(12) STANDARD PATENT (11) Application No. AU 2011241481 B2
(19) AUSTRALIAN PATENT OFFICE

(54)

(51)

(74)

(56)

Title
Thermal management in a fuel cell stack

International Patent Classification(s)

HO1M 8/04 (2006.01) HO1M 8/24 (2006.01)
HO1M 8/12 (2006.01)
Application No: 2011241481 (22) Date of Filing:  2011.04.15

WIPO No:  WO11/127541

Priority Data

Number (32) Date (33) Country
2010901603 2010.04.15 AU
Publication Date: 2011.10.20

Accepted Journal Date: 2015.01.22

Applicant(s)
Ceramic Fuel Cells Limited

Inventor(s)
Kah, Michael;Bolden, Roger

Agent / Attorney
Davies Collison Cave, Level 15 1 Nicholson Street, MELBOURNE, VIC, 3000

Related Art
US 7482073
JP 2003-272645
EP 0263052




wO 20117127541 A1 IR0 0 OO 00O O O

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(295 IR0 0O

GOMP (10) International Publication Number

(19) World Intellectual Property Organization
International Burcau

(43) International Publication Datc
20 October 2011 (20.10.2011)

WO 2011/127541 A1l

(51

(21

(22)

International Patent Classification:
HOIM 8/04 (2006.01) HOIM 8/24 (2006.01)
HOIM 8/12 (2006.01)

International Application Number:
PCT/AU2011/000439

International Filing Date:
15 April 2011 (15.04.2011)

(74)

@1)

Agents: HUNTSMAN, Peter, Harold et al.; Davies Col-
lison Cave, 1 Nicholson Strect, Mclboume, VIC 3000
(AU).

Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,

(25) Filing Language: English HN, HR, HU, ID, IL, IN, IS, JP, KL, KG, KM, KN, KP,
L . KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
(26) Publication Language: Engllsh ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
(30) Priority Data: NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,
2010901603 15 April 2010 (15.04.2010) AU SL. 5G, 8K, SL, SM, ST, 8V. 8Y. TI, TJ, TM. 1IN, TR,
TT,TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(71) Applicant (for all designated States except US): CE-

RAMIC FUEL CELLS LIMITED [AU/’AU] 170 (84) Designated States (unless otherwise indicated, fOV every

(72)
(75)

Browns Road, Noble Park, Victoria 3174 (AU).

Inventors; and

Inventors/Applicants (for US only): KAH, Michael
|DE/AU]J; 7 Hunter Court, Frankston, Victoria 3199
(AU). BOLDEN, Roger [AU/AU]J; 2 Yarra Street, Gee-
long, Victoria 3220 (AU).

kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG,
ZM, ZW), Lurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
CE, LS, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, ML, MR, NE, SN, TD, TG).

[Continued on next page]

(54) Title: THERMAL MANAGEMENT IN A FUEL CELL STACK

i

FIGURE 7

(57) Abstract: A fuel cell stack (300) comprising multiple
arrays of onc or morc fuel cells (302), cach comprising an
electrolyte layer, an anode layer and a cathode layer; gas
scparator plates (304, 306) between adjacent fucl cells; and
oxidant gas distribution passages (308) and fuel gas distri-
bution passagcs (312, 318) betwcen adjacent fucl cells; and
gas separators opening to the cathode layers and the anode
layers, respectively, of the fucl cells. The fuel ccll arrays
comprise at least first stage fuel cell arrays having associat-
cd first fucl gas distribution passagces (312) to receive fuel
gas from one or more fuel gas supply manifolds (310) and
sccond stage fucl ccll arrays having associatcd sccond fuel
gas distribution passages (318) which receive fuel exhaust
from the fucl cclls of the first stage fucl cell arrays. The
second stage fuel cell arrays are interleaved in the stack be-
tween first stage fuel ccll 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

improving thermal gradients in a fuel cell stack while allowing high fuel utilisations.

“BACKGROUND ART

A fuel cell is an electrochemical devi“ce- comprising an electrolyte and respective

-_»electrodes (an anode and a cathode): on opposite sxdes of’ the electrolyte Fuel cells may
'tal\e 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 hydrogen, the outcome: is €lectricity and water, as well as heat since the

reactions are exothermic.

