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Fuel cell \'ehicles are currently being d~veloped whicl1 use

ABSTRACT hydrogen. me1l1anol or gasolin~. Synthetic middle distillat~
(SMD) is a leading contender as .1 low polluting fuel for

We compare, with respect to vehicle cl1aracteristics adv.lnced intern.11 combustion engine vehicles. and it h~l~
(design. perfom1ance, fuel economy) and infr.1StfUcture be~n pr\lpu$~d 1l1al SMD could be u~~IJ in fuel l:ell veI1id~~
requirements (cost of producing, transporting clnd d~livering as w~ll.
fuel), four possible energy c.lITier options for use with fuel
cell vehicles: "1'0 ~Slim.lll: the pl:rlimllanl:e 01' all~m.llivl: l'u~1 l:~11 v~llid~

lyp~S. WI: have d~v~lup~d .1 v~hidl: ~imulalion mud~l.
.compres~ed lIydrugen g.ls induding d~l~lilt:d modt:l~ uf onbu,lfd fu~1 prul:~ssur~, lni~

is us~d lo l:omp.lfe tht: vehicl~ perli)m\anc~. fu~1 el:onomy.
., ni~llt;t[!ul will\ unbll,lTd ~t~.un r~fonlling .wt.'ight. ~Ind cost for v,lfioU$ v~hicl~ p.lf,uneters. fuel

~lor.lgt: dl\lil:es and driving c)'cles, lnfrastructur~ l:Upil~1l
., :,a...;oline with ()[\hoard p.lfli~1l uxid.lliun C()sts (including tll~ .Iddt:d Cu~l~ (If fu~1 prudul:tiun.

distribuli\ln. and rt:fueling st.lliuns). d~livereIJ fu~1 cost.
..synuletic middf~ di$tillates (SMD) derived fr()m fuel cost pc:r kilumteter ~Ind lifecycl\: l:u~l of tr.tI\~porlalion

Q:ltur.tl ,gas willi ()nbo~lfd p~lfti~1l oxid~ltion. .Ire eslimal~d fi)r ~.Ich allenl.lliv~. Considt:ring bulll
v~hicle ~lnIJ infr.lslructurl: issue~. pussiblt: rue] slr.lll:gi~~

Our simulatiuns indicate tlmt hydrogen is the pref~rred fuel I\:ading lo 1I1C: commerl:ializ.lliun 01' l'ut:1 l:ell \'I:hiclt:s .If~
for fuel cell vehicles in temls of vehicle weight. simplicity, discus£ed. fl~xibililY wuuld be gain~d by u£ing fut:l~ \\'llidl
first cost .and fuel economy. 111e rota] capit.1l cost fur could .Ilsu Sl:rv~ uliler adv.lnct:d v\:hid~ typt:s .UIIJ .lfl:
t:4uipment to brin~ hydrugen tu tl1e fuel cell (including bolil e~lsily l:ump~ltiblt: witll tl1t: exi£ling g.lsolint: rt:fut:ling
unbu.lfd fuel processu~ ~Ind off. vehicle fut:1 infrastructure) systeill. Huwt:vt:r. fur fu~II:t:11 v~hil:l\:~ witl\ onbo.lfd fu~1
i$ comp.lnlble fl.)r rneu1.tI\ol. g.1$oline and SMD. and h)w~r prol:t:ssors. 1Ilert: is i.1 tr~lde-l.)ff in lower fu~1 ct:11 vehicle
1"l)f hydro,gen. fuc:1 e<:\)nllI\lY and hight:r cost,

L'\'11{ODUL""110N
COi\IPAI{ISON 01" ALTEI{NATI\'E OESI(;NS 1"01{

Developmcnt l)f refueling infr~I~lructurl: is a major I"VEL CI~I.I. \'EHICI.I~S
dlallenge to intn)ducing n~w tr~ln£purlalion fucls and
vehicle tedmull.)!!ies. All fuel cell£ currently b~in!!. SIMlll.A'I'I()i\' M()IJEl.. 01-" I:LIEl. ('[.:1.1. VI;HI('U:S. \VI.'
4.leveloped fl.)r u~~ in vt:hicles rel{uirc hyIJrog"\:11 i.IS ; fu\:l. hi.lvl.' I.ll.'vl.'hlpl:J ~ll:utl\pUll:r IIII)IJI:I 1\lr prlllull I:xl."llallgl.'
Hydrugen can eitIler be stored direl:lly ur pruducl:d onbo,lfd 1III:mtlralll: 1'111:1 1."1:11 V~llil."l~~. ~IS ~I ll.Jll1 I'l.lr ~~litl\alillg 1I11:
tIle vehicle by reforl11ing a liquid fu~1 such as gi.lsl.llin~. pl:rlilnll.llll."l:. l'ul:l ~Ulnl)IIIY anIJ UIsl 1)1' ~tJll:mi.lliv\.' l'ul:ll:1:11
mclIt;tl1ol. or synthetic li4Uids frum nalur,1l gas. "ln~ vl:hil."ll: dl:~ign~. "lnc dl:lail~ 01' tll~ molJl:l i.1f\: givl:n in lilt:
vehicle design i~ $impler will1 direct hydmgen SlOri.lg\:. but e~lflier p~lpt:rs (Slcinbugler 1\)\)6; St\:inbuglt:r anIJ Ogdl:n
requires developing a more complt:x refueling llJlJ6; Stcinbuglcr 19\)8; Ogdl:n. Sleinbugler unIJ Kreulz
infr41SlrUcture. llJY7).

Here we cornp.tre. v.'iUl respect to vehiclt: clli.Ifi.ICll:ristics Input pi.lT.unt:t~rs to 1l1~ modt:1 incluIJc:
and infrn$lructurc requirements. four possible ent:rgy c~lrrier
uptions tor use with fuel cell vehicles (see Figure 1): "' 1I1~ driving sdlt:dull: [Il1c 1:.l:dl:r~1l Urb~ln l>riving

Sd1edulc: (l=-UL>S). fedcri.1l Highway Drivillg
.compressed hydrogen gas Schedul~ (FHDS) or ulIll:r£ mi.lY bt: ust:dJ

.nletIlanu! with t)nboi.lTd Sle~un refurnling "' vl:hide p~Ifi.Unt:lers (1I1t: bas~ \'~hil:ll: w~ighl

wililoUl tile pI)wer lr~lin. lll\: ~1t:ruIJYII,lInil: Jrag.
.~:1So1int: witI1 onbo~lrd p.trlial oxidation 1I1~ rolling r~Si~li.IIIl:I:. Vl:hil."l~ I'rl)nli.1l ~1f1:i.1.

i.1l:l."l:ss\lry hl.IIJ~).
.synulctic lil{uids (such as ~ynlIl~lic middl~

di$tillate~) derivl:d frum natural gas \\,itll \Inhll,lfd "' l'u~lct:11 sy~tcm p.If~UIIl:ll:rS (ful:l I."c]II:Urr~nl-

parti~lI I)xidatil)n. vl.lltagl: dl~Ifi.ll:terislil.". l'ul:l I:~II sy~tem \\'I:ighll.

..pl:ak ~)\\'I:r b.llll:ry I."hi.lral.:ll:rislil:s
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~ .Table 2. Not~ for Table 2

Parameters Used in I-~uel Cell Vt:hicl~ Mod~llint! a. Based on PNGV t4rgelS. (Sourc~: CALSTAI{T wc:b~il~.
Vehicle Parameters hllp://WWW .calslarl.org/about/pngv/pngv _ta.hunl)

, Glider Weight 800 kg

{= vehicle -power train)a b. Energy and Environmental AnalY$is. "AnalY$i~ of Fuel
Dra" Coeffic.enta 0.20 Economy Boundary for 2010 and Comparison to~ I. I b 0007 Prololypes." p. 4-11. prepared for Martin Mari~lla Energy

Rolling Resls~ce. Syslenls, Contract No. lIX-SB0824. November 1990.

