
LA4JR ‘73-049

(’106
(
k,

TITLE: ~ COKAINEDNUCLEARANDHYDIWXNENERGYECONOMY-
LONGTERMSOLUTIONTO THEWORLD’S ENERGYPROBLEM

4

AUTHOR(8): L. & Booth, J. D. Dabmb ●nd F. J. Ed@okuty

SUBMITTED TO: CM Intmoohty Enor8y Conwroh iln@iomhg
Conftrmm, Phildalphia, PA, Augwt 1973.

\JaIamOS

Mum

About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov



A COKBINEDNUCLEAR AND HYDROGENENERCYECONOKY-
A LONG TERM SOLUTION TO THE WORLD’SENERGYPROBIEM*

L. A, llootl~, J. D. Btlcomb and F, J. EJ~akucy
Univ9r*ity of California

bD Mares Scientific Laboratory



cormcc, ●nd by 2~ if ‘ho higher raamrca ●oti-
mt@a ●r9 corract. W tAtim will look lncraaa-
WY to c-l ●ti mcl~r ●mmrgy to corr=t thiu
daticit. l%... will oupply ona~y primriiy co
~onmata .Iactriaal powor *I1o t-ha oil ●nd ~a.a will
ba ua9d pr-rily for Itutint itiwtrial 4nd tta~
portatian uaeo. Tha rnjor probl~ to ●oposr id tha

lWQ-201W tin period will h tha feet that ●lw-
triaity cannot r~lly b. aubatitutad for thaM
lac?or noodo dua to raaaoma of praatiaality and
seat. Production of ●yntheck fmlo fra a-l Mill
roc~ivo grost o+.Ms1o, Iw+ovar this f~ awktmrd
●nd ieoffiaiont so di.acuomd provieualy and roquir,s
maaolw aupplloo of hydro~. A ~tlwd of ptiuc.
in$ ● aubotituto fuel u.airq ● molar host aourao

ia daairad to dqmaac pradutiae of ●ynclmtia fwla
fra coal durin$ kha 1W2W0 trmitfm period
ad Ulthtdy ●s ● S-CO of n.aat’ly ●ll mo2M-
trlaal amoru, If this ●uhtituo fwl in hydrqm
than it aan a.m. mltlplo fwtlcaa - ●a ● prlmry
fuel, M ● chaiaal fwdotoak for ●ffiaionc ●8al
Iiqulafa.aticm ●d ~si.fia.ati.om, ~ prduati.ea,
Mtnl ●r. rdwtioa, d ultktoly ●. ●n ●ffiaicat
ammo ●f ●batriatty uoiq fwl 0011.. TM by-
dr~ itaolf i. mot ●n am.orgy ro~ao, but ratkr
● ~rt~~~rly Q.IRVmim imormoduca ndi” a for
otori~ ●d trm+ertl~ onaru, W aaor~ w
M’Wc@ io IlwlMr eudo
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from kmtor is in th. fwm of hut. Such ● chomicsl
cyc’ I coosimcs of ttm or mot. ●top., pramodiag in
prl~iplo ●s followo z
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Idod
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tbarul O.ffiCiOOCy Of tho ●bmfo CyCh is:
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producmd from coal on ● cmrcisl ●calo ●t such ●

rata to supply ● minor (but significant) fraction
@f tlto total duand for natural gos aid rgfinary
foadatock, providod currant mathods undm dwulop-
Wat mctivo cent inuad mpport. T-y, SOBO Of

tlwa procosaos f w SW and Syncrwh prduc tion ●rc
ba~ tactod on 8 piloL-p14nt scalo (up to 70 ton
coal/day) .

