in the surroundings of these plants. Wet cool­

ing towers of power plants already do so.

We must therefore consider some other possibilities of

getting rid of the waste heat. One possibility which I

studied in greater detail is the radiation of heat into space

without interaction with the atmosphere:

A figure of this system (Figure 2) shows the position

of this system element in the system of environmental pollu­

tion. All downward arrows are reasons for these problems;

all upward arrows are possible. solutions. One can see that

radiation could be one alternative for cooling towers or for

cooling huge power plants with sea water since not all coun­

tries--e.g. Austria--have direct access to the sea.

Now I want to say a few words about the physics of this

technique. The radiant intensity distribution of infrared
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radiation of a black body (and we consider the earth as

black or almost black in the infrared emission spectrum)

is given by the quantum mechanical equation of Max Planck

(Fig. 3).

Exactly this result is obtained when the upgoing radia­

tion close to the surface, say at a level of a hundred me­

ters, is measured. If you measure the energy distribution

at a height of approximately 100 km, for instance, with the

help of a satellite, you will obtain the shape of this curve

(Fig. 4). The curve is strongly dependent on the special

weather situation, especially on the water vapor and CO
2

content.

One can see that in the frequency range up to 8~ and

from 13~ onward there is a very strong attenuation, and bet­

ween these mentioned boundaries the curve almost coincides

with the Planck curve. This range is called the frequency

window of the infrared spectrum. This window would be more

obvious if the picture were not fal~ified by the radiation

of the atmosphere which itself radiates: according to

Kirchhoff's law it radiates exactly in that frequency range

where it attenuates most. The dotted line in Fig. 4 indicates

the frequency window as it would appear if the contribution

of the atmosphere would be disregarded. That means that in

the frequency window there is almost no interaction of the

outgoing radiation with the atmosphere for a small inter­

action with the ozone molecules. But also this small inter­

action might have an impact on the ozonosphere. The ozone

layer of the atmosphere lies at a height of about 25-50 km.

It is in dynamic equilibrium of generation and dissociation

of ozone and is absolutely necessary for human life as it

serves as a shield against the dangerous ultraviolet rays.



Although the energy of the IR-Quantum is too small to split

an ozone molecule. there have recently been speculations

that the heating of the ozone layer might have unforeseeable

consequences for the structure of our atmosphere.

In order to make use of this frequency-window phenome­

non. one should try to find a material whose emission spec­

trum has a distinct peak in the range between 8u and 13u.

It has already been demonstrated experimentally that PVC.

for example. can be a probable solution to this problem. In

the case of a power plant of 1 GW capacity the waste heat

is of about 1600 kW. This amount of heat comes out in the

form of water with a temperature of about 400C. In order

to cool it down to 100C one would need a pipeline grid of

about 5 km2 made of PVC pipes or covered with a PVC foil.

Under the changing aspects of energy economy I think that

this could be--at least in special cases--a possible tech­

nique. but more analysis is required along these lines. I

have made contact with Prof. Trombe who is an expert in the

field of radiation in the atmosphere. and the experiments he

carried out seem to be very promising for our purpose.

There is another interesting fact which arose from
these considerations. With the help of a computer it is

possible to calculate the shape of this window under diffe­

rent weather conditions. and it can be shown that the often

quoted impact of the variation of the CO2 content is pro­

bably overestimated for the radiation budget of the earth.

There are many models which try to calculate the variation

of the surface temperature of the earth. when the CO 2 con­

centration is doubled, as estimated for the future. The
most extreme results obtained by these models on a global

basis are on the one hand an increase of 20C and on the

other hand a decrease of 30C, depending on the assumptions

one has to make so that the calculations become possible
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at all. According to my estimates almost nothing will hap­

pen if the CO2 concentration is increased. :00 often the

mistake is made to overestimate the greenhouse-effect of the

troposphere (taking into account that the atmosphere is not

as stable as a glass pane). But in the case of water vapor,

all calculations show that the concentration of water in the

air has a great influence on the radiation equilibrium. In

this respect, too, more quantitative results are not avail­

able. This is the main reason why we in the Energy Group

put our emphasis on the interface of water and energy. If

the results from this research are good we can incorporate

this interface, which is getting more and more important.

into the overall model of handling energy.
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FIG 2: POSITION OF THE WASTE HEAT RADIATION SYSTEM

IN THE WHOLE ENERGY SYSTEM.
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Hydrogen: Mechanisms and Strategies of Market Penetration*

Alan S. Manne and Cesare Marchetti

1. Introduction and Summary

This conference provides clear evidence of the growing

interest in hydrogen as an energy vector and of the increas-

ing variety of efforts to devise water-splitting processes

based on non-fossil forms of primary energy. The time seems

appropriate for assessing the economic potential of hydrogen

in the energy game and for estimating the discounted value

of this potential. We need quantitative estimates of the

time lags. probabilities of success. and the costs of R. &

D. in order to provide guidelines for the allocation of the

substantial sums of money that will be needed for a success­

ful and timely development program.

