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Abetract

Puture demand for the world's supply of carbon-
based fuels eventually will axhaust thies supply un=-
til their use becomea econonically infeasaible. Hy-
drogen, vhich is virtually ifr=xhaustable in the
form of water, could be substituted for natural gas
and petroleum—based fuels fo! industrial and res-
idential heating and for transporcation. Nuclear
energy, either fuaion or fission, would be the
primary energy source, Thermul energy from the
nuclesar haat eource wiuld be conve.ted to electri-
cal anergy in a conventional lieat-engine oycle.
Rydrogen could be produced frnn water by a ayolic
thermocheulical procesa. Gaseous hydrogen for in-
dustrisl and residential heat would be traneported
in a high-preseure pipeline systea. liquid hydro-
gon etored ir metal h,irides could be ueed for
transportation fuels. The bests of this future
wior gy economy would be onergy eavup)exes uf two
types. large plants, located off ahore would pro-
dwae hydrogin and sleatifeity vith desalted wvater
ad a bypreduct, “saller plents, lecvailed inland
®aaY urlLan contoere, would predves primarily eleo-
trdediy anA hydrogea.

Ao adxedie! tan

Wevetefarn, we in Lthe U. A, have had an abun-
dene s ol nheap, naturally avourring snsray teurees,
and thrwugh the unabated vee of Yheae aourees, v
oo lind eurasives at vhat sowe eall an "onerpy
eriala®™, Upnun servuliny of the many prajections of
the oupply and domand of theae eneray aoureen, tve
oonsluaiona hosnme ovident:

1. e U. 0 demand for hydracarbon fuels,
patelonlerly natural geas, con only bo suppliod by
a0 Ovel (nrvsaning anmual f1me aoureea othe? thmm
OWt surtonl natwiolly aveurting oeurvea. Prajse:
tiome vty quentitatively, bt (0 (o gonerelly o
groed thet a majur fresiion of the demand vn‘ he
owppliod by wither anvecon within tone af yeare.

D). Pvemivaliy, the waild'e aupply ol aatw
solly mseniving sathen hoaed fuele -m ho do
totod, ainply horouee theee fusie sve weed meh
Lﬂﬂ than thay ate toplased by matutel prme
00000 Mraingruthet i and anastabis asdhade of
urtbﬂﬂq tasel) fusle hinm LB, ate hoing on
tud. bt an @dthed hae pet Moo praven feeet

io shat sould algniliseat iy slnes e gop Molveen

S Wb porfuramd undes tun suapisss o) Vhe W0
Mepis tnss gy Yuemd st ion

the fractions of a second to burn carton and the
rillions of years to naturally reduce the combustion
product, CO3, to a usable fuel. Of coursas, 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 is imperative that

a8 substitute be found for carbon=-based fuels.

The wmoet important observation of the projec-
tions is that the coet of pricary fossil fuele
oust inarease because the deficit between demand
and nroduction can only be supplied by either im-
porting natural gas and crude oil, discovering oew
natural reservee of these fuele, cr synthesising
these fuels from the more abundant natural reserve
of coal, Wea wiil assume that import Juele 1o
unacceptable 4in the long run tecause of national
security fmplicatione and the resuvlting defiait
balanca of payments, and that discovering aev re-
serves marely extends the time before fmportatien
or synthesination becomes significant. Therefere
we vill aseume that synthesiniig [vele frem ceal
will bde negsseary il we are to aentinue sur sarbom-
based fusl eeonemy.

Becauss the ratis cf hydregen atons ¢ earbom
atoms fin eval (o aduut one, synthetie sudbstituted
for naturel pas and evrude ofl made frem eeal ve-
quive a eoures of hydrogen. TFor synthotie erude
oll a sinfoun of one entire hydregen atom {0 eeded
o fara the straight:ehaln uu(emnd Aydroeathom,

(] v ond for methane ). the primeipal
f‘..m.t..n of naturel §as, at ldast Ahree emite
hydrogon atots arte needed.

™etelore, ¢ toehnically and ssomnical
fessidlie mane of pradueing \c.nm MM un-
ful for spntheeitning hnrml le,
fopertently c“ono botter (oW vul.‘ onet gy
nesde em et oed tusls, ™ swpply ol Wy
Cregon (o vittually valieited (n the fomm of o8
walte? and (¢ ocouentinlly m:mu 00 WA vapor
wpon combuetion. ™o eviteh to hpdregen for emerny
noedo vanuld rotutc the cothon oteod to (d0 asture!l
tele (n the bislegical Life aprie o0d weu'd e
tor ¢he uee of the vemaining ouwpply of v otl fuele
oo foedeterh 10 the onpowi lag organie ohonies!
taduety.
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rapidly. Purthermore, with the developmant of the
breeder reactor, nuclear fuel coets wvill etabilize
because of the vast supply of natural uranius.