All of th~ “coal gasification” procassmc cur-
rantly u,’dor dowlopnnt rquiro hydretonation of
tho aoal to obtain ths Cii4 for WC or tha h~hsr
I!iydrocarboru (> C5) for Syncrudo, ●nd ●ll of thooa
proaasooa US? the water gso reaction (C + H20 +
Ha + CO) ●. ● btsis for producing this hydro$ou.
Por ~thano pmdmtion tho roactlon chain is;

2C + 21120+ 2H2 + 2@ (water gu ruction)

co+i$o +E12+C02 (uatar sao shift)

CO+ SJ12 * ~, + f120 (~t~mtion)

with ● not roaation ofs

2C+ 2U20* CW4+c02

Tharofor*, for ●vary molaauh of motham~ praduaw.
tuo ●tmo of a4rbon ●. ccmmnd ad ● mlocu19 of
C02 ia produaod ● s uoolass b)-praduat, This
4110c that if tha natural sao supplr is ●lp-
plaatd by produains MO via th~so proaaoooa, tho
urban oourao (*n aaal) will ba aonad twiur ●.

fast than tha mrbon oourca in natural $at. Aatu-

●llyg for -St aoal ~olfiaation ●ahaswc tho ●n-
aru rquirod for the ondothmmia wetor gao ra-
aotion ic S1OO supplied by burnx cool~ resulting
in m mra ad @ M%) aonod .s kdttoakt

All of RIMSO promsoaa hava ● ~aifia4t Son stop
what. thora ● ro difformaam in tha ~at$iaatioa ro-
aotar aonf!~wathn ●l tho ~thad of oupply~ng tha

mdothomia boot of tlth -cm -S rboation. Thor.
cm ●lao mjor diiformacs in tha ommt of diraat
wtkn~ praduakhn by mdh tahou,s aa prdmati~
(prlar to tha hjoation of ctoos) or hydro~m
auialmomt of thg warn. Tim raw WS produot frm
tha aaificr aontaino prlnuipolly CO Q i Ma with

!N1 ●1 quaetitiaa of CN4,q, n~s,Nq d Ill ●

r-action Is ●xotharmic, producin~ %37X of tha host
production in a mthanation stop, Although an ●x-
othotmic ruction within A fluidizod bad ~y intro-
duco tompratur. control problams, it -y b~ possi-
blo to “balanc~” tha haat by Injection of c mta-

rial that will cau~ an ●dothermic raaction, ..8. ,
● small •~unt of U20. If watar in usad, the pro-
duct CO could be “mathanatad” in the sam ~nnar ●

In tho “conventional” SNC production ~thoda.

App&rontLy, ●xparlmntal data on direct hydr~
gaaificacion la not am pravalant ●a data on ataam-
carbon gasification, ●lthoush somo labora ory-ocalm
data la availablo in tho opon litoratura. 13)(4)(5)
tiwvtr, in tho HYCASproc~aa (6) the ●tooa focal to
tho #asifiar ia hydrogan-rich, tharafora ●dditional
●pplicable data My cow from tha opmation of this
plant ●

A pr~aooo schema that my b. fooslblo using
direct hjdro-gasification is outlfnod in ?18. 1,
Arhio

!?
Co-o Ua~O tho touhnology dovolopod foe tha

COE3( ●ad R’WM8procoasos that hava boon .upport-
d by the Offiaa of Coal Raoaarch. Tlm advmtqu
of this sch.- ●ro ●s followl

. . 8y Uoiht tho Witistqa pyrolyoia proaooo
ptior to hydro~slficatiam, highly volatils hydro-
aarbmo bound in tho coal foodtcoak m. produmd
w -11 ●a ● Valuobla rofinary foodatoak by hydro-
troaR* 01 tk WOIW cool tara. }loo th~ da-
●isn of tho hydra~sifi.r i. ●aswtially indapoat -
-E .f the ~adu of aoal fcadwtiak bwwaa of tho
dovolatiligmion duriuu pyralyois, L, Q., tlta mrbon
aantant of tha ahar food to ghc hydro~oif~ar it
hi@wr ●nd dtould be mra umifom than that in the
C-1 food and wah problou 00 ●@onrmion in
flutdimt+ado WOdd not •ppl~ in tho hydto~oif$cf,
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TABLE II

