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(57) Abstract: A fuel cell stack (300) comprising multiple
arrays of one or more fuel cells (302), each comprising an
electrolyte layer, an anode layer and a cathode layer; gas
separator plates (304, 306) between adjacent fuel cells; and
oxidant gas distribution passages (308) and fuel gas distri-
bution passages (312, 318) between adjacent tuel cells; and
gas separators opening to the cathode layers and the anode
layers, respectively, of the fuel cells. The fuel cell arrays
comprise at least first stage fuel cell arrays having associat-
ed first fuel gas distribution passages (312) to receive fuel
gas from one or more tuel gas supply manifolds (310) and
second stage fuel cell arrays having associated second fuel
gas distribution passages (318) which receive tuel exhaust
from the fuel cells of the first stage fuel cell arrays. The
second stage fuel cell arrays are interleaved in the stack be-
tween first stage fuel cell arrays to improve thermal gradi-
ents. Other interleaving arrangements are possible.
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THERMAL MANAGEMENT IN A FUEL CELL STACK

TECHNICAL FIELD

The present 'invention relates generally to fuel cells, and is particularly. concerned with

.im,provring thermal gradients in a 'f'uerl cell stack while allowing high fuel utilisations.

“BACKGROUND ART

A fuel cell is an electrochemical device 'Cbmpri'sing 'an electrolyte and respéct‘ive

-_'electrodes (an anode and a cathode): on opposite srdcs of the electrolyte Fuel cells may
vtake a variety of different confi igurations, including planar and tubular. Electrochemical

reactions are produced at the electrodes by passing a fuel gas stream across the anode

and an oxidant gas stream across the cathode. In the purest form of the reactions, in

which the fuel is .hydrog_en, rhe outcome is électricity and water, as well as heat since the

reactions are exothermic.

In .orr:-dér"to pr"o_du‘ce ! u_séfdl amount of electricity, a multitude of fuel cells are stacked

together in layers, with the stacked fuel cells being »electr'i'cal‘ly connetted in seties and a

allows for the same current/current. densrty in every layer. A plurality of these stacks
may be electrically connected together but the present invention pamcularly relates to

individual stacks More than one fue 1 cell may be provrded in each layer of the stack, ,

_ plural such fiel cells in a laye ._(an array) bemg electrrcally connected in parallel

Adjacent fuel cells or arrays of fuel cells in the stack may be separated from each other

by one or more ofa gas: separator a spacer, a current collector, a seal and possibly other

- layer components. In a planar fuel cell stack the fuel cells and other stack -components -

are disposed between terminal end plates, which may also provide a-manifolding

function for the supply and exhaust of the fuel and oxidant gases.

As described' a-bové fuel gas may be su‘pplied to the fuel cells as hydrogen’ op‘t‘i‘onal.ly

pre reformed from hydrocarbon or,ina suitable high temperature fuel cell stack, such as 3

4 sohd 0x1de fuel cel (SOFC) stack ‘or a molten carbonate fuel cell (MCFC) stack it
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‘may alternatively be supplied as a hydrocarbon such as natural gas which is reformed in

the stack. The oxidant gas may be pure oxygen, but is more usually air. The gases are

commonly supplied to and exhausted from stacked multiple fuel cells or fuel cell arf_ays |

through fuel and oxidant supply and exhaust manifolds with fuel and oxidant distribution

passag'es opening to the anodes and cathodes, respectively.

Reforming of hydrocarbons to provide hydrogen as a fuel is an endothermic reaction

which, if performed in the stack, is supported by the exothérmic oxidation of the fuel on
the anodes of the hi-gh temperature (> 650°C) fuel cells. Careis needed to avoid excess |

cooling from the endo‘thermic reforming reaction.

High efhclency of electrlelty production in a fuel cell stack requires high fuel utilisation

— for example up to 80 to 95 % of the fuel supplied to the. anodes bemg ox1dlsed in the:

fuiel cell. reactxon 100% fuel utilisation, or close to- 1t does ot lead to high efﬁc1ency

because the eell voltage tends to- collapse If there i 1s an inadequate fuel supply to any -
one fuel cell, that fuel cell can oxidise and cause fa-xlur_e of the cell and, ultimately, of the

stack.

Fuel flow to eaehv 'indiividual cell or érray is controlled :by“the pressure drop across: the

fuel supply passages, for example channels in a gas connector, for the cell/array, -and

'hence s determmed by the- manufacturmg tolerance. Manufacturing cests increase

substcmtlal y with hlgher accuraey of the manufact-urmg proeess In -order to achieve a

- fuel utlllsauon of, say, 90% the flow variation needs to be- well below 10%, which would '

require very high precision and therefore, in one embodlment expensive gas separators

to avoid cell and stack failure. Failure due to over utilisation of individual cells/arrays -

can only be aveided. if flow variat‘ion is known and acco*un’ted"for in the operation. If, for

example, the flow variation (due to manufacturmg tolerances and thermal effects) i 1s *
20% for a two laver stack. and if the cells. can be operated at up to 95% fuel utlllsanon
the overall fuel utilisation of the staek can not exceed 76% in order to avoid damage due

to over ufilization. The individial fuel utilisation for the above case would be 95% for

the Tow fuel flow layer and 63% for the high fuel flow layer. Failure tolerance of a fuel

cell stack due to performance variation or other failure of one fuel cell can be alleviated
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by the use of arrays of fuel cells in a stack, but invariably an excess of :f?hel gas must be.
suppl,.i’ed to the fuel cells in order to minimise the risk of fuel cell oxidation. The
outc_ome of this is that .there is unused ‘t‘ue! in the fuel g-a:s exhausted from the fuel cells,
that is individual fuel cells and fuel cell arrays are run at relatively low fuel utilisations.
The variability of fuel utilisation across different cells/arrays will alé_o_ lead to a changed

thermal proﬁ"le - higher thermal gradients in cells/arrays that have higher fuel utilisation .

- and vice versa. Th1s can also contribute to stack fallures or will at least restrlct the

_ maximum fuel ut1hsat10n to avoid fallures

I_n_:orfier to improve the overall fuel utiliéatiqn, _and»therefo:re the effﬁ:ciency of ‘the' fuel
cell stack, it has been proposed to 'reeyc.le the fuel exhéulsvt to the fu'e'l .c'eI'l stack and mix
it with freshly supplied fuel gas. The main advantage of this appr'oaeh is that the actual
fuel utilisation within each cell/array is reduced while the overall uﬁli_satio’.n can be very'

high depending on’ the recycling ratio. This also has the advantage of infrodu‘cihg-

bteam, asa product of the fuel cell reaction, to the: freshly supplied fuel gas. Steam is
15 =necessary for internally reformmg hydrocdrbons to' ‘hydrogen fuel and recyclmg fuel

exhaust means that the freshly supplied fuel- gas needs less steam added. See for

example WO 2003/019707.

It h_as also been proposed to -_'improve the overall fuel utilisation of a fuel cell system

- comprising pliral stacks of fuel cells by using the fuel exhaust from one _Or.mé_r‘est?aeks. .

“as the fuel gas --sfupplie'-d to another. stack. One such proposai is in EP 0263052, in which

two. embod1mcnts are described: a ﬁrst in whxch the fuel gas exhaust from two fuel cell

_stacks in a first stage 1s combmed and used as the fuel gas supply to a lhll‘d stack in a

second stage; and a second in which the fuel gas exhaust from one stack (stage 1) is

used as the fuel gas supply for a second stack (stage 2) and the fuel gas exhaust from that
stack is used as the fuel gas supply for a third stack (stage 3). This pr'opo-sal is described

m US 7108929 as involving “the use of & plurahty of reactant transfer lines from one

stage to: the next, which can become complicated and requxre comphcated transfer lme' 2

assemblies.”
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US 7108929 is directed to a unitdry manifold assenﬁbly for use in controlling the flow of

reactant gas streams between a plurality of fuel cell stacks, and particularly for

combining the fuel gas exhaust from a plurality of fuel cell stacks in a first stage and
supplying the combined fuel gas exhaust from the first stage to at least one further fuel

cell stack in a second stage.

US 7482073 also. discloses a multi-stack arrangement with fuel exhaust utilisation from
one stack in ‘another stack In a described embodrment the fuel exhaust gas from three

parallel stacks in a ﬁrst stage 15 comblned and used as the fuel supply gas to a fourth_

'stack in'a second stage The fuel exhaust gas from the fourth stack is used as the fuel

supply gas'to a ﬁfth stack in a third staf,e, and the fuel exhaust gas from that stack is

gas is requlred in this proposal as it is hermetxcall) sealed and uses hydrogen, as the fuel

‘and p pure O, as the oxidant. Water 1s condensed from the fuel exhaust gas between each

 stage.

Usmg the fuel exhaust from one or'more fuel cell stacks in a first stage as the fuel supply

. gasto another stack ina second stage, and so forth has the advantage of allowmg the

v-“fuel utilisation in individual fuel cell stacks to be reduced, and therefore manufacturing

- tolerances to be eased and cost to: be reduced, while giving relatively high overall fuel
. . AN . . - R

utilisation. However, the stacks in the different'stages are likely to run at different

temperatures ‘which, unless they are specifically designed to doso, will 1mpact on their

. useful hfetlmes and the1r performance ~ Additionally, more comphcated mamfoldmg is

25

requlred for tmnsferrmg the. fuel exhaust gas from one stack to another. Furt_-he_r-more, B

either individual current control for each stack or additional wiring is required, with

~higher associated costs in either case, and, in the latter case, an increased risk of

el_ectrical shorting of the stacks and potentially higher heat losses.

US 6033794 also discloses a multi-stage fuel cell system, illustrated in a common ,
pressure vessel, where each stage comprises a stack of fuel cells and the fuel exhaust 8as

from any one stack isused as the fuel supply gas to-a next subsequent stack, but in thls

case the system is desrgned to- accommodate the different operatmg temperatures of each '



WO 2011/127541 PCT/AU2011/000439

[ .

