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A I[\C)Ci  C!] hFIS h~C!Il Clevc!] c)~)c!d fc)r
qua Iltitative cxarni]ndtio~] of the!
i])tecj~:itec] c)pe.1  ai_ i on c) f a lurla I l:)asc2
J)c)w c!) syst c!n[, ernp] c)yi ng l- Cgerle Iaiive
fuel ccl 1 tecllr)ology,  whi cl) VJc)ulcl lead
tc) irlcol])o~-at,  iorl into a lunar l.)asc 1 ife
su~)port syst cm. The> 11(0 Cie. J ernp] c)ys
I[l<!t llocis clc:velopcd for tc:chnology aI)d
S.ys t C! III t I-acic stuc]ics c) f i- h<! ]Ii fe
Suppc)l-l- System configuration for the
Nat iona] Acrorlautics a n d s~)ace
AciT[lilli:;tr?]tiorl (NASA) . ~’hi s ~-)ar)~r
dc!sc~”i bc!s the pc) w c! r systc!IIL a 1“1 cl its
iI1flucrlce C)ll life su~)pc)l t whi]c
cc)mpa I i ng v a r i o u s tecllnc)lc)gi  es,
irlcluciing pressuri Z.eci gas storage a n c1
cryc)qe Ilic storage, ti rl d cii f fc!rc!nt
c)pc~ -at ion cc)ndit ions. Basc!ci 011
~)1 e] irni na~-y assurnpti c)ns, the rnass,
~)c, wcr, a n cl t hc~-rnal rcc~ui rerl~crlt
Cst irr(atcs a 1“ c! rna c1 c at Lhc! ICvc!l C)f
ma ‘j c)] con~~)onerlts . ‘I’h C l-e] al_ivc! nlass
colnt I i hut i c))] anti Cnergy l-c!q Lli rer[[ents of
the! cc)nlpononts i r) varic)us
Cc)r!f igLllat ions arc ~)~cscrlt.eci. Tllc!
clvsc I i})ed irli-eract i c)ns between pc)wcr-
arld life support ill C] Lldc! di T-CCL
ill fluc!ll cc!, such a s water aJIC] c)xygc!I1
stc)ragc, a n d inciirect ill flLlen cc,
thl OLlgil IC!I iabi] ity a 1“1 C] r[millterlancc
Cc)llsi clelatic)Ils.

1 N2’RO1)U~Tl  C)N

~’he 1 i fc suppc)rt systcn~ fc)r a
1 una) }:)ase wi 1 1 be c:c)rnpc)sec] c)f Sc!vel al
I)llysic:a] /cllcn Lical P1” OCCSSCS ~*~,<~  ~Ji ] ]
i IIc:luclc! react zint p]-ocess si_rc2anm, ~)c)wc!l
gc!llela~icln a 1“1 cl corlsuni~)t  i C) II, a rld
aSSO~i at. ~.C] t hC!l-I [la] rnanager[~el)t  . It is
~)luclc!rlt to exami nc L h<! :Ir)al  C) CJC)US
prc)cc!ssc!s c) f t Ilc! ILlnar” l.)asc pc)wcr
syst c:n( i II orcler L c) sec:k ap~ll-c)tlc,  ll(!s

wlli ch r[lay Cx}-)l oit. i I’lt C!T act i C)rls })etweerl
t }IC powc!r arid 1 ife su~)pol-t systcn(.s  in
tllc c)veral 1 lLl IIa I- k)asc dcsigll . SLICh

app I”oacll C!s r[(a y include equipment
cc)r[m(c)rla  1 i t y 0 f SLICtl i Lenis as pumps ,
cc)rnp~cssors, stc)raqc! t a n k s ,
elect Ic)lysis ec~ui pr[~cn~  , aI1ci hc!at
cxcharlgers; inclusive ciesign if it is
approp I-i atc tc) serve both Systerils  k.)y a
sinqlc sc!t of cc~Lli pnlcnt, anti en~c!~-gency
sccnari o c)pt i CIIIS . Flc)t_h  1 i fe sLlpport
anti power systems are dyIlar[li  c., yc!t tllc!
tin~e constarlts vary frc)rn t kle di u~-niil
k,iolc)g ical cycle tc) Lhc lc!ngth  of the
1 Ll 1“1 a r clay, twenty-cigllt- Limc!s that c)f
Caltkl. Flct WC C!I”l ttIese cycles there n(ay
1.) c! wincic)w:i  of c)ppc)lt uni t y f c)l sc)r[le
procecjur-c!s and c)pti ons .

This si-LIciy  Cxamines th~ pc)tentia]
inte ~-actions, er[~ployirlg  ttle following
approach :

A rlorn inal lunar- base pc)kJer sysi_cm(
is assumed to enp]oy a pllc)tovoltaic  -
regerlel-zitive  fuel cell (PVRGF’C)  process
using cithc!l- cryogenic or compressed
gas storage i-ech I1ology. SLIC~l SySt, C!IIS
have! bc:c!ll r[~odel ICC] usirlq valic)Lls
apprc)ac. 11 es, SC!C! foI example [1 Kc)ho Lit_,
2 Ha)-l-is] . in Ll]is pap ClI- wo lIZLVQ taken
till El~)~~IC)51Ch tlIla]C)g C)LIS tC) that C)f thC!
Iti SSA studies [3,4, 5,6, ’1]: Thc ASI’FN
I’l, us ckl~mi cal procc!ss sirnulat ior]
~)rc)grar[i is Lls Ccl to r[[c)clcl ttIe ~)hysica]
allcl Cllerni Cal ~)roccssc!s  c)f the PVRGE’C
systc:I [l, simul ati I1g nlatelia] , pc)wer ,
aI)cl the. ~rnal c]uarlt itics. Se VCI-al pc)ini_
designs aL vari OLIS fuc!l cell a n d
stc)rziqe  ter[pc:~-atures  arlci pI-CSSLIICS WCIC
Calculat ccl. I’llc! l- C? SLl]t S a 1“ c
t,l”a Ilsfc!Jr ccl tc) s~)lc!acishc!c!ts  fc)I- fLlrthc I-
Systcnls analysis. Mass, ~)c)wc!r,  and

t }lcr r[la 1 rec]ui rerne]lt results ti r- C
~)1 C!serltcci ill C]c!tai]c!ci i_)rc!akc]c)w I1. ~’hc:se
results a r c! fLlrthc!r ciiscusscci with
alla] OqC)LIS values fI-c):[~ lC)IIq terr[l life



s t] } >}->C)  1 t Syst C!r[l .5Luclics. Tile j s>suc:s
C)f r[mi Iltel)a I1ce anti ICljat.)i  1 ;L y aI-e a].so
cli scussecl.

