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this tecﬁnology would be applicable to the very large-scale production
- envisioned in this report;

The work on high-temperature~solid-electrolyte work has virtually.
stopped. This approach was developed by General Electric6 to the point
of laboratory demonstration models, but work was discontinued in 1969.*

. The work at Westinghouse on high~temperature fueL cells could be adaptéq
fo water (steam) electrolysis, but no programs of this nature are
~currently being pursued, '
One of the more potentiaglly rewarding areas for research and
.devélopmeni appears to be in increasing the cell opersting temperaturg,
from the 6urrent A180°F to +3509F, Specific tasks would be to find a
satisfactory materiml to replace the asbestos separator and the
gasketing ‘and insuleting materials. Another gpproach would bé to
further investigate & flow-through electrode concept which would
eliminate the need for some of these épecial materials. '

Engineering. dgveldpment vork is réquired so that much larger cells
ﬁhan those now being made cculd be mass'produced and that would have the
required performance, lifetime, and cost. The development effort should
result in the demonstration of a 10-MW(e) electrolysis modular unit that
would form the basic building block of a 100-MW(e) demonstration plant,
The 55-ton/day [100 MW(e)] demonstration plant using off-pesk pover
should be & development goal for 1978-1980.

Another recommended area for future research and development is in
. improving the power Eonditioning system, parficularly as it might couple
with large nuclear reactors.

3.1.2 [Thermochemical and radiolytic means for production of hydrogen
25 & fuel

Physical priociples and theory, Electrolysls of water suffers frcm
inherent thermodynamic " 1imitations on the efficiency of initial
conversion of thermal to electrical energy (currently ~30-k0%)_ in

addition %o an expected maximum realizable electrolytic efficlency of
about 80 to 90%., The large-scale needs for fuel therefore Justify

*In the G.E, Aireraft Equipment Division a solid polymer electrolyte
system is belng developed. \
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_attempts to find processes that may exceed the 35 to hO% overall
erficieucy“ of electrolysis for hydrogen production expected by the end .
of this century. With the development of high-temperature nuclear
_fission reactors (agd the potentisl development of fusion reactors), two
conceivable processes for the produétion of hydrogen from vater are
éhefmochemieﬁl and radiolytic. Sclar and geothermal energy .also are -
_:potential alternative heat sources for the thermochemical route. '

Thermoehemical production of hydrogen involves the deccmposiﬁion of
weter - via absorption of thermal erergy (heat). 'The. decomp051tion of
water may be accomplished in a single, direct chemical reaction
requiring. extremely high temperatures {greater than 1500°C), or'it may
be csused to occur via & sequence of chemicel reactions whose net result
18 the decomposition of water to hydrogen and oxygen. The asppropriate
selection of reaction steps in the sequence and the optimuﬁ operating
temperatures (if chenical compounds having the nécewsary thermodynamic
'cbaractrristics can be found or produced) is, in prineiple, capable of
providing increased erficiency of cenversion of thermal energy (and _
water) to -hydrogen. Although thermochemical cycles also -are -

thermodymanically {Carnot) limited in efficiency, it may be possible to

‘ employ higher temperatures than can be employed in a_steam—eleqtric'_
generating'plant, thereby providing more effective utlilization of the.
available thermgll energy frbm a nuclear reactor or other primary heat
gource. |

Rndiolytic production of hydrogen involves the direct ahsorption of
fission energy, from ;issiog fregments, gamma, or other nuclear
-yadiation, by wéter to- form hydrogen and oxygen, which must ther be
separated. Efiiciencies are described in terms of "G" values, nuﬁbers
of molecules of product formed per 100 eV of energy sbsorbed, or as-
percentages of thermal yleld of desired product.

Current status of technolopy. Thermochemical or radiolytic
processes to produce hydrogen for an energy source are not in uhe today.