Frontal Areaa 2.0 m2
Accessory Loadc 0.4 kW c. Ross. M. and W. Wu, "Fuel Economy Analysis for a
Structural Weioht 15% Hybrid Concepl Car Based on a Buff~red Fu~I-Engine

.~ cd Operating al a Single Poinl." SAE Paper No. 950958.
FCompO1cundlO!! Facto presented al tile SAE 1nleranlion~1 Exposilion. Detroil.

uel .ell System MI. Feb 27-Marcll 2. 1995.
Operaung pressure 3 aun
Cathode St.oichi?me~ 2 d. <'~.E. 11lumas alld 1{. Sims. "Ov~rvi~w uf Onbu.lfd
~.y$lelU ~e~gllt (In~lu~111g 4.0 kg/kW Li4Uid ruc:1 Slurag~ and I{efumling Sysl~ms," "ruc:lillg
air handlln~. tIlennal .md Asp~Cl$ of Hydrog~l1 Fuel C~lI Puw~r~d V~hiclC:$."

water mana!!emel1l)e Society uf Aulomotiv~ Engin~er$. Pruce~dil1g~. Fuc:1
Fu~1 Processor Syst~ms Cells for Tran~pOrtalioll TOPTEC. April 1-2. 1<)<)6.
,\lelhauol Steam Refornler Arlillglon, VA.
Gross efficiency (HHV H2 62% .

consumed in fuel cell -e. Based on a Ballard-lype PEM fuel cell syslem willI a
/HHV MeOH in) slack puwer dC:IISilY uf 1 kg/kW. Olll~r weight is duc: lu

Hydrogen utili~tiong 80% auxili..lfies for he..ll and water managemclIl e4uipmC:11l
V I 0 P I .. 2 and aIr compresslun.0 u~e ena ty lor 0.06 x current (alnp/cm )

Ii .hre omlate oper:ltl~n f.Arulur 1). Lilllc: 1 Y<)4. "Mulli-Fu~ll{~fuml~rs liJr ruc:1

Weight of system' 32 kg+l.1 kg/kW Cells Used in Tr.mspurl.llion. Mulli-Fuel I{~fumlc:rs.
Response lime 5 sec Phase I Final Report." USDOE Office of Transpurtaliull
Refonnale Composition 700/(, H2. 24% CO2. 6% N2 Tecllnologies. Colltracl No. DE-ACO2-92-CE50343-2.
Gasoline or S,\ID POX
Efficiency (HHV H2 69.4% g. 1~his ~stimale was verified willI fuel c~1I dev~lupers.
consumed/HHV gasoline~ .
in)i h. The voluge penally for operation on refomlale i$

H d ... 1...~ 80%.. based on models by Shim$oll Gollesfeld .Il Lus AI.unusy ro=-en uu IZ.lt!OIl~ Naliunal Laburalury.
Voltage Penalty tor 0.128 x currelll (.unp/cm2)
reform ate operaliollh i. Willi.un Mildlc:!I. Arthur 1>. Lilllc:. priv.ll~
Weight of sY~lemi 32 kg+ 1.1 kg/kW l:Ul1l1nUllil:.lliulI~. 1<)<)7.
Response time I ~~c
Reloml:ite Composition 42<7, N2.3b'ci; H2. I~ck j. Mill:hc:ll. W. April 2. 1<)<)6. "LJl:vl:IUpml:lIl \I( it Parti.11

CO2, 2<i!. CH4 Oxid.lliu~1 1{1:~.un.l1c:r fur Li4uid ~-.ul:l$:~ SUl:~~lY UI..
P .k r n. .Aulomullve ElIgIII~ers. Prol:~~dmg$. Fuc:1 Cell$ lorBt:4I ow~r 4Itt~r)

S .TraJl$pOrt.ltiulI TOP1"EC, Arlillglun. VA.altery type plra! wound, lllin filIn. -

lead-acid k. Ke.llin!!. J.. B. Schroeder alld R. Nelson 1<)96.
Sy~1em weig,hlk 1.0 kg/kW "Develop7nern of a Valve-Regulaled. Lead/Acid Ballery
Maximum charge rate 30 amps tor Power-As$isl Hybrid Electric Vehicle Use." Bolder
Nomin:ll stale of cb.lfgek 50o/c. Tedmulugies Corpordlion. Wheall~idge. CO.

Ener!!v storedk 15 WI1/kg
Motor and Contr II I. Chang. L. "Recent Developmenls of Eleclric Vehide~.; ~r 77CJi and Their Propul~ion Syslems." Proceedings of tile 28lll
Overall efficIency 0 IlIlcrsocicly Engineering Conference. vol. 2. pp. 2.205-

Over1111 wei2hr 2.0 kg/kW 2.210. AJneriCall Chemical Society. 1<)93.
l;'u~1 Storage

Hydro2elld 5000 psi compressed gas~ taIlk total weight 50 kg,

7.50/(, H2 by weight Po\Ver Rc:yuir~mellis li1r Ihe Fuel (~ell ,111<.1 Pc:.tk
Methanol. Gasoline. SMD 12 kg taIlk. 13 gallon P(lwer Device- 111e peak power requirc:d i$ sho\~'11 ill Tabll:

capacitv.lOl..'l1 weight 50 k2 3 for various fuel cell vehicle dcsi!!n$. Roughly. Ull: fuel
Driving scht:dul~s RJDS. FHDS cell .md b.luery e11ch provide .lbU~l h.llf 111e-pl:.lk pu\ver.
R~~~nt:r4ltiv~ br~kin~ r~cuv~rv up to b~tt. c~p~biliti~s I:'.ur hydrugen. a lu\v~r fu~1 cell c.lp.lcilY .llId uv~r.11l peak
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power output is needed, because tl1e vel1icle is lighter. It is Notes for Table 4.
interesting to note ti1at ti1e power required by tl1e RJDS aI1d
FHDS driving schedules is considerably less ti1an tile a. Based on a raI1ge of esUn1ates found in ti1e literature.
D1axin1um fuel cell power, when tile fuel cell is sized for For exlli11ple, GM/Allison projects a fuel cell
sustained bill climbing. "electrocllemical engine" cost of S3899 for a 60 kW system

including tile fuel cell, fuel proce~~or (metilanol reformer).
Fuel Economy. 111e fuel economy is shown for the heat and water m~agement. 111is is about S65/kW (at tlle

FUDS, FHDS, and combined driving cycles. 111e combined rated power of 60 kW) or S46/kWpeak. About 45'7" of tl1e
driving cycle fuel economy is defined as: cost per peak kW (S21/kW) is for tile fuel cell slack, 28'7"

(S13/kW) for ti1e metllill101 refonner and the rest for
mpg (combined) = 1/(.55/mpg RJDS + .45/mpg FHDS) auxiliaries. This cost assumes large scale mass production.

(Allison Gas Turbine Division of General Molor~ December
111e energy efficiency of tile metilanol, gasoline and 16, 1992).
sytI1etic middle distillate fuel cell vehicles is about 2/3 tilat
of tJ1e hydrogen fuel cell vehicle. 111e loss of efficiency is Mark Delucclli of Institute of Transportation Studies at UC
due to several effects. First is ti1e 15-25% energy loss in Davis estimates a retail cost of S29~4 for a m.lS~ pruduced

25 kW hydrogen/.lir PEM fuel cell system ur abuut
Table 3. S 120/kW. role manutilcturing cust is S59/kW. witl1 a

Mod~1 Results: Comparison of Alt~rnativ~ Fu~1 C~1l malerial~ custs fur Ule ru~1 c~11 slack plus auxili.tri~s
V~hicl~ D~signs ~slimat~d L\) b~ S41/kW. and u1e lab\)r C\)st SI~/kW. ) (J.

M. Ogdt:ll. E.U. l4trsun .UIU M.A. l)t:lul.:l.:hi May 1\)\)4).
Fu~1 Veh. Peak FUDS FHDS C\)mbined

Storage/ mass Power mpeg mpeg 550/(, RJDS A recem study by Dir~cted T~cl1n\)logi~s. Inc. and Ford
H2 Gen, (kg) (kW) 45'i( FHDS M\)lUr C\)mpany ~stilllaLed fuel c~1l s!;:tck manufacturing
System (FCI mp~g cu~ts uf S I \)-27/kW u~ing l.:\)nvenLional nlanufal.:luring

Batt.) ran!!e (mi) t~chniqu~s. assuming production of 500.000 units p~r y~ar.
Direcl H2 1170 77,5 100 115 106 425 (F.D. L\)m41X, B.D. JaJn~s ill1d R.P. Muoradian. "PEM Fu~1

(34.41 Cell Cost Minimization Using Design for M4U1ufacture 4U1d
43. I) Assembly Techniques." Pruce~dings of tile 8Ll1 Naliunal

MeOH 1287 83.7 62 79 69 460 Hydrogen Association Meeting, Alexandria, Y A. March II,
Steam (37.01 13, 1997. pp. 459-468.)