Whether hydrogen is used for hydrocarbon fuel
synthesis or as a fuul itself, large production
facilities will ba needed because of the large
quantities demanded along with the economic factors
favoring large produstion plants. Por efficient
dissociation of hydrogen from water, a high-temp-
erature anergy eource vill be needed. With further
develcppent of the high-temperature ga.-cooled re-
sctor (HTGR) as & primary nuclear energy source,

& planc 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]l and
natural gae fuels eventually will exhauet the sup-~
ply until their usa as ordinary fuels becomes in-
feasible. As this happens the large scale use of
the world'o cosl resourcs, of rshich the U.8. has &
particularly pleatiful supply, vill become increas-
ingly important. Major air pollution resulting
from the use of this coal can be avoided by eolvent
refiring, liquefaction, or gasifieation of the coal
te produce aynthetic, clean premiva fuel subeti-
tutes. Newuver, laad despoilacion reeulting frem
the surface mining and ash residue of thie eesl
vill airfgate increasingly against large scale use,
particularly as the mere eholee ssneentrations are
ol .avste’ and taimmer vOine and peever grades are
apletlted. Thie will lead te a mere eonaerted of-
fovt to make off{iaient use of the seal, whieh fo
WV nly 8 Very seqondary considerating, and &
the ssareh for aev, aubstitute fuels. Thie (le-
twre 18 put 1iate perespective fa Table I i whieh
tha U. 8. reserve, lneluding Alacha, 10 1ltoted fiv
vartieus fuele aleng with r,ojnnd U.8. enwigy to=
quiremonts. The renges Al values givea for ¢
oll and pas 2e00utes vefleet veal ymeortointiee
that ontet 00 10 Phe Getual drmootie reosturee (8
aneotdants vith varieus predictions vhieh have
boom nade. The renge 51 velues Ler seal reflest
the ateestibiliny and thue the o000t of this rela-
tively well mapped restures. The lower value per-
telns 1o presantly hnowva formations of coaparedle
thiohness awd depih te 1hate presently belag ained.
™ larger value relleqtn total rematatng ve-
Couleed 10 & doPpth of G000 (1 ond Lo elearly at
odtuelly recovereblies. The reage of walves nm
for wrenlvm tefloet o veriattion o price of ¥
frem $L0/10 te 1M0/10. Vrent@ rederves ove
wvell hnown oad 12000 001100100 e predadly
olnlatie:. T™eriue 1everved o0 leee erltieel then
TR IVD 000t Ve 00d 0P thereleore not lloted,

e oountiag (atenes presoute of the V. 0. onev
1ea will reovit Lo the diceovery ond uuu-
Eov ("1 ou of the oll oad gao teoerved
toh the lldnﬂwnmd tor maey

v 0 aajer onotgy delleit (0 laevi-
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correct, and by 2000 if *‘«e higher resource esti-
mates are correct. The tation vill look increas-
ingly to coal and nuclesar energy to correct this
deficit. These will supply energy primeriiy to

generate electrical power vhile the oil and gas will

be used primarily for heating industrial «nd trane-
portaticn uses. The msjor prodblem to avpear ia the
1990-2000 time period vill be the fect that ele:-
tricity cannot readily be substituted for these
latrer necde due to reasons of practicality and
cosu. Production of aynthrti. fuele froe coal will
receive great eaphasis, hovever thie is awvkward

and inefficient as discussed previocusly and requires

massive supplies of hydrogen. A method of produc-
ing a substitute fuel using a nuclear hest source
1o desired to vugment production of synthetic fuels
frem coel during the 1990~2000 tremnsition period
and ultimately as a source of neatly all moo-elec~-
trical enargy. If this subetiture fuel 1is hydrogea
then it can eserve multiple functicns - as a primsry
fuel, as o chemical feedotock for efficient eocal
liquefaction and pseification, smmenis preduction,
metal eve reduction, and ultimately as am efficieat
seurae of electriaity using fuel cells. The hy-
drogen 1itee)( 19 not an energy reseures, but rather
a particularly ceavemiont iatermedisce medi' s for
stering and transporting enevgy. The emergy re-
seurees 1o nuclear fuel.