" However, a reasonably comprehensive overview of current research and
development is provided by some ot the papera presented at. a Symposium
on Nonfossil Fuels held at the Boston meeting of the America.n Chemical
Soclety, April 6, 1972. '

As 1nd1cated above, this efficlency is closely coupled to the effi-
ciency of electricity generation and wmay eventuaiiy achieve a. ievel oi
56% or more.
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A paper, "A Chemical Process to Decompose Water Using Nuclear
Heat," by . DeBeni and C. Marchetti, describes work by the only group
that is really active at present.® It is a 25-man effort funded by
the PFuratom Atomic Energy Establishment. ‘The paper describes ‘a
multistep reaction scheme involving HgBrp and CaBry with & eclaimed
efficiency estimated at 40 to 60%. -

The propos_ed'reacti'on sequence is as follows:

730°€ |
CaBry + 2H;0 -+ 2 HBr #+ CQ(OH)Z

250°C
2¥Br + Hg Hy + HgBra

_ 200°C
CatOH)y + HgBry =+  HgO 4 CaBrp + Hp0 ,

600°¢ :
Hgd Hg + 1/20, .

A paper on "Thermodynamics of Multistep Water Decomposition
Processes,” by J. E. Funk, stemmed from a 3000 man-hour effort sponsored
by the U.S. Army in connection with interest in e portable .enérgy
depot. Tne vork was done by the Allison Division of General Motors from
Ilovembe':"? 1964 to -Hommber 1965, and the project has not been active
pince then. Part of the work involved & thorough thermodynamic survey
that covered virtually the entire periodie table mnd led to the definite |
conclusion - that no simple two-step process would suffice. More
optimistic results were produced by evelusticns of several three~ and-
. four<step reaction sequences such es: - '

Clz + Hg0 +2HCL + 1/202 ,

%other efforts sre believed to be starting st the Institute of Gas
Pechnology, Gulf General Atomic, Gemeral Elecivic Co., and in Germany.
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émmg ‘:-g» 2HCL » 2BiC13 + Hz g
sBicly + BiClz . Vﬁic_l‘.. Rk :
| BiCl, +_3iclg"+ Cly .

A detsiled enalysis of one four—stép Pprocess involving ch"loridés of

. vanadiub showed that when 8ll heats of = reaction and  resction. B

'inefﬁ.ciencies are allowed for,  the thermal . energy reqﬁire:ﬁent is
. greater than that vhich would be used to generate the_ electricity
“yequired for & ‘water electrolysis process.

A paper on "A Review of Nuclear Sources of Nonfossil Chemical-

Fuels" by Meyer Steinberg, Brookhaven National Laboretory, arose from =

: beckground of numsrous radiolytic schemes that were exhaust ively studied
in the 50's and early 60's. . Ra.diolytic methods secned generally-

impractical heca.use of the low y:lelds.

That nuclear heat is not an essential was shown in & paper on “A

Macro System for the Production of Storable, Tra.nsporta’ble Energy from .

the Sun and the ue‘a." by W. J. D, Escher. The proposed concépt uged

‘solar energy to convert seawater {purified) wvia electro;ysis Anto |

cryogenic hydrogen and oxygen in a 1000=MW system.

Another possibility, using a solar furnace operating at h000°F has
been suggested by J. M. Holmes of ORHL. }{is process ¢alls for the -
thermal decmnposition of €02 to give €O, ' followed by. the reduction of

" water by CO to give hydrogen. The thermal energy consumption would be

‘a.'bout 40 xWnr/1b of H,, compared with 60 kWhr/lb of K2 for electrolysis - '

in combina.tion with nuclear electricit‘.y at current process efﬁ.ciencies.
The novel method of producing hydrogen from water was proposed by

'B. J. - Eastlund snd Y. C. Gough.T It is known that ultra.v:lalet light
of waveie.ngth ‘below 1849 A will produce hydrogen from water with a
quantun yield of about O.k. Photons of such energy can be produced vith

nigh efficiency when high-atomic—weight elements, such as eluminum, are
1n.jected into the ultrahigh temperature, low density hydrogen. plasmas
vhich are chara.ct.eristic of controlled msion experiments. The phot.ons
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woﬁld be allowed to escape from the piasma through wltraviolet windows
intc chambers containing water vapor at appropriate pressures. On the
basis of several assumptions regarding efficiencies of the prdcesses
1nvoived, the authors calculate an overall efficiency for hydrogen:
production higher than obtainable by electrolysis using fission-reactor-
- produced power. :

