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Summar

Energy derived from nuclear sources can be utilized either
in the form of high energy radiation, thermal energy or electrical
energy. Each of these energy forms can be employed to produce
non-fossil chemical fuels by transformation of available non-
fossil substances. As a general definition, available non-
fossil fuel substances are all resources other than coal, petrol-
eum, or natural gas. Thus the substances that can serve as raw
materials for nuclear energy conversion to non—-fossil chemical
fuels, are basically the substances found in water, air, and
minerals. :

High energy radiation from nuclear fission can be utilized
either directly as fission fragment energy in a chemonuclear
reactor or indirectly as neutron, gamma, and beta energy from
isotopic sources. Fission fragment energy is actually the only
radiation energy source that can be generated in sufficient
quantity and at low enough cost of be considered for production
of fuels. The two basic fuels that can be generated are hydrogen
fram water and carbon dioxide, and carbon monoxide from carbon
dioxide. The hydrogen and carbon monoxide can be used as fuels
or can be subsequently converted to high BTU gas or other liquid
hydrocarbons. The main difficulties with fission fragment chemo-
neclear systems are obtaining sufficiently high yields of fuel
gases and demonstrating that a fuel essentially free of radio-
active fission fragments can be produced.

Thermal energy from nuclear fission in the form of steam or
a high temperature gas stream such as helium can, conceivably,
be used to crack water to hydrogen and carbon dioxide to carbon
monoxide. Carbon dioxide can be derived from thermal de-



composition of limestone or by extraction from the atmosphere.
However, the temperatures. are too high to allow safe operation of
the nuclear reactors required for these processes with the
materials of construction generally available. Nuclear thermal
energy can be used to preheat streams and makeup heat balances
and to gasify coal and thus, although not strictly a source of
non-fossil chemical fuel serves to partially extend the supply
of non-fossil fuel.

Nuclear based electrical energy derived from standard steam

~and gas power cycles or from more advanced cycles such as MHD

can be utilized to power electrolytic cells or electric dis-

charges. 1In electrolytic cells, water can be used as a primary

source of fuel or converted to a number of other fuels including
ammonia, methanol, methane, hydrazine, acetylene, and others. 1
The electric discharge can also be employed to decompose water

and carbon dioxide, however, this process is usually less

efficient than electrolysis. Aluminum, magnesium, and other

reactive metals can be electrochemically produced and used as

fuels. }

Probably the most practical source of nuclear based non- /
fossil chemical fuels is the nuclear fission reactor powered
electrolytic decomposition of water to hydrogen.

Another class of non-fossil fuels are the boranes, and i
silanes, These can be derived from hydrogen, borax and silica. ‘

In the longer term future it is conceivable that fusion
energy will replace fission as a nuclear source. Generally '
fusion could be applied in similar fashion to the above
processed to produce non-fossil chemical fuels.
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I. Introduction

Probably the best way to set the ground rules for this
Symposium is to define what a non-fossil chemical fuel is.
Very generally a fuel is a substance which when made to react

- releases energy in one form or another. A chemical fuel is

a fuel which releases energy when the fuel is made to undergo a
chemical transformation. A non-fossil chemical fuel is a chemical
fuel which is derived from non-fossil substances. Non-fossil
substances are generally all substances other than coal,

petroleum or natural gas.

Some of the reasons for considering non-fossil chemical
fuels are as follows:

1. Fossil fuels are being depleted at an increasingly
rapid rate. It is estimated that by the end of this century
the U.S. natural gas supplies will be largely exhausted and that
less than 10% of the electrical power generating capacity will
be supplied by oil and gas(10) . The major sources of fuel for
electrical power will be derived from coal and nuclear. O0il
and gas will be mainly used for fueling mobile engines.
Alternate sources of chemical fuels would thus conserve our
fossil fuel reserves.

2., Fossil fuel in the form of natrual gas and oil also
serve the chemical industry for non-fuel purposes. Thus non-
fossil chemical fuels would aid the chemical industry in ex-
tending its reserved of raw materials.



3. Non-fossil chemical fuels would add to the supply of low
pollution fuels. Natural gas and some oil reserves are presently
premium sources of low pollution electrical power.

4, Non-fossil chemical fuels can act as energy storage
systems.

