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Ahetract

Future demand for the world's supply of carbon-
based fuels eventually will axhaust thies supply un-
til their use becomeas economically infeasible. Hy-
drogen, vhich is vircually fraxhaustable in the
foru nof water, could be substictuted for natural gas
and petroleum—baged fuels fo! industrial and res-
idential heating and for transporcation. Nuclear
energy, either fusion or fission, would be the
primary energy source., Thermul energy from the
nuclear haat eource wiuld be conve.ted to electri-
cal anergy In a conventional heat-engine cycle.
Rydrogen could be produced frnn water by a ayolioe
thermocheunlcal process. CGaseous hydrogen for in-
dustrisl and residential heat would be transported
in a high-preseure pipeline systea. liquid hydro-
gon atored ir. metal h,drides could be used for
transportation fuels. The baste of this future
wiergy economy would be onergy eoup)exes uf two
types. large plants, located off ahore would pro-
dwae hydrogin and sleatifeity wvith desalted water
40 8 bypreduct, “ualler plante, locvalad inland
®aaY urlLan contore, would predvee primarily eleo-
trielty andA hydreogen.

Ao adxedie! tan

Movetefoara, we (a the U.A, have had an abun-
danee ol nheap, naturally avoeurring snerpy eeurees,
and thrwugh the unabated vee of these aourees, v
oo find aurasives at vhat sowe eall an "snerpy
eriaia®™, Upnn setvuliny of the many prajections of
the oupply and domand of theae sneray aoureen, tve
oons luaiona hosmme ovident:

1. e U0 demand for hydeacarbon fuels,
pateicularly natural geo, ecoa only bo suppliod by
o8 OVl inrvsaning samunl {1en a0urees other thmn
OWt surtonl natwially aveurring aeurvea. Prajse:
tiome vty quentitatively, bt (0 (o gonerelly o
groed thet a majur fresiion of the demand vn‘ he
owppliod by wiher anveesn within tone af years.

). Pventwvaliy, the wnild'e awp ol aatw
*olly msoniring sathan hoaed fusle r f ho de
u:ud. elnply horoueo thoes fusle 010 waod meh
10t than they ate soplaved by matutel prme
0aese PMrasngaruithsiic and anasiabis st hade of
urtbﬂﬂq tasell tuslie tina LB, ate hoing on
tud. bt an @dthnd hae ot Moo praven feeetl
io o0t sonid aligniliseatiy slinee ‘e gop bDotween
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the fractions of a second to burn carton and thae
millione of years to naturally reduce the combustion
product, CO;, to a usable fuel. Of courss, projec-
tions of ""how long do we have' are even more uncer-
tain for the ultimate depletion of foesil fuels.
Therefore, in the long run, it ie imperative that

a substitute be found for carbon-based fuels.

The wmost important observation of the projec-
tione 1s that the coet of pricary foeseil fuels
oust inarease because the deficit between demand
and nroduction can only be supplied by either im-
porting natural gas and crude oil, discovering new
natural reserves of these fuels, cr synthesising
these fuels from the more abundant natural reserve
of ccal. We wiil aseume that import Juele 1o
unacceptable in the long run because of national
security implications and the reeulting defiait
balance of paymante, and that diecovering nev re-
serves marely extende the time before fmportatien
or synthesination becomes aignificant. Therefere
we will asveume that synthestaning fuele frem coal
wvill be neqessary if we are to aontinue our carbom-
based fuel eeonemy.

Becavse the retie cf hydrogen atons 10 sarben
atoms An eval Le sdbuut osne, oynthetie sudstttiutes
for nature] pas and avrude of]l made frem ¢eal re-
quire o souree of hydrogen. Por aymthetie arvde
oll a sintoua of one anire hydregen aten o veedud
u fara the nml hirehaln saturated hydroeathmm,

ot asthane (CHy), the primeipel
un‘"wo“ of mwul 000, ot [éast Yhreo et
hydrogon atots ate noeeded.

™erelfore, ¢ toehnieal)y and seomenical
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Cregon (0 vittually valinited (n the form of sa
wate?r ond (¢ oswent lelly mtuud 00 WAL e? vepor
wpon combuetion. ™o eviteh to hpdregen for merny
noede vanuld rotutc the cothon oted to (00 astvee!l
tele (a the biolegical Life aprie o0d weu'd e
tor ¢ho uoe of the remaining ouwpply of fv otl fuele
00 foodetesh tn the onpawiiag orgonie choniesl
taduetsry.
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rapidly. Purthermore, with the development of the
breeder reactor, nuclear fuel costs will stabilize
because of the vast supply of natural uranius.