Usi I]g an a~)proac}I r[(ocic!l  leci af tel-
thc I,i SSA too] will facilitate future
~)la Ils tc) irlcc)r~)ol-atc  k)c)t.h ~)owet-  alIcl
life su~)~)ort syst ems a r) ci thci~
ir]teI-actic)r)s irltc) a sillqlc fully-
cc)nr)cctcd  r[(c)c~el  liIlq effc)>t .

ASSUM1’’J’IC)NS

‘Ttlc lur)aI- l)asc ~)c)wcr systcr[~ i s
I[lc)clc!l  I<!CI C)ll a 25 kilc)watt  basis [sce,
fo) c:xar[~~)l~, tkle 90 day Stucly 8] . T}]{!
clLlty CyCIC is 12 c!aI t}l d a y s o f
photc)vo]taic opel-atic)r),  fc)llowccl  k.)y 16
Calt}l clays of fuel cc!]] Usage!. ‘J’hel” I11a3
rad~aLoT”s a l-c! a ssumcd t. o h a Vc! :111
cr[[issjvity of 0.!)95  allcl sl,c, cif ic r[[ass

c) f !) kg/r[{2J with re~ectiorl teI[peratLIIC
(:+40 K) FII, Ci sink tcmpc~atL)Ic (?20 K)
simila~ to [1] .

‘J’WC) n~odes o f Stolagc a 1- c’
r[lc)clel  lecl : (1) Cor[lpc)sitc ~,)cssLllizccl
Lal]ks, l)asclinc safety facto] 2.0 a n d
2.1 M’a (300 psia) lcsicjual prcssulc,
:lIIC] (2) r[~c~al]ic Clyc)gc!llic taIlks,
r[lc)clel  ICci af tcr t,hc! I’RSA SJE]CC S}luttlc
tanks, lLavillg 10% ICsidua]  pl-o~)oll  ant .
‘1’CII pcrccnt aciditic)rla]  r[lass is allc)wecl
fc)l sLl”uctLlre. I’klc)tc)vc)ltajc r[~ass
sca]ir)g assur[lcs 1?3 w/kg :irlci I)C)WCJ
cc)rlcli  t ic)nirjq nmss is assumed to })c! 10
kg/kw, fc)llc)wirlq (1] .

1’llc baselirle 2.1 MPa (300 ~,sia)
1’1 OLC)II I-:xc}larlge Mc!ml”)I” aI”IC (}’ MM)
c!l~.ctlc)lysis sytom }Ias a r[[ass c)f 2’)9
kg, whi]c t}]c! }’F:M fllc-~ cc!] 1 has a II IZISS

c)f 416 kg [10]. T h e  c a s e s  r[lc)clollcci
ale! SIIOW I-1 i 1“1 I’ak)]e 1 . ‘J’ll C heat

c!xchaIlger mocie] is a 5-1.6kg/m2 (11.8

lbIIL/ft2)  stainl~ss stcc!l L-ube-in-sllcll
r[~c) de] .

‘1’ h c! n[ass estirnzitc fol LFIC
c1 yc)ge115c  c>q Llipr[mrLt cannot 1.)(, c!xI)ect(!d
t o l.) c! vc!I”y p~-cci se. IIullar - hasecl
syster[~s, for whi ch opcratatic)n,
~e~)airs, a nci mai rltcr)aI1c<, ale!
corIlJ)15catecl  k.)y a ]c)w-gravit  y vacuLlr[[
el)vi l-c)nr[lerjt , arc n o t far al Onq j n
clesi grl aIlci Clcvc!l c)~)J[lc!rlt  , aIlcl field
c:xpc:)-icrlce  }Ias yet to take ])1 ace. 011
the othe7 hanci, estir[mtic)I1 froI[~ ealth -
l., asc!d cc~ui pr[~er-rt, fol wl)icll  t}lele is
ar[~~>l o c)ata aIIci a large exper icrlce hasc,
Yla s ul, certainty due to the r,coci fc)~
cicsiclll r[(c)cli f i cat i c)lns Wllc)sc I]c!t C!f fc!ct
is LI1”l C] C!:II . F’C)I- example, CC)OI irlc~ o f
eqLli pnlent wit}) Il:lt LII” F1] c) r fo; cc!cl
Collvc:ct ic)rl c) f ar[bi Cnt air Woul d 1-10 t
a]lpl y . Al SC), g]-c)L]Ilci-}.):J:je.ci  eqL]i])r[~c’]nt i s

IC!ss se Ilsit ive tc nlass ~)eIlalti(:sr  ))ut

it j S a] SC) I-LC)~ rc;c~Lli l-cd t.c) fit iI1to the
Space! shuttle aIlcl withstar]ci 1 au Ilch
st. I”essc!s . l-’c)r- t115s })a~)cr, Car-t ll-i.)aseci
cl~sigrls  arc chosen aS a St a]”t ing ~)c)illt,

allcl t_hc! rr~a ss c) f cl-yoli cjLlefact i oIl
ec~Llipr[(crlt. i s Cstir[mtecl  f rom a cLlrve fit.
to datz f rc)r[~ the Nat ic)r”)al ~\ Llr CZILl Oj’
Starlclarc]s, 1“1 o w k~]c)wn a s NIS!l [9] ,
[i<! CFILISC these! V:l]LIC!S a l-c’ l)asc!cl c)n
{!alt hl)oul”lcl tcchrlc)logy, it js n c) t
c!x~)c!ctc!d t}lat t }Ic!y will ap~)l y wi LII
great precisiol] to lunar eqLlipri(ent,l  .)ut.
this a~)~~Ic)aclI is Cxpcctecl  Lc) give s o m e
iI)cii cat ion c)f wlIat dil ectic)x)s  slic)u]cl  be
t akell.