5. It is also possible that more efficient fuels can be
produced from non-~fossil sources.

) In order to produce a chemical fuel from non-fossil sub-
stances, energy is required in the transformation process. Ad-
hering strictly to definition, this energy must be derived

from non-fossil fuels. This restricts the energy sources to'
nuclear, hydroelectric, solar, geothermal, tidal, and meteoro-
logical. From the point of view of long term availability and
intensity, nuclear energy will be the main viable non-fossil
energy source., Nuclear energy at present is derived from
fissionable fuel. In the future, nuclear fusion will also be a
major energy source.

In order for non-fossil substances to be a major source of
raw material for non-fossil chemical fuels the substances must
be readily available and abundant in supply. The raw material
sources, essentially reduce to the following:

l. WwWater - H,0

2. Air C02— 02, N2 and Ar

3. Minerals - limestone, dolomite, bauxite, borax,
and silica.

4. Waste Materials.

Without necessarily going into the actual quantity of CO
existing in the atmosphere, the almost 600 million tons of coal
produced and consumed in the United States annually is released
to the atmosphere as carbon dioxide. There is thus no question
that there is an abundant CO, supply in the atmosphere. It is
an engineering and economics problem to recover the Co, by some

- process for example, either absorption or by cryogenic separation.

A benefit of a COp recovery process might be to maintain the CO
balance in the atmosphere and avoid the possible "greenhouse
effect" of increasing the earth's temperature by infra-red ab-
sorption due to increasing CO, concentrations.
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The reason waste materials are included in the above listing
is that there is a mounting supply and although much of the waste
is derived from fossil fuel, the production of chemical fuel from
waste is not a direct derivation from fossil fuel. For example
part of the co, in the atmosphere is derived from fossil fuel and
it becames available as a non-fossil source of chemical fuel.

other properties that can be ascribed to non-fossil chemical
fuels are:

1. storable

2. Transportable

3. Easily utilized in conventional and non-conventional
engines.

Fossil fuels are essentially reduced chemical substances which
when oxidized in the atmosphere yield exothermic reactions which
is the basis of the fuel cycle. Several prime reactions and energy
releases are as follows:

AH298.2Kca1/mol
C + 0 = CO ) ) —94.0
(s 2(a) 2(9)
H L) = H.0 - -67.9
2 (9) + 02 (9) 27

CHyp2 = (3/2n +1/2)o2 = nC02+(n+l)H20

To produce non-fossil fuels, nuclear energy can be used to
reverse this thermodynamic cycle and essentially the energy is
converted and stored in the form of chemical energy in the chemical
fuels. In another sense, nuclear energy is used to recycle pro-
ducts formed in the utilization of fossil fuels. .

Energy derived from nuclear sources can be utilized either in
the form of high energy radiation, thermal energy or electrical

energy as discussed in the following.

Chemonuclear Reactors

High energy radiation from nuclear fission can be utilized

" either directly as fission fragment energy in a chemonuclear

reactor or indirectly as neutron, gamma and beta energy from
isotopic sources. Fission fragment energy containing 85% of
the energy released in fission is actually the only radiation



energy source that can be generated in sufficient quantity as at
low enough cost to be considered for production of fuels. The two
basic chemical fuels that can be generated are hydrogen from water
and carbon monoxide from carbon dioxide. The following table

" indicates the maximum radiation yield (G values in molecules/100 ev)

and efficiency of conversion for these two systems .
Table 1
A
Hoos.2 G Val‘ées Energy E Thermal
"‘Reaction Kcal/mol max _exp Kwh(t)/lb efficiency %
H.O =H + %0 +57.9 39.9 6 101.5 15.0
2 2 2
(9) {9) {9)
o} = CO + %0 +67.6 34.1 10 4.3 29.4
€0, (@) 2

(g) (9)

Because the fuel gases are generated together, separation from the
oxygen is required., Furthermore, since the thermal efficiency is
not very high, attempts are made to utilize the excess thermal
energy for the generation of electrical power.  However, upper
temperature limits must be imposed to prevent back reactions.

This could act as a restriction for generating power in multi-
purpose chemonuclear reactors. The hydrogen and the CO can be con-
verted by means of the water gas reactions to gaseous or liquid
hydrocarbon fuel.

A
H298.2 Kcal/mol
co + H,.O = CO + H -9.7
2 2 2
(9) _ (9) (g9) {9) :
2H + CO = CH + H_.O -49.4
2 (9) 4 27(9)

(9) (9)

The source of CO_, could either come from the atmosphere
which has an abundant” supply although it is in relatively low
concentrations (0.03% by volume). CO, can also be derived from

. . A 2
. the calcination of limestone.