In this paper. we shall describe two successive models--

one for quantifying the benefits and the other for optimiz­

ing the level and the structure of the research effort. Our

aim has been to devise sufficiently simple analyses so as to

keep intuition on the track. These models require numerical

values for certain parameters, and in each.case we have at-

tempted to work with prudent estimates. Because ot the in­

herently sUbjective nature of these parameters. we have run

*Paper to be presented at The Hydrogen Economy Miami
Energy Conference. March 1974.
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a series of sensitivity analyses. In all cases--even with

the most pessimistic assumptions concerning a non-growing.

slow-learning society--the prospective benefits appear high.

Compared with these benefits. the costs of exploratory

research are so low that it would make good sense for the

U.S. alone to support 50-100 parallel projects during the

next five years. These would include laboratory and bench­

scale experiments and then unit operations tests. By the

end of the 1970'S. it should be possible to determine which

projects are the most promising candidates for pilot plant

construction. Demonstration plants would be built during

the middle 1980's. and these would be followed by large­

scale commercial facilities during the 1990's. This is the

scenario for which we shall attempt to estimate the costs

and benefits.

2. Hydrogen and the Energy Market

Most presentations of the "Hydrogen Economy" emphasize

the use of hydrogen as an energy vector with superior prop­

erties: clean-burning. cheaply transportable. and readily

storable. Once we start looking at the size and structure

of the energy market. we soon see that it will take many

years before hydrogen is extensively used as a fuel. From

the very beginning. however. water-splitting will help to

economize on fossil resources. The new technology can first

be used to replace those quantities of oil and natural gas

that are now used in the manufacture of chemical hydrogen.
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This application will come first because it commands a high

price per BTU and because demands are concentrated in large

units, e.g. ammonia plants and oil refineries. Concentration

means that a water-splitting plant could use the output of a

large high-temperature nuclear reactor. The process heat

source could be identical to that used for electricity gen­

eration. A large and proved reactor type will provide the

cheapest source of nuclear process heat. In this way, large

water-splitting plants could precede the construction of a

distribution net for hydrogen.

For orientation on the numerical magnitudes, see Table

1 and Figure 1, reproduced from Meadows and De Carlo [4J.

Note that there are wide ranges of uncertainty in these long­

term forecasts of hydrogen demand, but that ammonia and

petroleum refining continue to be the principal customers for

hydrogen through the year 2000.

In the following section, our calculation of benefits

will be extrapolated from the U.S. "low adjusted" figure of

15.5 trillion SCF of hydrogen for the year 2000. This is

4 1015 BTU, equivalent to 2.3% of that year's aggregate de-

mand for primary energy (see Associated Universities, AET-8

~,p.15]). Despite this small percentage, hydrogen will be

an enormous industry. Assuming a price of $6 per million

BTU, the annual sales of hydrogen would amount to $24 billions

for the U.S. plus an even greater amount for the rest of the

world.
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TABLE i.-Contingency forecasts of demand for hydr~n
by end usr, year 2000

(Billion slandard .cubic feel)-------...;......-
Demand in vear 2000

ESli· U.S.
maled forecasl Resl of Ihe

demand base Uniled Slares world 1
End use 1968 2000

Low HiKh Low Hilth

Anhydrous
ammonia 872 ~.060 2.460 4.490 7.200 12,700

Pelroleum
relini",!, 775 4.580 2.HO ~2,640 6,000 ~6.000

Other uses I 4U 1,450 1.4',0 2-1.660 2.000 25,000

TOlal. 2.060 6,250 61.790 15.200 7~.700
Adjusted ,

range 13,500 52.530 24,950 63.950
(Median ~4.015) (Median 44.450)

I Eslimaled 1968 hydrogen demand in Ihe rest of Ihe world was
2,995 billion <ubic feel.

Z Includes hydrogen used in chemicals and allied products, for
hydroga,if'C3lion of coal and oil shale, in iron ore reduclion. and
(or miscellaneous purposes except plant fuel.

2000

4.4

au

1S.5
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.f1Ii .", • :;
to' . ',... <, .