10

-5-

stage. This is achieved by each stage being made of a different material, adding

Vcons.iderably to the complexity of the system. The proposal does allow higher fuel

utilisation compared to a normal stack, but only at the expense of lower current density

-inthe following s’_tages, and".the_ref_brelin lhe_ fbl"l_o'wing stacks. For example, stagel and

stage 2 both run at -'5.0%_ fuel utilisation, leading to 75% overall fuel utilisation, but stage

2 will run at half the current density because it only has 25% of the fuel 'ﬂ'ow' available.

In contrast to the aforementioned prior proposals, in which the fuel exhaust from 'one |

staok in a multi-stack arrangement is supplied as fuel to a next subsequent stack, Ug

' 5478662 (correspondmg to EP 0596366. referred to in US 7482073 above) describes a
fuel cell block or stack Eomprising sequentlal multiple stages. Each stage in this

' proposal comprises plural fuel oells grouped together (optionally with a single tuel cell

in the last stage), w1th some of the fuel exhaust gas from any one stage belng, used as. the

fuel supply gas, along with fresh fuel gas in theé next subsequent stage alon;:, the stack.

- The remamder of the fuel exhaust gas from any one stage is dtscharged to remove water _
and inert gas. components that bulld up along the fuel gas flow path. This arrangement

“leads to improved fuel utilisation but: only as‘a result of the discharge of ‘the'-merts and

-~ the additional :fresh fuel gas. Therefore the amount of “fuel avatlable for the.-

20

35

electrochemlcal reactlon m the fuel cells i each stage can be kept constant orat least

similar, but the total fuel flow must mcreas_e due to the i increasing amount of reaction

products.

Temperature gradients arise in and between fuel cell stacks due to fuel flow variations
across the fuel cells, leading to differerit cell voltages. In high temperature SOFC or
MCFC stacks, temperature gradients can also arise due to different levels of hydrocarbon .

fuel reforming within the or each stack as well as: dueto differences in heat loss.

In a high temperature fuel cell system, particularly an SOFC system, such temperature

* differentials or gradients along and across a fuel cell stack can lead to varied therrnal

~ expansion induced stresses along the stack and consequential cracking and failure of the

components..
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low fuel utilisation in mdlvrdual fuel cell. arraysf

. -6--

It would be desirable to provide a stack of fuel cells, or fuel cell arrays, which: is capable
of operating at a high fuel utilisation while alleviating temperature d_ifferentials' along the

stack, and therefore alleviating differential thermal expansion- induced stress. B

SUMMARY OF THE INVENTION =~ R

According to the present invention there is provlded' a fuel cell'assembly compr“i.sin‘g-:.

a stack of multiple fuel cell arrays each fuel cell array comprising on'e or more -
fuel cells and each fuel cell comprising an- electrolyte layer, an anode layer on one side
of the electrolyte layer and a cathode layer on an opposite side of the electrolyte layer,
said stac:k_:-further comprising fuel -gas_:dr-stn:butlon. passages which open to the anode
layers of the fuel cells in the stack; ' | o

one or more fuel supply manifolds for supplying fuel gas to fuel gas distribution

: passages in the stack

the ,fue_l. cell arrays comprising at least first stage fuel cell arrays ha\iirig-

asso’ciate'd first fuel gas distribution paSSages con’necte'd to -the one or, more- fuel g‘v'as

: supplv mani folds to recelve fuel gas dlrectly therefrom and- second stage fuel cell arrays
: havmg associated second fuel gas dlstrrbutton passages arranged to recerve fuel exhaust

'from the fuel cells of the ﬁrst stage fulel ¢ell arrays for supply of said fuel exhaust to the

fuel cells of the second stage fuel cell arrays in the stack; and _
Wherem at least one- of the first and second stages of fuelc‘ell arrays comprises
fuel cell arrays that are disposed in the stack between fuel cell arrays of the other of the

first and second stages of fuel cell arrays.

By the prcsent invention, hlgh tuel utlhsatron and therefore htgh fuel cell efhmenoy, is

ach1evable in the overall stack by usmg fuel exhaust from the first stage fuel cell arrays |

in at least the second stage fuel cell arrays. This can be achieved while maintaining the

same or similar current densities across the stages, .using a readily available fuel such as
pre-reformed natural ‘gas. . Since the high fuel utilisation can be achleved wnh relatwely

>4

passages can:be. reduced thereby reducmg m hy facturmg cOosts. A reduced temperature

gradlent along the stack compared to a stack in whlch all of the ﬁrst stage fuel cell o

tolerances in the fuel gas drstrrbutlon; -
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arrays are at one end of the stack and all of the second stage fuel cell arrays are at the _
- opposite end of the stack, is achieved by providing for at least one of the first and second
stage fuel cell arrays toveomp‘ﬁse fuel cell arrays that are disposed in the stack between
fuel cell arrays of the other of the first and second stage of the fuel cell arrays, thereby

- improving thermal transfer and balance along the stack. In suc’h an arrangement, the fuel

cell arrays of each of the first and second stages of fuel cell arrays are disposed. in the

- stack so as not to all be adjacent to one another. The anangemeht, in which ene or more

of the fuel cell arrays of the one of ‘the first and second stage fuel cell arrays are

interleaved between two of the fuel cell arr:ays of the other of the first and second stage

‘fuél‘ cell arrays, permits thermal transfer between adjacent fuel cell arrays of different

stages and therefore reduced thermal g gradlents along the stack. Such interleaving mavf '

be: repeated in the stack for further reduced. thermal gradients, in whxch case each of thc -

first and second stages of fuel cell arrays may comprise fuel cell arrays- that are dispesed
in the stack between fuel cell arrays of the other stage. In one emb@diment, each fuel
cell array of the one of the first and second stages of fuel cell arrays is disposed adjacent -

{0 at least one fuel cell array of the other of the first and second _stages of fuel cell arrays. .-

As descrlbed heremafter third and even fourth stage fuel cell arrays may also be |
E prov1ded in the stack; each thrd stage fuel cell array recewmg fuel exhaust gas from-

secorid stage fuel cell arrays and each fourth stage fuel cell array recelvmg fuel exhatist |

. gas from third stage fucl cell arrays. By ‘“‘ad;acent to at least one fuel cell array of the.v |

,other of the ﬁrst and second stages” in the aforementioned embodlment 1s meant that no

other fuel cell arrav of the same st-age is disposed in the stack between said fuel cell

arrays As also described hereinafter, other stack components may be disposed be“tween

-adjacent fuel cell arrays

In the pfesent invention, preferably each fuel cell array comprises plﬁral fiiel cells, for
example two, three or four or more, connected in parallel. This has the advantage of

'red-u'c‘in'g risk to the stack should one fuel cell have a reduced performance or fail, of

~ reducing the cost. of individual fuel cells, and of reducing thermal stress compared to a

single fuel cell. The re'sulﬁng more even temperature across the array can lead to
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~ improved fuel_cell performance and life. The cost and thermal stress of individual ‘ﬁlel

cells in such an array may be reduced due to their smaller size.

A temperature differential may arise between fuel cell arrays of different stages because
of fuel flow composition variations and different voltage levels in one stage compared to

another. However, in one embodiment of a high temperature fuel cell system, at least

- some of the first stage fuiel ¢ell arrays have anode la_yer‘s and/or associated .ﬁr'st fuel gas
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distribution passages that comptise steam. reforming catalyst for steam reforming to

hydrogen and other reaction gases hydrocarbon in the fuel gas contacting said anode

layers and/or first fuel gas distribution passages. As noted above, the steam reforming

reaction is ehdotherm'i_c, with the result that those first stage fuel cell arrays may be at a
lower temperature than any adjacent subsequent stage fuel cell array. Reduced steam

reforming of the fuel gas would -be-per»formed in subsequ'ent- fuel cell arrays, even if they, -

'«comprrse reformmg catalyst (they may have the same strueture and materrals as the first
' stage fuel cell arrays), since a hydrocarbon fuel gas will already have been stéam
reformed 1o at least a major extent for the fuel._eel.l_. reaetl_ons in the ﬁrst stage fue,l ,cell
arrays. Generally, steam reforming of a hydrocarbon fuel in the first stage fuel cell
-arrays wi’ll be at least 75f%'comp’lete' ‘but in an efficient system may be at least 90%;

‘compl‘ete Most preferably, this reformmg rate. is 99%. or greater but it may degrade ’

with time over the’ perrod of use of the tuel cell stack

In another embodiment, the fuel cell stack also comprlses spegific steam rc,formmg non-

fuel cell layers between some ad)acent fuel cell arrays for internal steam reformmg

reactions to occur there in addition to. in some or all of the first stage fuel cell arrays

'an‘d/or_ of the first fuel gas distribution passages. Such non-fuel cell reforming layers

may comprise: essentially nickel or other reforming catalyst. Since no exothermic fuel

- cell reactions will occur in such layers they will not be heated directly and will absorb

heat from the adjacent .ﬁxel’ cell arrays. For this reason, no more than one such layer
sboul-d' be disposed between adjacent fuel cel;llvvarrays. Each steam re-formiﬁg, non fuel
cell layer may be d.i'sposed_»betweeribitwo.ﬁrst‘ stage fuel cell arrays, l)'etween one first
stage ‘fuel"cell array and one -subSeq“tient ‘sta_ge fuel cell array, or between two subsequent

stage fuel cell arrays (which may be of the same or different stages).
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AlleWing some of the internal steam. reforming to be performed by non-fuel cell layers
may allow the number of first stage fuel cell arrays to be reduced relative to an internal

reformmg stack without such non-fuel ceU teforming layers

In an embodiment including the steam reforming, non-fuel cell layers, such layers will

receive fuel gas from the one or more fuel gas supply manifolds and supply steam

- reformed fuel gas 1o the first stage fuel cell arrays, and the phrase “to receive fuel gas

- directly therefrom -used herem shall be construed accordmgl Thus, the phrase “first

10
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stage fuel cell arrays having associated first fuel gas drs_trlbutron-_passages corinected to
the one or more fuel gas suppiv manifolds to receive fuel gas dir‘ectlv 't'he'refrom"’ means
that the fuel gas received by the first fuel gas drsmbutron passages has not passed
through fuel gas drstnbutron passagcs assouated wrth any other fuel cell arrays in the

stack.

An inlet side of the second fuel gas drstnbutro‘n passages openmg to the anode: ]ayer of ’_
each fuel cell of the second stage. fuel cell arrays ‘may be connected drrectlv to an exhaust -

side of the first tuel gas distribution passages opening t0: the anode layers of at least two

“fuel cells of the first stage fuel cell arrays.