I order to pro__du‘ce a useful amount of electricity, a multitude of fuel cells -are sta_cked
' together in layers, with the stacked fuel cells being electrically connetted in series and a

load being electrically connected to the ends of the stack. Connecting the layers in series

allows for the same current/current densxty 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 fuel cell may be prov1ded in each layer of the stack, _
plural such fiel cells in a layer (an aﬁay) bemg elecmcally connected in parallel
Adjacent fuel cells, or arrays of fuel cells in the stack may be separated from each other

by one or more of a gas-separator, a spacer, a current collector, a seal and possibly other

- layer components. In a planar fuel cell stack the fuel cells and othe'r'stac'_k 'c'omponents :

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 above, fuel gas may be su‘ppljed to the fuel cells as hydrogen, optiona-lly

pre-reformed from hydrocarbon, or, in a suitable high temperature fuel cell stack, such as -

. a SOlld oxnde fuel cell (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 arfays |

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 exothermic oxidation of the fuel on’
the anodes of the hifg_‘h temperature (> 650°C) fuel cells. Care is needed to avoid excess .

cooling from the endothermic reforming reaction.

High efficiency of electricity production in a fuel cell stack requires high fuel utilisation

— for example up to 80 to 95 % of the fuiel supplied to the anodes being oxidised in the

fuel cell reaction. 100% fuel utilisation, or close t’o‘-ft,;,doesl not lead to high efficiency

because the cell voltage tends to -éollapsé; If there is an inadequate fuel supply to any
one f_uel cell, that fuel cell can oxidise and cause failure of the cell and, ultimately, of the .

stack.

Fuel flow to eaéh. 'ihd‘iv-idual cell or érray is controlled by the pressure drop across the

fuel supply passages, for example channelq in 2 gas connector, for the cell/array, -and

'hem,e s determmed by the- manufacturmg tolerance. Manufacturing costs. increase

_substant-lally with hlghe-r accura.ey of the manutactunng proc‘esbs In order'to ac'hieve' a

fuel utlhsauon of, say, 90% the flow variation needs to be well below 0%, which would '
require very high precision and therefore, in one embodlment expensive gas separators

10 avoid cell and stack failure. Failure due to over ufilisation of individual cells/arrays

can only be avoided.if flow variat‘ion is known and accounted for in the operation. If, for

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

to over utilization. The individual fuel utilisation for the above case would be 95% for -

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

cell stack due to perfbrman'ce variation or other failure of one fuel cell can b_e alleviated
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by the use of arrays of fuel cells in a stack, but invariably an excess of’ fuel gas must be.
supplvi'ed {o the fuel cells in order to minimise the risk of fuel cell oxidation. The
outeome of this is that there is unused fue! in the fuel gas 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 also lead to a changed
thermal proﬁnle - h‘i'g'her thermal gradients in cells/arrays that have higher fuel. utilisation .

and vice versa. This can also conmbute to: stack faxlures or will at least restrlct the

' maxxmum fuel uuhsatton to avoid fallures

In order to improve the overall fuel uti']isatiqtt, and therefore the efficiency of | the fuel
cell stack, it has been proposed to reeycle the fuel exhéus-t to the fuel cell stack and mix
it with freshly supplied fuel gas. The main advantage of this appr’oach is that the actual
fuel utilisation within each cell/array is reduced while the overall utilisatio’n can be very

high depending on the recycling ratio. This also has the adVantage of introducing»

» steam, as a product of the fuel cell reaction, to the freshly supplied fuel gas. Steam 1s
'necessary for internally reformmg hydrocarbons 1o ‘hydrogen fuel and recyclmg tuel.

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

example WO 2003/019707.