Stc)Iagc c)f cr yc)ge I-ii c hyc]rogcn arid
c)xygerl beqi~ls  with LIIC elect rc)lysis  of
water, wliich is a ssLlr[mcl to t ake. p] are
at 15.5C (601’) aIICi ?.1 Ml>a (300 ~)sia)
}) Iessu7 [!. E’c)l this baseline 25 kw
systm[~, tile llyclrogerl  r[mss flow l-ate is
1 . 0 4 kg/h~ (2.29 1 bI[(/klr ) a X“l c1 t he
cc~I-I-csl)c)ridir]g  oxygcrj  f l o w  is 8 .26 kcj/hr
( 1 8 . 2  llm/111) .

i!yclr  QgcI!  SLQICIQQ. [lycir-c)gcrl cr-yo
Stc)lagc! pl-ocessing C! XC CLlt CS L_ h c!
follc)wirlg  stages, :is ShCIWI-I  i]-] },’igu r-e 1 :
~’llc! ga s is first clricclr tllcrl i ,s
Compl-esseci  tc) 310 ~, IO.:+ M[’a  ( 5 9 0  F’,
1:)00 ~)sja) . At this pr-essurc it i ,s
laclizitivc!]y CO OICCI tc) O C (3? F’) . A
fiI-st_ stage c)f refrigel-atic)n takes the
C]as to ‘1-l K. TtIe })ycllc)gc, rl is then
cc)olecl hy ~Jc)[llc-~’}lor[l~-)sc)I-l  c!xpa Ilsiorl to
:30 K. A SC CC)IICI  ~cfriger-atiorl  process
l)rirlgs t}Ie t.er[(pc!lat LI rc CIC)WII to 2’0 K.
AL t}lis tcm~)eraturc thc hycl Iogerl i s

cryopurq)ecl to ?0 K, 1 .9 Mt’a (285 psia) .
s)xyg~r-) st. Qr;lg Q. oxygen

p~c)cessir)g is sor[lew}lat siru~)lc!l,  as alsc)
S}l C)WI1 ill E’igLll-c  1 . Agairl tlIC gas is
clli~cl, i.)ut IJC) Cor[pressc)y  is rlecessar-y.
lrl fact, it is ~)c)ssil)le  to e.xt~”act  work
f I c)r[( c!xpansi on c) f tkle -c~as using a
tL)l”hi Ilc!; howc!vel t h e c!rlc J gy gai I-Ie Cl

WC)Ll]d  k)C) ]]eq] ic]ible. Single!-st.age
cc)c)lirlg a rlcl CI yc)~)um~)i l“ig i)ring the
c)xygcn tc) 90 K, 6.5  M1’ci (950 ~)sia) .

su~)ply  C)f }lydlC)gCI”I  dlld C)xygcri.
‘lhc! SLlpf)] y C)f cl-yogcnic  IIyci]-c)gc]]  arlcl

c)xygerl 0CCU3 s a .s shown irl F’igLlre  2:
“1’k)ere is eI1ergy iI-JpLlt irlLc) tile stc)rage
tank, w]lich cau.scs mass t.rarlsport ir)tc)
a hcai cxcl)arlcle~ . }Ic!r c, SC) I[lC’ C)f t.hc!
recc)vereci  wast~: ileat flom L}ICJ fuel Cell
is useci tc) }lcat the hyclroqcrj or oxygen.
AI I c)ptic)I)al tul-hir!e  at this pc)int cc)LIlci
})c ~)c)wc,Iccl  l.)y gas ex~)arlsiorl, bLlt_ it-
wc)u]cl  I-CC:C)VCI  only ak)OLl~ O .5 kw, sc) its
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1 Ccc)vc:rc!d Waste llcat  . If a 1’F:M fu<:]
gas is
hc! fuc,l
F’RM C)l

Cc)ol i nc;

cQ[[l~)l-Qssccj sto~tlgc’. ‘J’lli s is

:+tl?!ic~lltfolwz)ld,  as slIc)w II in I-’igu>e 3.
St al”tillcj fI”oHl 15.5 c (60 I’), 1 atnl
wat~l , l)Ic)Cc:ss  wat,cr is r[~ixed irl anti

t Ylc’ St 1 (!anl is punlped tc) ?.1 Ml]a (300
])sia) ar]c] is C>l CCt Ic)lyzc:cl. 2)kIC2 gas is
ciliecl, cc>nl~)l  C!ssc! cl, a n ci raciiative]y
cc)oleci tc) its stc)raqe conciit ion clf 50
c, 21 M1’a (1?2 i-’, 3000 psia) . v;]] LIC!S
fc)l tiIc stc)ragc! tank Safc!ty fact c) l-s al-c!
Cllosclll at 1 .2 alnd ?.0.