Direct thermal dissociation of water has also been Proposed using
either solar énergya or nuclear heat from a power type reactor opefating
at 2200%. 7 |

Economics, The total thrust of the work on thermochemical and’
radiolytic schemes is to make energy more economically {as well as moreé
cleénly, which may also be an economic advantage). None of the proposed
processes heve been developed to the point where meaningful cost
estimates are mvailable. In principle, however, the direct use of
thermal energy and the total recycie of the chemieals would point towsrd
attractive process economics., However, with the four-step proceéaes,
the process fliow sheet is likely to te complicated by chemical
separation equipment and heat recovery systems.

Ultimate potential. The role of thermoclienical or radioljtic
processes in g future bydrogen economy is problematical but requires
‘further consideration becauge it is potentially so valusble. At present
the ﬁain goal is to compete with electrolysis of water,

Although thermochemioal methods of producing hydrogen from reactor
heat do not aow appear likely to result in large savings compared with
the electrolysis route, even a 1% advantage would result in an annusl
savings approaching $l'billion, bzcause of the large scale of production
if natural gén and gasoline are replaced by hydrogen or hydrogen-based
synthetic fuels., This potential saving would seem to Justify g
considerable amount of research. If economical cyeles can ultinmately be
developed to replace electrolysis (which Presumably would have to
replace steam reforming of fossil fuels, as their supply diminishes and
the environmenta; costs increase), hydrogen plants may be 4inpcorporated
into nuclear power plants, but may require new plants capable of
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mchieving higher temperatures than obtainable from those currently tised
or planned. |

It has not yet been demonstrated that thermochemical prbcesses may
become competitive with electrolysis for convérsion'of nuclear. heat to
‘hydrogen. Théy may find application as topping cycles, producing
‘hydrogen thermochemically by ebsorbing nuclear heat at teﬁperatures
higher than ‘useble in a Bteam cycle, and delivering heat, at a lower
temperature, to the steam cycle. Any such cycle must be dzmonétraﬁed
competitive wlth other topping cycles such as thermomechanical cycles
using potassium vapor ss the working rluid.

Environmentsl and resource effects. As with any thermal process,
a certain fraction of the degraded heat mist be discarded to the
environment, but development of more efficient . processes would reduce

this waste heat. Pollution control must be designed into the specific
‘process employed; for example, the DeBeniMarchetti process under
-investigation at Ispra employs large quantities of mercury, vhose escape
to the environment must be prevented. LlLowever, the main effects are
quite beneficial, for example, more efficient use of energy, less
pollution, and elimination of land despollment by strip mining, ete.
Chemical cycles are at present insufficiently well defined for
assessment of environmental effects of production facilities. ' Direct
" thermal deeompﬁsition_of water, if proved feasible, will have the least
environmental effect since it wutilizes no inputs otper then heat and
-water and no intermediates as would be required in stepwise chemical
~ processes,

The coupling of thermochemicel or radiolytic processes with nuclear
breeder reactors would wvirtually remove the demand on nonrenewable
‘resources, '

Safétx EEQ reliability ggpccts;' Thermochemical or radiolytic
processes are not likely to present any new safety problems br hazards
that are not already associeted with industrial or utility practice.

Because of materials problems due +to corrosion &t  high
temperatures, a considerable amount of research and development will be
required for most thermochemical schemes to schieve assured reliability.
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The combinstion of corrosive chemicals and high temperatures ({and

_pressures} that characterize most of the proposed processes leads to
difficult cumpatibility problems,

Research and development reauirements. Assessment of the ultimate

potential of thermochemical or radiolytic hydrogen production is
hampered by the lack of feasibility demonstrations, experimental or
theoretiesl, for coﬁmercial processes on m larpge enough scale to supply
even a fraction of projected energy requirements es a replacement for
natural gas. Estimates to date have failed to demonstrate a possible
"efficiency advantage over electrolysis, but the possibility of such an
advantage has not been ruled out. In view of the potentiel benefits of
a scheme which could surbass electrolysis in reduced thermal enéfgy
_requirements, & definitive evaluation of the potential of thermochemical
metheds is required. This should involve the following steps: .