Iakls 1
0.8, Demestie Energy Neods and Iouunuu)

(1903=2000) 21720

(2009=-2020) 4430
o1l (1970) 1. 30-1300
Naturel gao (1970) 070-1%3
Ceal (1970), tetel 3000- 04400

I vitllsstion, preatwa
velae %000

Oraatue (19170)

LMR, WTOR; ¥4 reeyele® 10426200
Tast buﬂuo. (/3 of twel
beraned) 33600~ 100000
bais T,
He » 107 Rw/ib v,0,

“1o0e 1 10! M/t vy,

alese cuvbetentiol (neressee L0 wienlva ro=
e 00 AP0 4 (0e0vered Lhen vomn rellonee o4 Vreed
o0 1a0etore nill Ve doelred 1o eveid the areedtiw
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generarte hydrogen then application of the same
technigues with fusion ensrgy should be streight-
forvard. Fowever the U.5. should not rgly on de-
valopment of a fueion source enargy, due to the
present uncertainty as to even the basic feseibil-
ity of the technology. Development of other energy
resources, notably solar and geothermal, is not
11ikely to change the predicted scenario appreciably
since thase are envisioned as generally local and
specialized in application and small {n total out-
pu: coupared to the total energy demand.

L s Comblued Miclaas
Metheds of Kvirpaco Predustion

Unfortunately, the only prexent mesns of com~
uet. lally producing hydrogen im the U.S. 1s by
stead reforming of methane from natural gas or
pertial eridatien of crude oil. MHydrogea 1is slon
predused by electrelytic decomposition of water,
but the higher eoet ¢f this methed rastricts thia
suthed te areas sueh ap in Canada apnd Norwvay, vhere
eslestrisity ie nheap and there is no natural gae
soutee. The tetal hydrogen pruduation for asmonia
and refined petrelaum sreduc.a consumes about one
peteont of the matural gas preduced ae an emeryy
{1

Obvisuely we camnet afford te preduce kydregen
fren mathane efither for a primary fuel or te make
syuthetic fusls frem sorl. Thevefers, at tha pre-
oont time, the Jnly comrresal method available fe
the elestrelysis of water.

Besause the smergy coot of preducing hydregen
» eclesttrviysis 1o determined ia part by the eoet
of eleatriainy, the energy eool of electrelytie
hydvogen will always be higher tham :hat of eles-
trieity. Thevelfore, presummiag that veonenies
vill eontine to govera the eholee of primary
fuels, hydregon preduvesd by eleetrolysis vill met

lont fessil fueie (or veed te preduee dyathatioc
fuels) ao leag as 1t is caononmie to vee feseil
feele to preduec oleetriedty. But, as stated pre-
viewsly, nuclear fuel fo nev competitive vith
fesetl ‘ulo fer praduaing electrielty aml mvelear
ivel o vill bo (mareseing while fessil fvel
wage vill desline during the future grewth vl the
oleetrie v faduatry. (lowvever, the major frae-
tlon of the produstion coet of eleatrtalny Lo Is
the plant capital eoot, 0o that evan if the auelear
fuel coat wars aete, (0o eoit of elactirieiny veuld
sl be nhuwl h h. Por entuple, the eap!-
tal o0t ror ‘e muelear pover planne
6o -150¢/ T (l nll ), compared with, o.3.
00e/10° Baw, high foosil fuel ceate for teday.
Sevavee the capital eoat of oleetrelyein plante
te velatively lov, -30-400/10° Dau, the hydregen
ptedwt lon cort would non‘:“uruy depend wpon
he cont of oloumuL efore, the eont of
oymidet (¢ fueln veuld have 1o appronisately triple
belfure hydregen prudused by eleetralyele weuld
oo conpot (tive ae o fuel,

Clearly, ¢ wev weithed for predus ing hydregen
fron vator met Yo found Ve vedues the hydregen
predwtion ¢ost. The m! .uht as\hed wur-
ot iy dev eonaldoretion {e thermnehon-
lonl procens whers the merhy 0 eopartais hdregen

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

MOy + H,0 » MOy, + Hy Q)

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:

net 2
a® T2

vhere AK° and 4G° are reapectively the heat and
work for the dissociation of water at standard tem-
persture (250C) end pressure (i1 atm) and Ty and T
ars reepectively the temperatures of eteps (1) uz
(2). VYor water this relation becomse

ne 1,2 (T3-T))/%2., therefore the maximums thermal
o!!l.otmy ie 20! higher than the carnot efficicmey
of s haat engine cycle at the same source and eink
temperatures. To approach this efficiency the
sctual work (or free energy) for esch etep should
be wminimized, and the *otel work should be near
seve. DBecause AG = )% - TAS (where AS = entropy
chanee), thess conditions may ba approached if the
etep (1) entropy change 1s negative and the reac-
tion excthermic ot T), and, correspondingly, at
otep (1) tha entropy change ie positive and tha re-
actiocn endothermic at Tj.