Whether hydrogen is used for hydrocarbon fuel
synthesis or as a fusl icself, large production
facilities will ba needed because of tha large
quantities demanded along with the economic factors
favoring large produztion plantes. Por efficient
dissociation of hydrogen from water, a high-temp-
erature anergy source vill be needed. Wich further
developpent of the high-temperature ga.-cooled re-
sctor (HTGR) as & primary nuclear energy source,

8 plarc complex producing hydrogen and eiectricity
could be developed for future long-range energy
needs.

AL, _The Need For Nev Eoergy Soykces

Futuwe demand for the world's premiva oi] and
natural gas fuels eventually will exhaust the sup-~
ply until their use as ordinary fuels becomes in-
feasible. As this happens the large scale use of
the vorld'o coal resource, of rshich the U.8. has &
particularly pleantiful eupply, vill become increas-
ingly important. Major air pollution resulting
from the use of this coal can be avoided by solvent
refining, liquefaction, or gasifiecation of the coal
te produce aynthetic, clean premiva fuel subeti-
tutes. Newuver, laad despoilacion resulting frem
the ourfece mining and ash residue of this eesl
vill nirfgate incressingly against large scale use,
partioularly as the mere ehoiee aonsentrations are
ol auste’] and trimner voine and peerer grades are
apletlted. This will lead te s mere eonaerted of-
fore to mahe offiaient use of the seal, whteh 1o
WV nly & Very seqondary csonsiderating, and &
the seareh for nev, aubstitute fueles. Thie ple-
ture 10 put Late perepectiive fa Teble I fa whieh
tha U. 8. veserve, tneluding Alacha, 10 ltosed fin
vartievs fuele sleng vith r,ojnud U.B. enwigy to-
quiremonts. The ranges ol values givea for @

ol and pas Tescuten Pelleet teal umsorsainties
that ontoet 40 10 Phe octual drmootie rosturee (8
aneotdantt vith varieus prediciions vhich have
boom nade. The renge 31 velues Lor coal refleet
the aeeestibiliny and thue the eoot of thie rela-
tively well mapped resoures. The lower value per-
telas (0 presenily hnowva forsations of coaparable
Whiehne et awd depth to 1hete presently belag ailned.
™ larger value relledin (etal romaintng veo-
Couleed 10 & doPpth of 000 (4 ond Lo elearly at
odtuelly recovereble. The reage of valves nm
for wrenlvm tefloet o veriatton (a price of ¥

frem $10/10 10 IM/1IV. Vreni@ rederves ave

wvell hnown od 17000 001100100 e predeadly
ollotie. T™eriue 1everved o0 leee eritieel then
STORiun 000V O0d 070 theveleore net |lo0ed,

™o sountiag Latones presevure of the V. 0. enev
oo will reovit (n the diceovery ond nm-
E“ nestl oH ol 1he oll oad gao teoerved
toh the lldmwhmd tor maey

v 0 aajor onotgy delieit (0 laevi-

i' (0 1he lowet tooont 20 20000000 e

correcc, and by 2000 if ' higher resource esti-
aates are correct. The ration will look increas-
ingly to coal and nuclsar energy to correct this
deficit. These will supply energy primeriiy te

generate electrical power while cthe 01l and gas will

be used primarily for heating industrial «nd trane-
portaticn uses. The major problem to sppear ia the
1990-2000 time period vill be the fect that ele:-
tricity cannot resdily be substituted for these
lat”er necde due to reasons of practicality and
cosc. Production of aynthrti. fuels froe coal will
receive great emphasis, hovever this is avkward

and inefficient as discussed previously and requires

naseive supplies of hydrogen. A method of produc-
ing a substitute fuel using a nuclear hest source
1o desired to vugment production of synthecic fuels
frem cosl during the 1990~2000 tramnsiction period
and ultimately as a source of neatly all noo-elec-
trical enargy. If cthis subetiture fuel 1s hydrogea
then it can serve multiple functicns - as a primsry
fuel, as a chemical feedatoch for efficient eocal
liquefaction and pesification, smaenia preduction,
wetal ove reduction, and ultimately as an officieat
seurae of electriatity using fuel cells. The hy-
drogen itee)( {0 not an enieTgy reseures, but rather
a particularly cemveniont iatermedisce medi' s for
otering and trassporting enevgy. The emergy re-
seures 1o nuclear fuel.
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generare hydrogen then application of the same
technigues with fusion ensrgy should be straight-
forwvard. fowever the U.S5. should not rgly on de-
valopaent of a fusion source energy, due to the
present uncertainty as to even the basic fessibil-
ity of the technology. Development of other energy
resources, notably solar and geothermal, is not
11ikely to change the predicted scenario appreciably
since these ave envisioned as generally local and
specialized in application and small in total out-
pus coupared to the total energy demand.