: .. " fill ".~--. u.~~::J'---,--­
, ---IJ __ - --,'j"

.-:;;;-::----- -- Lo.,20-,.., fill

Produclioll • O."'Olld

eo

~
50

!AI
!AI...
u
ii 40
;:)
u
0
a:
C
0 30z
~
en
z
0
J 20
J
ii:
t-

10

0
1949

FIGURE 1.-Comp:Uimn of Trrnd Projections and forrc3sts
for Hydrogen Iklllanll.

Source: Meadows and DeCarlo (1970).
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Why might it be reasonable to project a price of $6 per

million BTU for hydrogen from fossil fuels? With today's

mature technology for steam reforming. it takes roughly 2 BTU

of oil or gas primary energy input per BTU of hydrogen output.

To cover non-fuel operating costs plus a return on capital.

the price of hydrogen is approximately three times the price

per BTU of oil or gas. Implicitly. then. we are projecting

an oil price of $2 per million BTU or $12 per barrel for the

year 2000.

Until water-splitting captures most of the hydrogen mar­

ket. it seems likely that hydrogen prices will be determined.

not by the costs of water-splitting but rather by the costs

of steam reforming and similar processes based upon fossil

fuels. This might put large profits into the pockets of the

innovating enterprises--sufficient profits to more than off­

set their initial teething troubles and R. & D. expenses.

Once water-splitting has captured the entire market.

hydrogen prices will be dominated by the evolution of costs

for this new technology. These costs will be lowered suc­

cessively by economies of scale for individual plants and by

the cumulative learning experience acquired by the water­

SPlitting industry. We shall· focus upon the latter component

because it is more easily correlated with the size and dynam­

ics of the market.

It is convenient to summarize these dynamics with the

learning parameter A. defined as the percentage reduction in
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manufacturing costs for every 1% increase in the industry's

cumulative production. That is. let Q
y

denote the indus­

try's output in year y < t. Then the average costs and the

price in year t+l are given by

(1)

The price history of the chemical industry suggests

that. with a well supported R. & D. program and a fast ex-

panding market. manufacturing costs may be reduced by rough-

ly 20% with every doubling of the cumulative production.

This would imply that the learning parameter A = -.3. In the

following calculations. to be on the conservative side. we

have supposed that A = -.2. and that a doubling of the cumu­

lative production will reduce costs by only 13%. This would

put water-splitting technology in a sleepier league than

methanol or PVC. This is not very reasonable in view of the

enormous interest--economic. intellectual and political--

linked to an already launched hydrogen economy. On the other

side. nuclear reactors and associated chemical plants will be

affected by the low metabolic rate characteristic of large

animals. and this will tax their rate of evolution.

In addition to the learning parameter A. equation (1)

contains a constant of proportionality k. We have estimated

this parameter by supposing that a constant amount of new

capacity will be added during each of the 10 years precedin~
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year 0, the date of capture of the entire chemical hydrogen

market. The cumulative production during these preceding

years will therefore be 4.5 times the production in year O.

- 2Hence, k = Po /(4. 5Qo) .•

3. The Demand curve for Hydrogen; Market Simulation

Even before water-splitting captures the entire chemical

market, hydrogen will begin to be used for steel making and

for air and road transport. For these applications, hydrogen

has intrinsic advantages which will more than compensate for

its high price. In the case of air transportation, this is

due to hydrogen's high heating value per unit weight. Because

it increases the productivity of an airplane. hydrogen would

be preferable to conventional jet fuel even if its price per

BTU were three times higher. Similarly, hydrogen should com-

mand a premium price per BTU for steel making and for road

transport in ~reas where the air is heavily polluted. During

the 1990's, it is likely that these applications will repre-

sent only a small percentage of the hydrogen market. Nonthe­

less, they will prepare the way for the period of large-scale

expansion beginning. say. in the year 2000.

Once water-splitting captures the premium-price chemical

market. the industry's further expansion will depend upon its

ability to lower costs and prices. Each time the fabrication

cost of hydrogen can be reduced, a new set of customers will

be attracted. As a shortcut summary of price responsiveness,

it is convenient to define the elasticity n. This parameter
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indicates the percentage expansion of the hydrogen market

associated with each 1% reduction in the current price. For

the reference case. it has been supposed that the elasticity

n = -2. This seems like an underestimate of the elasticity

of demand for hydrogen in view of its small share of the

energy market and its significant advantages for steel making,

air and road transport. The demand for hydrogen is surely

more elastic than that for electricity. a well-established

energy vector. In the case of electricity. it has been

estimated that n = -1 (see Doctor and Anderson [2. pp. 37- 40]).