It has a'lso been proposed to »'irnrprove the overall fuel utilisation of a fuel cell system

' comprising plural stacks of fuel cells by using the fuel exhaust from one or more stacks.

as the fuel gas Supphed to another stack One such proposal isin EP 0263 052, in ‘which

two embodiments are described: a ﬁrst, in which the fuel gas exhaust from two fuel cell

stacks in a first stape is »conﬁb’ined' and used as the fuel gas supply to a third 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 proposal is-described

’m US 7108929 as involving “the use of a pJurallty of reactant transfer lines from one

stage to- the next, which can become complicated and requtre comphcated transfer lme 2

assemblies.”
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. used as the fuel supply gas fo a sixth stack in a fourth stage. No reforming of the fuel

US 7108929 is directed to a unitary manifold assembly 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 [uel exhaust utilisation from
one s‘t‘a:c_-k_ in"_ano'ther stack. l’n_a.‘describedf embodiment, the fuel exhaust gas from three
parallel stacks in a first ‘stage is combined and used as the fuel supply gas to a fourth

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

supply gas'to a ﬁﬁh stack in a thlrd stage ‘and the fuel exhaust gas from that stack is

gas is required in this proposal as it is hermetically sealed and uses hydrogen as the fuel

and pure O, as the oxidant. Water is condensed from the fuel exhaust gas between each

- stage.

15

20

US'i'n3g the fuel ex’hausffrom onie or more fuel cell stacks in a first stage‘ as the fuel supply

gas'to another stack ina. second stage, and so forth, has the advantage of allowmg the

-"fuel utrlrsatron in mdrvrdual fuel cell stacks to be reduced and therefore manufacturing

tolerances to be eased and cost to be reduced while giving relativ elv high overall fuel

_utllrsatlon However, the stacks in the different stages are llkely to run at different

temperatures ‘which, unless they are specmcally desxg,ned to do'so, will rmpact on their

- useful Ilfetrmes and therr performance Addrtlonally, ‘more complrcated mamfoldmg s

25

required for _transfemng. ‘the-- fuel _exhau51 gas from, one stack to another. Furt-hermor_e, '

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

electrical 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 gas

- from any one stack is used as the fuel supply gas to a niéxt subsequent stack, but in this

case the sYs.t'em is-'des‘i"gnedj. to .a;cfcommoida‘t,e t_h‘e- different op_eratin'g-'temperatures of each
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stage. This is achieved by each stage being made of a different ‘material, adding

Vcons.iderably to the.complexi'ty of the system. The proposal does allow higher fuel

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

in the following stages, andﬁthe_ref_bre”in the following stacks. For example, stage 1 and

stage 2 both run at'50% fue'i:utiilisati'on,.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

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

5478662 (corresponding to-EP-.O‘5‘963.66. referred to in US 7482073 above) describes a
fuel cell block or stack Eomprising 's,equent_ial multiple. stages. Each stage in this

* proposal comprises plural fuel cells grouped together (optionally with a single fuel cell

in the last stage), with some of the fuel \exhaust gas from any one stage being used as the

fuel supply gas, along with fresh fuel gas in the next subsequent stage along, the stack.

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

“leads to improved fuel utilisation but only asa. result' of the discharge of 'the*-iner'ts and

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

20 .

25

electrochemxcal reactmn m the Fuel cells - each stage €an be kept constant orat 1east

similar, but the total fuel flow must mcrease due to the inereasing amount of reaction

products.

Temperature gradients arise in and between fuel cell stacks due to fuel flow var.iatjons
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 reformiing within the or each stack as well as- due to 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 thermal

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

componerits.
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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 difterentials along the

stack, and therefore alleviating differential thermal expansion induced stress.
SUMMARY OF THE INVENTION

According to the present invention there is provided a fuel cell assembly comprising:

a stack of multiple fuel cell arrays, each fuel cell array comprising one 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 stack
further comprising fuel gas distribution passages which open to the anode layers of the fuel
cells in the stack;

one or more fuel supply manifolds for supplying fuel gas to fuel gas distribution
passages in the stack;

the fuel cell arrays comprising at least first stage fuel cell arrays having associated
first fuel gas distribution passages connected to the one or more fuel gas supply manifolds
to receive fuel gas directly therefrom and second stage fuel cell arrays having associated
second fuel gas distribution passages arranged to receive fuel exhaust from the fuel cells of
the first stage fuel cell arrays for supply of said fuel exhaust to the fuel cells of the second
stage fuel cell arrays in the stack;

wherein the anode layers of the fuel cells of the first stage fuel cell arrays and/or
the first fuel gas distribution passages comprise steam reforming catalyst for steam
reforming hydrocarbon in the fuel gas contacting said anode layers and/or in the first fuel
gas distribution passages; and

wherein at least 50% of the fuel cell arrays in the stack are said first stage fuel cell
arrays, and wherein the second stage of fuel cell arrays comprises fuel cell arrays that are

each disposed in the stack between a respective two first stage fuel cell arrays.