Prolcction of Energy Production dosts( C/106Btu~

Mtural gae 30 60 131

Crud. oil 60 70 153

Uastcrn coal 15 20 44

!UW(from w9stcrn coal) .“ 100C 136

a ●djustad ●fter daragulation

i! 1980

?OX production of SNC by direct hydrogaaifica-
tion co ba compatitiva with SNG produced by the
w8tor gas procoas, the hydrogen cost ia afforded by

~avin@,s from roducad coal consumption and savings
-n SM plant cost, Such ●n ●stimute of hydrogen

cost :1s shown in Fig. 4 with ● Wycaing aubbitumi-
wu@ ‘B oal (lUIV = 9420 Btu/lb) ●m feedstock for a

8250(10) SCF/day plant. Assuming ● plnnt capital

2
cost uvinga of 3 %, th~ competitive hydroson coat
would bt -12OCI1O Btu for tha projectad Vcskarn
cool coo in 1995 ●nd ●n ●ati~tad c,np tal cost of

i i300 (10) $ for “convantioml” 250(]0) SCF/day
~ail!ication plant.

U-238
2-I npu-2~9

m I I
Electric pOUOr

6~E%ER STEAM ‘
REA~ORS POWER (7140MW)

PLANTS wQSte

(17050MWl
Y0”4. (10710 MW)

B I

i 1
U-233

HTyR’S

(71420MW)

I
(Io?oohd

(387NMW) I
II ] QD1971LLATDNI

II
GAS Pofoblo WOtOf

TURBINE OESALTING
POWER PLANTS
PL INT9 (171?6QMW)
q ●o,e

q ■ 0.9
L

1
-

I
~ I El@o_

$oodor (170SOMW)

Fig. 5. Large off-ahora ●nargy COUIPIQX.

Bocauaa controlled th.rmonuclur •~mgy hma not
yat boon provm ●ciantifically foaoibls, WQ‘Jill

ag. 4. llydrotan ~roductit,!) coat for compotitivs
8t#3 production by tfiroct hydtogastfira~ion



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

The only significant environmental impact of
such large complexes would be the large amount of
heat to reject. The majority of thie heat could
be stored in the desalted water (at a temperature
< - 125”F) for subsequent dissipation over a large
●rea by transportation, storage, and the irrigation
naeds. Part of the remaining fraction would be
rejected to the ocean and the remainder could be
rejectud to the atmosphere by air-cooling.

The other on~half of the ena: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 rajection
system ●nd the energy ratio of converters-to-
braodets would probably be decraased to approxi-
mtaly threo to on.. hacauso the hydrogen ●nd gae
turbine plant rejaction temparaturaa can ba rala-
tivaly high, tha major fraction of waatc },eat can
b. u-ad to produco low-pr~acure procass ●term for
r~aidantial heating ●nd other industrial purpotos.

Iv, Hydroge[l for En@rgy Distribution

AlM8t ●ll ●ttempts ●t ● long tam solution to
tha “onor~y crisis” Involva th@ use of hydrogm in
ona form or ●nothor. Hydro80n bacomas important
not am ● primary enargy courca but rather only am
●n energy transiar machanism, Indmd in soma in-
ctmc.. the uso of hydraaan may imposa additional
.ourc@ ●nmgy mquirmantoo ●.860 liquefaction
●narsy, Obviously in ● broadly Mscd “hydro~on
●aonomy” ths portabla or tranaportabla hydrogon
futl my bt ntaded An ●ithor tha ga-aouc or liquid
form or in tha fom of ● motallla hydrida.

Among the advantage of a hydrogen gas enargy
distribution system is its ●xcellent energy storage
c[ipability, This would be especially valuable for
a cyclical energy source such aa solar energy or
off-peak power from a constant power generating
statfono Advantages in the combustion of the hy-
drogen inclu<% the absgnce of carba~ monoxide (no
venting requik,?d) and the possibility of catalytic
oxidation at lLJ temperatures (perhaps as low ●s
1OO”C)(10).