Several precestes hev: been studied at Aachen
Univeraity in West Germany, at the Retablishment of
Ispta, Buratom C.C.R. in Italy, and at General
Electric, Oulf General Atomic lInstitute of Gae
Teshaelogy, and Los Alamos Scientific Lshoratory
in the U.8. The proeess receiving the most study
e Ihuluui'o Mark 1 eycle at the Establishment

of Topra.(2) Thie cycle 1o chevacterised by the
foilowing set of resctions.
Ol.l'. + ’.,0 - Cl(ﬂ)’ + e (1000 R)
Ng + INOr = Nghr, + W, (320 k)
‘.' + C.M)"‘ Cl.l‘z + Igo + I'O (470 1)
Mo + Mg + 1/2 0 (870 &)

Marehett! alaime ¢ sherual officieney »nf .33, al-
though Lhin elein 1o dieputed by others. There
are hewvever three undisputed dravbashs te thie
eyalet (1) the chemicals are highly serresive,
vhieh vill mahe the precess eyuipaent enpensive)
(2) shere 1o a large amsunt of maturiale etfrev-
lated per unit of predvit| and (J) the vee of
lnr qQuantities of sereury Latrnduces a petential
eley hasard (n cone of leale 0.

Othet eyelen .mnll{ have mere than twe esiepa
ued ales tavelve the hanvling of corvesive matert-
ale ough o Cly o7 NCl, Theae eyclee eperate at
*ANieue teaperituree (n the range of | te 1300 R
and have *hourettieal efftefoncies in the range of
0.20 ve 0.70. An yotr, nene of theae syeles, iIn-
eluding the Mark }, have hesn praven smperinentelly
oven 4t Lhe hensh=peale.

WVithin o dovade hath ayniteiie natural pae
(ONG) end aynthotic cruds wil (Aynerude) eould he



producad from coal on a comercial scale at such a
rate to eupply a minor (but significant) fraction
of the total demand for natural gas and refinery
feedstock, provided current methods under develop-
meat Jeceive continued support. Today, soma of
these processes fur SNG 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 CHg for SNG or the higher
hydrocarbons (> Cg) Zor Syncrude, and all of these
processes usr the wvater gas reaction (C + H,0 ~»
H2 + CO) as a basis for producing this hydrogeu.
For methane production the reaction chain is:

0+ 2!20 + 2H, + 200 (vater gas reaction)
o+ lzo - Hz + C:O2 (vater gas shift)
co + !Iz - CH‘ + nzo {methanation)

vith a nat reaction of:

¢ + zuzo - CH‘ + 002
Therefore, for every wmolecule of methane produce.,
two atoms of carbon are conmumed and a molecule of
CO3 10 produced as a useless by-product. Thie
implies that 1if the natural gas supply is sup-
planted by producing SNG via these processss, the
carbon source (in coal) will be consumed twice as
fast than the carbon source in natural gas. Acgtu-
ally, for most coal jasification schemes, the en-
exrgy required for the endotharmic weter gas re-
action 1is aleo supplied by burning cosl, resulting
in even more ccal (Vv Y0X) consumed as feedetock.

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

Ths other major stepe, wvhich are common in
verying degrees to all processes, avte ceal prep-
aration and rav gas upgrading. Ceal preparation
ineludes sine reduction and pretrestusnt. Rav gae
upgrading tnoludes the water gas shift, acid gas
(COg and NHy8) removal, and methanation staps. The
find)l predus\ from rav gas upgrading sontaine > ¢
g:’ and has a higher heating value of 900-1000 dau/

Bevever,if an enternal seurde of hydrogen vere
available, the serbon {n eael sould bde hydrogenated
divestly, at least theoretically, te any hydrecar-
bon desired witheut wasting earbden in predueing
00q. Purthermure, oanlﬂnnt eovinga {n the eap-
llll enst lor ONO predustion sheuld be peeaidle by
daereaning velume threughput in the gasifler and
seld pae rommve!l ayeten, slininating the ehife re-
aeter, and doernasing the sethanstien requirement
to the Q0 level predueed frem the beund ewygen (n
the coal foedntoch, Thermnl baleneed ave alse wwve
foverable for diveet hydregasification. Theve ave
% ondothoraie hoat vesstions. The Celily + ONy

reaction is exothermic, producing V37% of the heat
production in a methanation step. Although an ex-
othermic reaction within a fluidized bed may intro-
duce tamparature control problems, it may be possi-
ble to “balance' the heat by injection of ¢ mate-
rial thet will cause an endothermic reaction, e.g.,
a small amount of uzo. If water im used, the pro-
duct CO could be “mathanated" in the same manner as
in the “convintional® SNGC production methods.