By the present invention, high fuel utilisation, and therefore high fuel cell efficiency, is
achievable in the overall stack by using 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 achieved with relatively low
fuel utilisation in individual fuel cell arrays, tolerances in the fuel gas distribution passages

can be reduced, thereby reducing manufacturing costs. A reduced temperature gradient
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along the stack, compared to a stack in which all of the first stage fuel cell 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 50% of the fuel cell arrays in the stack being
first stage fuel cell arrays, and for the second stage fuel cell arrays to comprise fuel cell
arrays that are disposed in the stack between a respective two first stage fuel cell arrays,
thereby improving thermal transfer and balance along the stack. In such 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 arrangement, in which one or
more of the second stage fuel cell arrays are interleaved between two of the fuel cell arrays
of the first stage fuel cell arrays, permits thermal transfer between adjacent fuel cell arrays
of different stages, and therefore reduced thermal gradients along the stack. Such
interleaving may be repeated in the stack for further reduced thermal gradients, in which
casc each of the second stage fuel cell arrays may comprise fuel cell arrays that are
disposed in the stack between first stage fuel cell arrays. In one embodiment, each second

stage fuel cell array is disposed adjacent to at least one first stage fuel cell array.

As described hereinafter, third and even fourth stage fuel cell arrays may also be provided
in the stack, each third stage fuel cell array receiving fuel exhaust gas from second stage
fuel cell arrays and each fourth stage fuel cell array receiving fuel exhaust gas from third
stage fuel cell arrays. By “adjacent to at least one first stage fuel cell array” in the
aforementioned embodiment is meant that no other second stage fuel cell array is disposed
in the stack between said first and second fuel cell arrays. As also described hereinafter,

other stack components may be disposed between adjacent fuel cell arrays.

In the present invention, preferably each fuel cell array comprises plural fuel cells, for
example two, three or four or more, connected in parallel. This has the advantage of
reducing 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 resulting more even temperature across the array can lead to
improved fuel cell performance and life. The cost and thermal stress of individual fuel

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 accordance with the invention, at least some of the first stage fuel
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cell arrays have anode layers and/or associated first fuel gas distribution passages that
comprise 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 endothermic, 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 performed in subsequent fuel cell arrays, even if they comprise reforming catalyst (they
may have the same structure and materials as the first stage fuel cell arrays), since a
hydrocarbon fuel gas will already have been steam reformed to at least a major extent for
the fuel cell reactions in the first stage fuel cell arrays. Generally, steam reforming of a
hydrocarbon fuel in the first stage fuel cell arrays will be at least 75% complete, but in an
efficient system may be at least 90% complete. Most preferably, this reforming rate is

99% or greater, but it may degrade with time over the period of use of the fuel cell stack.

In another embodiment, the fuel cell stack also comprises specific steam reforming, non-
fuel cell layers between some adjacent fuel cell arrays for internal steam reforming
reactions to occur there in addition to in some or all of the first stage fuel cell arrays and/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 fuel cell arrays. For this reason, no more than one such layer should be
disposed between adjacent fuel cell arrays. Each steam reforming, non fuel cell layer may
be disposed between two first stage fuel cell arrays, between one first stage fuel cell array
and one subsequent stage fuel cell array, or between two subsequent stage fuel cell arrays

(which may be of the same or different stages).
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Allé_Wing some of the internal steam reforming to be pefforr_ned by non-fuel cell layers

may allow the number of first stage fuel cell arrays to be reduced relative to an internal

| reforming stack without such non-fuel cell reforming layers.