M
Methods of Mvdrogcn Production

Unfortunately, the only preszent means of com~
uot. lally producing hydrogen im the U.S, 18 by
stean reforming of sethane from natural gas or
pertial eridatien of crude oil. MHydrogea 1is slon
predused by electrelytic decomposition of water,
but the higher aeet ¢f this methed restricts this
ssthed te areas sush as in Canada avd Norwvay, vhere
eslestrisity is nheap and there s no natural gas
sautee. The tetal hydrogen pruduation for asmonia
and refined petreloum sreduc.s consumes about one
peteont of the matural gas preduced as an emeryy
[ {T'N

Obvisuely we camnet afford te preduce kydregen
fren mathane efither for a primary fuel or te make
synthetic fuels frem ¢orl. Therefers, at tha pre-
oot time, the Jnly cemarresal method available 1o
the olestrelysis of water.

Besause the smergy coot »f preducing hydregen
b elestrelystie o determined Lia part by the coet
of elesirtatsy, the energy cvol of electrelytie
hydvogen will alwayes be higher tham :hat of eles-
trieity. Thevelore, presummiag that veonenies
vill eontins to govera the ehelee of primary
fuels, hydregen predvesd by ecleattolyeis vill met
oupplont feseil fuele (or veed to preduee dyathatie
fuels) as loag a0 it 10 ceemenie to use foeseil
fuele t0 preducc oleatrieity. But, ae stated pre-
viewsly, nuclear fuel 1o nev compettitive vith
({ T} iulo for produaing olectrieity aml muelear
ivel -u’o vill be taeressing while feseil fvel
wage will dealine during the future greowth vl the
oleatrte v ladustry. Wowever, the major frae-
tlon of t1he produstion seet of eleatrietny Lo is
the plant eapital cont, 00 that ovan LI the auvelaear
fuel oot vars 2evte, (00 eoat of eloetrietny would
aill be relatively high. Per esample, the aap!-
sl cont rolﬂu ol 0 ‘e muelear power planee
1o =150¢/ Bv (3 mil/bwh), compared wvith, 0.3,
00e/10° Maw, high foenil fuel ceste for teday.
Sevavee the copital coat of olectirelysin plante
(0 velatively lov, -30-400/10° Day, the hydregen
predwt lon cort would non‘u:uvny depend wpon
he ot of eleerrlelny, sfere, the eoat of
oyihot e fuela vould have Lo apprenisanely triple
belure hydregen prudused by eleetralyete weuld be-
ooms compet Lt ive a0 o fuel.

Gleatly, ¢ aev wethad (or predus ing hpdregen
fron vator met Yo found Ve vedues the hydregen
predwt lon ¢ool, The mest r-m as\hed wur-
tont iy wndev eonaidoretion o o /el ie thvranehen
tonl proccns vhere 1he merpy 10 soparals hdregen

from water is in the form of heat. Such s chemical
eyc’ ) conaiscs of two or more steps, proceeding in
principle as follows:

MOy + Hy0 = MOp,, + Hy O

MOy, *+ (heat) = MO, + 1/2 0, 2)

vhere M is a metal anion or complex radical. The
ideal tharma) efficiency of the abeve cycle 1is:

ne bt 270
a® T2

vhere AK° and 4G° are reapectively the heat and
work for the dissociation of water at standard tem-
perature (250C) end pressure (1 atm) and Ty and T
are reepectively the temperatures of eteps (1) uz
(2). Vor water this relation becomes

ne 1,2 (T3-T,)/732, therefore the waximus therml
efficiency is 20X higher than the carnot efficiemcy
of & haat engine cycle at the same source and sink
temperatures. To approach this efficiency the
sctual work (or free energy) for esch etep should
be minimized, and the *otel work should be near
seve. DBecause AG = )% - TAS (where AS = entropy
chante), thess conditions may be approached if the
etep (1) entropy change 10 negative and the reac-
tion excthermic ot T), and, correspondingly, at
ostep (1) tha entropy change is positive and the re-
actiocn endothermic at Tj.

Several precestes hev: been studied at Aachen
Univeraity in West Germany, at the Retablisbment of
Ispta, Buratom C.C.R. in Italy, and at General
Electric, Oulf General Atomic Institute of Gaes
Teshaelogy, and los Alamos Soilentific Lshoratory
in the U.8. The proeess receiving the most study
e Ihuluu;'l Mark 1 eycle at the Establishment

of lopra. This cycle 18 cheraccerised by the
foileviag set of resctions.
cn:. + n,o - c-(ou), + e (2000 K)
Ng + In0r - Nghr, + N, (320 k)
Wabr, + Co (OOI)'- Cadry + Ng0 + N0 (470 X)
Vo = g + 1/2 O. (870 x)

Marehett! elaime ¢ therual offieieney »t .33, al-
though Lhin elain 1o disputed by others. There
ave hewvever three undisputed dravbashe te thie
eyalet (1) the chemicale are highly evrveaive,
vhieh vill mahe the precess syuipaent enpensive)
(2) there Lo & large amsunt of matwriale eirvev-
lated per unit of predvii; and (J) the vee of
!nr Quantities of sereury Latrnduces a potential
tonfelty hasard (n cane of leals 0.