1. A review of existing theoretical thernodynamic methods for
screening proposed chemical cycles. The aim of this review should be to.
establish crite-ia and their vreliebility for estimating process
efficiencies, particularly for multistep processes.

2. Examination of thermodynamic data available for screening
proposed processes. It may prove necessary to generate new
thermodynamic and kinetic date for some classes of compounds to permit
relisble evaluation of process feasibility.

3. Detalled evaluation of the potential efficiency of currently
proposed processes such as the Mark I {DePeni and Marchetti) and
halogen-water reactions, _

k, Examination of the thermodynamics of combined processes, ‘such
as thermochemical plus electrolytic and radiolytic plus thermochemical,
to evaluate prospects of increased efficiency. These include proposals
for additive: in electrolytic processes to utilize mechanisms involving
hydrated electrons, which would, however, necessitate an additional
chemical recycling step.

5. " A definitive comparison of the relative efficiencies achievable
for hydrogen production by-topping cycles consisting of chemicel cycles,
direct or indirect, end thermochemical topping cycles, for exAmple, with
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pot&ssiﬁm as the working fiuid, .
‘ 6. Economic analysis of relatively small-scale hydrogen production
racilities employing fission waste heat or radiolysis, urban westes,
etce. Can the hydrogen produced, considering capital costs involved, in
fa&i, pay for part of the costs of safer,uarding the fission’ products,
disposing of wastes etc., or will they simply add to the cost?
There should be a search for pew thermochemical and radiolytiec
" methods not previously proposed., The proposed processes are stil) ip
the stage of requiring further latoratory research to  establish
fessibility, ~Even after establishiné 'theoretical feasibility, there
remain the qugétions of materials _compatibility, ete. In fact, the -
reaction sysﬁems currently proposed have serious unresolved‘materiéls
'problems. -Since these proposed proceéses'are in a . féasihility proving
stage, it is diffieult to define a complete research and development
schedule required to bring them into commerclal practice. It is already
Tairly well knoun that chemonuctear plants are not now feasible

economically, Also efficient two-step thermpchemical processes for -

producing hydrogen spparently do not exist, _
Interest recurs in ﬁhe pessible diresct cracking of water and

'separatiou of the hydrogen at elevated temperatures. The extremely high

temperatures ‘required, greater than 2000°C, pose severe materials and

corrosion problems, but employment of the technelogy of the high-":-'

temperature "Rover" nuclear rocket engine at Los Alsmos haz been
suggested. An investipation of means of separation would be required
since the suggested scheme of expansion of the gases " may not be
sufficientl} rapld to prevent recombination of hydrogen and oxygen.

Because of the high temperature required, thermochemical processes
‘vould be feasible only with relatively high-temperature energy sources,
solar, nuclear, etc. Such eénergy systems may also play an important
interin role in providing heat for conl gasification and a long-ternm
role in supplying industrial heat requirements. Thus the &evelopment of
thermochemical production is coupled with the development of a sizable
high=temperature primary energy industry.
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3.1.3 Biclogics) production of hydropen and other synthetic fuels

Biological processes for the production of synthetic fuels in &
limited manner heve been in use for many years. Primarj exanples are
the generation of methane from sewage end the fermentstion of grains and
sugars to produce aicohol. Many of these processes will be discussed in
the. reports of other panels, Solar Energy, Uée of Urban Waste, etc., B0
that no technology or economic details will be repeated here, In most
cases, such systems are dependent on the diffuse solar energy input or
the relatively slow processes of bacterial action and therefore may  be
difficult to scale up cconomically to the very large sizes required to
meet a significent shave of the future demand for fuels, |