Reforn1er 46.7)
Gasoline 1395 89.4 65 ~O 71 940 Cllry~~~r es.timat~s ti1at ~\'en witi1 I.:Urr~llt fuell.:~11
or SMD (19.4/ m.ulu!aclunng L~l.:hnulugy. mass pruuuc~d I.:u~l:; wuuld be
POX 500) S200/kW (Cllris Boroni-Bird, prival~ communiCali\)n:;

.1997),

T. II 4 C t Est '. t .~ 1 ' I ) d . d F I C. II b. W. Mitcllell, J. Thijs~~n. J.M. Bentley, "U~velupm~nt uf
a ) ~ .os lmat~s ur l' aSS ru Ul:~ U~ ~ C I . P ' I 0 ..d ' E" I I~ .. F'

I\ ' h. I C a aUt ytlC .trlla XII alloll ulallu ,elurn1~r lur u~
~ IC ~ umpcln~nts (~ II A 10 ." S ' t. A . E .

~~ pp lcallons. UI.:I~ty 0 UlumOllv~ nglllt:er$.
Pap<:r Nu. 9527611. 19\)5.

Component Hil!h estimat~ Lu\\' ~$timat~
Fuel cell svstema S 100/kW S50/kW 1.:, (.E. 111um.1S alld I~. Sims. "Ov~rvi~w uf Ollbu.trd Lil.[uid

Fuel processor S25/kW S15/kW I:"uel Sturag~ alld I{efornlillg Sy:;t~lll:;." "Fueling A~pt:l.:l:; uf
t b Hvdrut't:1I l-"u~1 <-'ell Puwer~d V~llil.:l~s " SUl.:i~l\i uf

svs em .=- .J
Hydrogen sturage S 1000 S5CX) ~~Lumuti~'~ E(~~ill~~r~. ,1)rul.:~oedings. t~uel C~!I~. fllr
cylinder rated at I r .u1$pcJrlaIlUII 101 11::<-'. April 1-2. I YY6. ArIIII=-lOIl. VA.

5000 psi~c d. Derived from ~stim.ltes in B. J4Un~s. G. Baum. 1. Kuhll.
Motor and S26/kW S 13/kW "Developm~nl Guals for Automotive Fuel C~1l Power

controllerd Systems." ANL-94/44, August 1994.
Peak power S20/kW S10/kW
batterye ~. Bas~d un PNGY ~uals

Extra structural S l/kg SIlk"
-~

support ...
Cost of 12 k~ S 100 Sl00 col1\'erllng metl~.uIOI, gaS?lll1e or SMD lo hydrug~lI.
"asol' 1 0 -S~cond. operatlUI1 on retonnclte mecll1S Ll1at Ll1~ IUt:1 I.:~II
~1e-tl1~11eOI tr k has a luwer effici<:ncy. Third. tll~ \'el1icl~ weigl1:; 10-20'k

..1 3n . I b d . I I-..' 1 '

more Wlt1 all 011 u.tr lue prol.:~:;sor. "I11.u y. lur
Ad ..Ll1t.:meLllal1ol st~illn r<:furnl~r, till: 5 ~~I.:ulld rt:$pll(l~~ lilllt:

apted from Ogden. Stell1bugler 311d Kr~utz 1997. means Lllat a significanl fraction (40-50"") uf Llle t:l1ergy

must be routed tI1rough tile battery. witil allel1dant Io:;st:$ in
cIlarging and discll.trgil1g.
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...infrasU1JCLurc: is of Len citt:d as a "show-sLupper" for
R:tng~ The v~hicl~ range exceeds Llle PNGV goal hydrogen vc:hiclc:s. l~ecenL studies have shuwn Lllal Llle

of 380 miles. for all tile fuel cell vehicle cases considered issue is nol LecimicaJ feasibilily. Large quanLilie~ uf
inT41ble 3. hydrogc:n arc: produced ilIld dc:livc:rc:d roulinc:ly fur cl1c:mical

applic~Lion~ Loday (Heydom 1995). and LllC: Lc:cl1nologic:s LO
Veh;c1e C:tnital Cost Table 4 summarizes our cost produce. store and trCl1lspurt hydrogen arc: m~Lure. well

&ISSU1I1ptions for fuel cell vehiclc: drive train ClIld fu~1 esL,lblished and conunercially availablc:. Huw~vc:r. Llle cu~L
storage components in high volume mass production. based of hydrogen infrasU1Jcture is widely regarded as mucll
on a range of estimates in tlle literature. Two S~ts of cases higher th:m tllat for other fuels. Here we suI1Ullarize resultS
are shown. one correspondino to a low rarl<'e of values for of our previous studic:s dc:aling willI tile tc:chniccll fC:CtsibiliLy
fuel cell. fuel processor. bat~ry and hydrogen storage mass ~nd economics of developin~ a hy.drogen vebiclc: rc:fueling
produced costs. the otIler to a high range of values. Using mfrasU1Jcture (Ogden. Denms. StC:lnbuglc:r and Struhbehn
projected mass produced component costs in Table 4 and 1995. Ogden. Cox and White 1996. Ogden 1997. Ogden
component sizes from Table 3. we estimate tlle total 1998).
C3pital cost of drive train ~d fuel storage components for
each case (Figure 3). TIle total cost ranges from about TCtbl~ s. .
S3600 to over S7000. depending on tile assumptions. Assum~d Chlir~ct~ristics vf rEM Fu~1 C~II
Fuel cell vehicles willI onboard fuel processor systems Autvmvbil~s
have a higher first COSI tIlan Lllose wiLlI direct hydrogen
storage. TIlis is due to extra costs for Llle fuel processor and Fuel: Hydrugen MeLhanul Ga~ulillC: SMD
bec.luse a I;lrger capacity (and more costly) fuel \."~II is Ga~ @ PEMFC
needed tv 41chieve Llle s.une p~rfoml;ulc~. The fir~L COSI of 5000 psi
fu~1 cell vehicle~ wiLlI onb\J.lrd meLlI;ulul $Le.Ull rc:fuml~r$ Fuel 106 mpg 69 mpg 71 mpg 71 mpg
would be higher tIlCln LllCtI for hydrogen fuc:l cell vc:hiclC:$ by ~l:\Jnumy g~$oline gasoline ga$oline g~$olinc:
Olbout S500-600/car. We e$limalC: gasulinc: \Jr SMD POX a.b c:quiv. e<.!uiv. e4uiv. ~4uiv.
fuel cell cars would C\JSI S850-1200/car mure tllan hydrog~n
fuel cell vehicles. (T!lis does not include tll~ cost of off- M.I I c 11.000 11.000 11.000 11,000
vehicle refueling infrastructure. which is estiumated in lal~r I e vr .
s~c1ions.) Fuc:l 1550 $c1 13 13 13

stured H2 gallon$ g.lllQn~ g~ll\Jn$
Summ~ In summ&\.'"Y. for tile $aJne perfomlance. onbo.lfd (3.75 k~) meLllanul ~asuJin~ SMD

hydrogen fuel cell vehicles are likely LO bc: simpler in R~~l~e 425 460 940 1049
design. lighler. more energy efficient. .llld less expensive (m I)
tllan metIlanol. 2asoline or SMD fuel cell vehicles. Ellergy 13.6 20.9 20.3 20.3
Moreover. ule tailpipe emissions will be strictly zero undc:r U$e per
4111 operating conditiot1S yc:ar

(GJ/vr)CI
COMPARISON OF REFUELING INFRASTRUCtURE Fuel usc: 40.000 307 155 13~
REQUIREMENTS FOR FUEL CELLS I;-UELED WITH per yeard scf H2/yr galluns galluns gallun$
HYDROGEN. METHANOL. GASOLINE AND metll.lnull "asolillel SMD/vr =~ .
SYNTHETIC MIDDLE DISTILLATES yr = yr =3.69 3.2~