For projecting demands. we shall suppose that future

growth may be factored into two components: one that is

dependent upon the hydrogen price and one that is independ­

ent. The first of these effects is summarized through the

elasticity parameter n. and the second through the growth

parameter y. The growth parameter allows for those long-term

trends in hydrogen demand that are related to the growth of

population. per capita income. per capita use of energy. and

the rate of learning how to utilize hydrogen in place of con­

ventional fossil fuels. It is supposed that at constant

prices. the demand for hydrogen would grow at the constant

annual rate of 5% after the year 2000. This trend factor

lies well below the above 10% growth rates experienced during

the 1960's, but recall that this was a period during which

prices (in constant dollars) declined at the rate of 2.5% per

year. The trend factor y refers only to the rate at which



hydrogen demand would grow if its price were to remain con-

stant.

It will be convenient to represent prices and quantities

as index numbers relative to their values in year o. We may

then write the market demand curve as

[ quantity

] [,ong-term ] [price jdemanded = growth factor elasticity
in year t at constant factor

hydrogen prices

Qt = [ yt ] [ pn ]t

[ 1.05t ] [ -2

J= Pt

(2)

Having specified numerical values for the parameters

appearing in the dynamic equations (1) and (2). it is straight-

forward to trace the evolution of the hydrogen market over

time (see Figure 2). It turns out, for example. that PIO =

.725, and that QIO = 3.099. Expressed at annual rates, this

means that prices decline at the rate of 3%. and that demand

increases at the rate of 12% during the decade beginning in
1

2000. These growth rates slow down a bit during subsequent

years. Intrepidly extrapolating to the year 2050. we note

that the hydrogen demands would still lie well below the

total primary energy demands even if these were to grow at

the annual rate of only 2.1%. These projections leave ample

scope for the continuing employment of our colleagues in the

1
As a rough check, note that (y-l) + ( ) (-.03) =

.05 + (-2) (-.03) ~ .12.
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electricity industry, but probably not for those in oil, gas,

and coal.

4. Evaluation of Benefits

In itself, this market simulation does not permit us to

evaluate the benefits of water-splitting. We do so through

the "consumers' surplus" measure illustrated in Figure 3 for

year t = 10. It can be seen that if the hydrogen price re-

mained constant at its initial level Po = 1, demands would

grow at the constant rate of only 5%, and that the value

Qio = 1.0510 = 1.629. We would then observe that the con­

sumers' surplus from water-splitting was zero, for this means

that the new technology would provide no price reduction to

consumers. In our basic case, however, there ~ substantial

price reductions, and P10 = .725. Accordingly, there are Qio

consumers each of whom have enjoyed the price reduction of

(Po - P10 ). In addition, there are other consumers who have

been attracted to using hydrogen by the price reduction, but

who would have been unwilling to pay PO. Altogether, the con­

sumers' benefits in year 10 are measured by the shaded area

C10 shown in Figure 3. Similar calculations may be performed

for each year t = 0, 1, 2, .•• 50. With an annual discount

rate of 10% before taxes, the present value of these benefits

in year 0 is2

~ear 0 has been defined here as the date at which water­
splitting has captured the entire hydrogen ma~ket--roughly the
year 2000. Recall that this technology will already have been
incorporated in commercial-scale plants during the entire pre­
ceeding decade. In evaluating the present value of the bene­
fits in equation (3), we have taken no credit for consumers'
cost savings until after year O.
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t
Bt = 1: [ 1 Jt C

T=O I:T t

According to Table 2. the benefits index B20 = 4.319.

To convert this into the dollar value of benefits in the

year 2000. we must recall that Po corresponds to $6 per

million BTU. that Qo = 4 1015 BTU. and that PoQo = $24 bil­

lions. Accordingly. the value of water-splitting discounted

to the year 2000 is ($24 billions)(4.319) = $100 billions.

Discounting to 1975 at the annual rate of 10%. the present

value of consumers' benefits from water-splitting would be

of the order of $10 billions.

For those who wish to test the effects of other numer-

ical parameter values. we have run a series of progressively

more pessimistic calculations than the basic case. For ex-

ample. if consumers are "unresponsive" to the price of hydro-

gen. the elasticity n = -1.5. This would reduce the dis­

counted'benefit index B20 by a relatively small amount--from

4.319 to 3.685. With slow learning (the "low LQ." column

with A = -.1). there would be a slow rate of price decline.

and the benefits index B20 = 1.743. With a "no growth" so­

ciety. y = 1.00. and the benerits B20 = 2.026. Combining

these pessimistic assumptions. we arrive at the rightmost

colulJU1 • a "living fossil" society. Even in this case the

benefits ;ndex would be .819 ($24 billions) = $20 billions

discounted to the year 2000 = $1.8 billions discounted to

1975.