Other eyelen |mnn{ have mere than twe s\epA
ued ales tavelve the handling of eorvesive maneri-
0o oush 'a Cly or NC1, Theae eycles epoerate at
*ANIaue teaperiatures (n the range of | te 1300 R
ond have *heurstieal effielencton in the range of
0.20 ve 0.70. As yor, nens al thene syslea, in-
eluding the Mark }, have hesn praven superimentally
oven 4t Lhe hensh=peale.

Within o dovade hath aynttotis natural gae
(ONG) and aynthotic crude wil (Rynerude) sould he



producad from coal on a comercial scale at such a
Tate to supply a minor (but significant) fraction
eof the total demand for natural gas and refinery
feedatock, provided current methods under develop-
meat Jeceive continued support. Today, soma of
these processes fur 8NG and Syncrude productiou are
being tested on a pilot -plant scale (up to 70 ton
coal/day).

All of tho "coal gasification” processes cur-
rently u.der development require hydrogenation of
the coal to obtain the CH4 for SNG or the higher
hydrocarbons (> Cg) for Syncrude, and all of these
processes usr tho water gas reaction (C + H,0 »
H2 + CO) as a basis for producing thia hydrogeu.
For methane production the reaction chain is:

X+ 2!20 + 2H, + 2C0 (vater gas reaction)
0 + lzo - Hz + 002 (vater gas shift)
Co + !Il2 - CH‘ + nzo (wethanation)

with a nat reaction ofs
C + 2I20 - CH‘ + coz

Therefore, for every wolecule of methane produce.,
two atoms of carbon are conmumed and a molecule of
CO3 10 produced as a useless by-product. This
implies that if the natural gas supply is sup-
planted by producing SNG via these processes, the
carbon source (in coel) will be consumed twice as
fast than the carbon source in natural gas. Actu-
ally, for most coal jasification schemes, the en-
exrgy required for the endothermic weter gas re~-
action 1is aleo supplied by burning cosl, resulting
in even more ccal (Vv 30X) consumed as feedstock.

All of these processes have a gasification step
vhere there are differences in tha gasification re-
sator aconfiguration and the method of supplying the
sudothermic hect of the water gac rwaction. There
are aleo majox diiferences in the amount of direct
sethane production by such cchears as preheating
(pzier to the injeation of cteam) or hydrogen
enrichment of the steam. The rav gas product from
the gesifier containe principally CC a. i1 N3 with
smaller quancities of CNy, COz, N38, Wiy and Ny .

Ths other major stepe, wvhich are common in
verying degrees to all processes, are ceal prey-
aration and rav gas upgrading. Ceal preparation
ineludes sine reduction and pretrestuent. Rav gae
upgrading fnecludes the water gas ehift, acid gas
(COg and NHy8) removal, and methanation steps. The

n!l pro‘uﬂ. fron rav gas upgrading eontains > N
g:’ and has a higher heating value of 900-1000 Dau/

Bevever,if an enternal seurde of hydrogen vere
available, the sardon {n eael eould be hydrogenated
divestly, at least theoretically, te any hydrecar-
bon desired witheut wasting eardon in predueing
0gq. Pyrthermnre, c::nul«nt savinge (n the eap-
llll enst lor ONG predustion should be peeaidle by
daereaning velume threughput in the gasiflier and
seld pae remave!l aysten, elininating the ehift re-
aetor, and doersasing the sethanstion requirement
te the Q0 level preduced frem the beund exygen (n
the coal foedntoeh, Theranl baleneed ave alse wwve
faverable for diveat hydregasification. Theve ate
%0 ondethoraie hoat rosstlons. The Celity + 0Ny

reaction 1is exothermic, producing v37% of the heat
production in a methanation step. Alchough an ex-
othermic reaction within a fluidized bed may intro-
duce temrarature control problems, it may be possi-
ble to "balance" the heat by injection of ¢ mate-
risl that will cause an endothermic reaction, e.g.,
8 small amount of H,0., If water im used, the pro-
duct CO could be "methanated" in the same manner as
in the "convintional" SNC production methods.

Apparent.y, exparimental data on direct hydro-
gasification 1s not as prevalent as data on steam-
carbon gasificacion, although some labora%ory-lcalo
data {s available in the open literaturae.(3)(4)(5)
However, in the HYGAS process (6) the steam feed to
the gasifier is hydrogen-rich, therefore additional
spplicable data may come from the operation of this
plant.