CaCo, = Ca0 + CO A

3 5 H298.2 =‘43.7 Kcal/mol

A flow sheet of a chemonuclear process for the synfhesis of CO
and subsequently hydrogen is shown in Figure 1.




. the Brookhaven Graphite Research Reactor.

The main difficulties with fission fragment chemonuclear systems
are obtaining sufficiently high yields of fuel gases and demonstrat-
ing that a fuel essentially free of radioactive fission fragments
can be .produced. The development of chemonuclear reactors progressed
to the point of the installation of an 1n-§1le research loop into

Unfortunately the
development was interrupted due to a reduction in funds for main-
taining operation of the research reactor. Potential economic
feasibility was indicated assumlng the technological problems.
were solved.

Thermal Energy from Nuclear Reactors

conventional nuclear fission reactors usually have clad fuel
elements so that the fission fragments are slowed down and remain
in the solid elements. The high intensity energy in the fragments is
degraded to heat and the temperature of the fuel elements rise.
This thermal energy can be used to carry out chemical reactions.
In water type reactors, both of the pressurized or boiling water
type, the fuel element cladding materials are usually stainless
steel. Far long life of the el ements in the reactor, the temp-
erature of the steam generated in the reactor is usually 11m1ted
to ~575°F and 1000 psi pressure.

In the near term future it is expected that the liquid metal
fast breeder .reactors will take over a large part of the nuclear
power economy. These reactors are expected to operate at a high-
er temperature in the order of 1200-1400°F. These temperatures
are too low to Supply energy for producing non-fossil chemical
fuels either by decamposition of water or carbon dloxlde or by
ga51f1cat10n reactlons.

The thermal decompositioh of water requires temperatures in
the order of 5000°F or more to yield over 10% conversion to ‘
hydrogen. - There are no rellable materials of construction for
nuclear reactors that could achieve these thermal conditions. The
highest temperature experimental reactors developed were for gas
turbine conditions in the aircraft nuclear propulsion program.

The materials that were being considered were of the refractory
metal variety including, rhodium and tungsten. However, they

were not expected to generate hlgh temperature gas streams much
above approximately 3000°F. The ultra-hlgh temperature reactor

- experiment at Los Alamos (UHTREX) was a molten plutonium reactor

experiment and was intended to operate below 3000°F;

It appears possible to carry out ga51f1cat10n reactlons
using nuclear heat. Although strlctly not a source of non-
fossil chemical fule, because the gas1f1cat10nvreact10ns are




endothermic, the nuclear heat can be considered as being converted

to non-fossil chemical fuel in a hybrid system.
The coal gasification reactions are as follows:

4 ; i .
H298;2 »Reactlon Temperature

= + H +41.5 1600°F
¢ Cog) * H2(q) _

(s) * Hz°(c)

O., . = 2CO, . T 41.3 1800°F
Cs) * 29 (a) :

The reactlons are endothermlc and require. energy input to
the system.

By means of the water has shift reaction and the methanation
reaction, high BTU pipe line gas can be produced.

AH298.2 Reaction Temperature
co + H,O =H_ -+ €O -9.7
2 2, 2
(9) (g)‘ @) (g)
3" + CO = CH,  + H,0 ~49.4 ' 700°F
4 2 o
2@ @ T4 (9)
. = , -17.9 1000°
Cley * 21, - CHy () 0°F

These are exothermic reactions and usually do not require
any external source of energy.

Normally the endothermic heat of the gasification reaction
is supplied internally by combustion of additional amounts of
coal. In order to prevent dilution of the gases with nitrogen
from the atmosphere, .pure oxygen is used to react with the coal.
By using nuclear heat, oxygen would not be required. From an
overall heat balance an equivanent of approximately 30% of the

fuel gas would be generated from the non-fossil nuclear fuel
source.

Another significant source of non-fossil chemical fuel is
the solid waste generated in either urban or agricultural
communities. For example, urban wastes contain up to 70% com~
bustible material and usually have heating values ranging in
the order of 4000-5000 BTU/1b. Solid waste can also act as a
source of carbon and hydrogen in ga51f1catlon reactions analogous
to the coal reactions given above.

o ean s e A
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The high temperature gas cooled reactors (HTGR)
which are cooled with helium can generate gas temper-
atures in the order of 1600°F. The high temperature helium
stream can be used to indirectly heat the coal gasification
redctor. The fuel elements are made of graphite clad uranium
carbide. It was recently announced (?) that a study of this system
is being initiated. The heat transfer material in the gasification
reactor is a critical factor in the practability of such a system.

s

Table 2 lists a summary of the temperature conditions for

. different power reactors.