~crnp~css~d SU P PI y. l)ur i[lq tkle.
su~)f)ly cycle, tl]e tank l)egins at a ?1
M}’a (3000 ~)sia) Cc)ncljtic)n  ancl is si 7.eci
fol ;I fjrla] }) IC!SSUJC$ of 2.1 Ml’,] (300
~)sia)  . Agai~l,  a turbi nc Stage: is
~)c)ssjl)le }:)\lt WC)L1] Ci ~)1 C) CiLI CC! llc.qligil.)le
pc)wcr’,  ar-)ci  i s c)mi tt~ci . . ThC:I-e js Cncrgy
i rl])ut tc) t}l~ taI”)k, ~)assagc Lhlc)ugh a
llc!at c,xcllarlgcl- whi c}] Ic?cc)vc!r-s Wast. c!
llc’at , and humi dj f i cati on in t llc: case c)f
t]lc! 1’EM  CC!]] .

l’V1<G1” C RRSLJII1’S

Stc~Idgc I’cclhnol<)gy

~<1~~ I{?cdkd<)w  n,. ‘J’tic! Iliass
blc!akcic)wrl  c)f t}lc? stc)l-age tc!cklrlc)]c)gic!s
is ShC)WI] il) 1,’igul”c 5. T}IC nmss c)f ijot~
c)xyqc:rl systems i s n(c)st 1 y Clue! t-c) the

Oxygen itself, a ncl the! syst ems aIc

fai]ly Clc)se i n  tc)ta] nmss. Tllc! i s

l.)c:c:ausc t}]c tarlk nlass savings c)f t}le
Cr-yclgcrlic systc:n~ i s  balarlccci by tllc,
n[ass c) f tile requi r-cd 1 ic~LICfactiorn
ecjujpnlc:nt  . 2’11(! Cc)r[Iplc2ssc:cl }Iyclrc)gen
systcm~ has a very }Iigll flactior)  c]ue tc)
ta])k r[(ass; t}lus tl]c cc)r[[~)resseci  syster[i
?i s> a wiic)lc is clc)r[lil]ated ~.)y tar]k 1[1?1SS .
‘l}lc! c1 yc)g CIIic klyci I-c)gc!n sysi_Cn[ r[lassr
hc)wc, vc r-, contains cc) Ilsiclc!rak)Jc
licluc!fdct ic)I) Cclui ~)mcnt I[la .ss . A S a
Ic!sultt it i Si much lieavic}~ th:iI~ t}lC!
cc)n(l)l-c~ssc!cl  hycl Ic)ge II systcm.

g’hc’) ma] ar]cl Nlc Ctri Cdl I! C)<lCIS.
T}ICS(! rc:su]ts aIe I.ist Cci in ‘1’ahlc 3 zir Ici
Cic})i Ctcd in F’igLlle 6. The Clcctrica]
] Oaci (allci cc)r rc!s~)c)r  Jcii I1g t}lc!lnlal
1 CC]Lli r-c,I[icI)t ) fol” Ll]e tc)tal cc)mpr esscd
SySt C.1[1 iS, n c) t sur-l)r  i sing] y, clue tc) ~lIc:
c.on(])r  c’ssc)I s . T1lc r[mgl]itudo o f t }ic
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lc)ad is allc, ut 4 kw. 1’11(1 Cryogeni c
systerr~ i s CC)r-ISi Cl C!la}.)l y r[~c)Ic clcmmndi  ng
in its Clcctrica] ancl t llCI-IIEI1 rojecti on
rc2c]Llj  r-en~ent  s . 2’lIc total Clectrica]
1 C)acl is18kw, nea~-] y a l ] Ci L] C t. c)
liq LICfac Lic)rl ecjuipI[lc2nt,  with hyclrogcn
lic~LICfactic)rl  ( ? st.ages) ciCmaI”~di t“icj

sc)nlc!w}lat n[c) r-e ~)c)wer t lIa n Oxygc!n

lic]Llc!factic)I1.

k’dctc)l of safety. q’he inf luence

c) f factc)l c) f Safc!ty or] cc)mp] c:ssCcl

Stol”ac]c IILass i s shc)wr”l i~”l k’igLlre ‘ / .  A

factc)r-  c)f 1.2 w a s chose! fc)r Cc)mpa]-ison .

I’klis i s rlc)t cuI-rCrltly accc!])tak)lc!  by
ac!l”os~”)dce stanciarcis, hLlt it was
f)ur-posc:]y  chc)scn to he lC)W enc)ugh to
Cie II Lc)I”l. st r-at c! a 1“1 y siqnificarlt_ ma s.s
d i f f e r e n c e . The! m a s s SaviIlgs is a})ou~

20% fc)r the hydrogen systc!r[l. The mass
.sav J rigs) is considerably IC!ss fol- th(2
c)xygcn system clue to the sr[(al 1 mass
fr-actic)xl attrihut-al)le  tc) the t a n k s .

sLl~”l  J)l y l’~~}lr)olc)gy...  dnd WCISL.Q.. fl~~i”

~<~_j~CtioIl

~~]ss Bl”c!tl_kdc).Mn  . SLl~~]~

tc’ch]”lolc)gy I“lc!c!ds for cithel- t h e

Cornprossecl c) 1“ cryc)gerlic syst ems are
3C2SS Cc)r[L1)l CX t h a n the iI storage
Courli-crparts  . ‘lLl]e mass k)~-eakdc)wns for
t h c! va r-i OLIS CFJSC’S arc cji Ve. n in F’igure
8. The rrlass element s i nclude
lacliatc)rs, }lcat exchanqc,rs, and
tlur[kicii  fier s . Fic)L1l c1 yc)gc!nic a n d
Cc)nprc!ssecl sources tire cc)nsiciez-edr a nci
4 cc)r[[l)inatic)ns  of tc:n~pc>titure a n d

l~rc!ssLlrc>  arc ShOW1l fc)l Clzich. Rziciiator
nmss cic)n~inat.es  by far in al] cases .
F’Llr tlier-r[~c)r  e, it will be seen lai_or tiiat.
the r[mss c)f ti)e supply systcv[l is a very
sma] 1 fractic)n of the total Systen”l
r[mss .