T
ab

le
2

.
E

ff
e
c
ts

o
f

an
ec

o
n

o
m

ic
al

ly
c
o

m
p

e
ti

ti
v

e
w

a
te

r-
s
p

li
tt

in
g

p
ro

c
e
ss

i I
P

e
ss

im
is

ti
c

as
su

m
p

ti
o

n
s

I
.

!
B

as
J.

c
I

ca
3

e
, :"

u
n

re
sp

o
n

si
v

e
"

"l
o

w
1

.0
."

"n
o

g
ro

w
th

"
'

M
os

t
~
e
s
s
i
m
i
s
t
i
c

c
a
se

"
li

v
in

g
fo

s
s
il

"

C
as

e
id

e
n

ti
fi

c
a
ti

o
n

nu
m

be
r

1
2

3
~

5

8
}
l

E
!l

l
2
O
~

-2
.0

-
.2

11
.0

0
1

1
.0

5

-2
.0

E
IJ

1
.0

5

c:
IT

I
-

.2

1
.0

5

-2
.0

-
.2

n
de

m
an

d
e
la

s
ti

c
it

y

~
le

a
rn

in
g

p
a
ra

m
e
te

r
y

h
y

d
ro

g
en

de
m

an
d

g
ro

w
th

fa
c
to

r.
a
n

n
u

a
l,

a
t

c
o

n
st

a
n

t
h

y
d

ro
g

en
p

ri
c
e
s

I I-
'

I
I

I
I

-I
~ I

P
IO

,p
ri

c
e

in
d

e
x

,
y

e
a
r

2
0

1
0

I
.7

2
5

Q
Io

,q
u

a
n

ti
ty

in
d

e
x

.
y

e
a
r

20
10

3
.0

9
9

.7
3

1

2
.5

1
5

.8
6

5

2
.1

1
9

.7
5

8

1.
7
~
1

.8
8

3

1
.2

0
5

B
IO

,b
e
n

e
fi

ts
in

d
e
x

.
d

is
­

c
o

u
n

te
d

th
ro

u
g

h
2

0
1

0

B
20

,b
e
n

e
fi

ts
in

d
e
x

,
d

is
­

co
u

n
te

d
th

ro
u

g
h

~
0
2
0

B
30

,b
e
n

e
fi

ts
in

d
e
x

,
d

is
­

co
u

n
te

d
th

ro
u

g
h

2
0

3
0

1
.5

5
0

4
.3

1
9

7
.2

0
8

1.
40

8

3
.6

8
5

5
.8

6
8

.6
7

9

1.
74

3

2
.
1
~
2

1
.0

1
6

2
.0

2
6

2
.5

8
9

.
~
3
8

.8
1

9

1
.0

1
4

1
.0

~
.~

3
.9

I

~
2
0
,
d
o
l
l
a
r

v
a
lu

e
o

f
b

e
n

e
fi

ts
I
~

d
is

c
o

u
n

te
d

to
1
9
7
~

1
')

.6
8

.2
(.

~
h

il
li

o
n

s
)

~
_
_
_
_
_

_
_

.
---

'.
_



-119-

5. A One-time Decision Model for R. & D. Expenditures

Now that we have made a rough estimate of the potential

benefits, we may formulate a model for optimizin~ the level

of research and development expenditures on water-splitting.

Given the magnitude of the benefits, there is reason to be­

lieve that it pays to investigate several technologies in

parallel--electrolytic, thermochemical, and direct thermal

dissociation. The primary energy source is likely to be

nuclear fission, but it could also be solar, geothermal, or

fusion. There are a large number of possible ways to split

the water molecule. For example, 16 thermochemical cycles

have been identified at just one laboratory, the Ispra Joint

Nuclear Research Centre (see EUR 505ge [3, p. 13J). Many

additional cycles have been proposed, and are being discus­

sed at other sessions of this conference.

Now suppose that for investigating just one water-split­

ting technology, it requires 5 years for laboratory and

bench-scale experiments and for unit operation tests. Alto­

gether, the present value of the costs for one exploratory

investigation will be, say. $10 millions. It will be con­

venient to express these costs as a fraction of the potent­

ial benefits. Accordingly. if the present value of the

potential benefits is $10 billions. the ratio of costs to

gross benefits for a single "experiment" would be c = .001.