919 k~/vr bbl/vr bbl/vr
PROJECTED ENERGY DEMAND FOI~ FUEL CELL
VEHICLES. Refueling infrastructure requirements depc:nd Nutc:~ li)r T.lblc: :.
on tIle :ll110unt of energy wllich must be delivered. which
can be cnlculaLed from the n~mber of ve.hiclc:.'i. !n use .Uld .l. 111c mil~ ~r g.lllun g;l$olin~ equiv.llc:nl effi\."i~n\."y fur .1
111~ .Ivc:rage ~l1ergy con$UmpLlUn per vt:hlcl~. 1 abl~ 5 fucl \."clJ vchi\."l~ i$ ~$Litllat~d a$$uminU tIlaL 1 !!allul1 uf
d~sL.ibes ule assu!ned amlual fuel \."onsumpLiun uf PEM !!.Isoline cunulin$ 125.000 BTU = 0.13U~ GJ (HH V). 1
fuel cell :Lutomobtles fueled wiLlI hydrogen. meLllanol. ~allon of metllClllol conuUns 64 6OU BTU = 0.068 GJ
,gasoline an? synLlletic middle disti!lales. TIle a.nnuaJ (HHV); 1 galloll of syntIlelic t;liddle di$tillate conLains
energy use. IS lowest for hydrogen fuel cell vehlcles. ,LS tIley 0.146 GJ. and tllaL I scf of hydrogen cuntains 343 k.1
ltave .the highest fuel economy. Altllough metllanol. (HHV).
gasoline and SMD fuel cell cars are projected to have
about tile SaIne fuel ec?nomy (about 2/3 tIlat of tile b. Based un our estimates for a PEMFC uuLumubil~ fuc:l
hydrogen fuel cell vehicle). roughly twice as toany gallons ecunomy and rdn~e. (Sec: Table 3).
of meLllanol would be needed per year. because uf its lower -

volumetric energy density compared to gasoline or SMD. c. Typical .lllnual milC:.lge for .1 p.l$$eng~r Cilr ill tht: LA

DEVELOPME~rr )F Ba~in. (R. Geurgc:. S(~AQMD. privalt: cummullicilliun$
1'1 ( REFUELING INI=RAS1RUCTUI{E 1998).

FOR HYDROGEN VEHICLES l1le rel.ltive siInpliciLy and
lu~er cost o~ tile hydrogen fuel cell vc:hicle muSI be d. TIle specific wei~llt of meLllatlol is a$$umed to be 7lJ 1
welghe~ ngamst tile adde~ c~mp~e~iLY and cust of ." 3. ., ". .-= ..
develupmg a bydrogell r~luelmg mlr.lstructure. Hydrogen k_/m .4- _allon$ 1 b.l!T~1 (bbl)
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A number of neM tenn possibilities exi~l for producillg alld ..Onsile productiun of hydrogen vi~ ~m~11 ~cC1lc
delivering gaseous hydrogen trallsporl;,1lion fuel, whidl ~leUlU refomling uf n~lurul g~~ i~ ecunumic~II'employ commercial technologies for hydrogen production, ~ltractive and ha:) 1IIe udv~nl;,1ge lIlal nu .

slOrdge aIld distribution. l1lese include (see Figure 4): hydrugen di~tribuliun ~y£lem i£ r~4uired.
Delivered hydrogen cU£l£ are shown fur

(a) hydrogen prudu~-ed from n.llural g~ in ~ l"Mge, ~dVUlIc~d luw cost r~fumler£, which h~ve
centralized stealn refomting plant, alld truck recently been introduced for stationary hydrog'
delivered as a liquid to refueling stations, production (Farris 1996, Halvorson et.al 1997).

With advanced reformers, onsile refornting is
(b) hydrogen produced in a large, centralized stearn competitive with liquid hydrogen truck deliver

refomling plant, and delivered via local, small and pipeline delivery over tlle whole rallge of
diameter hydrogen gas pipeline to refueling st:ttion sizes considered.
sL1tions.

..Truck delivered liquid hydrogen gives a
(c) hydrogen from cIlemical industry sources (e.g. delivered hydrogen COSl of S20-30/GJ, dependi

excess capacity in refineries which have on tile statiun size. This ;:l1lemalive wuuld be
recently upgraded their hydrogen production alsu attr.tctive for e;:trly demun£traliun projt:cl~
capacity. etc.), with pipelinc delivery IU a as tile capital requirem~nt~ fur tile refueling
refuelulg station. station would b~ relatively £mall COgdt:n t:1 al.

1995, Ogden el al. 1996), .md no pipelint:
(d) hydrogen produced at tile refueling ~talion via infrastructure development would be requirt:d.

small scale stealu refomting of natural gas, (in
eitller a con\'entional stealu refomler or an ..Under certain conditions, a local g:L,; pipeline
:ldvanctd Slemu refomler of tile type developed bringing centr~lly produced hydrogen lO users
as part of fuel cell cogeneration systems) could offt:r low dt:livered costs. Our exUlnplt:

~s~ume£ tIl~1 it CO~l£ S7/GJ to pruducc: hydruge
(e) hydrogen produced via sm.tll scale w:1lt:r c~ntr~lIy alld S5/GJ lO di~tribult: il by luc~1

electrulysis at ule refueling £talion, pipc:line. Huwevc:r, cenlr.llIy pruduc~d hydruge
r~ngt:s in cu~l Irum S3/UJ fur refinery t:xce~~ t\;

In tIle longer tenn. utller metllods of hydrugen pruduclion S5-Y/GJ lor I.trgc: £cal\: £l\:.UII r~fumling lu S~-
Dlight be used including g.t$ificaliun of biumas$. cual ur la/GJ lor hydrugen frum biuma££, cual ur !\IS\'
Dlunicipal solid waste. ur electrulysi£ puw\:red by off-pe.1k 1ne cu£1 uf pipelinc: di£tribuliun depc:nd£ un till
hydropower. wind, solar ur nucle,tr power (Figure 5). distance between $upply ,md dem.md und size
Sequestration of byproduct CO2 (for example, in deep tile demand. (The CO$t of pipeline delivery
aquifers or depleted gas wells) might be done to reduce increases with pipeline lengtIl, and decrea£es
greenhouse eDlissions from hydrogen derived from witIl increased flow rate ulrough 1IIe pipeline.)
hydrocarbons (Williallls 1996). tile cost of hydrogen production is lo\\'. higher

pipeline costs could be tuler~led. Still. fur
Delivered cn~r nf hydrngen Iran~Q()nmi()n fuel The pipeline hydrugen lO be competitivc: willI truck

levelized cost of compressed gas hydrogen transportation delivery ur On$ile r7fomling, pipelinc: CU$l£ can
fuel. delivered lO tile vehicle at 5000 psi, is estimated in be no more.lIl,t~1 a 1ew S/GJ. For ,I £ma~1 £cuIe
Figure 6 for various near leml supply options. The cost hydrog:l~ plpelme £Y$.l:m lO be .ecunomlcuIly
contributions of variUU$ facturs .tre shown for cadl cOmpetitive a l;:trge, lalrly localIzed dl:lliand
tecllnology over &l r.Inge uf typical refueling Sl;.llion £izes would be ~e4uired. Altc:rnalively, a £mall
from 0.ll0 2.0 Dtillion scf/d,IY (e.g. Slalions capable of demand I!ughl bc: served by a ne.trby. lu\\' cu£t
refueling about 65-1300 fuel cell c.trs/day or 8-160 fuel cell supply 01 hydrogen.

buses/day). Delivered fuel cost$ are given in S/GJ. (On u
higher beating, value ba$is. tile energy cost of S l/gallon ..II uppe.1f£ 1I1Ul onsile el.ectrolysi$ would ~c:
gasoline is equivalent to $7.7/GJ --see Table I.) In tlli$ somewhat more e~penslve .tllan o~ler upllun~. ..
example. we llave used energy prices in tile Lo$ Angeles largely becaU$e u1 lIle relauvely hIgI~ cu£l ot ult-
:1re&l. where llIe natural gas cost is low (S2.8/GJ) 3.lld tile peak power (3 cents/kWh) u£sumed m 1I1C: $ludy.
cost of off-peak power is relatively high (3 centsikWh). A If tile CUSl of uff-peak puwer were reduc.:~~ frum 3
capiUll cJlar"e rate of 15% is assumed. c~nl£/kWh tu 1-1.5 cenl£/kWh (CU£l£ which are~ available in a lew places willI uff-pe.1k

AltIlougb all tile supply options .tre ruughly CUSI hydrupuwer), hydrugen CUSl£ wuuld becumc murt:

competitive. several puinlS "Me readily app.trenl. cumpetilive.