Iljg}l.u.zc!ssurc  K1.cctx”c)l.y.sis Systc!m

TiIo r[t ass inflLlerlce c)f high ancl

lc)w prc!ssure elc!ctlc)lysis c)rl the total
syst cn~s i s cic~~icteci i rI l:igLlr-e  9.
~c)nmon elen[ent s such as tank contents
aIIci l)ower. cc)nc~itic)nirlg C. C) II~l)I i se t-he!
fiist the first 4500 kg crf al] systems.
Thi s gr a~)h FIlscl slIc)ws lIOW the: r[lass
stivi~lgs  gair!cci  l.)y Llsi~ly  Cryc)gerlic  t.a Ilks
is n[c) r C t h a n C)ffsc!t by }Ieavy
] i(lLIC!fFICti C)I”l C>CiLli~)r[K!rl~  . Ttlerc:  js some
r[~a ss savj!lgs attainat)le  hy gc)ing f~c)nl
71 M}]a ( 3 0 0  psia) to ? 1 0  MPa (3000
psia) CleCtl-Olysis, k)LIt is c)nly abc)ut
2+ fc)l the cor[~[)r-csscci systcmt  and at.)out
4?, fc)~ tt)c cIyc)genic  systcm.

I’Owl:R/I!lF’K  SUI’}JOR’J’ SYSI’E:,M  lN’1’}~,RAC~’10NS

Jan,etal.



‘I’}l C! Cc)r[mmna  1 i L y o f C)xygcL!l a n ci
WZILC$I suggest cc)l)sicie~  irlg t}lc!
illtc:l  act i or) of ~)owc] and 1 i fe. suppc) ~-t
syster[~s . ‘1’hc! two syster[~s Coulcl
CC) II C: C!i VZi~”)]y he ccrrutji  I-Le Ci as ill l’jgurc
1 0 . 111 this cc)]]cc,~jtual  j zatic)n, }.)c)t }1

t tic fuc:l cc.] 1 s zLIIci the human llahi t dt
aICT SC I- VeCl l)y a single sc)u Icc2 of OXyg C:II
aIlci a sjllgle sc)urc. e c)f water . }Iyclrogcn
iS su~)p] i ed t o kroth t llC fUC!] CC!]]S ?IIIC]
tlIc2 ai I Icvit, alizatic)rl syster[l. OIlc)
water t l“c!?l~r[lcrl~ sysi_er[~ Sup}) c)l-ts the
Clectl-olysis urlii- ?)s WC!]] a s the
})al)i  tat . fleat re jecti CrXI eqLlipn~eni- r[my
l>C shzired by al 1 systcr[~s  .

WhCt}IC!l-  this cc)ncept is viahl c!,
01 Wllc!t klc!)” Sc!pal-atc gas a n c1 watc! r--
hancl] ing systems a I-e. ~“)lcfcll-iik)lc,
cie~)c!rjcls c)r] a ~]ur[lbe~ c) f intc:~-fac:e
issues. Amc)ng these a]-e:

‘C. lcarrlir)c:ss IC!vcl c) 1 purity
accc2pLal.)le  tc) k)c)th pc)wcr aIId life
Su])pc)lt .
isafcty - -avai]al.)i lity of a l.)acku~)
systcr[~.
~fai]ure rnocic! ef feet S--nc)rn(al
c)pc!]atjon r[my l.)c acc~~)tablc!, l.)LII_
a failure r[(c)cic whi ch js
acce~~tablc t.c) the p o w e r system
Ii{ Zi Y k) c! unacccpt abl e fc)l life
sup~)c)ri_  .
*q Lla I]t_itativc! evaluatic)ln c) f
advarlt ZIc]c! obt ai IICCI 1.) y Llsi Ilg
corru[mn ciesign.

We fc)cus F1OIC 011 the> l?ist i ssuc.
It is Cx})ectcci  that- I-}112  Cc)r[r[[c)rlality c)f
LIIC cksign will be affecteci t-o a la]ge
Clc’gl”c!e k)y t-he relative cic2r[larlcl  of
I“(!sc)ul”ccs of the two systems. Sir[q)]y
})ot, a mi ss.i c)n wllicll has irnr[cnse.  pc)wc I
rec~ui rcwmnts and a srna] 1 crc!w wi 1 1 have
cli ffe~cr-]t ciesig]] cc)rnrnonal  i t y issues
fl-c)nl  a r[{i ss.i c)n Whc)sc? erle~gy  is LISC!C]

:11 I[lost cor[~f)letely fc)l- life suppc)I-t . Wc!
at t err[l>t tc) c~Llantify the tile ]-clativc
Y (! s> c~u I-cc! needs iri a rc)Llgkl r[mllne?- , a s
fc)l IC)ws .

F’igurc 1 1 can be usccj to get aII
i CiCEl c)f tlIC scale c)f inte~-actic)ns fc)r-
l)aIticula~ r[~issions. I I(EI) Sl]c)ws  Lllc
tl)e. r[mss c)f water cc)nsuruecl  per clay, a s

Cc)nsunwci by the power system CiUI-iIIg
c!lcct ~-olysis, l,er kilowatt on tllc Ul)~)CT-

x-axis  (sc)licl line), and as consunleci })Y
L1lC’ CI-CW pc,r rlum}~e~ c) f crc>w, or] the!

lc)wcr x-axis (ciashccl line) . Wc! c: a 1“1

Choc)se a rlc)minal case of ?0 kW powor
system arlci a crew of 5. ‘J’hc!rl  the! J)owel-
Syst C!r[l Cc)nsurncs a k)c)u t 260 kg of watc!r
~)c!l clay, w}lile t}lo CI-e W Ieq Llilcs 01]1 y

a}> c) u t c)rl~-fift~l c) f L}lat ar[louIlt . 111
tt)is C.a:)c, tklc! life su~>~)ol-1. w:iter
pl-ocessinq  r[ljght  be Sepal-ate  in c)l-der
tc) ruai]]t ain i-he pulity of t}lc! pOWel-
syst em Wate .1” . 11c)wcvf2r, the ~)owc I

systcr[l  wc)ulci lIavc: c:nc)uqh clean wal-cr tc)

serve as ar”i c!r[mlgcir)cy  k)ackLll~ su~,])]y  fcI
life! su})~)c)rt .

lfc)oki IIg a t the s;] IILc’ case i rl
1,’igurc II(t)), wlli C} I S}lc)ws oxygc!Il
cc)rrs Lll[[l)t_ic)n, w c’ See! t }Iat t})c! [) C)WC!I

systerl~  coI, sur[K2s C)xygcrl  at r[~c)le thaIl tCII
i- i r[les tllc rate L] S{! Ci k) y the! Clew,
sLlcjgc:st  inq that the J i fc support oxygen

syster[~ CCILl]d hc! cicsig I”lc!ciSLlp~)]y  - as a

sr[[a] 1 fractic)n o f Lhc! ~)c)wc!l syster[l

oxygen sLI~)F)ly, fc)l t}lis  cc)l)fig  Llratiorl.