Each of these individual investigations would be risky,

and there is no assurance of success on anyone attempt.
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By taking a sUfficiently large number ot such gambles. how­

ever, there is a high probability that at least one will be

a winner. A "success" might be defined as a water-splitting

process for which a commercial~scale plant would be capable

of producing hydrogen at a cost of $6 per million BTU, in­

cluding a return on capital. This would then be competitive

with hydrogen from steam reforming during the 1990's when

oil prices might be $12 per barrel (at today's general price

level) .

For simplicity, it is supposed that each line of water­

splitting research has an identical and independently dis­

tributed probability of success. Let p denote the probabi­

lity of failure. For example, if the probabilities of suc­

cess are only 1 in 20, the failure probability p = .95.

Then the expected benefits minus the costs of a single in­

vestigation will be

($10 billions)(l - p - c) = ($10 billions)(l - .95 - .001)

= $1190 millions.

From the viewpoint of the U.S. economy as a whole, it

can be seen that this would be a highly favorable gamble. It

can also be seen that there are diminishing returns from

parallel R. & D. efforts--especiallY if we make the fairly

realistic assumption that there are no additional benefits

from developing mor~ than one successful water-splitting
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process. To analyze this quantitatively. let x denote the

number of parallel investigations. It will be convenient to

choose the unit of benefits and costs as 1.0 rather than $10

billions. Then a one-time decision model for optimizing the

level of R. & D. expenditure's would be the following uncon-

strained maximization problem:

[~~ie~;~~~itSJ~~~~o~; ~~~:l ~~~b~~i;~;~
l:uccesses J lsuccesses

f( x) ~ [1 ] [1 - pXJ

oJ ~esearCh an

J
- development

costs for x
parallel in­
vestigations

[ex 1 ( 4 )

If x is sufficiently large so that we can work with

first derivatives rather than first differences. the optimal

number of investigations may be calculated by setting f'(x) ~ o.

Therefore

f'(x) ~ (-log p)pX - c ~ 0

:. optimal x ~ log[c/-log pJ
log p

(5)

The implications of equation (5) are shown on Figure 4.

Somewhat paradoxically. the higher the probability of failure.

the greater becomes the optimal number of experiments to be

30ne extension of thi~ basic model is being investigated
by Jean-Pierre Ponssard at IIASA. Working with an exponent­
ial "utility" function, he has shown that for decision makers
who are averse to taking risks. the optimal number of inves­
ti~ations is generally larger than for the expected value
cr1terion adopted here.
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undertaken in parallel. For example, suppose that there is

a $10 billion payoff from water-splitting, a $10 million

cost of each experiment, and therefore c = .001. If the prob­

ability of failure is .5, it is optimal to undertake only 9

experiments. With the less favorable situation in which

p = .99, the optimal number becomes 230~ Needless to say,

this monotone increasing relation cannot be extra~olated in­

definitely. It is no longer valid for an unfavorable lottery

--that is, for c > 1 - p. Hence x = 0 for c = .01 and p > .99.

Some additional insights may be obtained from Figure 5.

This shows the expected net benefit function f(x) for 3 al­

ternative values of the failure probability p--keeping the

cost of experiments fixed at c = .001. The maximum point

along each of the 3 curves is indicated by an arrow. It can

be seen that these 3 optimal values of x are identical with

those on Figure 4.

Figure 5 suggests that if we are uncertain about the

value of p, there would be no more than a 20% loss in

optimality if we set x = 100. This number of experiments

would be "robust" for values of p ranging between the ex­

tremes of .90 and .99. With 100 experiments and with p = .95,

the rrobability of discovering one or more successful pro­

cesses would then be 1 - .95100 = .994.

6. A Sequential Decision Model

Now consider the case of sequential decisions, but con-

tinue to suppose that the experimental outcomes do not lead
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us to revise our prior estimates of the probability parameter

p ("Bygones are bygones."). Today (at time 0), we select x,

the number of processes to be investigated during the initial

experimental period of, say,S years. At the end of this

period for bench-scale and unit operations experiments, we

learn whether all of these attempts have been failures. If

so, there is another opportunity to enter this same type of

lottery. If x was an optimal number for the first set of

experiments, it will again be optimal for the second set.

Similarly, at the end of 10 years--even if all of the pre-

ceding experiments were failures--it remains optimal to in­

vestigate x more technologies during the third set of ex­

periments. And so on ad infinitum. 4

This sequential decision process yields a higher value

of expected discounted net benefits than f(x) in equation (4).