A process scheme that msy be feasible using
direct hydro-gasification is outlined in Fig. 1.
this ceag uses the technology developed for the
corn(7) and HYGAS proceases that have been support-
od by the Office of Coal Resaarch. The advantages
of this scheme are as follows:

"+ By using the multistage pyrolysis process
prior to hydrogasification, highly volatile hydro-
carbons bound in the coal feedacock are produced
a8 wsll as a valuabla refinary feedatock by hydro-
trearing of the avolved coal tars. 2leo the da
esign of the hydrogasifier is essautially indepent-
ent .f the gradu of coal feedarock be~vuse of the
devolatiligation during pyrolysis, {.e., the carbon
eontent of the char feed to the hydrogasifiar 1e
higher and whould be more uniform than that in the
coal feed and such prodblems ss agglomeration in
flufdised-bede vould noc apply in the hydrogesifier.

3. With enly exothermic reactions ia the gre-
f1f1caction and purification process, more flexibil’ty
exiete for heat and process stream utilisatioen. Por
enauple, the utilisation of hest 1a hydrogasifice-
tion stages Yoooues a vatriable rather thas & re-
quiremsnt. As mentione’ previously, possibly wates
redycled frem the methanatar ceuld be injearted to
provide ¢ ot hest of rea.tioen of aear serv. My-
dregasificacion ceuld be integrated face the pyr-
olyaie atages to provide hest and hydrecarben for-
aation. The earbon econtent of ehar frem the hydrve-
geoifier Lo vartable. Carbun depletad ehar eould
be "firad" by hydregen ot air te preduse Seat for
eonvereion fnte eleatriaity for plant elestrical
pover requivremesnts. 1he amsunt of sethanatien be-
eomee variable -~ Itrem the amouat required te con-
vert the CO predueed as tha reeult of bound cuypen
tn the eoal feadotoeh vo smaunt depending on
the ceoncnice of ain aet tion and oteam=pgae-
{fication vith & reayele predens waler stresa,

3. Predabdly the meot Lupurtant advantage 1o
that the requated teehnology deavelopasnt lov hpdre~
oaelflcattion Lo moL very etonaive (or second gon-
eration ceal prellieation prece.ces, partleularly
Il the CORD and NYCAD precceses ore selodted lor
fived gemeration plante. Presuning that hydreger
:mmm eoeto vill remain vee high fo~ direst
ydvagasilication 1o saonsmically o o In the
foreneeable future, direst hydrepgaeification weuld
only ba (eanible for sceond generation precectes
eayvay, 00 thete (o meve (ime for & ressensdie
gren for developaont of Mpdvegen preduniion ¢

elegy.
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Soat of Rvdresen

As previously stated, the high cost of elec-
tricity makes the use of electrolytic hydrogen as
an energy source economically unattractive. Thie
40 further emphavised in Pig. 2, vhere the sensi-
tivicy of hydrogon cost to elestricity coet is il-
lustratod. Thees coats include the electricity
Geot, hydrogun p.ant capital coet, end the effect
of aleatrical to hydrogen energy conversion ef-
fieiensy (n). The plant eapital cost is bdased on
& plant capaaity of 1300 e¢nv/day with a plant ser-
viee fastor of 90X and 4o factored into preduction
eost at & fined annual capital eharge of 16%.
Rovever, for thermogchemical hydrogen production
the elestriaity esost vould be replaced dy the
auslear heat eost, vhieh will beo a mimer fraction
of the eleetriainy acot. Por aemparioon with
olestreiytie hydrogen aosts, the thermechemical
hydregen eoste over a likely vange of nuelear heat
000t and based on the seme eapital eoets a0 these
fer aleatrolyoto are shown ia Pig. ). Altheugh
thaon coots may eseen Mtb eonpared to esucrent fes-
o4l fuel enste, prejections of future eoete, liot-
ol in Table 11, tndicated that vithin apprenimate~
‘l’: 20 ‘:.hnv on 000tn eould deaome sompetitive

th thooe of fesotl fuels 1 fesstil fuel coete
tasresse ot on enpected rate of 4R,

360———1~

340

Caat of Hydrogen (¢ /10°Biu)

Ha plant capitol

cost (10%8) at
708
Hg plant copital cost
’(10‘.) otnel0
200 -
1

) '1‘0 zc

o R B S R B

Coot of Eloctricity (mills/kWh)

Cost of producing ealsctrolytic hydrogen as
a function of electricity cost, hyJdtogen
plant capital cost, and the electrical to
hydrogen enerpy efficiency.

Pig. ).

tﬂu&.‘w Hoe! Ooet (¢/10° D)

Cost of predueing thermechemical hydregen
a0 a tuma2ien of nnelear heat cost, hy-
drogen plaat eapital eoot, and thermal
sonvereion offieieney.