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

A process scheme that msy be feasible using
direct hydro-gasification is outlined im Pig. 1,
this s Cce80 uses the technology developed for the
corn(7) and HYGAS processes that have been support-
ed by the Office of Coal Research.
of this scheme are as follows:

The advantages

« By ueing the multistaga pyrolysis procese
prior to hydrogasification, highly volatile hydro-
carbone bound in the coal feedacock are produced

88 well as a valuabla refinary feedstock by hydro-
treating of the avolved coal tare. Z2leso the da-
eign of the hydrogasifier 1is esseutially indepent-
ent .f the gradu of coal feedstock be~vuse of the
devolatilisacion during pyrolyeie, L.e., the carbon
aontent of the char feed to the hydrogasifier ie
higher and should be more uniform than that in the
coal feed und such problems aas agglomeration ia
fluidised-beds vould not apply in the hydrogesifier.

3. With enly exothermic reactions ia the gre-
i1ficaction and purificatiom process, wore flexibil’ty
existe for heat and process stream utilisatien. Por
enauple, the utilisation of hese ia hydrogasifice-
tion etagea Yocowes a variadle rather thas a re-
quiremsnt. As mentiones previously, poesibly wates
redycled frem the methanatar ceuld be injearted to
proevide ¢ 10t heat of rea.tion of aear serv. My-
dregasificacion ceuld de fategrated face the pyr-
elyois stages to provide hast and hydrecarben for-
aation. The ecarbon eontent of char frem the hydre-
gesifier Lo vartable. Carben depletead ehar eould
be "firad" by hydregen et air te :m\no ceat for
eonvereion inte eleatrieity for plant eleetrical
pover tequiremsntes. 1he amdunt of msthanattien be-
eomee variable - Irem the amsuat required te eon-
vert the CO predueed as tha result of btound euypes
in the eoal feedsteah o omunt depending on
the econonies of oin et tion and steam=pgae-
{fleation vith 8 reayele predens waler stresa.

3. Predadly the meet Lapurient advaatage fo
that the requated teehnolegy doevelepmsnt for hpdre~
paeiflcation Lo moL very extonaive for seeond gon-
svallon ceal prallication prece.ces, parilevularly
{f the CORD and NYCAD precceses ore selodted lov
fivet gemeration plante. Presuning that hydreger
:nduum eoets vill remain tee high fo~ direst
ydvagasilication 1o saonsmically o o In the
lerenceable future, direet hydropaaification wouid
only ba (eaoible for seaond generation precestes
enpvay, 00 thete 1o mere time for a ressonsbdie pro-
gred for developaont of hpdvegen predunt ion teeh

aelegy.
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Soat of Rvdresen

As previously stated, the high cost of elec-
tricity makes the use of electrolytic hydrogean as
a8 energy sourca economically unattractive. This
s further emphasised in Tig. 2, where the sensi-
tivicy of hydrigon coat to elestricity coet is il-
lustratod. Thees coats include the electriacity
Gest, hydvogun p.ant capital cost, send the effect
of aleatrical teo hydrogen energy conversion ef-
fieieney (n). The plant eapital cost is based on
@ plant ecapaaity of 100 cnv/day with a plant ser-
viee festor of 90X and is factored into produation
eo8t at & fined annual capital eharge of 14X.
Novever, for thermochemical hydrogen produation
the elestriaity eost xould be replaced by the
auslear heat eoot, vhieh will be a mimer fraestion
of the elestrieisy ecet. PTor eemparioon with
elestreiytie hydrogen acstse, the thermechemical
hydregen eosts ever a 1ihely vange of nuslear heat
00080 and based on the seme eapital ecsts as theee
fer oleatrelyato are shown ia Pig. ). Altheugh
thaen eoete may seen Mtb eonpared to current fee-
o4l fuel anete, prejections of future esete, liot-
od (n Table 11, tndicated thet vithin apprenimate~
‘l’: 20 ‘:.hnl on 000tn eould beaonme aompetitive

th thooe of fesotl (uels 1 feseil fuel coete
taeresase 4t an onpected rate of 4R,

360———1~

340

Caat of Hydrogen (¢ /10°Biu)

Ha plant capitol

cost (10°8) ot
Mg plant copital coet ]
’(10°.) otnel0
200 -
1

‘g, 2.

o R B S R B

Cont of Eloctrielty (mills/kWh)

Cost of producing elactrolytic hydrogen as
a function of electricity cost, hyutogen
plant capital cost, end the electrical to
hydrogen enerpy efficiency.

reg. ).

tﬂu&.‘w Hoe! Ooet (¢/10° D)

Coot of predueing thermechemical hydregen
as & tuma2ien of nnelear heat cost, hy-
drogen plant eapital eost, and thermal
eonveraion aflieieney.