.llle delivered cost uf hydrugen tr.lnsportation From Figurc 6. il ~$ app:~enl III:1l lilt: CO~I of h~d~ug~n
fuel is about S 12-35/GJ (or S I .6-4.8/gallon depends O~l tile. prICe$ ul.nalural gu£ and electricIty. a:) wc:1
gasoline equiv.uent), SubSl4ll1lially hi"her tIlan as IIle SI.'lUon SIze, and (lor centr.Illy produced hydrugen~
for today's unl.'lXed gasoline, whicll i; perhaps tile proxintily of hydrogen supply and ~emund. !n~ rel~U\'
SO.70/gallon. costs shown in Figure 6 are based on SoutIlem <_allfomla

energy prices, and will vary for differenl co~t ~s$umption$.
It is imponant to note lllat in litis range of hydrugt:n
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~ .d~n~ (0.1-2.0 million scf hydr~gen/day~,.no one supply capital co~t oplion~ ~uch as liquid hydrogen deliv~ry, can

opuon ~ favored for all energy pnc~ condltl?n~. LF~r our giv~ a high~r deliv~r~d fuel cu~t l1\an pipc:lin~ dc:livc:ry ur
assumptIons (low cost natural ga~, and relatively high cost onsite refonnin". On~ilC: ~nlall ~ca1~ Slc:.un refum\ino is
off:peak power). onsite ~lean~ reforn\ing g~ves 111e lowe.st allraClivc: a~ ha~ing 00111 a relalivc:ly low capiull cu~~ (for
de!lvered cost at all station sizes. But onslte electrolysIs advanced fuel c~ll typc: reforn\c:rs), and a low dcliverc:d
mIght be favored in a location such as Brazil wil1\ high fuel co~t.
Datur4l gas prices and low off-peak power prices.]

DEVELOPING A RERJELING INF1~ASTRUCTURE FOR
.Capital c()~r nf huildin~ a h~dr()~en refuelin~ METHANOL FUEL CELL VEHICLES At presenl (as of
mfrn~ructure The capi~11 cost of building a hydrogen 1995) l1\e worldwide melllanoln.uneplale production
refueling infrastructure is often cited as a serious capacity is about 28 million melric tonnes per year. About
inlpediment to use of hydrogen in vehicles. In Figure 7, we 23 million metric tonnes were actually produced in 19<)5.
sllOW the capital cost of building a hydrogen refuelino yielding a capacity faclor of aboUl 83%.
infrastructure for 111e various options discussed in tlle=
previous section. We consider two levels of infrastructure Allllough l1\e number of retail mel11Otnoi fuel oullel$ is
developmenL small, a signific,mt methanol dislribution alrc:.ldy ~yslem

exists for chemic::II applications. Of tol.11 world productiun.
.Early development of a distribution system and roughly h::llf or 12 million melric tonnes were sllippc:d to

refueling sultions lO bring excess hydrogen from remote users. 70'70 by se,l and 30"', by rail, uUlk wagon or
existing lIydrogen capacity to users. We ,lssume b,lIge (Glyn SlIort, 1997). Typic::llly. tank sllip~ lr::ul~port
tllat no new centralized hydrogen production mell\anol from production planl$ sited near inexpen~ive
c-apacity is needed. Two refueling st.ltions serve sources of natural gas to marlnc: tc:rn\in,l1s. At 1111:
a total fleet of 18,400 C::lrS. eacll station tem\inals, tile metJlanol is lo::lded into t.ulk lIuck~ and
dispensing 1 million scf H2/d::\y to 650 c,irs/day. delivered to u~ers.
(Alternatively. 111is level of infr::lslructure
developmcllI c\)uld Sl:rve 2 bus g::ir::lgl:~ 1:::lch About Y()'*, of. mcLllilllol i~ product:d from naturi!1 ,g::l~.
housing 14U PEMfC buses.) Thl.' oplions li)r alLllougll it would be possibll.' to prllducl: ml:tJli!IIOI vii!
providing hydrogen includc: I) Liquid hydrog~n ga~ification of coal, lI~avy li4Uid~. biomass or W::I~t~:). 1'11~
deli\'ery via truck from ~xi~ting cap::lcilY, 2) miUl1 u~e~ of m~1l1anol today iire production of
pipeline hydrogen delivery frum a n~::lIby largc: formald~lIyde, MTBE and ac~tic acid.

hydrogen pumt or refinery, 3) onsitc: production
from ste:m\ r~fonning of nilturdl gas ::lIld 4) If lIl~ C:llIir~ 1 YY5 m~lllanol production cap::lcity wer~
onsite production from eleclIulysis. This is d~dicated to pruducing fuel fvi m~111ano( fu~1 c~11 CilI~. WI:
consistent witll .1 recent study of hydrogen supply e~tim.lte tllat about 31 million c.ir~ could be fueled. Since
in tI\e Soulllem C~l1ifornia ~lIea which indicated 1IIe capacity is not fully utilized at pre~ent. 111i$ ~ugg~sL'
Ulat as mudl as 5-15 million sctlday might be tJlat excess production capacity migllt be enough to fuel up
available from excess industrial hydrogen to a few million metJlanol fuel cc:11 C~IIS worldwide.
production capacity and refinery excess (O2-den
1998). -Inilially. to serve small numbers of m~tIlanol fu~1 ccll CiJI:).

il wuuld prubably be possiblc: to providt: mc:lllimul
.Development of new hydrogen production, transporl.ltion fuel using tIle existing melll::lIlO( distribution

delivery mId refueling capacity to meet growing system willlOUt building new tem\ioals or tank Irul:ks. In
den\.u1ds for lIydrogen lr.U\sporlation fuel. 111e tJlis case tJIC: only capital CO$t as~oci.lted willI devc:loping a
system serves a total fleet of 1.41 million cars, l1I~tJlanol refueling inlr.lslIuclure would bc con\'~rsion uf
with 153 refueling st."\tions, \vhere eclcll station ga~oline refueling s(;,ltion~ tu melilanol, 111is lIa~ b~~n
dispensing 1 million scf H2/WlY to 650 cars/day. eslimated to cost betw~~n S6000-52,500 fur a ~ulliun
Options for providing hydrogen are: 1) liquid dispcnsing 1100 gallons of melllallol p~r day (DOE 1<)90).
hydrogen delivery via lrUck from new cenlralized SUdl a station might s~rve a to(;,11 lleet of 1300 ml:Ulanul
steatll refonner capacity, 2) pipeline hydrogen fuel cell curs. Thc: c~lpit.'I1 COSl p~r C,ir would b~ a mud~$t
delivery from .\ new cenlIalized hydrogen plalll, S6.40/car (~c~ Table 6).
3) OI1site production from Sle,un refomling of
natunll gilS and 4) onsite produclion from Onc~ a liirg~r numb~r of m~lll.ll1ol c.irS \\'ere in us~. th~
electrolysis. metJlanol di~tribution II~lwork would hav~ to b~ I.'xpanded

lo convl.'rI cxistin!! !!::I~ulin~ m::irin~ t~rminals ,uld d~liv~rv
TIle rnnge of infraslrUcture capiull cu~ts lor a system trucks to meul.ulol. -'However, Il\is co~l for Illi~ conv~rsio'n
serving 18,400 fuel cell cars. is abuut 51.4-11.4 million or would b~ modest ,1$ w~II, p~rl1.lp~ $Y/c.ir (1)OE IY90). 111is
S80-620/car. The range of illfrastructure capi~1l custs for a strategy \v\)uld work until 111~ m,lIket for aulomutiv~
system serving 1.~1 million fuel cell CilIS, i~ ::Ibout $440- mell14l1101 cxcec:d~d 111C ~xceS$ productilll1 capacity in Ille870 million or S310-620/c.ir. $ystem. .

It is import."lnt to keep in nlind 111e resulL' of Figure 6 for
tllC total delivercd cost of hydrogen tr::lIl$porlation fuel, .~
well as the capital cost of infrastructure. Some of tile lower
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Table 6. Projected Capital Cost per Car Of Methanol
Reruelin~ Infrastructure NOles for Table 6.
Item Cost # Cars Capital

Served COSl a. DOE/PE-OOY5P, "A~sc:ssmenl or Cost') and Uc:nc:lit') of
(5/car) Flexible and Allemalive Fut:1 lI~t: in 1I)~ US Tr.m~purutliun

(adju~led Sl:l:lUr." USUOE, Polil:Y. PI.u)ning aod Analy~i~.
rrom year Wa~uiliglon. DC, Augu~l 1990. Tui~ a~~umt:~ U)allIlt:

of eslimalC: ~lorage capacily uolds 20 day~ worlI) of fuel.
lO 1995$)

Convert 55.000- 1309 5 -40 b. M. Lawrence and 1. Kapler, "Nalur,u Gas. Mc:ullli1ol and
Gasoline 45,000 per CNG: Projected Supplies and Cost')." presenled lO
~fue1in" statio a "TraI)sportation Fuels in tl)e 1990s and Beyond, AStation t~ n Conference of the TraIlsportation Researcu Board.