Table 2

Temperature Conditions for
Different Types of Nuclear Reactors

Maximum Coolant

Reactor type Fuel element Coolant Temperature
Bioling Water BWR st. st. H20 575°F
Pressurized Water PWR st. st. H20 575°F
IMFBR Reactor Zirconium Na 1000°F
High Temperature Gas Graphite He 1700°F
Cooled Reactor
Ultra High Temperature Molten Pu 30000F
Reactor Experiment
UHTREX
Aircraft Nuclear Tungsten, Air 3000°F
Propulsion Reactor Rhodium

Nuclear heat can also be used to make up heat balances for
hybrid power systems using coal gasification in conjunction with
magnetohydrodynamic power generation. This also can be con-
sidered from the point of view of extending the gas supply using
nuclear.

Another place in the non-fossil fuel scheme where nuclear

- heat can be used is in the calcination of limestone for the

generation of COp, a source of carbon for hydrocarbon fuels.
The reaction takes place at approximately 1500°F and the endo-
thermic heat of reaction is as follows:
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N
H298.2 Kcal/mol

CaCo = Cao + €O -43,7
3(s) () 2(q)

Electrical Energy from Nuclear Reactors

The primary purpose for developing nuclear reactors is to .
generate electrical power. Usually the closed steam cycle (Rankine)
with a turbogenerator is used to produce A.C. electrical power.

The heat is transferred from the reactor to the steam either by

. water, gas or liquid metal heat transfer coolants. The electrical

" power can be conditioned for use as D.C. power in electrochemical
cells to electrolytically decompose water to hydrogen and oxygen.
The hydrogen can either be used as a primary source of fuel or can
be converted to a number of other fuels including ammonia, methanol,
methane, hydrazine, acetylene, and other hydrocarbon fuels.

For producing high BTU pipe line gas by use of nuclear
electric power the sequence of reactions are as follows.

Electrolytic Decomposition Hz°(L)= H

+ 1/20
2
2(9) (9)
CO, Production from air or Air (co,) = co,
2 2 2
(g)
calcination Caco3 = Cao(s) + Co2
(s) (9)
Reverse shift conversion Hz + co2 = Co(g)+ Hzo(g)
(g) (g9) ,
Methanation v - 3H, +CO,, =CH, +BH,O0
2 4 2
@ @ @ . 2@

The coupling of nuclear power reactors with electrochemical
cells has been discussed previously under the nomenclature of
electrochemonuclear systems.(l) They also form the basis for
the multipurpose agro-industrial complex and the Nuplex(4c7)
which have been widely discussed and recently studied in detail.

The electrochemical decomposition of water has been
accomplished in well developed low pressure atmospheric cells
at efficiencies of 60 to 70%. The more recently developed high
pressure cells which operate at pressures of 30 atmospheres or
above can develop efficiencies of 85% as listed in Table 3,
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Table 3

The Electrochemical Decomposition of Water

cell Efficiency KwH/1b H, KWH/MSCF_H»

100% theoretical 17.8 _ 94.5
85% hi-pressure 21.0 112.0
65% low-pressure . 27.4 - 145.5

A flow sheet of the process steps for the synthesis of non-
fossil high BTU methane pipeline gas is shown in Figure 2. The
economics of the process depends strongly on the cost of electrical
power from large nuclear reactors and on the utilization of by-
product oxygen. In the scheme in Figure 2, the oxygen is used for
gasification of coal in an adjoining unit to add to the production
of methane fuel. A host of other uses for by-product oxygen have
been suggested such as in the basic oxygen furnace for production
of steel.

To illustrate the economics of such a process, for a very
large 250 million cubic feet per day high BTU methane fuel gas plant,
an electrical power consumption of 4670 MW would be required to
produce the necessary hydrogen to convert the Co; to CH3. If power
from nuclear units costs 3 mils/Kwh, the cost of electrical power
for hydrogen production is $0.34/MSCF H,. The depreciation on the
electrolytic cell plant could add another 22% to the cost, so that
the electrical cost really dominates the production cost for
nuclear based electrolytic hydrogen.(4) Since 4 moles of hydrogen
are required to combine with 1 mole of CO, to produce CHy in the
above non-~fossil process scheme the cost of product methane
production would be $0.67/MSCF. If a credit of $6/ton of oxygen
can be obtained then a credit of $0.50/MSCF methane results.