Altematrvely and in a more preferred embodlment at least one fuel mamfold is

- provided between an. inlet side. of the second fuel gas dlstnbutlon passages and an

exhdust side of the ﬁrst fuel gas dlstnbutron passages to. supply fuel exhaust from some:
or all first fuel gas distribution passages to-some or all second fuel gas distribution -

passages. Advantages of this include a greater m1x1ng of the fuel exhaust gases from the

- first fuel gas drstnbutron passaoes giving higher relrabrhty for the stack due to balancing ‘

~ flow variations and greater tolerance to faults ansmg in any first stage fuel cell or fuel

cell array. In this embodrment said at least one fuel manifold may comprise a fuel

exhaust outlet mamfold connected toa fuel exhaust inlet: mamfold whereby fuel exhaust

'from some or all. ef the first fuel gas drstrlbutlon passages ‘passes in one dlrectron .

through the tuel exhaust outlet ‘manifold and in an opposne direction through the fuel

~ exhaust inlet manifold to some or all of the second fuel gas dlstrlbutlon passages.. The

fuel. exhaust outlet and inlet mamfolds may be’ connected ina temnnal end plate of: the
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stack. In a vertical stack, preferably said one direction is upwardly and said op_positeb

_direction 18 downwardly. This will have advantages in fuel flow distribution to the

individual layers within each stage and may have thermal gradient advantages along the

' stack.

Advantageously, the flow direction of fuel gas through the one or more fuel supply .
manifolds is also said one direction, so that the fuel supply to the first fuel .gas
distribution passages is in the same direction as the exhaust from these passages.

Preferably, the manlfold fuel gas supply to the fuel gas distribution passages of each

- subsequent stage is in the same direction as the ‘mamf‘old fuel e'xhau'st gas flow from ‘_

these passages and, for at least the second fuel gas disttibution. passages, opposrte to the

correspondmg flows to the fuel cell arrays of the precedmg stage This arrangement

~ helps in provrdmg uniformity of fuel distribution to the various layers in the stack. The

- manifold " fuel exhaust gas supphes to. the second and any subsequent stages are

convemently in the same direction.

'T.:he_ part'icular.arran'_g.ement: of iﬁrst stage and second stage fuel cell arrays, and of
"'-'s'tibs‘equent" stage arrays Where the‘y aré present in the stack, will depe'nd upon: the
~thermal balancing required in the. stack and therefore upon the expected fuel ut111sat10n,
‘at ‘each array and the. reactlons that are to be pertormed in each array, as well as the

presence and locations of any steam reforming non-fuel cell layers. However, in one

embodiment each second stage . fuel cell array is disposed in. the stack between a

respective two first stage fuel cell arrays In one example in at least part of the stack

there is a repeating pattern of three fi rst stage fuel cefl arrays and one second stage fuel

" cell array. In another ‘example, in at least part of the stack there is a repeatrng pattern of

four first stage fuel cell arrays and one second: stage fuel cell array. Such a repeating
pattern, or any other repeating pattern, could extend throughout the srack. Alternatively,
there could be a greater number of second stage fuel cell arrays in a first half of the stack
than i in a second half of the stack.’ ‘For example, the first half may be the bottom half in-a

vertical stack in whrch steam reforming is performed i in the first stage fuel cell arrays In\

_ _thJS arrangement, the relatlvely greater. numbet of ﬂrst stage fuel cell arrays in. the top-

half of the' stack will provide increased coohng yof the. top half of the stack. Also in this,
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or in another arrangement, there may be relatively fewer reforming first stage fuel cell -

arrays towards the ends ‘of the stack than in between sinice heat loss from the stack will

'g,enerally be hwher towards the ends. Each end portion may comprise a respective 25%

~ of the length of the stack and the portion in between may comprise the central 50% of

the length of the stack. In embodiments of this arrangement the proportion of second

stage fuel cell arrays in each end quarter of the stack is at least twice as great as in the

| central half of the stack. In’one example of this arrange_rn'ent the ratio of first stage to

second stage fuel cell arrays may be about 2:1 in the end portions of the stack, comoared_
to about 6:1 in the central portion. In terms of the spacing of the second stage fuel cell
arrays betwcen the first stage fuel cell arrays, the two halves of the stack from reSpective
ends may. be mirror images of each other In a vertlcal stack, in- both this and other

embodlments there may be the greatest concentratlon of stage one fuel cell arrays at

: about one half or at about two thirds the hexght of the stack, or between about one half

and about two thlrds the height of thc stack.

n one embodiment, all of the second fuel gas dlstrlbutxon passages are connected to at

arrays, and thereiore from the exhaust side of the second fuel gas dlstrlbutlon passages |

' exterlorly of the stack or for recyclmg to- the staok

- Alternatively, as .menti‘onedx.abmfe_- and in another embodiment, the fuel cell arrays

further comprise at least one thi‘rd stage fuel cell array having Associated third fuel gas

distribution passages arrdnbed to receive fuel exhaust from fuel cells of the second stage

' bfuel cell arrays for suppiy of said fuel exhaust to the fuel cells of the thtrd stage fuel cell

~-array or arrays in the stack.

In this other embodiment, at least one fuel manifold may be provided between an inlet

side of the third fuel gas dis)tribnt-ion passages and an exhaust side of the second fuel gas

v'.dlstnbutxon passages to supply fuel exhaust from the second fuel gas dlstnbutlon

passages to the third fuel gas dtstnbutlon passages

~ The at least one fuel manifold between the second and third fuel gas distribution

“passages may comprlse a. fuel exhaust outlet. manifold connected toa fuel exhaust Inlet
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manifold Where'by fuel exhaust from the second fuel gas distribution passages passes in
one direction, preferably downwardly in a vertical stack, through the fuel exhaust outlet .
manifold and in an opposite direction, or more conveniently the same direction, through
the fuel exhaust inlet manifold to the third gas distribution passages. These fuel exhaust

outlet and inlet manifolds may be connected in a terminal end plate of the stack.

‘Each third stage fuel cell array, in one embodiment, may be disposed in the stack

adjacent at least one first stage fuel cell array, for example between two first stage. fuel.

cell arrays.

In one arrangement of thlS other embodiment, all of the second stage fuel cell arrays are
dlsposed towards a first end of the stack, for example the top end in a vertical stack, and

all of the third stage fuel cell arrays are disposed towards a second, opposite end of the |

E stack. In one example of this arrangement, the stack is supplied with fuel gas at said _

second, opposite end, the fuel gas then being transmitted through said orie or more fuel -

. supply maniffo’lds.

The. number of first stage fuel cell arfays ina two stage stack may be, for example in the

2 range of 64 to 82 percent of the total number of fuel cell arrays m the stack.

" The: number of first stage fuiel cell arrays ina three stage stack may be for example in ‘b

U the range of 50 to 70 percent of the total number. of fue] eell arrays in. the stack The

- number of sécond stage fuel cell arrays in a three stage stack miay be, for example, in the

20

25

range of 31 to 23 percent of the total number of fuel cell arrays in the stack The number
of third stage fuel cell arrays in a three stage stack may be, for example, in the range of

19t0 7 percent of the total number of fuel cell arrays in the stack.

The stack could also mclude at least one fourth stage fuel cell array, and optionally at

. least one even further stage fuel cell array, ‘having associated fuel gas distribution =

passages arranged to receive fuel exhaust from fuel cells of-the array or arrays of the

preceding stage. A single fuel cell array of the last stage could actasa sca‘vengingvstage." '
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In one embodimerit, a steam extractor is connected between the fuel gas distribution

- passages of a final stage' of one or more fuel cell arrays and' the fuel gas distribution -
- passages of a ‘benultimate stage of fuel cell arrays to condense steam from the fuel
- exhaust received from the fuel gas distiibution pas,sages o‘f V-the‘-. penultimate stage of fuel -
cell arrays prior to supply of said fuel exhaust to the fuel gas distribution passages of the

' pentﬂtima’te‘ 'stﬁage'. of fuel cell arrays.” Thus, in a twd*—.stage,fdel'_cell stack, the steam

extractor-is connected between the first fuel gas distribution passages and the second fuel
gds distribution passages to condense steam from’the fuel exhauqt received from the first

fuel gas distribution passages prior to supply of said exhaust gas to the second fuel g gas

“distribution passagcs Ina three-stage fuel cell stack, the steam extractor is connected

between ‘the second fuel gas dxstrlbutxon passages and. the third tuel gas dlStrlbuthl]\.

passages 1o condense steam from thc fuel exhaust rcccwed from the second fuel gas

distribution passages pricr-to supply of- sald exhaust gas to the thlrd fuel gas dlstnbutxon -

passages, and SO om. Addmonal steam extractors: may be prov1ded betwee‘n the fuel gas N

dlsmbutlon passages of two more other stages.of fuel cell array(s) ina multi- -stage stack.

'_ Removing water from the fuel supphed to the second and/or a subsequent stage fuel cell

array(s) increases the Nemst voltage of that fuel and. thcrefore the stack voltage as well

as the stack efﬁclency

25

30,

BRIEF DESCRIPTIONOF THE DRAWINGS

One embodxment of a fuel cell assembly. in accordance with the mvent10n Wl“ now be

described- by way of example Only, with reference to the accompanymg drawings, in

‘which:

Figure 1 is a schemanc view of a basic fuel cell power generatlon system»
1ncorporat1ng a planar solid oxide fuel cell stack

Figure 2 is a schematic exploded view of part of a sohd oxide fuel cell stack m‘v'_ -
accordance with the invention;

Figure 3 is another perspec'tive partial view of a solid oxide fuel cell stack in

accor‘dance with the invention;

Fi igure 4isap perspectxve view of the oxidant side of an intereonnect of the stack -

of Flgure 3;
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' Figure 5(a) is a partial plan view of the fuel side of one type of the interconnect
of Figure 4;

Figure S(b) is a partial plan view of the fuel side of another type of the
interconnect of Fi ‘igure 4; '

Figure 6 is a p‘erspecti_Qe view of a cover plate for the stack of Figure 3;

Figure 7 is a schematic elevational view of one arrangement of the various plates

of a fuel cell stack according to the invention and of the manifolding;

Figure 8'is a similar view to Figure 7 but.of another arrangement;
Flgure 9 1]lustrates schematlcally the mamtoldmg for the fuel side of one type of
fuel cell stack accordmg to the invention;

Flgure 10 is a view similar to’ Fxgure 9 but of another type of fuel cell stack

'accordmg to the mventxon

Figure 11 is a graph representing fuel utlhsatlon in the fuel cell stack accordmg,

to the mventlon and

Frgures 12 and 13 are graphs representmo the temperature proﬁle along the.