Me1h3.Il01 (for a station Monlerey, CA, July 1988.

(19905) dispensin<' .
1100 oaIl~ns c. A. Krupnik, M. Walls, M. TolmaI), "ll1e Cost
MeOH/dav) Effe.ctivel.~C:~s and Ene~gy Sc:curily Bc:n~lit') ~f Mt.:lU,Ulul

~. tl 1 N 10000 0 Veulcle~, Re~uurce~ lor lIlt: Fulurl:, Dl~cu~~lon P.lp~r
lVle lano 0 cost. QE(I O 25 S b 1(1(' 0Del. ( ..7. .~plt:m t:r 77 .

Ivery use exlstmg
truck !!asoline .
(1990S) -.d. Jack Faucett A~~oclale~. 7300 Pe.lfl Sl., Be1I1c:~da. MO.

trucks);! "Mel1).lI1ol Price~ During 111~ TraJl~ilion," prep.trc:d fur UI~
.Environmenlal Protection Agency, Report No. JACKFAU-

5140.000 86-322-8/11, Augusl1987.
(per new
8500 gallon 14

MeOH
truck)zl To bring meu).lI1ol to million~ ()f ful:l cc:11 car~ \\'uuld

Marine $2.50/bbl 2.4 c.lfs/bbl \) iovolvt: inl:rl:a~t:~ io me1I1aooi producliun 1:.lp.ll:iIY .uld
TemlinaJ Mc:OH of slorage 1.lnkt.:r 1:.lp.ll:ilY. .I~ wt:lI. A ~1:.I-guiog 1lll:lh.IIIOI 1.lI1k~r
Bulk Stor.1,£t: (convt:rt c.lp.ICiIY \I/ould bl.: I:u~lly. 011 lilt: urdl:r of S70 Illillioll (ill IlJlJ5S) for
T.mk lor g.lsoIinc: .111 ullr.1 largl: 1.lI1k ~uip I:.trryiog 250.000 dt:.ld wt:ighl lon~
Metbatl01 slor~!.!e)a 15.400 l:.trS (OWT) (l:aUI:t:ll 1\}~7). Hu\l/l:vt:r. il wuuld ~I:rvc: .1 I.trg~
i19905) -(minimum) 111:t:1 ur fut:1 cell C,tr~ (.1 tleel .lbUUl 3-15 milliun l:.trS cuuld
(for a S15/bbJ be ~I:rved by~uct) .1 uloker. a~suming tile ~hip mad~ 10-50
temlinaJ witu MeOH d~liveri~~ per y~tr). 111e c.lpital COSl for nl:\1/ l.lok~r~
1.3 million (build n~w would hi: modesl ?n a per c4!f basis. peru.lp~ S4-25/c'.1:f.
bbJ storage = M~OH However. 1I1e capl~ cost~ lor new production c.lpaclly
20 days " a \vuuld be ~ignificanl (1'.lble 6). For.1 nt:w 2500 lumlt: pl:r
stor:1ge) storage) day plaol. ~erviog 1.0 million melIlanol fu~1 I:ell cars. lIlt:

capilal COSI would be about 5415-720/car. At .11.trger pl~nt
Other 51/bbl MeOH ~ize (10.000 tonnes mt:1I1anol per d.IY) st:rving 4.0 milliun

terminal C,tr~. 1I1e capilal CIJ$l would bt: S2~0-485/c,tr (L.I\\'rt:nl:l: aod
equipment Kapot:r 1<)88. Krupnik, Wall~ and Tolm.1I1 19<)0).
Metl).1t)oJ Capital cost 3-15 million 4-25
Overseas for new cars (if Adding nt:w produclion c.lpacilY is by far lue mU$t
Shipping 250,000 dwt taoker m.tkes expensivt: Sl~p in devt:loping .1 new m~111aool rt:fueliog
Costs tllilker = 55O 10-50 inrr~slrudurt:. If melll.ulol fuel cell C.If$ becllillt: .1 large
(1986S) milliond deliv~ries/yr fr.lclion of lI~e.currenl.light dULY vehi.cle fleet (1:lor~ Illan

tr'II1S COSl= peru.lps a million veulcles). nt:w capital costs lor
3~5 addilional producliun capacily would be incurred.

cents!!!nlb.c
Methan?I 5880-1540 4.0 million 280-485 Al low m.trk~l penl:trations of melI).lI1ol fuell:t:11 v~hictt:~.
Production millionc cars infr.l~lru<:lurl: C.lpil.11 Co~lS \vill be $m.111 (prub.lbly It:$~ lhan
PJ.ln( (from (10.000 S50/1:.1f). Huwl:vl:r. Olll:t: ml:lhanul i~ u~t:d in olurt: Ih.uI

NG). metric pl:rh.lp$ .1 million fuel <:1:11 v~hictt:~. new prudul:lioo
(19~S5) (onoe~/u.IY) -<:apacilY would bt: o~l:dl:d. bringiog lhl: 1:.lpil.11 I:IJ~l~ pl:r

..41)- 720 I:.tr lu l~vl.:l~ ~imil.tr lu 1I1u~1: li)r hydr\)gl:l1. .lbIIU( $330-
5330-570 1.0 million 770/c.lf, d~pt:oding 1J11 UII: .I$~umpli\)n~ (~I:I: figurl: X).

. 11' c car~
1111 Ion
(2500 metric This i~ a $urprisillg rl:~ull. 011t: w\)uld expecl 1I1.tl
tonlle/d.lv) iofraslruClure COSlS lor .1 liquid fut:1 like melIl.lIlul would be
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.inherently mudl lower tllan for a gaseous fuel like conversion efficiency from natural ga.s tu SMD i~ 60%
hydrogen. Certainly. if one compares only distribution aIld (Grimes 1998).
refueling station costS, a methaIlol infrastructure is much
less costly to implement tltan a hydrogen infrastructure. a A proposed 50-100.000 bbVday plant by Exxun ha~ been
view supported by earlier studies of metll.ulol and hydrugen t:~timatt:d to cust S24,UUO/bbl/day (Grimt:~ I Y'-Ig). 1'J1~
infrastructure (DOE 1990). But oncc a large level of l:apit,u 'cu~t uf the pruductiun plallt would be abuut
alternative fuel use is assumed. Ille pil:lUre challge~. In this 5220/c.lr. for Illi~ scale uf pruductiun. whicll l:uuld ~~rv~
case. the majority (about 90% or more) of Ille capiu.1 cost perhap~ 5.5-11 million SMD POX cars.
of metllanol infrastructure development is due to building
new production capacity. ratIler tIlan to distribution systems 111e production cost of SMD can Lllen be estimated as:
311d refueling stations. Hydrogen production is somewhat
less costly tIlan metIlanol production per unit of energy PSMD =
output from tIle plant. mlis is true because tile conversion 0.15 x S24.000/bbl/day/(365 d/y x 0.9 (capacity lactor) x
efficiency of natural gas to fuel is higher for hydrogen III all 6.15 GJ/bbl) + NG Price/0.6
for mell~ol production.) Moreover. hydrogen fuel cell
vehicles are estimated to be 50% more energy efficient = 1.78 + NG Price (S/GJ )/0.6
tIlan melllanol fuel cell C,lrS (Table 3). so Illat a given
energy production capacity will serve a larger nu~lber of Probably. SMD wuuld b~ made at a ~it~ willI luw l:U~t
cars. 111e overall effect is tIlat even witIl hydrogen's much natural g.lS. We .~~~ume th.ll tIl~ gas prict: for SMD
higher distribution and refueling station costs. the tO~ll pruductiun is tile w~llhead price. Acl:ording to u1e Ent:rgy
capital cost of infrastructure development per c.lr is Inforlll.ltion Agency (EIA 1996). Ll1c well1lead price uf
comparable for metIlanol and hydrogen. once a high level natural gas was SI.88/1000 scf or SI.73/GJ in 1994 ai1d is
of fuel cell vehicle use is acllieved. 111e high cost of new expected to be S2.57/1000 scf or S2.35/GJ in 2015.
lnetIl.'\nol production capacity and tI1e hydrogen vehicle's (assuming Lllat Ille heating value of NG is 1030 BYU/scf.
hi,gher ener,gy efficiency combine to level Llle playing field. and tIlat I million BTU = 1.055 GJ.)