To see this, let B denote the discount factor for each five-

year period of experimentation. (For example, if the annual

discount rate is 10%, B = (1/1.1)5 = .62.) Let g(x) denote

the expected discounted net benefits from undertaking x

projects at each five-year interval--assuming that all prev-

ious experiments have ended in' failures. It can then be seen

4 This sequential decision model has an inherent weakness.
There is a small but positive probability that even after a
long series of unsuccessful experiments, we will not discon­
tinue the search for water-splitting processes. This logical
difficulty may, of course, be overcome by introducing Bayesian
revision of the prior probability parameter p.



that

[

expected net J
benef~ts from
one f~ve-year

period of
experiments

[

discounted sum of ]
probabilities for
each pos~ible five­
year perlod of
experiments

:.g(x) = (6 )

Figure 6 contains the numerical results for the sequen-

tial decision equation (6). As in Figure 5, the cost per

experiment c = .001. Again, the net benefit curve is shown

for three alternative values of the probability parameter:

p = .90, .95 and .99. It will be seen that the maximum

value of g(x) is in each case slightly higher than the cor­

responding value of f(x), and that the optimal value of x

is smaller--e.g., for p = .95, the maximum values of f(x)

and g(x) are, respectively •. 904 and .920 (expressed as

fractions of the $10 billion benefits). The maximizing

values of x are 75 and 60 experiments.

For the sequential as well as the one-time model, it

remains a robust decision to set the number of initial par-

allel experiments x = 100. This numerical result makes

good common sense. Given an opportunity to enter a favorable

lottery, we cannot go far wrong if the size of the initial

gamble is 10% of the ultimate prize. If these numbers are
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at all realistic, it would not be difficult to justify the

expenditure of $1 billions in the search for economically

competitive water-splitting processes.
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Computerized Work on Material

Accountability Verification

Rudolf Avenhaus

Introduction

I would like to report here on some specific statistical

considerations which are of importance in the framework of

the planned review on material balance verification. As I

have pointed out in two seminars in the last year the

concept of material accountability and its verification as

it is applied, for example, in the case of nuclear material

safeguards consists of two steps:

i) The operator of a plant performs all measurements

which are necessary for the establishment of the

book inventory of a plant over a certain period

of time and for the physical inventory ac the

end of that period of time, and

ii) The inspector verifies these measurements by means

of independent measurements according to a random

sampling scheme. If he has found no significant

differences he takes all values of the operator

and closes the material balance, i.e. he compares

the book and the physical inventories which should

not be significantly different from zero in case

no diversion of material takes place.

According to this scheme two possibilities (strategies)

of diversion exist:

-130-
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i) Data falsification in such a way that the material

balance is closed.

ii) Diversion without any data falsification such that

the uncertainty of the measurements covers this

diversion.

Test Procedure

The inspector has to perform two types of significance

tests:

i) He compares his measurement data with those of the

operato~ with the help of the D-statistics:

R N.
ni

D = L 1 L
i=l n. j=l1

(x .. - Y•• )
lJ lJ

(1)

where Xij respectively Yij is the operator's respectively

inspector's measurement result for the j-th batch of the

i-th class, where ni respectively Ni is the number of

checked respectively the total number of batches in the

i-th of the R classes.

The Null and the Alternative hypotheses are given by

(2 )

where Ml is the amount assumed to be diverted. Let u l and

G2 be the error first and second kind probabilities:
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where X is the significance threshold of the test. We

callI - 6, the probability of detection. Then one obtains

Gaussian distribution function, U its inverse,

the standard deviations of D under the Null

(

M - UI - Cl 0D/H )
1 - 6 = ~ 1 0

1
°D/H

1

where ~ is the

GO/ H and GD/ Ho 0
and Alternative hypotheses.

(4)

ii) The inspector performs a significance test for the

difference between the book and the physical inventory
MUF: = BI - PI where the Null and the Alternative hypotheses

are given by

Let Cl 2 and 62 be the corresponding error first and second kind

probabilities. Then one obtains similar as above

(6)

Common False Alarm Rate and Probability of Detection

The inspector wants to calculate the efficiency of his
total test procedure; this means he wants to calculate the
total probability of detection 1 - 6:

and furthermore, he wants to fix his false alarm probability

Cl l and ~2 in such a way that the total false alarm probability

Cl,
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(8 )

results. However, there is a stochastic dependence between

these random variables because the operator's measurement

values are used twice in this scheme. Therefore, one cannot

factorize the formulae (7) and (8). Instead, one obtains

1 - a =
U U

1 I l-a l I l-a 2dt l dt 2 exp
2rr/l - p 2

-00 -00

B =

(9)

(0)

where

p = cov (D,MUF) (ll)
O"D • O"MUF

is the correlation coefficient. One can show that p > 0 in

this framework. For p = 0 one would obtain

(12)

This is a well known relation in the area of simultaneous

statistical inference. Thus the first problem is to give

the numerical values for (9) which is a generalization of (12).