TABLE II
Projection of Energy Production Costs(g/106Btg)

Energy Source 1970 1975* 1995
Natural gae 30 60 131
Crude oil 60 70 153
Wastern coal 15 20 44
8NG (fron westerrn coal) .~ 100° 136

a adjusted after deregulation

— 1980

u-238

205kg/0] ﬂp‘“”

6

Electric power
e

BREEDER STEAM
REACTORS :D POWER

(7140 MW)

| PLANTS ! Wast
7850 M 04 o>
(17630 Mw " * 04 FioTio mw)

Yo production of SNG by direct hydrogasifica-
tion co be compatitive with SNG produced by the
wvater gas process, the hydrugen cost is afforded by

——=savings from reduced coal constmption and savinygs

=—in SNG plant cost. Such an estimate of hydrogen
cost ils shown in Fig. 4 with a Wyc.aing subbitumi-
nous B 8“1 (HHV = 9420 Biu/lb) as feedstock for a
250(10)° SCF/day plant. Assuming & plant capital
cost savings of 33X, the competitive hydrogen cost
vould be ~120¢/10°Btu for the projected western
coal conz in 1995 and an estimated capital cost of
300 (10)° $ for "conventional" 250(10)° SCF/day
gasiflication plant.

[ '!16' *’ 410 %)
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g Sovlnq'l (l?oc.o ;tol =
40 \ cos . -
= 0y
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] 8
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(17660 Mw) . 0o jYaste
ns 09 —————>
24870 MW/

Electric power
—

‘Seawater {(IT860 MW)
1.26(10) T/D

Fig. 5. Llarge off-shore energy complex.

Becauss controlled thermonuclear energy has not
yat been proven ecientifically feasible, we vill
assune the primary erervgy source is auclesr fia-

__FMg. &, Hydrogen ,roduction cost for competitive
SNG production by Jdirect hydrogasification

—Although the foregoiny cost estimates and pro-
Jections are sowawhat speculative, they do indicate
4 Tedsonable possibility chat hydrogen couts coulid
beccme competitive within approximately 20 yeara,
which i{s a reasonable time to develop the tachnol-
ogy for a thermocheaicul hydrogen production pro-
case.

Xhe Enexay Productier. Gomplex

For future snergy needs we will ansume ipa: by
—the year 2020 the 1.8, demand vil) be 3(10))7Beu/yr
aorvesponding to » capaaity of (10)/MW and that
one=half of this demand (s for ¢lectricity and one-
half (s for hydrugen «s & transportable fuel. NWe
will further assuce that (t will hecome suonemie
to produce @& fraction of the demand in large plants
lecated off-shore along with production of Jesalted
vater from wante heat. Recauss approximately ene-
half of the 1.8, papulation realdes within 100
miles of the countline, this fradtian eould be
oupplied vith 100 planta (lecaled 39 miles spart
on the average) each produeing SQIO)‘NH aa shewm
in Pig. J.

eion, To obtain a maxiaum of high-temperature
energy, & combined fast brzggcr and thermal con-
verter nuclear heat eupply ieo used. With a
four to ona ratio of converters (HIGR's) to braeed-
ers and a converuion ratio of 0.8 in the HTGR, the
nuclear system will be self~sustaining with a
Th=232 to U-238 feed ratio of four 1f cthe fast
breeder plutonium braeedirg ratio is 1.0, supplying
PU-239 only for iteelf and eufficient U=-23)3 to
sustain the HTCR's. Because of the high tempera-
ture, the eignificant advantage of the HTOR {ie
that the rejecuion temperatures of the hydrogen
and gue turbine plants can be high enough for
water desslinisacion without drastically reducing
the conversion effiuiencies of hydrogen and elec-
tricity production. Assuming that HTGR fuels can
be developed to produce gas temperaturea up to
~1400 K (2000°F),the gas turdine plant efticienay
aould be 0.9 (et 2/) of Carnnt) with a heat re-
jection temperature of 367k (200°F) and the hydre-
gen plant efflafency could be 0.7 (at 0.9 of theo-
mt:u) vith a heat rejection temperature of 430K
(Jso°r).

In addivien teo the requivred demand for hpdro=

n and oﬁoclrlclx‘. theae planta(based on o pro-

vation 14 10/107°0tu for a multi-efleet evapors-
tion plant wauld eupply apprenimately the 1940



per capita consumption of water for irrigation,
industrial, and municipal uses 9

The only significant environments! impact of
such large complexes would be the large amount of
heat to reject. The majority of this heat could
be stored in the desalted water (at a temperature
< ~ 125°F) for subsequent dissipation over a large
area by transportation, storage, and the irrigation
needs. Part of the remaining fraction would be
rejected to the ocean and the remainder could be
rejected to the atmosphere by air-cooling.