AltllOUgh most metIlanol today. and for tile next few For current (1994) NG pric~s. Ille cost of SMD is
dec:1ue~ is likely to be made from natural g.lS. other
ft:t:dstocks SUcll &lS biumass. cual or w.l~tes cuuld be u~ed. PSMD (S/GJ)= 1.7g + 1.73/0.60 = S4.66/GJ
ll1e production cost uf meti1a11UI h.lS b~t:n e~timated fur .l
variety of prim.lrY en~rgy suurc~s (Willi,un~. l.lr~un. Wilh 2015 NU pric~~
K;.ttuf$ky anJ Cl1en 1995). The cu~t uf fut:1 dl:liv~ry i~
~~timatc:d tu bc: about tht: ~.Ul!~ fur mt:Ul.l1IUI alld ~asulint: PSMO =$5.70/UJ
on :J. volumetric bil$is. (,ivt:n ti1e low~r en~rgy d~llsity of
metllanol. truck delivery would cost .lbuut Sl.9/(iJ. as l=rum till: EIA (EIA l'-llJ6). til~ cu~t uf distributiul1 and
coulpared to SI.O/GJ for gasoline (Ogden. Larson llild m.trketing for Dit:~el i~ .lboul SI.06/GJ loday. .UIU i~
Delucchi 1994). 111e estimated delivered cost of metJlanol expected to ri~e to ,lbout Sl.67/GJ in 2015. l-h~ Jt:li\'er~d
is s!lown in Figure 10 for various prim.try sources. CIISt (witJ1uutt~lx~s) fur SMD i~ tJl~n ,lbuut

COST OFINFRASTRUCIURE FOR GASOLINE FUEL S4.66 +1.06= S5.72/GJ (tuday)
CELL VEHICLES For this study. we have ,lssumed tJl~lt 55.70 + 1.67 = S7.37/GJ (in 2015)
tIlt:re is nu extra capi~ll cost for developing gasolille
infr.1Stru~'ure fur fuel cell vehicles. This may be an Nute tllat tIlis is likely to be an uvere~timate if very
oversimpliticltion. For exaInple. if a new type of gasolinc in~xpen~ive off ~hur~ natural ga~ i~ u~~J .l~ a f~l:u~tuck (U.$
(c.g- very low sulfur) i~ neeJed for g~l~oline/POX fuel cell i~ dune with metilanul tol.!ay). The tu~ll capital cu~t uf
vehicles. this would entail extra costs at ti1e refinery. The developing a refueling infrastructure for SMD is S220-
costs of ulaintaining (and gradually replacing existing 500/car. Jepending on Ule production plant size and
equipment witll new) or expanding tile existing gasoline .lssuming tilat no extra costs are incurred at refueling
infu1structure are not considered. stations. marine temlinals or in ocean shipping.

COST OF RERJELING INFRASTRUC1URE TOTAL If'II'FRASTl~UCTURE COSTS (ON AND OFF THE
DEVELOPMENT FOR SYNTHETIC MIDDLE VEHICLE) FOR FUEL CELL VEHICLES: A
DISTILLATE FUEL CELL VEHICLES. Synllletic middle COMPARISON OF HYDI~OGEN. METHANOL.
distillates are produced lrom natur,u gas. Modest sized GASOLINE AND SYNTH£rlC MIDDLE D1STlllA.rES It
plants producing SMD have been built. .mJ constructiun uf i~ uflen ~tated that u~e uf liquid fuel~ willi unbu,lrd
lar£,er pl6lnts i~ beillg cun~idered. refUrnll:rS wuulJ greatly rt:Jucl: (Ii)r m~tJl.uIUI ur SMO) ur

~liminatl: (fur ga~ulinl:) the prubll:I11 I)f J~vl:lupil)g a nt:w
SheIl currently "Pl.'f"Jtes a 12.500 bbl/Jay plal1! proJucing ful:l infra~tructurt:. HII\\' dl.X:~ till: I.:apit,u CIISt or builuill']. a
SMD from naturJI gas. A~~uming tJlat Ille I:nt:rgy cuntl:nt rl:ru~ling inlra.structurl: cump.trl: li)r hyJrogl:n. ml:tJliU1ol.
{)f SMD is tile s.-une as Diesel fuel. Ilns plallt pruJuces ga~uline anJ SMU ful:l cell vehicll:~'!
76.875 GJ/day. enough tu fuel a flec:t of 1.3g million
SMD/POX :J.utoulobiles. l1le capital cost is Dt:linin" "infrastructure" to ml:an all till: equipml:llt (butJl
S55.0u0/bbl/day (or S687.500.000). The capital cost per on wId ~ff tIle vehicle) r~quircd to bring hyJrugel1 to 1l1e
car for the production plant is tilen about S500/car. TIle fuel cell it i~ cle.tr tilat "a~uline. ml:!hanul alld SMD fut:1..,.
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ceIl vehicles ;I,]so entail extra costs. For .gasoline vehicles. kilometer is about !lIe s~une for gasoline Cind nCiturd1 gClS-
tl1ese costs are for onboard fuel processing. For metllanol derived hydrogen.
and SMD, there are "infrastructure" costs botll on tlle
vehicle (for fuel processors) and off tile vehicle (for fuel Figure 12 suggests tl1at factors 01I1er 1I1~u1 1IIe total lifecyclj
production, distribution at1d refueling systems). In lIle case cost may drive fuel choice for fuel cell vehicles such :IS:
of hydrogen. tile infrastructure development capital cost is I) vehicle first COSl, 2) perfornlance of allernalivl: type~ of
paid by tIle fuel producer (aI1d passed along to tile fuel cell vehicles, 3) tile capital cost of devc:loping fuel
consumer as a higher fuel cost). In tile case of gasoline production and dc:livery infrastructure off 1I1C: vehicle,
fuel cell vehicles. tile extra capital cost is paid by tl1e 4) environmental concerns including urban air pollutiun .ull
consumer buying tile CM. In 1I1e c~lse of metllanol ~lIld greenhouse g~1S emission~, and 5) energy supply i~sue~.
SMD both tile fuel producer and tile vc:hicl~ owner pay
extra capital costs- CONCLUSIONS

In Figure 9 we combine our estimales of tl1e cost of Our simulations indicale th~ll for 1I1C: Silll1C: pc:rt'ornlance,
alternative fuel cell vehicles (Figure 4) and off-board hydrogen fuel cell vehicles are simplc:r in dc:sign, lig!lter
refueling infrastructure (Figures 7,8). Our estimales show weight, more energy efficient and have lower first cost lIlal
~t metllaI1ol fuel cell cars are likely to cost S500-600/carl 1I10se wi1I1 onboard fuel processors. Vehicles witll onbo:Jrd
more at1d gasoline or SMD POX fuel cell vehicles S850- Sle.ul1 r~fonl1ing of melIlanol or p~lItial oxidation of
1200/car more tltan comparable hydrogen fuel cell vehicles. gasoline or SMD h~tve about two tllirds tIle fuel C:l:onomy 0
The ;l,dded cost of off-board refueling infrastruclure for dir~ct hydrogen vehicles. TIle efficiency is lo\ver bel:ause
hydrogen is in tIle range S310-620/vehicle. For melIlanol uf lIle conversion lossc:s in tlll: fuel prol:essor (Iosse:; in
the off-board refueling infrastructure costs will be small m.tking hydrogen from ~Inotller fuel), reduced fut:1 cc:11
(Jess than S50/L-ar) until new production c~lpacity is needed pt:rforn1ance on refoml~lle, added wcighl of fuel pruces~or
(e.g. until tile Dletlllinol fuel cell C~II fleet exceeds perh~lps components. and effect~ of fu~l pruce~:;or r~spunst: time.
I Dlillion C4trS). Once new meLllanol pruductiun l:apacity i~
De~ded. metIllinol infr.1SLruCture c~lpiL;.ll costs off lIle Fur mid-~ize ~Iutomubilt:~ witll PNGV typ~ cll.lIadc:ri~til~
vehicle wuuld be S330- 770/c~1I (Figure 8). For melIlanol (ba~~ vehicl~ w~ighl uf 800 kg --c:.g. w~ighl wiLI1uut LIIC:
the total on 4Ind off tIle C~II i$ tllen about S830-I370/car. powt:r train and fuel stor~lge, a~rodynilll1ic drag uf 0.20. anc
For SMD. tJlC capital cost for off-vehicle infrastructure rolling rc:~i~tance of 0.UU7), fuel ecunumies (on the
development would be S220 -500/c"Jr (for new SMD combined FUDS/FHDS drving cycle) arc: projc:cll:d to be
production pl~lIltS) mId S850-1200/c.1I on tll~ vellicle, fur a ablJul I U6 mpeg fur hydrogen fu~1 cell vc:hicll:s. 61) mpc:g
total of SIO70-1700/c:Jr. To wilIlin the accuracy of our cost lur fu~1 cc:11 vc:hiclc:s wiLll onbuard mt:tll~lIlol :;lC:~Ul1
projections. it appears tJl~lt lIle total capital cost lor r~fonning. 71 mpeg for unbo.lId ga$ulin~ parti.tl uxid4llion,
infr.lStructure on ~md off !ll~ vehicle wuuld b~ roughly and 7 I mpg for unbu~lId p,lIli'll oxidaliun uf SMV.
compar-.1ble for uletllanol. gCisolin~ and SMD fuel cell
vehicles. wi1I1 bydrogen custing somewhat less. In thc: Based UII projectiulis for mas~ prudu(,:~d fuel ct:11 Vt:llidt:s.
longer tem1 (once new productiun capacity is needed). meLIlanul fuc:1 c~11 ~Iulomobil~s ,tIc: pruj~cted tu (,:o:;t ablJut
hytlrogen 41ppears 1u be the leasl custly allt:rnalive. SSOU-6UO/c.1I mur~ Ihan cump.lIabl~ hydrug~n fu~1 (,:t:11