: stack and across the fuel cells from the fuel gas mlet to the fuel exhaust gas outlet for the

stacks of Examples 1 and 4 respectively.

D_ETA-ILE,D DESCRIPTION OF THE DRAWI:NG.S

The present mventron relates t0 a fuel cell stack in ‘which. the overall fuel utrhsatron is
improved by using the fuel exhaust from some of the fuel cells in the stack as the fuel
supphed to others of the fuel cells in the stack. Thermal gradients along the stack,

resulting for example from different voltages in individual fuel cell layers of the stack

‘and/or from different tunctxons of the layers in the %tack are alleviated in aecordance

with the invention by mixing the different fuel cell layers along the stack so that not all | _
of the fuel cell layers supplymg fuel exhaust to other fuel cells and/or not all of the fuel

cell layers reoelvmg fuel exhaust from other fuel cells are adjacent to each other.

The inverition is applicable to any type . of fuel cell stack i n whlch the fuel cells are

o provnded in layers, but is pamcularly suited to stacks of high temperature fuel cells such

30

as molten carbonate fuel cells and solid oxxde fuel cells where thermal gradients are
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potent.ial.ly greater. Furthermore, in high temperature fuel cell stacks it is possible to

reform a hydrocarbon source such as.methane or ‘natural gas to hydrogen within the
stack. The invention is especially advantageous for fuel cell stacks in which such -~
internal reforming occurs since the reformin;, is endothermic, and therefore removes heat

from the fuel cells For eonvemence the mventmn will hereinafter be deseribed w1th

-reference to a stack of planar ‘solid ox1de fuel cells designed to operate at a working

" temperature of from about 750°C at the outlet. A preferred operatmo temperature range

at the outlet is from about 750°C to about 830°C.

_ Rel"emng now to Figure 1, there is 1llustrated a fuel cell system 10 including a fuel eell

10

stack 12.  Fuel and oxidant are supplied to the fuel cell stack 12 at 14 and 16

respect’i.v_e‘ly.

The fuel source 18 is natural gas deliv‘ered'by way of'a jét pump venturi dévice 22 to a

steam pre- -reformer 24. Steam for the pre- reformer 24 is provrded by way of a conduit

26 and rmxed with the natural gas in. the Ventun device 22.- The steamn is formed in a
heat exchange steam generator 28, water for the steam generator bem-g' derived from a

- water supply 30.

- "Steam reformmg at elevated- temperature on a mckel catalyst in the pre-reformer 24 _'
‘ ,parually converts the hydrocarbon fuel inte- hydrogen and carbon oxrdes The degree of

'reformmg in pre-reformer 24 isa funchon of the temperature and of the steam to carbon

ratio, but the reaction is-endothermic and the fuel supplled from the pre-reformer to the

 Air used as the oxidant 46 is delivered to the fuel cell stack 12 alter also being heated in )

the heat e\tchanger 28.

‘Detalls of the fuel cell stack 12 are not- shown m Flgure 1, but it comprlses alternatmg

layers of fuel cells.and gas Separators, with termmal plates at the ends of the stack. The |

fuel cells comprise a fully dense layer of eleetrolvte material, with a porous layer of -

~cathode material and a porous layer of anode material on opposite sides. Ina sohd oxide

~ fuel cell the electrolyte material may be yttrrum doped zrrcoma oxide, whlle the cathode
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material may be lanthanum strontium manganite and the anode material a zirconium

nickel cermet. Such fuel cell stacks have been well documented elsewhere.

'The gas separator plates separate the fuel cells and, in particular, the fuel gas supplied to

the anode -material of one fuel cell from the oxidant gas supphed to the cathode matenal
of an adjacent fuel cell. The gas separator plates and the terminal end plates
convemer‘itlv have: grooyes or channels formed - therein on opposite surfaces for

dlstnbutmg, respectwely, the fuel gas and oxidant gas across the anode matenal and

: cathode material of the adjaeent fuel cells, but other forms of gas dlstrlbutlon may be
used. ‘The gas separators may ‘be. formed of a variety of different materials, but if they A
10 -

‘generated by the fuel cells. in the stack between_ the terminal end plates. ‘In one

are electrrcally conductive they may act as interconnects transfemng eleetncrty

" embodiment the interconneets are formed of a ferritic stainless steel such as ZMG232L

~ from Hitachi M'etals.

The altematmg fuel cell plates and mterconnect plates and the terrnmal end plates may
be sealed together iti the stack usmg glass seals capable of mamtammg the seahng

functlon at the- elevated operatmg temperature of the fuel cell stack of from about- 750°C,

At thls temperature hiydrocarbons not steam reformed in the steam pre-reformer 24 that

are supplled to the fuel inlet 14 of .the stack 12 may be internally steam reformed i in the

, 'stac,k by catalytic reaction wrth. nickel anode: matenal and/or wrth mekel dlsposed in fuel

gas supply passages to ‘the anode material of the fuel cells, mcludmg the fuel supply

grooy es or channels Tormed i in the gas separator plates and one termmal end pl ate.

_ I-:-ly‘drogen in the fuel and oxygen in t-he oxidant are respectively oxidised and reduced at

the fuel cell anodes and cathodes, creating ionic conductmty through the electrolyte
matenal of the fuel cells in the stack 12, which is balanced by an electrical current ﬂow

through the stack that is drawn off.

As described heremafter in the embodlments illustrated the fuel and oxrdant gas ﬂows in
the stack across the respectlve sides of each fuel cell are essentially all.co- -flow, that is all

in the same direction, or a mlxture of co-flow and counter-ﬂow, that is in opp‘osl.tei
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directions, according to the stage of the fuel cell arrays. However' the flows may be co-

- flow, counter-flow or transverse flow, that is at nght angles to each other. Altemamely,

the flow directions may be changed accordmg to the posmon in the stack. For example,

in_one embodiment, the first twelve layers of fuel cell arrays 1n»the’ stack, from the

“bottom, may be co-flow and thé remainder may be counter-flow to further improve

thermal gradients.

Only one stack 12 is shown in Figure 1, but the fuel cell system may comprise plural

stacks 12 connected in series or in parallel.

"The exhaust fuel gas and. o‘udant gae from the 1llustrdled fuel cell stack 12 are

transferred by condults 52 and 53 to a butner 54 for combustion of the fuel gas. The

vcombustlon exhaust 62 from the burner 54 is dehvered by conduit 64 to the heat _
,exehanger 28 to provide heat for the steam generator as well as for hedtmg the pre-
- reformed fuel and the ox1dant supphed to the fuel cell stack The fuel cell exhaust, and

_ therefore the combust-lo_.n exhaust 62conta1n---steam.

Refemng now to Fi 1gure 2 there | 1s schematlcally shown in exploded form and with only
some of the components the upper-part- of a solid omde fuel cell stack 100 in accordance

w1th the mvention. For clanty the Figure only shows the three uppermost gas- separator

.> ‘ 'plates 102 of the stack, a mamfold end plate 104 and a top plate 106. The fuel cell plates

that would be present between adjacent gas separator plates 102 and between the

manifold end plate 104 and the adjacent gas separator plate 102 a‘r-'e omitted from. the.

Figure for the sake of clanty, as are other components such as spacers and seals and the

~ air flow to and ¢ across the opposne sndes to those 1llustrated of the gdb separator. plates ,
102 and of the manifold end plate 104. All of the fuel cells would be identical. and.in

~ the embodiment. illustrated in Fi ‘igure 2 each fuel cell plate would only comprise a single

fuel cell, not an array of plural fuel cells.

As illustrated, there are two ‘types of gas separator plates two first st‘age plates 102a

with the upper one adJacent the mamfold end plate 104 and a second stage gas separator

plate 102b interleaved between the gas separator plates 102a. The fuel side of the
1llustrated stack is internally manifolded, with. aligned openings 108 t_h-rough the gas
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’sepa'rator plates for the fuel supply manifold, aligned openin‘gs 110 through the gas

separator plates 102 for the fuel exhaust outlet manifold, aligned openings 112 through - -
the gas separator plates 102 for a fuel exhaust inl;e.t.fnanitbld, and ali-gneid openings 114
for a fuel exhaust manifold. These openings would also extend through the other gas

separator plates in the stack as well as any spacer or cover plates and may extend

~ through the fuel cell plates.

Each gas separator plate 102 has parallel channels 116 thcreacross joining a fuel supply

plenum 118 to a fuel exhaust plenum 120. The channels 116 are formed between ribs

122, but both are shown schematically. The channe_ls-. 116 are deslgned to act as fuel gas

distribution passages to distribute fuel across the anode _‘ of the resp‘ective fuel cell

adjacent to that side of each gas-separat'of plate 102, carrying fuel gas both to the anode

and from the anode.

- In gas separator _plaleS"lOQa,. the fuel supply plenum 118 is connected to the c_’)‘pening 108

-f‘ormi‘ng' the 'fﬂ@‘l -su'pply m-ani'fold while t’h'e ‘fuel exhaust plénmn 120 s cohnected to. the

' separator plate lO2b the fuel supply plenum 118 is connected to the opening 112

~ . forming the fuel exhaust inlet manifold and the fuel exhaust plenum l2}0 is connected to

: 2

- the opening 114 formlng the fuel ev_x-haustr man'i’fuld.

As shown by the arrow 124, the fuel supply passes upwardly through the opemngs 108 -

_from the bottom of the stack before entering the fuel supply plenum 118 of each gas

- séparator plate 10%a. L-1kew1se' as shown by the arrow 126, the fuel exhaust fr‘oxh‘ the.

gas separator plates 102a passes from the fuel exhaust plénums- 12() of those plates into -

. the openings 110 and upwardly through the fuel exhaust outlet mamf old formed by those

25

openings.