TABLE II
Projection of Epergy Production Costs (§/106Btg)

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

a &adjusted after deregulation

— 1980

U-238

205kg/D] ﬂp‘“”

6

Electric power
e

BREEDER STEAM
REACTORS :D POWER

(7140 MW)

‘ PLANTS! Wast
7850 M £04 ﬁ>
(17830 Mw " * 94 oo Mw)

Po:r production of SNG by direct hydrogasifica-
tion o be compatitive with SNG produced by the
water gas process, the hydrugen cost is afforded by

——=savings from reduced coal constmption and savinys

=—in SNG plant cost. Such an estimate of hydrogen
cost Le ehown in Fig. 4 with a Wyc.ing subbitumi-
nous B 8“1 (HHV = 9420 Btu/lb) as feedstock for a
250(10)° SCF/day plant. Assuming a plant capital
cost savinga of 33X, the competitive hydrogen cost
wvould be ~120¢/10°Btu for the projected western
coal cosz in 1995 and an estimated capjtal cost of
300 (10)° $ for ‘'conventional’ 250(i0)° SCF/day
gasiflication plant.

K '!16' *’ B 410 50

Coal Coot {4/10° Biy)

! o0 _'ZT::::/ -
" Savings (|?an ;tol .
N\ cost ! -
3 v w\o‘\\o\

ZIUQ-E:ISD | Flsslon products

Th-232 102 kg/D
skare - Hydrogen .
| 16760 T/D (25000 MW)
U233 24 |i; HYDROGEN Oxygen
[: HTGR'S &’%2{) PLANTS | 1.34010)57/0

(71420 MW) ne O7 scm
] 8
| 1.5110)° 770
(35720 MW) (10700 Mw) .

AJOISTILLATION

V' 1(3690 MW)

Polable water

DESALTING .. 26007 /D
PLANT® (3.04x10%gal/D)
(17660 MW) . 0.9 p-Yaste
24870 Mw

€lectric power
—

‘Seawater {(T860 MW)
128 (10 T/D

Fig. 5. Large off-ghore energy complex.

Becauss controlled thermonuclear energy has not
yat been proven ecientifically feasible, we /1ill
aooune the primary erargy source is auclesur fis-

Mg, &, Hydrogen ,roduction cost for competitive
SNG production by Jdirect hydiogasification

—Although the foregoiny cost sstimates and pro-
Jecticne are sowavhat spenulative, they do indicate
& redsonsble poseibility chat hydrogen cowts could
beccme compatitive within approximately 20 yeara,
vhich 19 a reasonable *ime to develop the technol-
ogy for a thermocheatcul hydrogen production pro-
cies.

Xhe Enexay Productier. Complex

For future snergy needs we will aasume ipa: by
—the year 2020 the 1.8, demand vil) be 3(10) 7 Beu/yr
acrveaponding to # capacity of (10)/MW and that
one=half of this demand is for ¢lectricity and one-
half e for hydrugen ae a transportable fuel. Ve
will further asmsuce that it will become euonomie
to produce o fraction of the demand in large planta
ledated off-shore along with production of Jesalted
vater from wante heat. Recauss approximately ene-
half of the U. 8, papulation restdes within 100
miles of the countline, this fraction could be
oupplied vith 100 planta (lecalad 39 milew spart
on the average) each producing 3(10)4MW an shewn
tn Pig. 3.

sion, To obtain & maxiaur of high-temperature
energy, & combined fast brzggor and thermal con-
verter nuclear heat supply ie veed, With a
four to ona ratio of convertare (HTGR's) to braed-
ers and a converuion ratio of 0.8 1in the IITCR, the
nuclear system will be self-gsustaining with a
Th=232 to U-238 feed ratio of four 1f the faet
breeder plutonium braeedirg ratio is 1.0, supplying
PU-239 only for iteelf and eufficient U=-23)3 to
sustain the HTOR'e. Because of the high tempera-
ture, the eignificant advantaga of the HTOR fie
that the rejecuion temperatures of the hydrogen
and gue turbine plants can be high enough for
water dessliniaacion without drastically reducing
the conversion effiuiencien of hydrogen end eslec-
tricity produation. Aassuming that HTGR fuels can
be developed to produce gae temperaturea up to
~1400 K (2000°F),the gas turdine plant efticisncy
could be 0.9 (et 23/) of Carnnt) with a heat re-
jection temperaturs of 367k (200°F) and the hydre-
gen plant offlaiency could be 0.7 (at 0.9 ot theo-
retfcal) with a heat rejection temperature of 430K
(ys0°r),