In an embodiment including the steam reforming, non-fuel cell layers, such layers will
receiv.e fuel gas from the one or more fuel gas supply manifolds and supply steam

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

- directly ihenef‘rom"’-used ‘hcrei.n shall be construed acc'br.dih,g‘lfy.. Thus, the phrase “first

10

15

20

25

stage fuel cell arrays having associated first fuel gas”disﬁt’ribution_passages‘ connected to
the one or more fuel gas sﬁppiy manifolds to receive fuel gas directly therefrom” means
that the fuel gas received by the first fuel gas dist_ribuﬁ'on bas‘sages has not passed
through vfuel gas distribution passages associated with any other fuel cell arrays in the

stack.

An inlet side of the second fuel gas d‘smbutlon passages openmg ‘to the anode: Iayer of
each fuel cell of the second stage: fuel cell arrays ‘may be connected dlrectlv to an exhaust -

side of the first fuel gas distribution passages opening tor [he anode layers of at least two

fuel cells of the first stage fuel cell arrays

Alternatively, and in a more preferred embodlment at least one. fuel mamfold is

" provided between an. inlet side. of the second fuel gas dlstrlbutlon passages and an

exhdust side of the first fuel gas dnsyrlbutlon passages to. supply fuel exhaust frotn sotme:
or all first fuel gas distribution passages to some ot all second fuel gas distribution

passages. Advantages of this include a greater 'm_ixing of the fuel exhaust gases from the”

- first fuel gas distribution passages,- giving higher reliability for the stack- due to balancing ‘

- flow variations and greater tolerance (o faults arising in any first stage fuel cell or fuel

cell array. .In this embodiment, said at least one fuel manifold 'may comprise a fuel '

exhaust outlet mamfold corinected to a fuel exhaust inlet manifold whereby fuel exhaust

-from somer or all of the first fuel gas dlstrlbutlon passages passés in one direction

through the mel exhaust outlet ‘manifold and in an 9pposn_te direction through t_he_fu_el

~ exhaust inlet manifold to some or all of the second fuel gas distr.f‘butioh passages.. The

fuel ‘exhaust outlet and inlet mam’félds may be corinected in a iermin.a_l end plate of the
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stack. In a vertical stack, preferably said one direction is upwardly and said opposite
direction is 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 dlrectton as the exhaust from these passages.

Preferably; the manifold fuel gas supply to the fuel gas distribution passages of each

-~ subsequient: stage is in the same direction as s the mamfold fuel exhaust gas ﬂow from

these passages, and, for at least the second fuel gas dtstrtbutlon passages opposne to the

corresp.ondmg flows to the fuel cell ‘arrays.of the. preeedmg stage. Thts arrangement

 helps in providing 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.

""The parttcular arrangement of ﬁrst stage and second stage fuel cell arrays and of'
"'-subsequent stage arrays where they aré present in the stack will depend upon: the

~thermal balancing required i in the stack and therefore upon the expected fuel utilisation.

at each array. and the reactions that are to be pertormed in each array, as well as the
presence and locations of any steam reforming non-fuel cell'la-yers However, in one
embodiment each second stage . fuel cell array is disposed in the stack between a

respecttve two first stage fuel cell arrays. In one example, in at least part of’ the stack.

there is a. repeatmg pattern of’ three fi rst stage fuel ceIl arrays and one second stage fuel
" cell array. In another ‘example, in at least part of the stack there is a repeatmg pattern of

four first stage fuel cell arrays and one seco.nd stage fuel cell array. ‘Such a repeating

pattern, or any other repeating ‘pattem, could extend t’hro'u'ghout'the stack. Afl:t.ex:nat‘ivel_y,
there could be a greater number of second stage fuel cell arrays in a first half of the stack

than in a ‘s_econd‘haif of the stack. -For example, the first half may be the bottom half in-a

vertical stac"k in'wttich steam refdnning-is performed in the first stage fuel cell atr'ay's In

. th]S arrangement, the relattvely greater number of ﬁrst stage fuel ce]l arrays in. the top.

half of the stack wnll provxde increased coolmg of the tep 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. since heat loss from the stack will