At the top of the stack the fuel exhaust from the gas separator plates 102a passes -

- through a first opemng 128 ahgned Vﬂth the openings 110 in the gas separator plate in
 the manifold end plate 104 and across that plate ina channel 130 before entering the fuel

 exhaust 1nle_-t mamfold formed by -opemngs 112 in the gas separator plates by way of an
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aligned second opening 132 in the manifold end 'p'late 104. The top plate 106 closes the.
channel 130.

The fuel exhaust from the gas separator plates 102a then passes downwardly through fhe
fuel exhaust inlet manifold formed by the openings 112 and enters the fuel supply

plenum 1 18 of the gas separator plate 102b by way of the opening 112 in'that plate. The

; downward flow of the fuel exhaust through the openings 112 is represented by the atrow

134.

The fuel exhaust from the gas separator plate 102b passes from the plenum 120 into the

fuel exhaust mamfold by way of opemng 114 and: continues downwardly to the bottom

“of the vstack.., as represented by the arrow 136.

- In practice, therefore, fuel, which 'may be natural gas or other hydrocarbon and may be

partially pre-reformed, enters the first fuel gas distribution passages 116 in the gas
separat_brplates-l()?a by way of the opening 108 and fuel supply plenum 118 in those -

plates, where it contacts the anode-of the respective ad;ja,ceht fuel cell plate and reacts on

the anode and at the an'ode7electr0'1yte' interface.” On the anode, the fuel is internally

refOrmed to: hydrogen and. carbon. oxxdes and the hydrogen- is then ‘oxidised at. the.

anode/electroly’te mterface at the elevated operatmg temperature of the fuel cell while

oxygen in the air or other oxidant on the other side of the fuel cell (not shown) is

- reduced, together causing ionic current flow throu-‘gh the electrolyte. While the fuel cell

oxidation/reduction ' reaction is exothermic, the internal reforming reaction is.
endothermic leading to relative ¢ooling of the gas separator plates 102a a_nd' adjacent fuel

cells.

~The fuel exhaust from these reactions passes from an exit side ‘of the first fuel gas

distribution passages 116 into the fuel exhaust outlet manifold, as _represe’nted'by the

arrow 126, by way of the fuel exhaust plenums 120 and epenjng-s 110-up to the top of the -
stack where it reverses direction in the m'_ani”fold end plate 104 and passes downwardly’
through the fuel exhaust inlet manifold formed by openings. 112, as ,repfresente,d by the -

arrows 134,
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At the gas separator plate 102b, fuel exhaust from the. first stage gas separator plates
102a and ‘as'soc.ia“ced fuel cells passes from the respectivé- opening 112 into the fuel
supply plenum 118 and the second fuel gas distribution passages 116 of that plate, where
it contacts the anrode' of the respective adj aéent fuel cell »p‘lat:e .and reacts on the anode and

at the anéde/electrolyte interface. Since at least the majofi‘ty of the remaﬁning fuel in the i
fuel exhaust from the first fuel gas distribution passages 116 has already been internally

reformed, the amount of internal reforming at the anode associated with the second fuel

gas distribution Apa;ssages of the gas sepafator pl‘ate 102b will be rel-ati'vely small, with a
' corrésponding limited degree of cooling. On the other ‘hand, since there is ample.

-~ residual fuel in the fuel exhaust from the first fuel gas dlstrlbutlon passages 116, the’v

same fuel cell reactlons wxll occur when oxygen is supphed to the cathode 51de of the .

“associated fuel cell. Thus, the reactions at the second fuel gas distribution passages 116 -

of the gas separator plate 102b are the same as those at the fuel cells ass’oci=atéd with fuel
gas distribution passages 116 of the gas separator plates 102a except that there will be

less vintem-'al reforming and the'réfore l'es‘s cobli’ng‘ effect. There will therefore be a

‘ temperature gradient between the fuel cell assomated with the gas separator plate 102b

-'and the fuel cells assomated w1th the gas separator plates 102a

, AThe fuel exhaust from the second fuel gas distribution passages 116 in the gas separator.

‘plat’e* 1’.O2b-'pas$es into the fuel exhaust manifold formed by the alignéd openings 114, as
represented by the arrow 136, by way of the fuel exhaust plenum 120 and openings 114

in the gas separator plate 102b’down to the b_ottom”-o'f the stack and is. diséharged'from o

the stack.

The aforem'en_tioned tempera'ture' gradient is alleviated by interleaving the second stage

- gas separator plate 102b and the associated fuel cell between the two first stage and

cooler gas separator plates 102a and assocmted fuel cells. Alleviating the temperature

gradients can have significant advantages in terms of thermal expansion differences as

between the first stage and second stage components; thereby increasing the life and

- improving the performance of the fuel cell stack.
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.Th-isbinterile:avin.g arrangement may be repeatéd throughout the stack of f‘uel cell plates
“and corresponding gas separator plates in a variety of arrangements such that there are
either- first stége gas separator plates and associated fuel cells disposed in the stack
between two second stage gas separator plates-and associated fuel cells or second stage
5 gas separator plates and assoc-iat_-ed'fuel cells between two first stage gas-separator plates

and associated fuel cells, or both.

| Some examples of these arrangem‘e’nté_ are shown m Table 1 for 51 -jay.er stacks, in which

s represents-a s‘tage- 1 layé.r of gas separator plate and associated fuel cell plaie and 2
-repres‘efr‘lfs a stage 2 layer compﬁsihg' a second stége gas separator plate _ar_xd associated,.- .

10 .fue'l_ cell plate. 3 in Example 5 repfeseﬁts a stage 3 layer of gas ‘separat'or plate and

associated fuel cell plate. Each of the Examples in Table 1 is described hereinafter.
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TABLE 1
Example 1 Example 2 Example3 | Example 4 Example S | Example.6
staging ratio. 39:12 39:12 . _39:12 39:12 42:9 33:13:5
Layer ‘ '
51 sl sl sl s2 sl sl
50 sl - sl sl sl 5l 52
49 sl s2 sl s2 sl sl
48 s2 sl s2 sl sl s2
47 sl sl si s] 's2 sl
46 sl sl st s2 sl _s2
45 sl s2 sl s sl sl
44 s2 sl sl . sl sl sl
- 43 sl © sl 2 Tl sl 52
- 42 sl b sl sl 52 52 g1
41 sl sl 51 - sl 51 sl
40 82 s2 sl sl sl 52
39 sl sl sl sl sl sl
- 38 sl sl $2 sl sl si
37 sl sl sl s2 s 82
36 s2 sl sl sl s2 - sl
35 sl §$2 sl sl s] sl
34 sl sl sl sl sl s2
33, sb sl 52 sl sl sl
- 32 52 sl sl sl 51 sl -
31 sl sl sl s2 sl s2
30 sl s2° sl sl 7 s2 sl
- 29 sl - sl 51 st sl sl
28 52 sl sl - sl sl s2
27 sl sl s2 sl sl sl
26 sl sl sl . sl sl sl
25 sl s2 sl s] s2 s2
24 s2 sl sl sl sl s
23 sl sl sl sl sl sl
22 sl - osbe ) - 82 sl sl s2
71 - sl s2 - sl _ 82 sl " 5]
20 - 82 sl sl sl s2 sl
19 ] sl sl sl sl sl 's2
18 51 sl 52 sl 5l sl
17 s 52 sl sl sl si
16 52 51 “s] 51 sl 52
15 sl sl sl s2. 52 sl
14 sl sl s2 sl sl sl
13 sl s2 sl sl . sl s3
12 s2 ‘sl sl sl - sl s
11 51 sl _s2 sl sl sl
10 sl sl sl §2 s2 s3
9 sl 82 sl sl sl sl
8 §2 sl 52 sl sl sl
7 sl _sh sl sl sl 53
6 sl 82 sl 52 sl sl
5 sl sl s2 s 52 s
4 . - s2. sl sl sl sl s3
3 sl s2 sl 52 sl sl
2 sl sl s2 . s sl oS3
1 sl sl sl s2 sl sl
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In. Example 1, there are 39 stage 1 layers and 12 stage 2 layers in a repéating arrangement

of 1 stage 2 layer every three stage 1 layers from the bottom of the stack.

In Example 2, there are also 39 stage 1 layers and 12 stage 2 lay’éirs, with, from the bottom

of the stack, a repeating pattern of 1 stage 2 layer every 2 stage. 1 layers followed by 1 -

stage 2 layer every 3 stage 1 layers to mid-way up the stack, and then 1 stage 2 layer every

4 'stage 1 layers to adjacent the top of the stack. At the top. of the stack, there is one

arrangement of a stage 2 layer betWeen 3 stage 1 layers beneath it and 2 stage 1 layers
above it. This arrangement biases the cooling effect of the stage 1 reforming layers
tdwa‘rc_is‘ the top half of the stack.

Example 3 also shows 39 stage 1 layers and 12 stage 2 layers, with a repeating pat‘terﬁ of 1

.'stage' 2 layer every 2 stage 1 layers from layer 3 to _layer‘iI‘4,..folloWed' by 1 stage 2 layer to

every 3 stage 1 layers to layer 22, followed by 1 arrangement of 1 stage 2 layer every 4
stage 1 layers and then 1 stage 2 layer every 5 s‘tage_ 1 layers, followed by 1 stage 2 layer ‘
every 4 stage 1 laye'rs from layer 34 through to l’ayer.48. At the top of the stack there are 3 .
stage 1 layers. T.h.is atfangement also ’biéses the cooling effect of the_"s”tage I reforming

layers towards the top:half of the stack.

" ~Example 4 shows another arrangéme'nﬁt?*bf%,-Stagé 1 layers and 12 stage 2 layers. In this

20

arrangement the two halves of the stack from each-end are mitror images of each. other

“with a gradually increasing spacing of the 'stage 2 layers from each end by one stage 1

layer, then two stage 1 layers, then three .stage' 1 1éyer.s_, then four stage ) layers. In the

centre of the stack there are nine stage 1 layers between two adjacent stage 2 layers. Thus,

there is a smaller proportion of stage 2 layers in the ¢entral half of the stack (layers 13 to

~39) than in each end quarter of the stack. The p’roporﬁon_ is Tess than half, at about 1:6 in

the central half to about 1:2 in each end quarter. The effect of this arrangement is to bias

the coolirigr effect of the reforming stage 1 layers towards the centre of the stack, hélpin‘g to
* balance heat loss from each end of the stack. The effect of this relative to the arrangement

of Examp_lé 1 may be seen in Figures 12 and 13 described hereinafter.