In eddivien to the required demand for hpdro=

n and oﬁcclrlclx‘. theae plante(based on a pre-

vatien 14 10/10"0tu for a multi~effeet ovapera-
tien plant weuld supply 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
vff-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. Hecause the hydrogen and gas
turbine plant rejection temperatures can be rela-
tively high, the major fraction of waste lLeat can
be used te produce low-pressure process eteca for
residential heating and other industrial purposes.

IV, Hydrogern 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. Hydrogen becomas important
not a8 a primary energy source but rather only as
an energy transfer mechanism, Indeed in some in-
etances the use of hydrogen may impose additional
source energy requiremonts, e.g., liquefaction
energy. Obviously in a broadly besed "hydrogen
economy" the portable or transportable hydrogen
fuel may be needed in either the gaseoue or liquid
formn or in the form of a metallic hydride.

Hydrogen gae supplied by pipeline can directly
replace natural gae in almoet all industiial ard
residentisl heating uses. Although extra energy
convereions should be avoided, hydrogen ::ould in
epecial cases aleo be used to generate electricity
by seans of fuel cells. The distribution of hy=-
drogen gae !3 pipeline ie both feasible and may be
qaononioal< >. In propoeing such an ensrgy die-
tribution eyetem one must consider the lowar energy
denaity of gydrogon (323 Meu/fe” compared to
1000 Meu/fe? for natural gas) as wall as ite com=
pensating lower density and viecosity. The cow=
bination of thesa factors resulte in the poseibil-
ity of ueing existing naturel gas pipelines for tha
distribution of hydrogen gas. However this use of
enisting natural gas pipelines will require consid-
svtetion of material suitability and exiating leak-
ege. Appliances (jet eine) will aleo have to be
eonverted to hydrogen use., None uof these tashe 1o
fneurmountable. Many V.08, citfer used town-gas
erergy oystems (ocontaining up to 30X hydrogen) de-
fere .??8""“' to their present natural gas
eystemn'iV}),  Since mueh of the objeetion to hydre-
ger Lo based on safety it (o of (nterest te neta
that the eity of Barcelona han halted (te sonver-
sien to natural gas {rom towm-gas due te tt["'
predblema eneo'ntored vith the natural gas « An
taduatrial ptpeline syntem nev dintributes hydre-

* aaa over & netverk seme 130 alles leng in
raany(12),

Among the advantages of a hydrogen gas encrgy
distribution system is its excellent energy atorage
capability. This would be especially valuable for
a 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-die the absance of carbcn monoxide (no
venting requiid) 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 e)ergy 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 nonpolluting on numerous occa-
sions(13,14,15), Fuel storsge methods to be con=-
sidered are gaseous hydrogen (GH,* at high pres-
sure, liquid hydrogen (LY,) and metallic hydridee.
For air transportation us%ng hydrogen, LH; ie an
obvious choice. 7Thie is probably aleo true for
railroad and fleat vehicle 7peration. For priv-
ately operated automobiles the use of Lil, is usu-
ally coneideraed to be unsuitsble either because of
safety or because of exhorbitunt losses due to
boiloft, flashing etc. Howeve-, this conclusion ie
too haetily drawn and the methud of fuel storage
for automobiles 1is too important to allow the ad-
vantage of LH; to ba so easily dismissed.

Storage of fuel as GH; does not appear at all
attractive from the etandpoint of tankage weight
and volume., Whils metallic hydrides may prove to
be the moet attractive method for fuel storage
they muet still be Jemonetrated to be feasible frecm
the standpoint of repeated regensration, tankage
cost and safety.