vel1icll::;. Gasoline or SMD/POX fu~1 (,:1:11 ~Iutoml)bil~s arc:
UFECYCLE COST OF TRANSPOI{T A TION FOI~ projected lu cust S~50-120U morl: lIlilll hydrog~n fut:1 cell
AL1ERNATlVE RJEL CELL VEHICLES. In Figur~ 10 lIle \'cl1iclc:s.
delivered cost of fuel (including production, delivery and
refueling stations) is compared for hydrogen, melIlanol, The capilal CO$t of developing hydrogc:n rl:fueling
gasoline (WillianlS, l..a.rson, Katofsky ~lIld Olen 1995) and infrastructure b.lS~d un lIt:ar ternl technologi~~ wuuld bt:
SMD -A variety of primary sources are considered. We ~Ibout S31U-620/c~tr dep~nding on tlle lyre of hydrogt:1I
see tllat tJ1e cost per unit of energy for hydrogen is higher supply. MelIlanol infr~LStructure capil~11 cust~ :;huuld b~ luw
than for nletll.lnol. gasolule or SMD. initially (less 1I1~m S50/c,II), but would illcre~I:;~ lO 5330-

770/car once new me!llanol pruduction capacity WitS
The fue1 cost per kilometer is sllown in Figure 11. Because needed. For SMD tl1e cost would be ~Ibout S220-500/l:.tr.
of tIle higher fuel economy of hydrogen fuel cell vehicles, for new productiun capacity only. All tl1~ syn1I1C:lic ful:l
\\'e see tJmt the cost per kilomeler for ~I fuel cell vehicle Cases (hydrogen, metl1anol ~md SMV) havl: ~I cump.trabll:
using hydrogen from natural gas i$ aboul tlle Silll1e as tllat range uf off-vehicle long ternl infrastruclure cust$. Nu t:xtra
for 41 gasoline fueled fuel cell vehicle. COsl$ ~IIC: assumc:d fur dc:\'eloping g~l$ulull: infrastrul.:lurl:.

Ui\'c:n tllC: projc:cted increasing dc:mand fur tran:;purtaLiun
The total Iifecycle cost of transporli.1tiun witll v;:trious fuel$ ful:I$ worldwide (whicll would requirl: new ga$uline
OI.Dd feedstocks is ShOWI1 in Figure 12. This include~ tllC: production capa(,:ity). this may be an undc:reslimatc:.
vehicle capital cost. non-fuel O&M CO$ts, and fuc:lcosts.
All tlle cases shown .lIe within a few percc:nt uf eacl1 uth~r Oefillillg "infrustru(,:turt;" lu ml:an all lhl.: I:quipll\1.:1I1 tbIJLll
in totallifecycle cost. -Ole lowest ovcr~111 lifecyclc: cost of UII ~u\d olT 1111: vl:hi(,:Ic:) rl:quir~d tu brillg hydrugt:n 10 th~
Irdnsporultiun is lor a hydrugen fuel cc:11 vehicle, witll fuel cc:II, wc: t-ind tll~lt the cost is ruugl1ly cump.trablt: fur
hydrogen nllide from 11;.ltural gas. The estimated lifecycle mell1anul ,gasolinc: .uld SMD POX fuc:1 cc:11 vt:hicl~:;.
cost for a hydrogen fuel cell vehiclc is ~I lew pcrcc:ntless Surprisingly, hydrugc:n appe.1I$ tu ~ntail tl1c: luWC:~1 u\"~rall
th.m fur a gasoline ful:l cell vc:hicle bc:c~luse I) tIle lirst capilal co~ts in 1I1C: longer tc:rnl, whl:lI III:W ful:l proJudiun
cost of a gasoline vehicle i$ higher ,u1d 2) tll~ fuel CO$t per c~lpacity is needed ft)r meth~mol or SMl>.
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.llle Iifecycle cost of ~nsportation is simil,lf for all t1le Illil;"ERENCES
cases exanuned (all cases are witlun a few percent of c:ach
otller)- However. tile lifecycle cost is projc:cted to be OJ few Allison Gas Turbine Division of Genera! Motors December
percent less \\'ith hydrogen made from naturdl gas tIlan with 16. IYlJ2. Fin,lI Report DOE/CHI I W35-0 I. "f{c~e,lfcll and
~asoline. meth.ll1ol. or SMD. becau~~ thc: vehicle !jr~t cost Oc:velopment of Proton Exchange Mc:mbrane (PEM) Fuel
15 lower. ~nd tile fuel economy ubout 501:]( higher. Cc:11 Syst~m for Tr,ul~port;ltion Application~." prt:p".tr~d !IJr

'.. the US O~p".trtm~nt uf Enc:rgy Offil:e of l'ran~purtatiun
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LIIIll"l.:rl.:nl:1: 1111 l--ul.:l (~t:JI Vt:hidl::-. lill~llll1. Mf\. M.lrl:ll 17-
Like compres$ed ffiltural gu~ ur mt:thanol. hydrog~n fal:c~ IIJ. IYIJX.
tile issue of reuching bcyond cemr.uly rcfu~led l1c:c:t
Dl.lrkets. In addition. lec.:hnical issues rcmain to be Chang. L. IlJY3. "l~c:c.:l:nt Developlll~nts of EI~l:tril:
resolved for fuel processors. The choice of fuel for t1le t-Irst Velliclt:~ and Th~ir Propulsion Systems." Procc:eding$ of
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Figure 2.
Contributions to Vehicle Mass (kg)
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-Figure 4. Near Term Gaseous H2 Suggly Ogtions
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Figure 5. Long Term H2 Suggl~ Ogtions
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Figure 8. Capital Cost of Methanol
Fuel Cell Vehicle Refueling

, Infrastructure ($/car)
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Delivered Cost ($/GJ)

N N
0 CJ1 0 CJ1 0 CJ1

H2 -Natural Gas
5

H2 -Coal c cn !!
-.ro+ c.c

H2 -Biomass ~ ~ ~
-~cnn> 0

H2 -PV 'CD 'A 0

~ H2 -Wind :;I ~ ~
CD n> cn cn
-;- ~o--c cn = <.
~3 ..MeOH -Natural Gas -g ~ ~

( -It CD

n> n>n>o.
-It MeOH -Coal ~ ~

'< 00.(")
(/) MeOH -Biomass ~ cn g
0 -n '< ro+
C ~ ~ 0
-It CDro+-..
(") -~
(t) Gasoline cn ~ ::I:

-.,<SMD -Natural Gas ~ (") ~

50
G) -.c.c

0.(D0 .0 t.. o..EF)o -~
:-.I JJ C -n ro"'A
0) cn cn ~
~ -t\ -cnG> ~ -.-
c- cn < .

-cn -cII -.-~ .-I
.EF)o c.c '< 0
-I. 0.

mca- ~
..am cn n
c= ro+ ro+-0 0 n> -.
<~ ro+ 0
~ -.~
mCQ 0~ m ~
-(I)
m 0~ -m -
~ ~
CQ m'< .
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~J 1.20';' Fuel Cost ($/km)

0 0
" 0 " 0
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0 0 ~ 0

0 CJ1 -A. CJ1 N

<-n
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Lifecycle Cost ($/km)
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