Numerical Calculations for the False Alarm Probability

We want to plot the function



with a and p as parameters. For this purpose the bivariate

normal distribution tables available are not precise enough.
Bonferroni's inequality gives

(13)

which limits the region; additionally one can take from (9)

that the curves are symmetric to the line a l = a 2 .

Mr. Nakicenovic of our group has performed extensive
simulation calculations on our facilities here, the results

are shown in Fig. 1 (linear interpolation between the points
obtained) and Fig. 2 (graphical interpolations).

Example for the Probability of Detection

It is important to know whether the stochastic dependence

between the two statistics D and MUF leads to an increase

or to a decrease of the probability of detection 1 - a
compared to the case p = O.

In order to get a first impression, we have calculated

the probability of detection for Ml = M2 = M/2 and a l = a 2
for given M and a as a function of p. In order to be

able to do this we had to generate first the relation

a l = a 2 as a function of p for given a; that is, the values
on the diagonal in Fig. 2. The result of this auxiliary

calculation is shown in Fig, 3. The result of the calculations

of the probability of detection is shown in Fig. 4. As
expected, the probability of detection decreases with

increasing p. However, it does not increase very much;

therefore an approximation by the case p = 0 would not be

too bad.
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Concluding Remarks

There are two basic reasons for performing these

calculations:

i) As already indicated, one wants to determine the

"efficiency" of the combined inspection scheme and

see how well the approximation p = 0 works,

ii) One wants to fix a and not a l and a 2 separately

in order to reduce the degree of subjective choice

of values of basic parameters. Therefore, one' has

to know the relation between a, aI' and a 2 ,

To conclude, we will apply the general numerical results

obtained so far to the specific case we considered already

in the work which has been performed in the course of the

last year in collaboration with the International Atomic

Energy Agency in Vienna.
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1!!.IILl

RLPHR I

B.B3
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II.B I

II 11.111 11.112 B.13
RlPHR 2

B.B't

IF' 16 . I: IiRAPH ICAL REPRESENTRT ION Dr Tt£ RELRTI ON BETWEEN fl.PHR I AND fl.PHR 2,

N1TH RHO RS A PRRRMETER, RLPHR=I. IS, RHD LINE:RR INTE:RPOLRT IIlN IlE1lIErN

THE CRLCULRTED VALUES, EB. (9) ..
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Concluding Remarks

Wolf illU'ele

The descriptions of the work of the Energy Group which have been

presented so far rray have helped to visualize the profile of the work

as a ..mole. It is roore than obvious that much roore work is required.

We will continue with the clearing-house work on rratherratical

IJDdels of energy demand and supply as well as on resources. We expect

these activities to go on into the foreseeable future. Both activities

are of a kind that does not indicate a natural point of completion.

In particular, we will lay stress on scenario work on energy derrands.

After having completed the work on the nuclear option in a first

iteration by this summer we will work on the solar option. At attempt

will be rrade to come to sorre kind of strategic evaluation as well as

to a unified description of the systems effects involved. If this can

be accomplished it is then the comparison of the nuclear option with

the solar option which will be attempted. This is a challenge, especial­

ly from the methodological point of view, and particularly in performing

this task lITe do need help from the methodological side.

The work on climate will be reaching its full ~ntum only now.

Along with it goes the attempt to identify the interface between energy

and lTIOisture of the atroosphere and thereby, the hydrosphere. We hope

to be in a position to have a srrall working group on this subject by

the end of the year.

A start will be rmde in the field of risk eValuation. Now, in ear'ly

June, 1974, a joint research subproject of the International Atccn:i.c

Energy Agency (IAEA) and the Energy Group of IIASA is established;

such work will be instI'l.llTental in assessing systelll3 effects aJ)d in
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facilitating unified descripitons of the various options in question.

A special effort will be rrade to apply utility theory to such

assessments and unified descriptions. In so doing we will try to make

use of work that has been pursued at Harvard and M. I.T. A mre imrEdiate

case here is the problem of nuclear reactor siting. 'lhis problem is

mst naturally suited to establish links with the Water Project, the

Urban Project, and the Ecology Project. The integration with the other

projects will, in any event, be a major line of attack.

As regards scheduling we are working against the target of the

summer of 1975. By that time we hope to have enough results to present

a mre comprehensive view of energy systems. '!he IIASA Planning Con­

ference on Energy Systems of July 1973 may be regarded as a zero order

approximation of the energy problem. In this light, the now envisaged

IIASA conference of the sumner of 1975 could COIlE out to be a first

order approximation.