‘generally be higher 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_rne'nt the ratio. of first stage to
second stage fuel cell arrays may be about 2:1 in the énd portions of the stack, combared_
to about .6,:1. in the centra} portion. In terms of the spacing'. of the second stage fuel cell
arr‘ays'b_etweeh the first stage fucl cell arrays, the two halves of the stack from respecti:s/e
ends may. be mirror images of each cther. In a vertical stack, in both this and .cth‘er.

embodiments there may be the greatest concentration of stage onc fuel cell arrays at

-~ about onie half or at about two thirds the height of the stack, or between about one half

and about two thirds the height of the stack. |

n one embodiment.' all of the second fuel gas'distri‘bution passages are connected to at

arrays; and therefore from the exhaust side of the second fuel gas distribution. passages '

'extenorly of the stack ot for recyclmg to: the stack

- Alternatively, as menti‘oned,nab‘ove and in another embodiment, the fuel cell arrays

further comprise at least one third stage fuel cell array having associated third.-fuel gas

distribution passages arranged to receive fuel ex'h'aust from fuel cells of th_e second stage

' bfue_lfce-l'l érrays for SUpplybof said-fuel ex.haust'tojt-he fuel cells of the third 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 th‘e third fuel gas diStribmion passages and an exhaust side of the second fuel gas

- dtstnbuuon passages to supply fuel exhaust from the second fuel gas dlStrlbuthl’l

pdssag,es to the third fuel gas dxsmbutlon passages

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

passages may compnse a ﬁl€] exhaust outlet manifold connected toa fuel exhaust mlet
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manifold Where'b-y 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 fnel 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 lhlS other embodiment, all of the second stage fuel cell arrays are
chsposed 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 erid of the

E stéek. 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 one or more fuel -

. supply manifolds.

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

- range of 64 10 82 percent of the total number of fuel cell arrays in the stack.

. The number of fitst stage fiiel cell atrays in a three stage stack ‘may be, for example, Jn

20

25

“the range of 50 -to 70 percent of the total number of fuel cell arrays in the stack. The”

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

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.

'Th‘e- stack could also include at least one fourth 'Stage fuel cell array, and optionally at

least one even further stage fuel cell .an'ay:, ‘having associated fuel gas distribution

passages érrange’d to- réceive fuel exhaust from fuel cells of the array or arrays of the |

preceding stage. A single fuel cell array of the last stage could act as a scavengingvstage." '
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In orie embodiment, 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 -

: pzissages of a penultimate stage of fuel cell arrays to condense steam from the fuel
- exhaust received from the fuel gasd’i’st’fibution- passages of the penultimate stage of fuel -
cell érrays pr’ior‘to supply of said fuel exhaust to the fuel gas distribution passages of the

- penultimate stage of fuel cell arrays.” Thus, in a twohstage fuel cell stack, the steam

extractor-is connected between the first fuel gas distribution passages and the second fuel
gas distribution: passag,es to condense steam from the fuel exhau@t received from the first

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

. distribution -pdssagcs Ina three-stage fuel -cell stack, the stearn extractor is connected

between the second fuel gas dlstrlbutxon passages and the third fuel gas dlStI’lbUthll.

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

distribution passages pricr-to supply of s'ud exhaust gas 10 the third fuel gas dlstnbunon -

- passages, and so on. Additional steam extractors: may be prowded between the fuel gas

distribution passages of two more other stages of fuel cell array(s) in a multi-stage stack.

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

array(s) increases the Nernst voltage of that ﬁJel and. thcrefore the stack voltage as well

as the stack efﬁcxency

25

30.

_BRIEF 'DESElil‘PTI‘”ON"QF THE DRAWINGS

One embodiment of a fuel cell assembly in accordance with the invention will now be

described by way of example only‘, with referénce to the accomp:an’ying--drﬁa‘w'ings, in

‘which:

Figure 1 is a schemanc view of 4 basic fuel cell power generatxon system»
mcorporatmg a planar solid oxide fuel.cell stack |

Figure 2 is a schematic exploded view of part of a sol1d oxide fuel cell stack m‘v
accordance with the invention;

_Figure 3 is another p‘erspec'tive partial view of a solid oxide fuel cell stack in

accordance with the invention;