Perhaps the u~et important contribut~,on of hy-
drogen to future e,lergy systems will lie in its usa
as a portable fuel in the field of transportation.
The successful operation of internal combustion
●ginoe has been darnnstrated to be both ●fficiant
and nearl non ollu?i~~ on n~moroua occa-

Iycions(13t 4015 . Fuel ●toruge ❑ethods to be con-
sidcrsd ●re gaseous hyd”ogen (GH2’ ●t high proa-
cura, liquid hydrogen (LM ) and matallic hydridoa,

tFor air transportation ub ng hydrogon, LH2 la an
obvious choice. Thie is probably also trua for
railroad ●nd float vchicl~ ~paration. For priv-
●tely oparatcd ●utomobiles ttm U-O of LH is usu-
●lly considar~d to b. untuitablc ●ithor 6 acauac of
saf~ty or bacauao of ●xhorbitunt 10SSOO dua LO
boilofi’, flashing ●te, Howova-, this conclusion la
tm haatily drawn and tho method of fual storago
for automobilaa is too important to ●now tha ad-
vantaga of LH2 to be to usily dimiaood.

Storaga of fuel ●s CH2 doos not ●ppmr ●t ●ll
●ttractive from tha standpoint of tanlqo wsight
●nd volume. ldhil~ matallic hydrl.das may prov~ ta

ba thg =at ●ttractiv~ m.thod for fuel otorasa
thay muot still b, d~onstrattwl to b. f~aaibla frcm
thm standpoint of ropaatod ragancration, tankasa
cost ●nd oafaty,

A preliminary invooti~tion of tho u.. of LE2
for fuel storasa for ●utomobilao haa Indicated
thut Ita unc i. not ●s dangarous or tmitoful ss
aomonly baliavod(ld). It la truo that by eoouw
ins worst USMO for ●ll pas~ibla le.eaa, ● lo.a of
14X of tctal uaago rwulto. H.owawr, m;. in-
tdli~ont oporation am romlt in ● aonsidgrabla
rodwtion of this 10M ●nd furthamra al-st all
hydrosm losoaa oan ba roaovarad aa ● ~o for ●l-
Cornata Uoaa. For cxa~lc, tho abovo Mntioned
total loco inaludos tha boiloff 1000 fra aontinw
out vanti~~ fr- l@ ●ueamabil~. whiah caaount.
dor over ●Lx o? th. 14X, Momvm, ● 30 @anon tank

with ● 1X par day boiloff 100C aan b~ alooad ~~f
for ●pproxiutdy ona uook bofor~ roaahl ha
pr~ocura dior, vmti~ would b. rc~uirod 1!4!

Under them airo~tanaoo only a nali fraatk ●f
@hio .ooa WUM ●vgr b~ roalid,



service etation storage end over-the-road bulk
transport are already satisfactory. Howevex, tech-
niques for purging and efficient transfer to the
use vehicle must be developed. Wile the service
station could look much like today’s station it is
not yet ●stablished whether the automobile tank
should be refilled in lace cr exchanged for a more

icontrolled refill,ing(l ).

Any attempt to examine the possibility of a ma-
jor modification to our present private transpor-
tation oyatem should also look at tha consequences
to the overall energy situation. Consumption of
gasoline in 19;J w s approximately 1011 gallcns

!?(approximately 101 Btu). To provide the hydrogen
aquivalenc via electrolysiia starting with a thermal
en gy source would then ?wquire approximately 3 x

!&10 Btu. If all the hydrogen is to be liquefied
●nd this addtcional energy must also come via elec-
tricity or inating from a tharmal source, approx-
imately 10 N ●dditional Btu ●re required. The re-
eult i. multiplication of the souace enersy tequir-
ment by

1 i!
ctor of three (for hydrosen) or four

(for LH~) 1 0 1%1s amount can be reduced consid-
●rably by tha more efficient burning of hydr ;
fu,l eavingo of up to 50%have been reported 1!9!