Today very large scale oxygen plants might produce oxygen for as
low as $3/ton. Thus combining the lowest nuclear by-product
power in the future with the lowest conventional oxygen credit could
bring the major fraction of the methane production cost down to
$0.42/MSCF. This compares to natural gas today which is rising
above $0.40/MSCF. Gas from projected coal gasification plants is
being estimated at $0.50 to $0.60 MSCF. Of course, today the
above estimates are probably highly optimistic, however, the
possibility of an economically competitive situation may exist

in the future. This depends on a combination of factors, in-
cluding the logistics of multipurpose process systems and the
supply of natural gas. A continuous examination of these

factors could uncover an economically viable application of
nuclear based electrolytic systems.
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Other fuels which can be produced from hydfogen and Co,
either from the atmosphere or by calcining limestone are
listed in Table 4.

Table 4
Fuels Which Can Be Produced from H, and co,
Reaction : . Fuel
Hzo =‘H2 + %02 Hydrogen
'3H2 + N-2 = 2NH3 Ammonia
CO, + 3H, = CH_,OH + H.O Methanol(z)
2 2 3 2
2(th4 = C2H2 + 3H2 Acetylene
2NH, = N.H, + H . Hydrazine

3 274 2

Electrical power from nuclear reactors can also be used in
electric discharge processes to decompose water or carbon dioxide.
Electric discharge processes are usually less efficient than
electrochemical processes. An efficient process for production
of acetylene from calcium carbide produced by electric furnace
reaction of carbon with lime is a relatively efficient reaction.

AH298.2 Kcal/mol
= + Co +118.3
cao(s) +73C(s) Cacz(s) Ci (q) 1
CaC + 2H.O = C,.H + Ca (OH) - - 42,7
2 EHY0 )T GoHy 2
(s) () (9) (aq)

The use of muclear electric power for the electric furnace
production of carbide and subsequently acetylene can be viewed
in the same light as the use of nuclear heat in the gasification
of coal. With the aid of coal, nuclear based electrical power
can be converted to additional non-~fossil chemical fuel.

Nuclear electric power can be used to electrochemically
produce aluminum and magnesium. These reactive metals can
be made to burn as solid fuel and have indeed been used as
such in specially designed burners. Also hydrogen can be
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made to burn with halogens such as chlorine to yield energy. Other
non-fossil fuels such as the boranes which are boron-hydrogen
compounds and the silanes which are silicon~hydrogen compounds

can be produced from non-fossil natural resources with the aid

of nuclear energy. However, all these types of fuels cannot be

. easily burned in conventional engines and in addition cause

severe materials corrosion problems and introduce excessive
pollutants into the environment.

Nuclear Fusion Reactors

In the longer term future it is conceivable that nuclear
fusion reactions utilizing deuterium as fuel will replace -

. fission as the prime nuclear energy source. Generally speak-

ing fusion could be applied in a fashion similar to fission as
shown in the processes mentioned above for producing non-
fossil chemical fuels. Probably the most practical method of
utilizing nuclear fusion for production of non-fossil chemical
fuel is to use the electrical energy to decompose water for
hydrogen and oxydgen production and these in turn can be used
as such or converted to other chemical fuels.
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SYNTHETIC FUELS FROM ATMOSPHERIC CARBON DIOXIDE
K.R. WILLIAMS AND N. VAN LOOKEREN CAMPAGNE

SHELL INTERNATIONAL PETROLEUM COMPANY LTD.,
MKD/2, SHELL CENTRE, LONDON, S.E.1.
SHELI, INTERNATTONAL PETROLEUM MIJ.,

MFD/13 CAREL VAN BYLANDTLAAN 23, THE HAGUE.

- Introduction

The predicted shortages of fossil fuels at some indefinite time in the
future paturally gives rise to a search for alternatives. Shall we or our
successors ultimately be dependent on electric power used directly or stored
in electrochemical batteries? Altermatively, will there still be a role for
energy stored and distributed in the form of liquid fuels? Also one wishes
to know the most probable source of these synthetic fuels. Will it be best

-to use coal and tar sands as the source of energy or will nuclear power be
more attractive?