Kit})c:l- C)f t}lcsc! C a s e s  WC) LI]C] bc!

Eiff~CL~Ci  hy tl]c phase c)f tile ~)c)wer
syster[[ cycle. At the’ encj c)f a lurJal-
Ci a y t}lc!l”c wc)Lllci bc) relatively little,
Watc!r })Llt <1 lalgc :] I[\OUllt c) f c)xygcn,
w}lcr-eas at t}le luriar nig}]t 1s Crlci there
WC) Ll]Ci ])Cl co I]sjdc I-al)lc water hut c)nl y
)C!s{!r’vc! arr~c)unt s c) f c)xyqcn ‘1’llc: life
sLlp~>c)r t l- C! C]Lli l-~!rll(!ll~  S, c)rl t}lc! other
}lancl, ale! relativc]y cc)rltirl Llc)us.

Of CO LII SC!, tlCt UZ1] CjC’Si\]J”I CiC1)C!IJCi S
c) n r[~a n y C)t hc!l- fac;tc)l-s a s dc!scrit)c; cl

}a .) C)VC! . I-’iqule 11 is iIlterldc:ci  tc] be a
vis Llal cJLlicic! t c) t hc! c)vc!r-lap~)ing
I ec~ui lCrr~cIlts of the life su})pc)rt and
~“)c)wc!r Systc!rrls  .

Ndi rlterltlr~ce  . It is ill~~)c>ltallt to
c!xan(i  rjc the l-epai I ar)d r[(ai r)tcrlarlcc
neccis wlIich a r[loc})arli Cal systcr[i can l:)c,
Cx}lc!ctc!ci t c) iricu~ . As a fi~st
c!stinmtc), the Mean ‘J’ir[~c!  })ct wcc!ri F’ai 1 Llrfo
(MI{ ’Y!-’) , Mc!?ir] ‘J’-irrlc }{ctwc!c!r]  Mairlterlallce

(M’I’HM) , Mean Tinw tcr Repair (M~’’J’R), and
Maintenarlcc Man lloLIr” (MMFl) V; I]LIC!S  wcrc!
foLlrlci fc)I- <~~c)Llrlcl-1-)E]sCcl Qartk] cr-yc)genic
a nci cor[l}~~ esseci prc)ccssirlg tcc~lrlology
[11]. (AI-Ial C)gC)LIS I-csu]ts  fc)r- the life
SLl~lJ)C)r  t syst cm r-enmin  t c) l)c cicscrii)eci
irl a fLlt Llre r-e~)c)rt  .) T}IC cc))[[~)c)ncnts c)f
the; ~)owc!I systc!r[( scc!ILar ic)s c:xar[~i ILcci
}Ic!rc were Iis Lc:ci aIIcl tllc:ir assc)ciatc!d
M13TI’, M’J’l\M, anti MMI1 }le.r yc!dl (MMli/Y)
V;]] LIC!S WCr C’ ;1] ] c) C71t Cd ZII”l C] SLll[LIIIC’Ci.

1 r] C.llc)osi nq a Ilunbc 1 fc)l Ml’l’I{,
rc!fcr-c)rlce [11], l):] secl 01) yc!ars of
x[~aix]te.r~al)ce. o f c~alth-hasc![i cc~ui~)nmllt ,

givc:s a typical Value C)f ?-/ }lC)LIT”  S pc:r
r-c->  air,I w}}ereas r’c!fclc!r)cc [12], a

prolirr~inar-y  Cst.il[late f o r- Sf)ace Statiorl
F’r-c!c!cic)I[l r[lzlirlt.crl:]liec:r :] .S .$ LIII(C!  .S r[lost
l-c!llairs tako 1(:ss tilan c)rle }Ic)ur-. WC!
cc)r[l~)r-c)r [(i se }Iere Z1 t MTTR= 1 4 klc)urs .
F’ollowjng the calc LIl at ion c)f the MM1l/Yr
a ~c)rlv{!r siorl was r[l~lc)C to <1!] {! C] Lli V:l] CII-It
nl:] s s I)as{!cj c)r) ;I l)crsorl’s r[ia s s
l-eq Lli r rI[\el)t s ~)cr MM}l , ;lssL1rl[ir!q  a rlc)r I[ml
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W()) k week . ~’hc: Iesults aIC S} IOWII ill
l’iqu~e 12. It SIIC)U ICI k)c r)otccl L}lat t}Ic!
c:sti I[mtc:s lICI’C!  aI”c! IIC)t c!x~”)c!ctcci  tc) bc

a t all prcc2ise, k)ut rat. he~- are rncar]t tc)
})C inc]icatc)rs  of Wllel”c! adclitic)r  la]
CICVCI olm(crlt Cffc)rt r[my l:)c neeciccir  c)l-
w}li CII ciilcctic)ns m a y  be taken UIICICI
CL]] ICr”lt t-cchnolc)qy . II_ is Clear i}Iat
tiljs cal~ulaticrn S>ugqc!st$, that t}lc!
~)c)wcl  I s yst em cr[~pl c)yi r-iq cryc)qcrlic
stc)ragc! t(!chrlcrlcrgy will }la v<! r[luc})
glcatc,r Ir~ai rlt C! II EIIICC IIc!c!cls al)cl
assc)ci at ccl r[klss JCclui rcmcnts t}larl tllc!
cc)r[~f)lessed  tecllr]c)lcrqy  system.