Eowover further modification to ●utomobiles to d;-
c?eaoe fusl conrnumption wIL1 aleo ba necessary.

Tho 1968 productio~: of
!3$

rogan in th~ U,S. ●-
mounted to 2.28 x 10~~ ncf( . To rcplaco tl~a
1011 gallons of Uasollne used in 1972 would rc-

quiro ●pproximately 15 times thie hydto8en protluc-
tion. TIM mexlmum LH prod ction that onto axlot-

4 in the U.S. wae 1,? x 10U @/yrO TM. to rc-
placa 1972 gaeolina uea$a with LH2 would require a
1600 fold incksamo In liquefaction capability.

Swttehcmr t~ ● hydro$~n powared trmapertation
~ysteu would bs accomplished without major diarup-
thn(l~)~ A duaA-pUrpem fual •~si-ie oporattn8 on
●ithu hydrotm or ~solin~ could b. uasd ●s hydro-
8cn distribution ie Introdu:ad. In this mermer
oitiat whom poll”~tion problom@atQ worst awld b.
aammtod flrct, Over m period of ton yaars ●n ●d-
oquatc distribution ~yetemaould b. buil~. 8uoh ●

L112#yst@a would r,qu~rs (fot fuel oonmmptk ●t
tha 1972 lovd) 137 OH oraduot~on faailt~ioa (Q,#~O
.Ioatrolycis planta ●a$h 73 &on/h)9 800 liquafiaa-
tk faoii$tiw (300 tone/day eaah), 3000000 oor-
viaa atakion. ml 200000 bulk tranaport traihre,
The

w
1 aoat has lmn cotmatad ~t :133 b4l-

Wn . WM1. this aost to Qrmt, it ahoutd b~
a

3
md to a lktiona; Potrohm Counaii toromt

of 110 billfm .xptndttur@ ovtr tho MM
iabj y

ea ro
r.r mplorattofi, aapital ●quipment, ●tac ~

no 400C Of th. LN fuel to, @f aOUWi90 V@r~
●poouheho It hoc don ●,ttMCad that aiVOti a

waduoc$on ●nd diotrlbut~on ●yatmo pmme tmh-
dqwo oodd allow opa?athn of on ●omobtl. ●t
9090M tlm 40s Qoat tnQroaoot N8wovor$ Utthout a
hydrowbm ammo for prodwlfin hydr~am Qhlo
wtQOW\d dOPOnd on tho,ulMum&c prlas ●f ooareo
OtJar * Mmd

r I“ ‘ilf?’[: :::::::;:;[:;:;;.,-*O y ,Lwio Dell
M 0PW9MM Wm ●f c pmdami- Wmih
:::$t!lr Lov a

! 1a ro.~mt ●ao lW w.) aa boon prQs-
W, for a thomadtadeal hydrs=

@ati OW 0; ●OMO/10@ (?4@I 4), ~hs fbd ow-

●irq oat mld b. ?Waad to !lt~thll.t

In the operation of an automobile with hydrogeri
.

(and certainly LH2) safety is en Important consider-
ation. Certainly much more detaf.led study is re-
quired to result in the best possible systems for
purging, venting, disposal, etc. However$ prelimi-
nary studies indicate LH2 can be eafely produced,
transported, stored, and vented (16). Considering
the pre:ious record of automobile accidents (50,000
deaths/yr), a LH~ fuel aystem with almost no safety

iprecautions woulc not significantly alter this most
dangerous aspect of an automotive transportation
Uystem,

In conclusion it ie eubmitted that hydrogen
seems to offer the moat efficient ●nd lewt dis-
ruptive automotive fuel systwn ●lternata to gasoline
Liquid hydrogen ~ ● possible fuel etorage ●lter-
nate. Such ● system will he more costly in energy
oourca requirenmta. Some advantage may be gained
from use of tht refrigeration In the LH2 s.g., gen-
●ration of 02 enrich oxidiser from dr,

Rcferancce
“Initial Appraieal-July 1971”, of TM U.S. En-