In assessing the zost probable routes which future energy distribution
will take, operating arnd capital costs are of critical importance. Yet in
dealing with the cost of a process vhich is not yet practised it is very
difficult to be very precise in one's estimates. Nevertheless, in this
paper an attempt is made to suggest the orders of magnitude of cost involved
in making synthetic fuels derived essentially from carbon dioxide and water
with the addition of emergy from a non-fossil source. It is assumed that
such a course might be desirable at some time in the future when fossil fuels
are relatively scarce and nuclear power comparatively inexpensive.

For automotive use the convenience of a liquid fuel is very desirable and
the most conveniently produced liquid fuel, given supplies of carbon diaxide
and water, is methanol. Hydrogen may be produced by electrolysis of water
and with the addition of carbon dioxide by a suitable catalytic process,
methanal results:

Overall reactions: 38, + COp ——> CH3 OH + H30

Alterpatively, it would be possible to make hydrocarbons by the Fischer-
Tropsch reaction.

Thus, given the costs of making hydrogen and obtaining carbon dicxide
and adding the cost of a synthetic process involved, it is possible to gain
some idea of the cost of either methanal or a synthetic hydrocarbon fuel.
It should be emphasised that the costs (calculated on a 1970 basis of money
values) are based on figures obtained from various references and are not
plant costings made by the appropriate Divisions of the Royal Dutch/Shell
Group of companies.

In this paper the cost of hydrogen manufacture will be first considered
followed by the cost of obtaining carbon dioxide. The synthetic processes
for methanol production and Fischer-Tropsch hydrocarbon synthesis then follow.

Rough estimates are made of the capital employed, the energy consumed
and manufacturing costs on a stated basis. In order to put the synthetic
fuel route into perspective, a comparison is made with the costs of coal
based fuels. Also the overall efficiency achieved by using fuels in
gasaline engines and fuel cells is compared with electricity stored in
batteries and used to drive electric vehicles.
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II Processes and ecaonomics to manufacture "non fossil" methanol
and Fischer-Tropsch gasoline '

1. Scale of operation and overall reactions

A relatively large plant has been chosen since it is assumed that

the fuel would be required for the domestic market: a methanol
production of 16,000 Tonnes per day (T/d) or alternatively 9,000 T/d
Fischer-Tropsch gasoline. The lower heating values (LHV) of those
products is 26.10% Tcal/year; and is equivalent in LEV with 2.8 100 T/a
automotive fuel, the output of a typical modern refinery.

The overall reactions of the processes which will be discussed in the

next section are:

29,700 T/d Hy0 (1650 Tmal/d) %E; 3,300 T/d Hy (1650 Tmol/d) + oxygen
*
60,000 T/a GA CO5 (600 Tmol/d) Z—g%r-) 24,200 T/d C0, (550 Tmal/d)

+ calcinm oxide

For Methanol .
24,200 T/d CO, + 3,300 T/4 H, 555 16,000 T/d CH3 OH (500 Tmol/d)

+ water

For Fischer-Tropsch gasolines .
24,200 T/d €O, + 3,300 T/d H, Z% 9,000 /d >CK, (500 Thol C/d)

+ water
* material balance efficiency

. 2. Description of Processes

(a)

(b)

Hydrogen Productiaon

If fossil fuels are ruled out as a source of hydrogen then
hydrogen by high pressure electrolysis of water is the obvious.
route. This subject has been considered in detail by Costa and
Grimes (1) and data derived from their work are given in Table 1
which summarises process ecanomics. In addition to hydrogen,
vast quantities of oxygen are produced by electrolysis of water.
If a use were available for all this axygen then of course it
would have by-product credit but it would perhaps be unwise to
do this for the speculative economy for which non-fossil chemical
fuels are required. In the case of Fischer-Tropsch synthesis,
some axygen would be used in the plant itself.

Reference to Table 1 will show the dominant effect of the
cost of the electric power an hydrogen: 80% of the hydrogen cost
being represented by cost of the electricity. It is possible that
this figure might be reduced slightly by improved electro-catalysis
but at this stage it would seem unwise to make any such assumptions.
Similarly, electricity at less than 4.0 mils/kWh would reduce costs.
Nevertheless it is felt that this particular figure is as low as can
be justified.