- It is possible o use photosynthetic organisms in & photochemical
fuel cell. Plents and blue-green algae can utilize water as é‘reductant
in light-dependent generation of compounds (such as reduced ferredoxin
and violegens)} which are equivalent to molecular hydrogen as feductants.
In epddition, in the living organism, the reduced ferredoxin end
sdenosine triphosphate ere then used to reduce carbon dioxide to cell
material. However, the production of cell material is not a necessary
step in fhe harnessing of  light energy. Energy storage as hydrogen
would be more efficient and more direct. Such & conversion could be

~accomplished if - the photochemically reduced reductants (ferredoxin,

etc.) were coupled to e hydrogensse. Essentially this process would
represent. a photeolysis rather than an electrelysis of water, The
requirements for such an agueous system weuld be (1) 1light, (2) a
stabilized photochemical mpparatus capable of generating reductants from
water, (3) ferredoxin or a similar electron carrier, and (%) a
ferredoxin-coupled hydrogenase. The critical reguirement of this system
is the stebilizstion of the photochemical apparatus.

The efficiency of the proposed photosynthetic fuel cell sppears +to
be sufficiently high to be economicelly wuseful., Energy conversion
yields up to 10% are encountered in the isolated photosynthetic
apparatus under Jlaboratory conditions. If such yields can be obtained
with a.stabilized photochemical system, it can be readily ‘calculuted
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that of the 0.8 cal em 2 min ! of solar energy which strikes the earth's

" surface every day, the total yield or the proposed photosynthetic fuel
cell uould "be around 500 keal m d s A 500-tonlday hydrogen
production plant uould require an area of 1h,000 acres, or about 22 sg
‘miles, ' ‘

There has not been sufficient research to permit an eyﬁluation' of
the economic merit of this approach, Research into the photolytie
production of hydrogen should be increased at least to the point vhere -
economic evaluations are possible. '

7 3.1.4 Combination production systems

‘Several hydrogen production systems have been studied which combine
two of the mbove production processes, One which vas evaluated as part
of the hypersohic transport . system (HST)ll ‘mokes use of ‘m thermal
process followed by an electrolytic one, as follows: '

Clp + Hy0+2HCY + 1720,

elect.
2HC1+ H, + Cl, .

- The rirat_reaction is assumed to take place at 1500°F and 770 psia
. and feqﬁires~a reaction energy of 2.48 x 1% Btu/lb;mole €l, « The
second 'electrdchemical reaction was assumed to require 12.06 kWhr/lb H,
{at 300 psia), vhich in itself is sbout 30% lese electrical energy than
reqn:red for direct water electrolysis,
The first reaction as studied as ﬁart of the work related to the
. Energy Depot Programl2 and was found to have quite serioﬁs material
problems and relatively Ilow yiélds. Therefore: this sytem does not
appear to offer serious competition to the water electrolysis system.
However, if & large HCl waste stream were already available, if should
‘be an axtractive system for producing hydrogen snd a valuable by~
: product Clz. '
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Another combination system which should be considered combines
water e¢lectroiysis with a sy.ergistic steam-coml chemical reaction as
follows:

elect,
Hzo + H2 + 1/202 ’

1/20, + ¢+ CO ,

_ €O + M0+ H, + €O, ,
and
heat
30 + 3C + CO + COp + CHy + Ky o

The oxygen-stesm process was also evelusted as part of the HST
study end shown to be an attractive process, particularly if low-cost
coal or lignite were availeble {see Sect. 3.3). With the above combined
brocess, it is estimsted that LO% of the hydrogen produced would be via
the electrolytic route, while 60% would be attributable to the coal
processes. A DOO-ton/qay hydrogen plant would reguire an electrical
input of 370 MW{e) plus & coal input of 2700 tons/day. A simplified
flov sheet 1is shown in Fig, 6. Such a fossil-electrolytic production

. process would likgly be more econcmical than an entirely electrolytic
plant in the near term. ' ' '