A preliminary invastigation of the uee of LH,
for fuel etorage for automobiles has indicated
that its ues ie not aes dangerous or wasteful as
commonly believed(16), It {e true that by zesum
ing wcrst cases for all poseible lceses, a lose of
14X of tctal usage results. Howaver, wore in-
telligent operation can result in a coneidaradle
reduction of this loes and furthermore almoet all
hydrogen losses can be recovared as a gas for al-
ternate uses. For exampla, the sbove mentioned
total loee includes the boiloff loss from continu=
ous ventiug from 109 automobiles which accounts
for over six of the 14X, Howaver, a 30 gallon tank
wvith a 1% per day boiloff lose can be cloeed u!f
for approximately one week before roaoht?! sho
pressurs whers venting would be required (18),
Under these circumstances only 4 small fraetion of
this .08a would ever be reslised,

The LNy tank required for an sutemebile 1o al-
ready close to present day state~ef-the=avt, Wigh
surrent predugtien techniques a 30 gallen dewver
tank with a 1X per day bdellofl less and sulfletent-
l{ rugged to vithetand sest selliolons weuld pred~
ably cest abour 01500, Wewvever, applicattien of
8a0e proeductiion teehniques would lowver the cot
drao‘*”lly. (Batimutes on lov 00 $150 have been
aade ')

Distridution and vofueling avieomebdilen with
Litg ara the avesa mest (n need of stuiy and don-
u'auuon at thie time. Current teehniquee for



service station storage £nd over-the-road bull
transport are already satisfactory. However, tech-
niques for purging and efficient transfer to the
use vehicle must be developed., Wnhile the service
station could look much like today’'s station it is
not yet established whether the automobile tank
should be refilled in glace cr exchanged for a more
controlled refiliing(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 1016Btu), To provide the hydrogen
equivalenc via electrolysis starting with a chermal
cntggy source would then require approximately 3 x
10*YBtu. 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 irequir-
ment 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?!sgg
fuel savinge af up to 50X have been reported .
However further modification to automobiles to de~-
crease fuel consumption will aiso be necessary.

The 1968 productionr of g;?rogan in the U.8. a~-
mountad to 2,28 x 1012 net(19), 1o replace tho
1011 gallone of gasoline used in 1972 would re-
quire approximately 15 times thie hydrogen produc-
tion. The maximum Lk produecion that once exiet~
ed 4in the U.S, wae 1.3 x 10° gal/yr. Thue to rc-
place 1972 gasoline usage wita LH, would require a
1600 fold inciewsso in liquefaction capability.

Switchover to a hydrogen powered tranepertation
systeu would ba accomplished without major diwrup-
tion{16), A dual-purpowe fuel engi-s operating on
either hydrogen or gaaoline could be ueed as hydro~-
gen dietribution je introdu:ed. In thia wanner
clties vhera poll-tion problems are worst could be
eonverted firet., Over u period of ten yeare an ad-
equate distribution eystem could be built. 3uch a
LN, system would require (fox fuel coneumptica at
the 1972 level) 137 GH, oroduction faciliriea (e.3.,
eleatrolysis plants eadh 73 con/h), 800 liquetica-
tion facilities (300 tone/day each), 300,000 ser~
vice stations and 20,000 bulk transport trailera.
The ‘!i’l cost has Leen estimated at §1)) bil-
1ion « While thie cost is great, it should bde
conpared to a National Petroleum Council forecast
of $110 bil)iun expinditure over the nont 6; years
for exploration, ecapital equipment, ete.'9),

The cost of the LH, fual s, of courde, Very
speculative. It has béen estimaced that given a
production and diotridution ayatem, prsaent tech-
otques eould allov operetion uf an automobile at
20 mete than 06X eoet (narease. MNewever, without a
hydrecarbon osoures for produeing hydrvegen thie
price would depend on the ulttimate priae of asuree
energy, laoed W oi‘,’ry’o satimate of apprenti-
sately 03.00/10%hv for eleetrvelytie hydvepsn,
fuel eparsting conte of ctpronlnnlolz Ye/utle
(1=-1/1 “’lo vesent ganeline eont) han deen pre-
dinnad(9), ‘uvcvot. for a thermasheatual hydre-
gen enst of ~01.50/100Mu (Pia. A), the fusl eper-
oting eont eould bo raduwead te §.%¢/mile.

In the operation of an automobile with hydrogen
(and certainly LH,) safety is #n important consider-
ation, Certainly much more detajled study is re-
quired to result in the best possible systems for
purging, venting, dispcsal, etc., However, prel:mi-
nary studies indicate LH; can be safely produced,
transported, stored, and vented (18)., Considering
the previous 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 automotive transportation

system,

In conclusion it is submitted that hydrogen

seens to offer the most efficient and leust dis-
ruptive automotive fuel system alternate to gasoline
Liquid hydrogen is a possible fuel storage alter-

nate,
source requirements,

Such a system will he wore costly ian energy
Some advantages may be gained

from use of the refrigeration in the LH; a.g., gen-
eration of 0, cnrich oxidiger from afr.
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