Flgurc 4isa perspecuve view of the oxidant side of an interconnect of the stack

of Flgure 3;
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"Figure 5(a) is a partial plan view of the fuel side of one ityp_e’ of the interconnect

of Figure 4;

Figure 5(b) is a partial plan view , of the fuel side of another type of the
interconnect of: Flgure 4, '

Figure 6 is a perspect’i_?e view of a cover plate for the stack of Figure 3;

Figure T7isa schemati‘c eievational vi‘-e‘w of one arra‘ngeniem of the variqus plates
of a fuel cell stack according 1 to the mventlon and of the manifolding; |

Figure 8 is a similar view to Figure 7 but of another arrangement;

Figure 9 .Lllustratcs schem_ancally- the mamto}dmg for the fuel side of one type of
fuel cell stack a.lccordin.g to the invention;

Figure 107is a view similar to Figure 9 but of another type of fuel cell stack

according to the invention;

Figure 11 is a graph representing fuel utilisation in the fuel cell stack accordmg,
to the mvcnuon and

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

- stack and across the fuel cells from the fuel gas inlet to the fuel ex-haust gas outlet for the

stacks of Examples 1 and 4 respectively.

DETAILED DESCRIPTION OF THE DRAWINGS

The present invention relates to a fisel cell stack in which the overall fuel utilisation is
improved by using the fuel exhaust from some of the fuel cells in the stack as the fuel
sup;ﬁlied 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 functions- of the layers in the stack; are alleviated in accordance

with the invention by mixing the different fuel cell layers along the stack so that not al'l" ‘
of the fuel cell layers supplying fuel exhaust to other fuel cells and/or not all of the fuel

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

Tﬁe.invention is applicable to any type of fuel cell stack in which the fuel cells are

E provided in layers, but is particularly suited to stacks of high te’m_per.étu_re fuel cells such

* as molten carbonate fuél cells and solid oxide fuel cells where thermal gradients are
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potenttal'ly greater. F urthermore, in hrbh temperature fuel cell stacks 1t is possrble 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 reforming is endothermic, and therefore removes heat

from the fuel cells. For Convenience; the invention will hereinafter be described with

_reference to a stack of planar solid oxide fuel cells designed to eperate at a working

' temperature of from about 750°C at the outlet. A preferred operating temperature range

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

“Referring now to Figure 1, there is illustrated a fuel cell system 10 including a fuel cell

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

respectively.

The fuel source 18 is natural gas delivered by way of a jet pump venturi device 22 to a

steam pre-reformer 24. Steani for the pre-reformer 24 is brovided by way of a conduit

26 and mixed with the natual gas if the venturi device 22. The steam is formed in a
heat exchange steam generator 28, water for the steam generator bemg derived from a

- water supply 30.

"Steam reformmg at elevated temperature on a mckel catalyst in the pre-refonner 24 '
’ pamally converts the hydrocarbon fuel nto hydrogen and carbon oxrdes The degree of '

reformmg in pre-reformer 24 is a functron of the temperature and of the steam to carbon

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

fuel inlet 14 of the stack 12 is preheated in the heat exchanger 28.

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

the heat exchanger 28.

Details of thie fuel cell stack 12 are not-shown in. Figure 1, but it cvompn'fsevs alternating

latye'rs of fuel cells and gas separators, with terminal plates at the ends of the stack.. The |
fuel cells comprise'av'fully»dense layer of e,lectrolyte madterial, with a porous layer of

cathode material and a porous layer of anode material on opposite sides. In.a solid.oxide

 fuel cell the electrolyte material may be yttrium~d0’ped zirconia oxide, while 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 sebarate the fuel cells and, in particular, the fuel gas supplied to
the a‘node'material‘ of one fuel cell from the oxidant gas snpplied to the cathode material
of an adjacent fuel cell. The gas separator ‘ pl,ates_ and the terminal end plates
conve.nie'ntlv have grooves or channels formed therein on .0ppos_ite surfaces for

dlstnbutmg, respectively, the fuel gas and oxidant gas across the anode material and

- cathode material of the adjacent fuel cells, but other fomts of gas dlstnbutton may be
used. ‘The gas separators may‘- be formed of a variety _o_f different materials, but if the_y A

10 . "are electrically conductive ,t’hey'may act as interconnects transferring - electricity

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

" embodiment the interconnects. are formed of a ferritic stainless steel such as ZMG2321,

~ from Hitachi Metals.