3.2 Other Synthetic Fuels

Hydrogen can be converted into other fuel forms which may be able
to overcome some of the disadfantages of the low-density or cryogenic
handliing problens associated with hydrogen. The production of such
fuels is described bLelov and ineludes ammonia, methanol, and hydrazine,
Other synthetic fuel forms which could be considered as a nondepleting
resource and alsc of nonfossil origin are the metals. For exanmple,
aluminum or magnesium produced by electrolytic processes could be stored
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or shipped and tihen burned io air to release energy. The oxides could
then be collected and reconverted to the metal form for further use.
Since this systom did not appesr to be as attractive from an overall
efficiency standpoiht as the hydrogen-based system, it was not
considered further by this survey.

3.201 Amcﬂia.

Ammonia is produced by direct catalyzed snythesis from hydregen and
nitrogen (2000-5000 psi and 200-500°C). The basic process has been in
commercial use for many years end is considered to be a highly developed
- technology. As naw plant capacities have increased from 300 tons/day in
“the 1450's to 1700 tons/day &t present, the price of ammonia has
decreased steadily from $45/ton to the present $20 to $25/ton, Part of
the cost decrease is also attributable to imprc.ed technology, including
improved and larmer compressors, improved catalysts, use of nigher
pressures, =nd vastly improved heat recovery systems. In eddition,
present excess capacity results in very great competition. it is
doubitful whether further cost reductions grester than 5 to 10% can be
achieved, The present process is so cheap and efficient that it is also
very unlikely that it will be supplanted %y elternative methods now
being evnluaﬁed, including biolopical prodiuction, use of transition
metal complexes, thermochemic&l methods, or magnetohydrodynamic
generation; in fact, the last two methods appear to produce only
nitrogen oxides and not emmonia, The U.5. production ‘capacity is
approﬁching 20 x 10% tons/year. ' '

The only significant future change is in the use of new sources of
hydrogen. T}: present low cost of anmonia is dependent to a great
extent on the use of low-cost natural gas. As netural gas is depleted'
and costs incremse, hydrogen production from steam-naphtha reforming and
partial oxidation o various petroleum fractions will become more
competitive. Likewise, as petrcleum reserves dwindle, the higherwcost:
hydrogen from coal and shale oil will be required. At some point in
time it appears that water electrolysis, particularly in high-elficiency
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cells, will produce'hydrogen competitively in the U.S. with hydrogen
from ecal mnd oil shale, It should be noted thet water electrolycis and
certain of the future fossil fuel hydrogen production methods will
require an air liquefaction Tacility to provide the required aitrogen.
A schematic = flov sheet for & combined vater~electrolysis/coal
gasification arrangement to produce 1000 tons of - ammouia per day is
“Provided in Fig. 6. Such a facility utilizes the oxygzen co-product from
‘water electrolysis for coal gasifiecation, and the only waste streams are
carbon dioxide and coal ash.

' 3,2.2 Methanol

Physical principles and theory. Methanol is produced by reacting

synthesis gas (composed of carbon monoxide, carbon dioxide, and hydrogen
‘in the proper proportions) at various temperat-wres and pressures in the
presence of o catalyst. The high-pressure processes (300°C, L300 psig)
use & zinc-chromium oxide catalyst! nedium~pressure ﬁrocesses (ko0 to
560°C, 1500 to 2000 psig) use a copper-zinc catalysi, and low<pressure
" processes {250°C, T50 psig) use a copper-based ca.telyst.l3 The
aynthesis gas reactions are as followé: ' o

CO + 2H, +CH30H, AH%yqg = ~21,684 cal/mole

: ]
CO, + 3H, +CH;0H + Hy0, 8H®,gq = -11,830 cal/mole .

Synthesis gas 1s uszually pfoduced.by reacting steam ﬁith nmethane
which forms hydrogen, cartom monoxlde, and carbon dioxide. It can also
be produced from other carbonececous materials including, of course, coal
as discussed in Sect. 3.3.

In order for the ideal stoichiometric synthesis gas to be produced,

the hydrocarbon feed o the reformer should have the empirical formula
cHz. :

CHy + Hp0 + CO 4 2Hp,
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CH, + 2H,0 + 00, + 38, .