Carbon Dioxide Production

In their work on liquid fuel synthesis using n c}ea.r power in a
mobile energy depot system by Steinberg and Beller 2 s a proposal
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was made to extract carbon dioxide from the atmosphere directly

by compressing air, condensing water from it, drying the resultant
air with a molecular sieve and finally extracting the cdrbon dioxide
by another molecular sieve., Our attempts to calculate the cost of -

- obtaining carbon dioxide by this means were halted by the realisation

that the compressor costs would be simply enormous. The pressure
vessels for the malecular sieves and the molecular sieves themselves
would not be negligible in cost either. At the present time obvious -
sources of carbon dioxide are stack gases of fossil fuel power
stations and the COp exhaust from the hydrogen units of ammonia
plants, hydrocrackers etc. However it is assumed that such sources
will not be availablé in the same region in sufficient quantities to
supply wholly synthetic fuel plants. A method which would avoid the
need to pressurise the atmosphere would-be to scrub the carbon
dioxide from air by means of sodium or potassium hydroxide solution.
It is difficult however to assign cost data to this process which has
not been applied on any-scale,

The process finally chosen for evaluation wvas to obtain carbon

dioxide by calcining limestone rock and spreading the resultant

caleium oxide back on the land. The quicklime would subsequently
hydrate and finally carbonate by natural exposure to the elements.
On this basis the synthetic fuel source is thought of as being
situated near to a site from which carbonate rock could be mined
and which provides plenty of land on which the resultant lime could
be spread to weather for re-cycle. Clearly, if ever serious
consideration were given to. such a process, a considerable amount
of experiment would be needed to determine its féasibility. For
example, rates of carbonisation and dusting problems of the quick-
lime would have to be evaluated. The costs given in Table 1 have
been estimated from the costs of lime kilns in the U.K. Capital
costs of 50% over those of a coal fired kiln were included to allow
for a heat exchanger from nuclear heat., It is assumed that heat is
available at half the cost of electricity i.e. 0,002/kWh. The
alternative of electrical heating would increase overall costs by
about 50%.

Some perspective on the amount of C0p available from the
atmosphere for conversion to fuel is that the atmospheric reservoir
of carbon dioxide appears to be about 2.5 x 1012 tons (3). As the
concentration of carbon dioxide in the atmosphere is about 320
parts per million, each cubic kilometre of air contains roughly
430 tons of carbon dioxide., Because of the rapidity of air movements
about the earth's surface the atmospheric system is fairly well
stirred and one would not expect great diffieulty due to lack of
COp in any particular area.

Manufacture of Methanol

Methanol-synthesis is a well established industrial process.
Feedstock for this process - as well as for the Fischer-Tropsch
route - 13 a synthesis gas consisting of Hy and CO in the ratio of
about two, with minor amounts of CO; and K0. The CO is obtained
from CO; by the reversed shift reaction

CO, + Hy = Hy0 | +C0

The latest low pressure processes have improved the economics of
the Methanol-synthesis, Published data have been used to provide
the figures summarised in Table 1.
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Since one is talking about the future, it is interesting to
speculate about an alternative process for the manufacture of
methanol by means of the elegtrolysis of potassium carbonate.
The authors are not aware of any data which show whether or not
this process is in fact feasible, but were it to be so the
following cathodic reaction could be expected to take place.

CO3 + 6H0 + 6og=> CHjH + 80H™

If indeed it were possible to carry out this reaction then it
would not be necessary to manufacture hydrogen and one would have a
wholly electrolytic process,

Materials of construction of the electrolysis plant for methanol
would be similar to those for hydrogen-oxygen production since both
involve an alkaline electrolyte and in each case the most corrosive
conditions would be expected at the oxygen evolving anodes. On the
other hand a stripper would be needed to remove methanol from the
electrolyte and catalysts would be needed for the methanol electrodes.
Some tentative figures for methanol production by this hypothetical
process are included in Table 1. The assumption has been made that
the plant would involve a 50% increase in capital cost over that for
electrolysis of water.

Fischer-Tropsch Manufacture of Gasoline

Although gasoline would be the main product, other liquid
fractions are obtained in the Fischer-Tropsch reaction. These are
reflected in Table 1. Economics o{ the overall process have been
described by Govaarts and Schutte 5) and their data have been used
in preparing the relevant figures in Table 1.