In Example 5, there are 42 stage 1 'laye'rs and 9--s_tége 2 layers, with 1 stage 2 layer every

four stage 1 layers to layer 30, 1 stage izglayervevéiry' 5 stage 1 layers from layer 31 to layer
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42 and then 1 stage 2 layer between 4 stage 1 layers above and below it at the top’ of the

stack. This arrangement concentrates the greatest number of reforming and cooling stage 1
layers at about two thirds the height of the stack. Changing the ratio of stage | to stage 2

layers impacts the maximum fuel utilisation at which the stack can operate.

~ Example 6 in Table | shows a variation not illustrated in Figure 2 in which, in addition to

stage 1 and stage 2 layers there are stage 3 layers. The stage 3 layers (gas separator plates
and assomated fuel cells) recewe fuel exhaust from the- stage 2 layers, as illustrated '
schem,atlcall,y in Figure 10. In this arrangement, there are 33 stage | layers, 13 stage 2
layers and 5 stage 3 ',la\yers,'w.ith. all of the stage 3 '.layers bei’n'g towards the bottom of the
stack and all of the stage 2 layers being above them. In the first four layers from. the
bottom of the stack the stage 1 and stage 3 layers alternate, followed by 1 stage 3 layer

every 2 stage 1 layers to layer 13 followed by 1 stage 2 layer every 2 stage ‘1 layers from

'llayer 14 to: layer 46. Inlayers 47 to Sl the stage 1 and- stage 2 layers alternate.

It will be app‘reci-ate‘d 'by"th‘os”e skilled in the ‘a‘ft’i-that'While FigUre 2 illustrates the fuel gas

- distribution passages being formed in the gas separator plates 102 as channels 116, this is.

not essentml Instead, the gas. dlstrlbutlon passages could be detmed by protrusxons on the -

“anode side of the fuel cells or, for example, by means disposed between the gas separator

p‘lal’e_s and the adjacent fuel cell plates. | The fuel gas distribution passages are therefore

c_ffeét-iVely‘ pidy*ided 'b‘etWéen- a gas :sepaf,atdr plate and the anode side of an adjacerit _fuel

cell and are aSéoc‘ia‘t_ed with the fuel cells in the sense that they distribute the gas across the

fuel 'c‘_ell.

Turning now to Figures 3 to 6, there is shown the bare skeleton of a fuel cell stack showing
‘t_he_‘manifolding'arrangement for a two stage stack in which each fuel cell layer cOmprlses

~ an array of four fuel cells supported in a cover plate 202 (F i_'gure 6) described hereinafter.

In Figures 3 to 6, the gas distribution passages are provided in the gas Sepafa-tor plates 208

(Figures 4, Sa, 5b). As in Figute 2, thete e two types of gas separator plate, a ﬁ'fst»‘s'twa'g;e

plate 208a illustrated in ‘part ifi Figure Sa and a second stage gas separator plate 20851_5

illustrated in part in Figure 5b. In each of these Figures, only one half of the anode side

, 210 is illustrated, each with two arrays 212 of fuel gas distribution passages shown for two
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of the fuel cells of the fuel cell arrays. Each gas separator plate 208 will have four arrays

212 of fuel gas distribution passages with,, in each case for gas separator plates 208a and

- 208b, the non- 111ustrated left hand side of the anode side 210 being a mirror image of the

right hand side illustrated in Figures 5a» and Jb, respectively.

- Since the oxidant side of the fuel cell ‘stack is not staged, the oxidant side 214 of each gas-

separator plate 208 is identical, and one is illustrated in Figure 4. Thus, the anode side 210

of the gas separator plate 208 ilIustrated in F‘igure 4 may be either a first stage so that the

gds separator plate is a plate 208(a) as: partly 1llustrated in Fxgure Sa or a second stage gas

" separator plate 208(b) as pattly: xllustrated in Fxgure >b

Refetring to Figure 4, the oxidant or cathode side 214 of the gas separat()r plate 208 also
 has four arrays 216 of oxidant gas distribution ‘paésa‘ges for distributing air or other oxidant
- across the cathode of four respective fuel cells in an ddjacent array (not shown). The gas

separator plate 208 may be formed of ferritic stéihleés :s"téel as described above, with each

array 216 of oxidant g‘as"'distr'ibUtion passage ‘being formed by multiple parallel channels

with. rxbs m between that contact: the fuel cell plates and- may -be coated on the1r top

_ .surfaces thh a spinel oxide as. descrlbed in WO 1996/028855

For. each array 216 of oxidant gas distribution passages, there"{s an inlet end connected to
an oxidant supply plehum 218 and an outlet end connected to an- okidant exhaust p.lenum
220. Each ox1dant supply plenum 218 recelves oxidant through a palr of oxidant supply |
mamfold ~openings 222 while the 0x1dant exhaust plenunis 220 open to ox1dant exhaust

manifold openmgs 224. The openings 224 extend through the centre of the plate, and each

left and right hand (in the Flgure) pair of arrays 216 of oxidant gas dxstrxbutlon passages

share a respectxve pair of the openings 224.

Th‘e' gas separator plates 208 hav.e addi‘t-io'nal openings through them for the fuel gas.
Between the oxidant supply manifold op‘enizngé. 222 are two opposed fiel supply manifold
openings 226 At the outer ehd‘s‘of_‘ the central array of oxidant exhaust manifold openings
224 are'two opposed fuel exhiaust ‘0‘u’tl~§t’- rﬁaﬁiifo,;ld openings 228.. At the four corners of the

gas separafor pl-atf'é 208 are respective fuel exhaust inlet manifold openings 230,‘ and in the

,éem’ré of the plate is a single fuel exhaust manifold opening 232,
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Referring to Figure Sa, each array. 212 of fuel gas distribution passages comprises a series °

‘of parallel channels formed in the separator platc between a fuel supply plenum 234 and a

fuel exhaust plenum 236. Between the channels of the arrays 212 are residual ribs that

| engage the anode side of a respebtive fuel cell (not shown) of each array 212. To ensure

electrically conductive contact, the rib tops may be coated with nickel.

A series of transverse channels 238 across the arrays 212 ensure balanced fuel gas. ﬂow

from the supply plenum 234 to the exhaust plenum 236 and therefore balanced contact of

| v, the fuel gas with. the anodes.

Each pair of adjacent arrays 212 share a common fuel supply plenum 234 and fuel exhaust
plenum 236, and fuel gas is Supplied to the fuel subply plenum 234 through the fuel supply
manifold opening 226 which opens into the centre of the plenum. In contrast, fuel exhaust

is discharged from the fuel exhaust plenum 236 through the fuel exhaust outlet manifold

openings 228 at' the ends of the exhaust plenum. These fuel exhaust outlet maﬁifold

openmgs 228 are shared by the left hand palr of arrays 212, wlnch as noted above, are d

mirror image of the right hand pair shown in Figure: Sa

.'Referring now to F'igure 5'b. the anode side 210 of gas separator plate 708(b) is very si".rn-ilar
to the anode side 210 of the gas separator plate 208(a) described above S0 only the

differences will be desCrlbed Furthermore, the same reference numerals have been gwen

to the confesp*ondmg oomponents in Figures 5a and 5b.

In Flgure Sb, the fuel supply plenum 234 shared by two adjacent arrays 212 in the- gas
separator plate 208(b) receives fuel exhaust from the fuel exhaust outlet manifold defined

by openings 228 via the fuel exha.ust inlet manifold openings 230 which open to the

plenum 234 at its ends. ‘The fuel exhaust from the plate 208(b) passes from the fuel

exhaust plenum 236 into the single fuel exhaust mamfold opemng 232 shared with the 7

‘miirror image: arrays 212.

Tummg niow to Figure 3, the two gas separator plates 208aand 208b and their connectlons

" to the mamfolds are shown schemattcally with the cathode side 214 facing upwardly. Only

‘the two gas separator plates are shown, for convemence with no fuel cell arrays between
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them or above and Below them. As in Figure 4, the entire gas separator plates 208 are

shown, with the four arrays 216 of oxidant fuel distribution passages.

The manifolds formed by the réspective openings through the gas separator plates 208 and
corresponding openings in the cover plate 202 are illustrated schematically in Figure 3 and
will be feferred to by the corresponding reference numeral for the respective openings -

[LNA1}

through the gas separator plates, followed by a

- In use of the stack 200, fuel gas passes upwardly from a stack bottom end plate (not

o shown) lhrough the fuel supply manifolds 226 and enters the plenums 234 of the first

stage gas ,separat_or plates 208a as shown in Figure 5a. The reacted fuel g g,as then exhausts' |

fr,,om]tll,e fuel ex'li'auS't plenums 236 of the first stage gas. separator pl_ates ‘208a upwardly

through the fue-l_ exhaust outlet manifolds 228", Correspondingly, oxidant passes upwardly

f'rom‘ the boﬁom end plate of the stack through the oxidant supply manifolds 222’ and

enters the oxidant supply plenums 218 on the cathode side 214 of the gas separator plates
208. After reacting at the respective cathodés, the oxidant: exhaust enters the oxidant

~exhaust mamfolds 224’ from the ox1dant exhaust plenums 220 and passes downwardly to:_v ’

' second stage gas separator plates 208b

. Fuel exhaust from the first stage gas separatof'plates 208a passes upwardly through the

- 20

25

fuel exhaust outlet manifolds 228" until, as in Figure 2, it reaches a manifold end plate (not

shown) at the'lop of the stack and reverses d:i_rection» to pass downwardly through the fuel

' 'eXhaust' inlet mani‘fb’lvds 230" from Wwhere it enters ‘t'h'e-b fuel supply plenums 234 of the -
'second stage g,as separator pldtes 208b. After reactmcr at the anode of the respectwe fuel
, '..cell the. second stage exhaust passes from the fuel exhaust plenums 236 of the gas

'separ-ator plates 208b into the common fuel exhaust__mamfold 232", In the fuel exhaust

man‘ifqld'232',i the second stage ‘ﬁiel exhaust passes dbowr.lwardly :te the bottom manifold

‘ pla-te, from where it and the oxidant exhaust are discharged from the stack as Vdesc'ribed

with reference to Figure 1.
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The arrangement of first stage gas separator plates 208a and second stage gas separator

plates 208b in the stack 200 may be as described with reference to Figure 2 and, for

_example, any of Examples 1 to 5.in Table 1.