Essentialiy all nethanol manufactured in the U.S. is based on natural
gas, Carbon dioxide is usually asdded to the feed to balance the excess
hydrogen in natural gas.

Current state of technology and economics. The present rate. of

methanol production is approximately 1. 34 x 10° gal annuallyl {b,h x
10° tons), representing 8.05 =x 1013 Btu, which, for example, would

amount to approximstely 0.5% of the ‘energy consumed in the
transportation sector in 1968,

The average sales value of synthetic methanol vas 17. S5¢/gal 15
($3.05!106 Btu) in 1968 in large quantities and seems to have changed
1ittle since then. Since high-purity methancl is required in the
chemical industry, it is reasonabie to expect that & fuel-grade methanol
can be produced with some reduction in retail prices. This is reflected
in cost estimates made by Vulcan Cincinnati, Inc.,l6 for methanol.
manufactured for consumption as methyl fuel {methanol + higher
elechols). A methyl fuel pliant requiring an jpvestment of $150 wmillion
with a capacity »f 20,000 short tons/day (110,000 bbl/day) using &
foreign natural ges feedstock of 10¢/10° Btu equivalent will produce
methyl fuel for aepproximately 3¢/gal (~ 52¢/106 Btu), excluding the
return on the investment.

A methyl fuel plant producing 20, 000 tons/day of methyl fuel has &
by=-product of 200 million gallons of isopropancl per year and 100
million gallons of isobutanol per year. The value of these by—products
to the chemical industry would probably limit the quantity incorporated
in methyl fuel.1T

- Ultimate potential, Since the production of méthanol is

sccomplished by remciing the most basic components (CO, COz, and Hz), it
i not reasonsble *o assume that future developments would greatly
improve the present process except for savings which might be realized
by going to lhuge plant sizes. Since there are 8 number of pozsible
nources for synthesis gas, it is reasonable to expect that methanol rav

materials will be available for relatively long~tern future needs.
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Some of the sources for synthesis gas are as follows:
1, catalytic reforming of hydrocartons;
2. partial oxidation of any carbonaceous materials such as'coals,
lignites, shale oils, agricultural wastes, etc.; ‘
3. with supplementary hydrogen; basic oxygen Turnace off-gas (CO) er
anmonia synthesis by-product gas (CO,);
k., producers gases or water gases; .
5. hjrdrogen ‘from electrolysis of water and C(_J2 from limestone or the
atmosphere.
There appear to be many sources of CO and €O, svallable as either
-3 byﬂproduct or & primary product for many years to come. For the véry
long-term future, however, obtaining & source for ecarbon as required for
the production of methanol would represent a relatively costly process.
Large quentities of €0, are, however, evailable from the atmosﬁhere
(~0.03%), from seawater (as bicarbonate)}, and from limestone.18
Sectiop 3.3.2 of this report contains an estimate of the economics
of methénoi from coal in which the costs of synthesis gas manufacture
and of conversion to methanol are separately identified,

Environmental end resource effects, In the basic part of the

process no pollutants are released fo the stmosphere (catalytic reaction
of -the syrthesis gas)}, although waste heat is rejected at 140°F, When
eoal becomes the basic raw material, aﬁh will be generated during the
synthesis gas production. Since the catalyst can be regenerated and
recycled, this will not represent  a significant depletion . of
1rreplaceéble resources,

Safgtz end reliability aspects. Methanol can be handled and used
safel) . 1if tle safety pre.sutions are observed which normally apply to
toxic and flemmable liquids., The maximum allowable methanol vapof
concentration for an Behr dey is 200 ppm in air (500 ppm for gesoline).
The ignition temperature for methanol in air is 693°F (gasoline 495°F).

Inhalation of methenol vapors af 1000 ppm may cause slight symptoms of
poisoning, but 50,000 ppm will cause profound and perhaps fetal narcosis
in 1 to .2 hr, Oral intake will produce blindness or death; l or 2 oz