£
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Discussion of Results

Summarising the above results, one can state that liquid synthetic
automotive fuels for present type engineg can be made from COZ/HZO/energy
at capital investments of roughly 650 18 g for a plant to produce 3.10
T/a Fischer-Tropsch gasoline (or 5.3 10° T/a Methanol) at a thermal

" efficiency of 3,%. The manufacturing costs for Fischer-Tropsch gasoline

would be about 160 g/ton (= 45 £/US gallon == 450 ¢/MM BTU). For methanol
it amounts to 90 §/ton (= 30 £/US gallon=:450 £/MM BTU).,

Table 2 compares these results with:

(a) the present situation in which gasoline is made with other products
in a modern oil refinery,

(b) a situation in the future, in which it is assumed that crude oil
supply would be insufficient to meet the energy requirements,
with consequential use of coal/tar sands/shale to fill the gap
by converting these primary energy sources into synthetic methane,
and crude oils (gasoline etec.).

The comparison made in Table 2 of course is only a rough one, but the
data seem to be clear enough to make the conclusion that fossil primary fuels
will be used preferentially for the manufacture of automotive fuels for
existing engines and that the COp/Hy0/energy route has little chance to
be competitive for a long time to come.

The above comparison is made on the basis of our present engines
requiring specific fuels. The cost and efficiency aspects were discussed
of manufacturing these fuels from a variety of "primary energy sources'.

) As indicated in Table 1, the energy-efficiency of the manufacture of
methanol and FT gasoline is only 34% and these fuels are used in the
engines with an efficiency around 15%; consequently, from the energy
produced by the nuclear plant only about 5% is actually "used in traffic'.

In Table 4 a comparison is made with the following routes, featuring
"futuristic engines".

Energy ) Engine
methanol fuel cell/battery/electric motor

A, Nuclear energy

B. Nuclear electrical energy — battery/electric motor
storage in batteries

For the purpose of discussion it is assumed that batteries of 100 W/lb
will be available at a cost of $20/kWh stored. Efficiency charge to discharge

" of 50% is assumed. This allows for electrode polarisation in a zinc-air

battery or heat losses from a high temperature battery (e.g. sodium-sulphur).

In Europe it is found that gasoline service stations sell much more
full at weekends in the four summer months than.the mean throughput of the
station. In order not to overstress the disadvantages of batteries the
figure of 50% overall utilisation of facilities will be assumed. If batteries
are exchanged at service stations, a day's store of energy will be needed to
meet with fluctuating demands. Distribution of electricity costs about
$200/1W and a charger cost of $200/KW will also be assumed. Bearing in mind
the need for elaborate controls to ensure safety together with automatic
handling of the batteries, this doés not seem excessive. It is interesting
to note that a service station with the relatively modest throughput of a
million US gallons a year (equivalent to a mean output of 600kW allowing for
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15f efficiency of the gasoline engine) would require a peak output of
about 2.5Md. The energy stored in the station would be of the order of
30Md hours in batteries weighing a total of some 150 tons. Data pertaining
to batteries are summarised in-Table 3.

It will be noted fram Table 1 that the electrolytic plant for hydrogen
" generation is a significant cost item. Perhaps surprisingly the total
synthesis costs of gasoline is only little higher than methanol on an
energy basis. .

More revealing is the comparison of efficiency of energy comversion and
capital cost per kW of mean throughput given in Table 4. As might be expected,
the battery system has the highest overall efficiency but this factor is over-
shadowed by very high capital requirements. Even when the cost of nuclear
"power plant at an assumed $300/KW is added, the system looks most unattractive.

Despite the reasonable conversion efficiency of electrical energy to
gasoline, the low efficiency of the gasaline engine gives rise to extremely
high overall capital requirements. Sore perspective an these figures can be

ined from the fact that a Fischer-Tropsch conversion plant costs about
§1ooo K available from a gasoline engine. This figure is so high that it
makes the process unattractive. The best hope for synthetic fuels appears
to lie in the use of methanol in a fuel cell(assmmed efficiency with electric
motor 50%). If electrolytic reduction of potassium carbonate solutions can
be developed as an effective route to methanol synthesis this will clearly
be more attractive than the existing chemical route.

One may conclude then that fossil fuels will be used for transport and
other forms of "portable energy" for as long as they are economically
available. If the methanol fuel cell is developed then fossil fuels will
still remain the most attractive source of fuels for vehicles and other
portable use. The high efficiency of the fuel cell will tend to prolaong
the life of fuel reserves. Ultimately when nuclear power is the mjor
source of energ