The other one-half of the ene-gy demand could
be supplied by 1000 similar complexes at 1/10
capacity and located near urban population centers.
The principal difference between these and the
off-shore complexes is that the desalting plants
would be replaced by a different heat rejection
system and the energy ratio of converters-to-
breeders would probably be decreased to approxi-
mately three to one. HKecause the hydrogen and gas
turbine plant rejection temperatures can be rela-
tively high, the major fraction of waste lLeat can
be used to produce low-pressure process stera for
residential heating and other industrial purposes.

IV, Hydrogen for Energy Distribution

Almost all attempts at a long term solution to
the "energy crisis' involve the use of hydrogen in
one form or another. Hydrogeu becomes important
not as a primary enavgy source but rather only as
an energy transfer mechanism, Indeed in some in-
stances the use of hydrogen may impose additional
source energy requiremente, e.g., liquefaction
energy. Obviously in a broadly besed "hydrogen
economy" the portable or transportable hydrogen
fuel may be needed in either the gaseous or liquid
forn or in the form of a metallic hydride.

Hydrogen gas supplied by pipeline can directly
replace natural gas in almost all industiial and
residentisl heating uses. Although extra energy
conversions should be avoided, hydrogen ::ould in
special cases also be used to generate electricity
by means of fuel cells. The dietribution of hy-
drogen gae !8 pipeline 1s both feseible and may be
qaononicul< ), In propoeing such an energy dies-
tridbution syetem one muet consider the lowar energy
denaity of Rydrogcn (329 Peu/fe” compared to
1000 Btu/ft? for natural gas) as well as ite com
pensating lower deneity and viecosity. The cow=
bination of these factors results in the poseidil-
ity of using exieting natural gas pipelines for the
dietribution of hydrogen gas. However this uee of
enisting natural gas pipelines will require aonsid-
eration of material euicability and exiating leak-
age. Appliances (jet sine) will aleo have to be
eonverted to hydrogen usse, None of these taoks 1o
fneurmountable. Many U.). cities used town-gae
erargy oysteme (containing up to 30X hydrogen) be-
fere ‘?YK?"‘"' to thelr :rclont natural pas
systemn'iV}),  Bince mueh of the objeqtion to hydre-
ger 1o baned on mafety it 1o of Lnterest te nete
that the eity of Bavcelona ham halted fte eoOnver-
sion L0 natural gas (rom towvn-gas due te tt["'
problems oneo ntored vith the natural gas + Am
industrial ptpeline ayntem nev dintributes hydre-

* aan OvVer & netverk seme 130 atles leng in
raany(10),

Among the advantages of a hydrogen gas energy
distribution system is its excellent energy storage
capability., This would be especially valuable for
& cyclical energy source such as solar anergy or
off-peak power from a constant power generating
station. Advantages in the combustion of the hy-
drogen inclu-ie the absance of carbecn monoxide (no
venting requiicd) and the possibility of cacalytic
oxidation at lc¢'7 temperatures (perhaps as low as
100°c) (10,

Perhaps the m'st important contribution of hy-
drogen to future elergy systems will lie in its use
as a portable fuel in the field of transportation.
The successful operation of incernal combustion
ergines has been demcnstrated to be both efficient
and nearly nonpollufing on numerous occa-
sions(13,14,15), Fuel storsge methods to be con-
sidered are gaseous hydr-ogen (GHZ‘ at high pres-
sure, liquid hydrogen (LY,) and metallic hydrides.
For air transportation using hydrogen, LH,; is an
obvious choice. 7Thie is probably also true for
railroad and fleat vehicle 7peration. For priv-
ately operated automobiles the use of Lil, is usu-
ally considered to be uneuitable either because of
safety or because of exhorbitunt losses due to
boiloft, flashing atc. Howeve-, this conclusion is
too hastily drawn and the methud of fuel storage
for automobiles is too important to allow the ad-
vantage of LH, to be so easily dismissed.

Storage of fuel as GH; does not appear at aill
attractive from tha standpoint of tankage weight
and volume. Whila metallic hydrides may prove to
be the most attractive method for fuel storage
they muet etill be Jemonstrated to be feasible frecm
the standpoint of repeated regeneration, tankage
cost and safety.

A preliminary invastigation of the use of LH,
for fuel storage for automobiles has irdicated
that ite use is not as dangerous or wasteful as
commonly balieved(16), It ie true that by zesum
ing wcret csses for all possible lcsses, a loss of
14X of tctal usage results. Howaver, more in-
telligent operation can result in a coneideradle
reduction of this loss and furthermore almost all
hydrogen losses can be recovered as a gas for al-
ternate uses. For example, the above mentioned
total loss inaludes _the boiloff lose from aontinu=
ous ventiug from 108 sutomobiles which sccounts
for over six of the 14X, However, a 30 gallon tank
with a 1% per day botloff loss can be alosed it
for approximately one week before roaeht?! sho
pressure where venting would be required (10),
Under these cirocumstances only a4 small fraetion of
this .008 would ever be reslined,