HJN~l,USIONS

J’@wcI- s.ys~f!!rl. 1 1“1 Cor[lpal-i ng
CC)II(l)I  essc!cl Stol”agc Lo C1-yc)g eni c
stc)rage,  the! oxygen systems are neaIly
t})c sarm. Cryc)genic  hyciIc)gc!II  stc)layc!
has Cc)nsiclerab] y less tank r[mss, }.) u t
this is nIOl-C tl]an c)ffset by the- mass c)f
liqLlefactic)n oc~ui l)mc:nt lec~ui l-ccl t c)
attain Ll)e lc)w tcmy)craturc! IIcICclCcl  fc)l
lic~uicl hyd~c)gen. As ciiscusscc] ak)c)vc,
tile ma ss cstirnate  fC)l- thc! cI”yc)cJcIlic
systems Ilas unavoidable Llllccrtainty,
anti it may bc: pc)ssi})le t.c) clesiqn 1 Llnzr I
c:~-yogclli  c systeri[s wi Lh 1 Owc!l’ r[[ass .
}lc)weve]-, it- is rccogni zecl that
clyogenic equi plilCr-rt- will T-equi I-e
cc)Ilsicic~-able! cievelc)pment before usaqc
C)II t}le moor] . CInc! approach, then, r[night
~)c! to initially cmplcry cl-yogcnic c)xygCIl
Stol”agc a I“lci cor[[pressecl hycl~c)gen

St C)l’age!, to l)c fc)llc)wc:cl  by using the
c,xpc:l-ieIlcc  gainc)ci with C1-yc,gcr,ic  lul,ar
C)xygc!l”l stc)l-age: to design lc)wc!]- r[[ass
clyc)-hyci~-ogcn stcr~age systcm~s.

l’QwQr/_l,if+2  Svppor.L. Prc:l inli Ilary
~>c)wc!r a n d Iii_c su~)pc)rt. iIlterac. t ic)ns
have! bee n dcscr-ibecl. l’hc! l!i SSA
a])~)l-c)ac.  }1, ~)l-~vic)us]y  app]ieci to life

s~lPPoI”tf }Jas been appl icci t.c) the pcrwel-
syst-c;  r[l, a ncl fUi_LII”C wc)I-k will
iIlcc)l})orate these systems into a single
l,i SSA-t.y~)c!  study. ~’hc Mairlterlancc>  ant]
}<cJ)ai I buc]gcts }lavc! cc)Ilsiclc!l”al)lc
ullcc!Itainty at t}lis ~)oint; }IOWeVCI- it
i s expected that MaintcI)ancc  ancl ~<c~~)ai  I
wi 1 1 ]~lay as ir[pc)rtant  a ]-OIQ as it has
fc)]- Space Station I’reedc)m,  aIIcl rr(ay k ti
dc!terr[iir]i]]q factor i n tcchr-rc)lc)qy
c.}jc)i cc:s .
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l;i~ulc  3.
l;i~urc  4.
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l’i~urc  6.
I;igutc. ‘/.
l;igulc  8.
l;igurc  9.
l;igurc  10.
I’igurc  11.
Figure 1?..

Sckmalic  of cryo~c]lic  1 lydrogcn  and 0xyfy2rI  smragc ploccssin~ cquipmcrl[.
Schma[ic  of cryogenic I Iyctrogcn  and Oxygcrl sup]Ily  proc.cssillg  ciplipmcrl[.
Schcrna[ic  of comprcssc.cl  f lydro~cn  and Oxy$lcn s[oragc  proccssiltg  cquiprncnl
Schcma[ic  of compressed 1 lydrogcr) arid Oxygcr)  supply proccssirlg  cquipIncm[.
Storage proccssins cquipmcm[  mass t)[cakdown.
“1’hcrmal and lilcclrical  usa.gc. of s[ora~c ])roccssirl~.
Iiffc.c.t of l~actor of Safc[y on compmscd  stora~c  cquipmcmt mass.
Mass t)rcakdown  of cquipmc.nt  for supply and waste heat rcjcctim
1 ligh and 1 ,OW’ pressure electrolysis cquipmcn(  mass brcakdow’rl.
Schcma[ic  of possible l’owctfl  .ifc Supporl  in[cracling  systcm.
Scalirlg of ]’owcr  and 1,ifc Suppor[  syskm rcquircmcn[s.  (a) Wa[c.r, (t)) (kygcn.
h4ain[cnancc  considerations.

‘1’abk  1. Conditions mode.llcd base.d or) Icfc.rculc.c  10.



-J
-J
wo

r. 0)
Oq
N

u
w
N
>
- 1
0
CK
P

+-I

[
--

, cl)
Nw

“0
w
-1
w

z
w
n



EM RGY
I

WA1 k R

o

DRYER

?
WATER

~

DRYER

WATER

o COMPRESSED
~N

- RJVXATOR  + sTcmAGE
P=210 bar

P= 21 bar I L____ T=323 K
. — _.

ITI= 1.o5 Kghr

3

--l

GM
fq

DRYER

~F[:R

RAHAl  OR

LNR

+ RAIXATOR
DRYLR

OXYGEN

T= 355 K
P= 21 bar
m= 8.3 Kgfhr

L

1

=)0CCIMPRFSWR RMXATOR

q

1 ccA4PRfssED
OKYGEN

STORAGE
4

P=21O bar
T= 323 K

Figure @. Compressed Oxygen & Hydrogen Storage Systems

CRYOGENC
WTOR +

REFRIGERATOR —

WATER
ELFXTRK2U
EraGY

El FCTWYSJS
q

.~:g,~,~-;$Z

DRYER v ,
WATER

RAKUATOR
CRYCXKNC

-
REHUGERATOR

%izhk2u

I
mmGY

P=65.5 bar

Ts89 K

——

1 q
Figuref$. Cryogenic Oxygen & Hydrogen Storage Systems



A WATER

}{YDROGEN

STORAGE

(inltiaI)P=210  bar

(final) P=21 bar

(Avg.) P=93 bar

T=323  K

COMPRESSED

OXYGEN

STORAGE

(inilial)P=210  bar

(finai)P=21  bar

(Avg. )P=93  bar

Tr323  K

t ENERGY

(P, bar; T, K)=(2.1;323),(7  ;323),
(2.1 ;355),(7;377)