Tﬁmihg now to Figure 6, the cover p.latev 202 has a similar overall shape to the gas

_ separator plates 208 and a respective one is received between two adjacent gas separator

plates 208 and between an end gas separator plate 208 and an adjacent manifold end plate

{ not shown). .

The cover plate 202 has corresponding manifold openings to those in the gas sep'a‘rator

plates 208, which are given the same teference numerdls but followed by a """ and will not- -

be described further. The cover plate nﬁfziy also be formed of ferritic stainless ste¢l such as
ZMG232L from Hitachi Metals, and also has four major op.enfngs. 240 thfbugh. its-
thickness in-an array corresponding to the arrays 212 and 216 of gas distribution paSs_ages_.
Ah in the gas separator plates 208; Respective fuel cell plates (not shown) are received in the
_ major openings 240, all of the fuel cell plates being identical and being as described above.
_The fuel cell plates are sealed in 1t'he‘-r‘naj"‘o'r openings 240 using glass seals (not shown) tha't_

prevent oxidant and fuel gases passing from one face-to the other.

Tt the stack, each 'cov;er"plate‘"is also sedled to the adjacent gas separator plates to ensure -

the. approprlate passage of gas from an inlet manifold to an outlet manifold without

~ leakage. Such seals may also be prov1ded by glass seals or, for example, by laser weldmg

the plates 202 and 208 together.

"Figure 7 illustrates in a two-dimensional manner a variation of the partial stack. 100 of

Figure 2, as a partial stack. 300: The top portlen of the stack is shown, wnh the various -
plates bem-g repr,e.se_n.ted by blocks. The representdtlon includes. fuel cell plates 302
between each pair of other plates, with a manifold end plate 301 at the top. - Between the
fuel cell plates are a variety of first stage gas sepa‘r’atdr plates 304 and second stage gas
separator plates 306. The Fi"gure represents a repeating unit of three adjacent first stage -

gas separator plates for every one second stage gas sepaf&_t()r plate, except at the top of the

stack where there are two first stage gas separator plates. The arrangement therefore

reflects Example 2 of Table 1. .
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Figure 7 also represents the fué'l-gas flows. -The oxidant manifold gas flows are omitted for
clarity, but it will be appreciated from the description of Figures 3 to 6 above that they are
the same throughout the stack, with the oxidant passing upwardly thfough the stack and
across the layers between the caths‘de__sidc of the fuel cells as represented by the arrows
308, before the oxidant exhaﬁst is carried downwafdly again through an oxidant exhaust

ménifoId (not shown) to the bottom manifold end plate to be exhausted from the stack.

" On the fuel side, fuel gas is car’_riéd upwardly from the bottd:m.manifold end plate (not

shown) through a fuel supply manifold represented by the arrows 310. Fuel gas passes

~ from the fuel supply manifold between the first stage gas separator plates 304 and the

anode side of the adjacent fuel cell plates 302 ‘th‘:rough the first stage gas distribution

‘passages as represerited by the arrows 312,

The reacted first stage exhaust fuel gas then enters the fuel exhaust outlet manifold

‘ represented by arrow 314 through which it is conveyed upwardly to the top manifold end

plate 3"-0"1», where it reverses direction and is conveyed downwardly through a fuel exhaust

inlet manifold represented by the arrows_316 to the second stage fuel gas distribution

‘passages represented by arrows. 31 8 Bet\i\feen the second stage fuel ceil -plate's 306 and the

anode side of the adjacent Tuel cell pla‘tes 302.. The second. stage fuel gas exhaust then

enters the fuel outlet mamfold represented by arrows 320 through which-it is conveyed toA

the bottom: mamfold end plate and discharged. from the stack.

" In Figure 7, the lowermost arrows. 314 and 316 are combined, illustrating that the first

stage fuel exhaust manifold 228 and the second stage fuel inlet manifold 230 may .be
combined, in which case flow rates upwards and downwards through the combined

manifold may be low. -

In the arrangemerit of 'Eii'gtir‘e 7, the fuel gas flows through the first 'and second fuel gas

distribution passages 312 and 318 are in the opposite directions. The oxidant gas 'ﬂdws

through the 0\1dant -gas dtstnbutlon passage 308 may also be reversed if de51red to provide

a counterﬂow arrangement (relatlve to the passages 312)
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Figure 8 is a similar representation to Figure 7 of a partial stack 330 in which for

convenience the same reference numerals are used for the same parts as in Figure 7. -

As in Figure 7, Figure 8 represents a repeating unit of three adjacent first stage gas

separator plates for every one second stage gas separator plate, except at the top of the

stack where there are two first stage gas separator plates. The arrangement therefore

reflects: Example 2 of Table 1. The difference from F igure 7 is that, as in F ig‘ur"e“z',..all of

- the gas flows through the first and second stage: gas distribution passages 312 and 318, as

well as in the oxidant passages 308, are in the same 'd‘irecti‘on from left to right in the

‘Figure. Figure 8 also illustrates the transfer of the ﬁrst stage fuel cxhaust at the top of the
stack from the. fuel exhaust outlet mamfold 314 into the fuel exhaust inlet manifold 316

between the mamfold end plate 301 and a top plate 332. The channel through which this

, transfer occurs is represented by thc arrow 334.

Figure 9 represents schematically an embodiment of any one of Examples 1 to 4 of Table |
'but'in wh‘ich the stage otie and'stage"tWo gas flows are for convenience represented in two

senes connected stacks, a ﬁrst stage stack 402 and a second stage stack 404 In practlce of

o "course the ﬁrst and second’ siage gas flows would be ina smgle stack, w1th the second '

25

stage gas separdtor plates lnterleaved between the first stagc gas separator plates as shown '

in Table 1.

In Figure 9, the fuel gas supply /manifold 406 is shown as conveying the fuel gas upwardly

from a bottom mamfold end plate (not shown) to. the ﬁrst stage- gas separator plates and the

first stage exhaust manifold 408 is- shown as comeymg the first stage fuel exhaust '

"upwardly to the top mamfold end plate. Correspondmgly, the second. stage fuel exhaust

inlet manifold 410 eonveys the first stage fuel exhaust downwardly to the second stage gas’ :
separator plates, and the second stage fuel exhaust is then conveyed downwardly through

the exhaust manifold 412 to the bottom manifold end plate (not shown) from where it is

~ discharged from the stack.

Figure 10 1s a sumilar repi‘ése'nfaﬁon :to:"Ffigure 9:but for the three stage stack of Example 6

of Table 1. ‘Thus, rather than be'ing discharged ‘from the stack, the second stage fuel

“exhaust is conveyed downward-l'y to the third 'stage. gas separator plates 414 and then
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downwardly through a tthd stage fuel exhaust manlfold 416, after passmg through third
stage fuel gas distribution passages for reaction of the fuel gas on the anode side of the -
adjacent fuel cells, to be discharged from the stack. In contrast to El'gure 9, it will be seen -
that the ﬂow directions in the first stage fuel gas supply manifold 406 and fuel exhaust

manifold 408 are both upwardly, and that the flow directions in the second stage fuel

exhaust inlet manifold 410 and exhaust manifold ate both dowﬁwardly.

Figure 1 lisa graph showing overall fuel utilisation against the individual fuel cell array

fuel utilisation in a two stage stack. The graph shows fuel utilisations for three di‘vff.er_ent'

ratios of stage one 1étyers fo stage two. layers (132, 2.5:1 and 3.25:1), and shows that at

“higher stage one to stage two ratios, a higher overall fuel ufilisation can be achieved with

an even fuel utlhsatlon for both stages

In particular the target overall fuel utilisation detetmines the staging ratio. Ideally, the
stage 2 fuel utilisation will always be slightly lower than the stage 1 fuel utilisation for the

foilowin-g .reasens (or at least never higher in stage 2 compared to stage 1)!

1) stage 2 conditions can '1ead to oxidation of parts of the respective fuel cells earlier

than in stage 1 due to the Iower Hz concentratlons (lower Nernst potentxal)

espeually as the fuel cells degrade dueto extended use;

- 2) stage 2 is more sensitive to- fuel utilisation variation - stage 1is lmear whereas stage

2 has a higher order functlon,
3‘)' " stage 2 will get the residual fuel from stage 1 - therefore all errors in, for example

flows, current and peten‘tia'l leaks will be a burden on stage 2.

Taking this into account a preferred staging ratio is 3.25:1 with an overall target fuel

utilisation of 85%, which would lead to a stage 1 fitel 'uti’liii‘sé‘_tibri 0ij 66% and a stage 2 fuel

utilisation of 58% assuming the- same current/current density for every layer/array

regardless of .the'stage-. It also-allows that the overall fuel utilisation (due to errors, leaks,

| etc.) could go up to 89% with both stages still running at the same utilisation.

A further advantage of the'invention is that by providing the two or more stages of fuel cell
arrays in the stack in which adjacent arrays. are conriected in series, the sarne :cm‘»fe_-ﬁt'and

current density are assured for each array. This, in contrast to an arrangement in which
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first and subsequent stage fuel cell arrays are provided in respective stacks, no separate :
control mechanism is rcquxred to ensure the same current, and current densny in all of the

arrays of all of the stages.