The LNy tank required for an autemebile L0 al-
ready close to present day stase~ef=the-arvt. Wigh
eurrent preduction techniques a 30 gallen dower
tank with a 1X per day bdellofl less and suflielont-
l{ rugged to wvithetand seot eellistons wveuld predv~
abdly cest abour 01500, Wevever, applicattion of
8400 productiion teehniques would lower the cont
druo‘*”lly. (RBotimutes on lov as 0150 have been
sade -)

Distridution and vefueling eviomsbilen vith
Lty are the avess mest (n need of otuiy ond den-
oalar||lon at thie time. Current Seehniques for



service station storage £nd over-the-road bull
transport are already satisfacteory. However, tech~-
niques for purging and efficient transfer to the
use vehicle must be developed. Wnile the service
station could look much like today’'s station it is
not yet established whether the automobile tank
should be refilled in place cr exchanged for a more
controlled refilling(16),

Any attempt to examine the possibility of a ma-
jor modific-ation to our present private transpor-
tation system should also look at tha consequences
to the overall energy situation. Consumption of
gasoline in 197 was approximately 1011 gallens
(approximately 1016Bcu). To provide the hydrogen
squivaleac via electrolysis starting with a chermal
cntggy source would then re¢quire approximately 3 x
10*"Btu. 1If all the hydrogen is to be liquafied
and this addicional energy must also come via elec-
tricity originating from a tharmal source, approx-
imately 104° additional Btu are required. The re-
sult is multiplication of the souice energy iequir-
Dent by z g ctor of threa (for hydrogen) or four

(for L4.) 18), 1his amount can be reduced consid-
erably by the more efficient burning of hydr?!sg;
fuel savings af up to 50X have been reported .
However further modification to automobiles to de~-
crease fuel consumption will aiso be necessary.

The 1968 production of E;?rogcn in the U.S. a~-
mounted to 2.28 x 1012 nct(19), 1o replace tla
1011 gallons of gasoline used in 1972 would re-
quire approximately 15 times this hydrogen produc-
tion. The maximum Lk production that once exist~
od n the U.S. was 1.8 x 10 gal/yr. Thus to re-
place 1972 gasoline usage wita LH, would require a
1600 fold inciwasa in liquefaction capability.

Switchover to a hydrogen powered transpertation
systen would ba accomplished without major diwrup-
tion(16), A dusl-purpove fuel engi-e operating on
either hydrogen or gasoline could be used as hydro~-
gen distridbution is introdu:ed. In this wanner
clties vhera poll-stion problems are worst gould be
aonverted first., Over u period of ten years an ad-
equate distribution system could be built. B8uch a
LN, system would require (for fuel consumptica at
the 1972 level) 137 GH_ oroduction facilities (e.3.,
electrolysis plante eadk 73 con/h), 800 liquetica-
tion facilicies (300 ctons/day each), 300,000 ser~
vice stations and 20,000 bulk tranaport traileres,
The ‘!i’l cost has Leen estimated at §13) bil-
1iun « While this cost is great, it should be
aonpared to a National Petroleum Council forecast
of $110 bilriun expinditure over the nont 6; years
for exploration, ecapital equipment, ete. ‘1Y),

The coet of the LH, fual s, of courae, very
speculative: It has béen eatimaced that given a
produccion and dictridution ayatem, preaent tech-
otlques eould allov operation uf an automobile at
80 mete than 06X eoet (ncrease. MNewever, without a
hydrocarbon asouree for produeing hydvogen thie
price vould depend on the ulttimate priae of asuree
energy. laoed W o“,’-y'. satimate of appreni-
astely 643.00/10%wu for eleetrelytie hydvogen,
fuel eparating eoste of o prontnnto!z Te/ntle
(1=-1/1 “’Il vesent gaseline econt) han deen pre-
dlered(10), ‘uvcvow. for a thermasheatval hydve-
gen enet of ~01.50/100Mu (Pia. A), the fusl eper-
ating enst eould beo radused te ). %¢/mile,

In the operation of an automobile with hydrogen
(and certainly LH,) safety is #n important consider-
ation. Certainly much more detailed study is re-
quired to result in the best possible systems for
purging, venting, dispcsel, etc. However, prel:imi-
nary studies indicate LH, can be safely produced,
transported, stored, and vented (18). Considering
the preiious record of automobile accidents (50,000
deaths/yr), a LH, fuel system with almost no safety
precautions would not significantly alter this most
dangerous aspect of an autowotive transportation
system,

In conclusion it is submitted that hydrogen
seens to offer the most efficient and lexst dis-
ruptive automotive fuel system alternate to gasoline
Liquid hydrogen is a possible fuel storage alter-
nate. Such a system will e wore costly in energy
source requirements. Some advantages may be gained
from use of the refrigeration in the LH; e.g., gen-
eration of Oy enrich oxidigzer from afr,
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