HEATER HYDROGEN .1.05 Kg/hr

OR
HUMIDIFIER

+ tlEAT

EXCHANGER

7

PEM

FUEL CELL

k

COOLING WATER

Ex~d+EEk=Lhr ‘WATER
I I t

WATER

Figure,4.  Compressed Oxygen & Hydrogen Supply

CRYOGENIC

OXYGEN

TANK

P=65.5  bar

T=89  K

rrl=8.3 Kg/hr

3HEATER

(P,bar; T, K) =(2.1 ;323),(2.1;355),

CRYOGENIC

3

(7;323),(7;377)

HYDROGEN
HUMIDIFIER

TANK

P=20  bar

T=20  K
nl=l.05 Kg/hr

11---HEATER

ENERGY
t

HEATER

OR

HEAT

EXCHANGER

+

T

PEM

FUEL CELL

L

POWER

—+

— - 4  C O O L I N G

WATER

7; ~ 4HEATER
*

OR WATER

HEAT HUMIDIFIER

EXCHANGER

Figuree. ‘Cryogenic Oxygen & Hydrogen Supply



T

+-+—-t—i——++~+~ —4-
0 0 0 0 0 0 0 0 0 c>
c> 0 0 0 0 0 c> 0 0
u) 0 u) c> u) 0 u-) c) u)
-d -d m C9 N N T-

UlalS~S My ~z/ (by)  SSE?UI



‘8.00

?6.00

14.00

z 12.00

5. 10.00
u
o 8.00

a) 6.00

4.00

2.00

0.00‘!kiia

16.00

14.00

: 12.00

-  1 0 . 0 0

G 8.00
EL 6.000
x 4.()()

2.!)0

0.0!)

1

t
I+,,
I I 02 C3de!cx  I

Gmp Cryo chnp C“vo



IL
o
u)

1-

LL
0

Lu
‘s!
5
J)

(f)q) Ss(?lu



u)
(/J

E

z
o

&
Ill
7
w
cc

i
CL
n.

(k

C3 o 0 c1 o 0 0
a u-) o m o m
m N cN. -

ula~S~S M!+ GZ /  (bq)SSW



I
7000 ~

6000

5000

Aorjo 1

3000 1

2000

1000
I

REGEN/FUEL CELL SYSTEM COMPARISON OF 21 BAR AND 210 BAR

S Y S T E M S

04- +

Compressed, Compressed, Cryogenic, cryog~~ic,

21 bar 210 bar 21 bar 210 bar
system system system system



/--- --

I

z
o

, I

lb
/m- \

in* I
u) ●

w
CJ
$

0
6 3? ()0!!?
d

A‘1
.-—

,

I

-1
-1

8
-1w
=
L

/_ ._. .

I

I

I

11

T. . . . . .

-.
\

z’w
1-
Cn
>m

—

. .

I

I

)



. .

Power System Rating, kW
o Cj 10 15 ?0 25

200: -.-L--L. . , ..4 1 [ 1 -..L .—d-.
/

180.: /

160.--’ ._ /

.!)
/ ‘

.140-” /
$ /
p 120-:

-u /‘
: 100-:- ./
:3 /
~ 80+ -
0 /~

0 60-- /
s /

40-- /N
20_’ / ..( ___
0-: v~r .– ——?T ,

0 5 10 15 20 25
# persons

~
/ ,, .- - 1( ~+/-



. . 7. —.

o

13 5 0 -  — J -

300-

CJl

‘1-”----
250--

2
q
~, 200- --
E

150-

100- --- -

/

5 0 -

/,
o -  v—

t’ower System [{atlng,  kW
5 10 15 ?0 25

0 5

–U-L—L

//
/

——

I

/

–-7 —v.

/

10 1
# p e r s o n s

i

/

————T——

/

/

I

20 25



CJJ~P, ’20, %X

DJ75, ’20, e’ec
como’essor, V2
cormcmssor,  02
‘;que’action, +i T, 02
!;que’ac!ion, hi T, U2
~i(y~e~aCtiOn,  !0 T, UP

exoader

Cryommp,  U2
C~OW~D,  02
Total

Cryo, MTBF

4000
4000
4000
7200
4000
4000”

“do!s? s:
VT9c=M3an Time Ww2en  cai’u.e
VTBV.Vean  ‘irme Wwen  !dain!enarce

.VBTFA,  where k.2.3 is used
by  re%rewe  3.

MTw.%%n  Time To Repair
VVU=Vain!enance tin !+our

450.00

~oo.  oo

350.00

~ 3 0 0 . 0 0

~ 2 5 0 . 0 0

: 2 0 0 . 0 0
-c

‘ 5 0 . 0 0

1 0 0 . 0 0

50.00

0.00

MMHIY

Cryo,
MTBM

i

v...%.:.:.>..%% . . . . .
:.:.:.:.:.:.:.>
..,.m.m.,. . . . . .

.%%%=  ~ w..,,.,$$>... . . . . .
:.x,:##:,:,:,

f~;~;log. . . . . . . . . . . .. ..%.. . . . . . . .
Mg[$$:
w$fi~. . . ...%%./ . . ...%. . . .2.”......~+,y . . . .

:W<:YA
.~~;j+%~.:.:.:m<<:
#m.#m.,...  #-.

. ..%..%.  . . . .
. . . . . . .

.%.>.+.<.
. . . . . . . . . . . . . . . .
. . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . .
. . . . . . . .

Cryo ~OrD

7739
1732
1739
3?30
1739
3739

Cryo Comp, Comp, Comp
MMHIY MTBF MTBM MMHIY

28 1 ()~o 4348 2C
28 1 OWJ 4348 2e
“5 1 g~r) 925’ 75

‘ W.?o 826” “5
71

71
71
39

71
71

434.82

EQUIVALENT MASS

REQUIREMENT

2500T

Crvo CO-’m

57.90

●