Figures 12 and 13 are graphs illustrating the thermal profile of ..rtxﬁn:l:n'g the reforming fuel

cell stacks of Examples 1 and 4 respectively. The x-axis in each g.raph r.épresents.' the

numbers of the layers 1 to 51 in the stack, while the y-axis shows the temperature al a

number of sensors (represented by each line) on each layer spacéd from the fuel inlet (the |
| ‘bottom line in each cas‘é) 1o the fuel exhaust outlet (the top lirie in each case) for the fuel
: cell. In general ‘te«rms,lit may b.é.s‘e-en that the tempe‘raturé increases fror.n the fuel inlet to
. the fuel exhaust oﬁ't-let and 'that the’température is higher at the top of the stack (layer Sl)
" than at the bottom (layer 1) but w1th a maxxmum Temote from the top and bottom ends 01‘

-the stack partly due to heat losses at the ends, The peal\s in the bottom line of each graph-

reflect the location of the -stage 2 layers and ‘their reduced cooling effect relative to the

reforming stage 1 layers.
- Figure 12 shows that in the embodiment of Example 1 the reduced cooling effect of the
- evenly spaced stage 2 layets has: been spread along_the length of the stack, greatly

7_1mprovmg the thermal g gradlent compared to- dn arrangumcnt in which the stage 1 layers are

all closer to one end of the stack and the stdge 2 layers are all close to the other end of the

’stack but still with a maximum temperature towards the centre of the stack.

‘In contrast, Figure 13 shows that spacing the stage 2 layers as in Example 4 flattens the

temperature profile, so that the temperature gradient along the stack has been reduced.

In bo:t?h-caSes, the temperature gradient across the fuel cells towards the centre of the stack

is about 25°C, ‘and this is also true at the top of the-stack of Example 1. In Example 4, the

'v ‘temperature gradient across the fuel cells at the-top of the stack is only about 15°C.

Those skilled in the art will appreciate that the invention described herein ls"susceptilj‘le to

 variations and modifications other than those specifically described. It is to be understood

that the invention includes all such variations and modifications which fall within its spirit

and scope. The invention also includes all the steps and features referred to or indicated in
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this specification, individually or collectively, an:c_i any and all combinations of any two or

more-of said steps or features.

Throughotit this speciﬁcation and the claims which follow, unless the context requires -
otherwise,.the word "comprise", and variations such as "comprises” and "comprising", will
5  be understood to imply the inclusion of a stated integer or step or group of integers or steps

but not the exclusion of any other integer or step or group of integers or steps.

" The ré-fhnen.cev‘ih_,this- speCi’ﬁeafi:oh;toﬁuy pﬁiof“pijbjl'idatioﬁ (or information defiv_ed from it),
o ot to any ‘matter which is knownm, is not, and should not be taken as an acknowledgment or

“admi'ss‘.i:on or any form of -'suggesti‘on that that prior publication (or information derived
10 from it) or known.matter forms paﬁ of the common gen_e‘ral“ knowledge in the field of

endeavour to which this specification relates.
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1. A fuel cell assembly compnsmg
* a stack of multiple fuel cell arrays each fuel cell array comprising one or more tuel
cells and each fuel cell comprising an electrolvte layer an anode l-ayer on one side of the
-electrolyte layer and a cathode layer on 4. opposite side of the eleé’trol yte layer, said stack
further wmprlsmg> s fuel gas dxstnbutlon pdssages whlch open-to the. ariode 1ayers of the fuel
cellsin the stacks ' A .

~one or more fuel supply. mamfolds for supplymg fuel gas to fuel gas dlstnbunon'

' passages m the stack; _
| the fuel cell arrays compmsmg at least first stage fuel cell arrays havmg assomaled
first fuel gas distribution passages connected to the one or more fuel gas su‘pply manifolds
_ to’ recelve fuel gas. dlrectly therefrom and second stage fuel cell arrays haV ing associated
second fuel gas dlstrlbunon passages arranged to receive fuel exhaust from the fuel cells of '
‘the ﬁrst stage Fuel cell arrays for supply of sald fue‘] exhaust to’ the fuel ce1ls of the second =

stagc fuel cell arrays in the stack; and N '

wherem at 1east one of the first and second stages of ﬁlel cell arrays comprises. fuel

| cell arrays that are dlsposed in. the stack between fuel ccll arrays of thc, othcr ‘of the first

- and sccond stages of fuel cell arrays.

L 2 A fuel céllaﬂ@Sém&fY accordmg io clalml,wherem an inlet side of the second fuel -
¢ gas di‘si‘ributio‘n.pa-s-sagés'ézpé_:ni‘hgft0~ the anode layer of each fuel cell of the second stage
fué_l cell arf'ays 1s cbnnec‘t’ed d\i"fréct_ly to an exhaust .sidev of the first fue‘l =gas distﬁbuﬁi—onf
passages opening to the anode layers of at least two fuel cells of the ‘ﬁ'r_s.t'stage -ﬁ:.e_-i_eé_l’el’

arrays.

3. A fuel cell assembly according to claim 1, whetein at least orie fuel manifold is
. provided between an inlet side of the second fuel gas :distraib'ution passages and an ei‘;h’aust
‘;’s‘;i':d_’e; of the first fuel gas distribution passages to supply fuel exhaust from plural first fuel

: gas distribution passages to plural second fuel Vg-as distribution passages-.
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4. A-fuel cell assembly according :to claim 3, wh_ereiﬁ said at least one fuel manifold-
comprises a fuel exhaust outlet manifold connected to a fuel exhaust inlet manifold
whereby fuel exhaust from the first fuel gas distribution passages passes in -one» direction
through the fuel exhaust outlet manifold and in an opposite direction along the fuel exhaus't
inlet manifold to the second fuel gas distribution passages.-
5. A fuel cell assembly according to any one of the preceding claims, wherein the .
“anode layers of the fuel cells of the first stage fuel cell é-rrays and/or the first fuel gas |
- distribution passa‘ges comprise steam reforming catalyst for steam reforming hydrocarbon
in the fuel _gas. contacting said anodé layers and/or in the first fuel gas distribution

‘passages.

6. A fuel cell assembly according to any one of the preceding claims, wherein each .
fuel cell array of the one of the first and second stages of fuel cell arrays is disposed
adjacent at-least one fuel cell array of the othér-of the Vﬁ.r»st and second stages of fuel cell

arrays.

7. Afuel -c‘e-_ll'_ as’s"e,ml_il‘y acébfdin‘g to claim 6, wherein each second stage fuel cvelll, array

is disposed in the stack between a respective two first stage fuel cell arrays:

8. A fuel cell assembly according to any one of the preceding claims, wherein in at
least part of the stack there is a.fgpe;atirrg._ pattcm of three first stage fuel cell arrays and one

second stage fuel cell array.

9. -A fuel cell assembly vaGCordi'ng' to any one of ¢laims 1 to 7, wherein in at least part
of the stack there is a repeating pattern of four first stage fuel cell arrays and one se_cond

stage fuel cell array.

10. A fuel cell assembly according to.any one of the preceding claims, wherein there is
a repeating pattern of artangement of first "S';t-ége fuel cell arrays and second stage fuel c_e"ll'

arrays throughout the stack.



WO 2011/127541 PCT/AU2011/000439

11. A fuel cell assembly according to-any one of claims 1 to 9, wherein there is a
. greater number of second stage fuel cell arrays in a tﬁ_fst half of the stack than in a second

half of the stack.

12. A fuel cell assembly according t'ovan'y one of claims 1 to 9, wherein there is a
- smaller proportion of second stage fuel cell arrays ina central half of the stack than in each

‘ end quaner of the stack.'

13. A fuel cell assembly accordlng to clalm 12, wherein the propomon of eecond stage
'fuel cell arrays in. each end quarter of the stack is at least twice as great as in the central

" halfof the stack.

4. A fuel cell a_sseﬁi-b‘ly .ac;cjordihgz to any one of the prc:c:eding claims, wherein the
number of first stage fuel cell arrays in the stack is in the range of 64 to 82% of the total

nu"mbe'r of fuel cell arrays in the stack.

15. - A fuel cell assembly according to any one of the preceding, claims, wherein all.of
the second fuel gas dmtnbutlon Ppassages . are -connected- fo at 1east oneé fuel exhaust
, mamfold for dxrectmg fuel exhaust from ‘the second fuel gas, dxstmbutlon passages

exteriorly of the stack or for recychng to the stack.

16, A fuel cel‘l assembly according to any one 6f- claims 1 to >13f,_ wherein the fuel cell
: a_rrayé_fur’ther comprise at least one third st'tage fuel cell arr‘ary having associated third fuel
gas distribution. passages arrange’d to receive fuel exhaust from Tfuel cells of the éecond
: .stage fuel cell arrays for supply of said fuel exhaust to the. fuel ce]ls of the at least one third

stage tuel cell array in the stack.

17. A fuel cell assembly according to claim 16, wherein at least one fuel manifold is
provided between an inlet side of the third fuel gas distribution passages and an exhaust

‘side of the seeond fuel gas distribution passages to supply fuel exhaust from the second.
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fuel gas distribution nassage's to the third fuel gas distribution passages.

18. A fuel cell assembly according to claim 16 or 17, wherein, as-a proportion the total
_number of first, second and third-stage: arrays of fuel cells in the stack, the first stage arrays
_ comprxse 50 to 70%, the second stage arrays comprise 31 to 23%_, and the third stage .

arrays comprise 19 to 7%.

19. A fuel cell assembly accordmg to any ohe of clalms 16 to 18 wherein each. third

_ stage fuel cell array is’ drsposed in:the. stack- adjacent at least one first stage fuel cell array

20, A fuel cell assembly accordmgD to claim 19, wherein each thlrd stage fuel cell array

is dlsposed in the stack between two f' rst stage fuel cell arrays. -

21, A fuel cell stack accordmg to claim 19 or 20, wherem all of the second stage fuel
- cell arrays are dxsposed towards a: ﬁrst end of the stack and all of the thrrd stage fuel cell .

- arrays are dlsposed towards a second end of the: stack

22 ‘ A fuel cell assembly accordmg to any one of the precedmg cla1rns further -
ompr1smg a steam extractor- connected between the fuel gas dxstrlbutlon passages. of a.
ﬁnal stage of fuel ‘cell arrays and the fuel gas dlstrlbutlon passages of a penultlmate stage _
~ of ‘fuel cell arrays to condense steam from the fuel. exhaust received from the fuel gaszl ‘
distribution passag,es of the penultlmate stage of fuel cell artays prror to supplv of sard fuel

' :exhaust to the fuel gas drstnbutron passages of the penultrmate stage-of fuel cell arrays.
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