The alternating 'ft‘ie’l cell p‘la‘te"s'f and iir‘i'te‘r;eclmne'et'plates and the terminal end plates miay

be sealed together i the staek usmg glass seals capable of mamtammg the sealmg

funcnon at the elevated operatmg temperature of the fuel cell stack of from about- 750°C.

At this temperature, hydrocarbons not steam reformed _'in'the st.eanﬁ p_re-refmmer 24 that

are supplie‘d to the fuel inlet 14 of .the Staek 12 may be internally s‘t-en‘rn reformed in the:

: 'stack by catdlytlc reaction w1th mekel anode materlal and/or with. mc,kel dlsposed in. tuel

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

‘ groowes or cliannels l’ormed in the gdS separator plates and one termmal end plate

‘Hydrogen in th;e fuel and ox.yge_,n in 't-he ‘oxidant are respectively oxidised and 'reduced at

the fuel cell anodes and cathodes, creating ionic conductivity through the clectrolyte

material 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 hereinafter, in the embodiments illustrated the fuel and oxidant gas flows in

the stack across the respective sides of e‘a'eh 'ﬁﬁe’l cell are essentially all :e.o-ﬂ.OW_-,. that is all

in the same direction, or a mixture of co-flow and counte-r-ﬂ'ow_,- that is in opposite
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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 right angles to each other. Alternatively,

the flow directions may be changed according to the position in the stack. 'For example,

in one embodiment, the first twelve layers of fuel cell arrays in the stack, from the

“bottom; may be co- ﬂow and the remamder may be counter-flow to further 1mprove '

thermal g gradlents

“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 oxidant gas from the illustrated fuel cell stack 12 are

't';r.-an,sferred by con&d‘ii’ts 52-and 53 to a“btijfne‘ﬁ 54 for combustion of the fuel gas. The

combustion exhaust 62 from the burner 54 is de-l:ivefed by conduit 64 to the heat _

exchanger 28 to provide heat for the steam generator as well as fof_heating the pre-

- reformed fuel and the oxidant supplied to the fuel cell stack. The fuel cell exhaust, and

_ therefore the combustion exhaust 62 'containvsteam.

Refemng now to Flgure 2 there 15 schematlcally shown in exp]oded form and with only

 some of the components the upper part of a solid ox1de fuel cell stack 100 in accordance
’ w1th the mventlon For clanty the Fxgure 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 are omitted from. the.
FlgU]’C for the sake of clanly, as are other components such as spacers and seals and ‘the.

air flow to and across the opposxte sxdes 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 hgure 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 stage plates 1 02a,

with the upper one adjacent the manifo:l’-d; end plate 104 and a second stage gas separator

plate 102b interleaved between the gas separator plates 102a. The fuel side of the

illustrated stack is internally manifolded, with. aligned openings 1*08’_through the ’gv_a,sf
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sepa'rétor plates for the fuel supply manifold, alighed openiﬁgs 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 inlet manifold, and a’ligne‘d 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 thereacross joining a fuel supply

plenum 118 to a fuel exhaust plenum 120. The channels 116 are formed be{ween}n'bs

122, but both are shown schematically. The c’vhanne'l's 116 are designed to act as fuel gas

distribution passages to distribute fuel across the anode of the respective fuel cell

.adjacent to that side of each gasseparatbt plate 102, carrying fuel gas both to the anode

and from the anode.

- In gas separator plal‘esf102a,,the fuel supply plenum 118 is connected to the épening 108

forming the fuel supply manifold, while the fuel exhaust plénum_ 120:is connected to. the

opening 110 forming the fuel exhaust outlet matiifold.. ‘On the other hand, in the gas

separator plate’ 102b, the fuel supply plenum 118 is connected to the opening 112

" forming the fuel exhaust inlet manifold and the fuel exhaust plenum 120 is connected to

. the opening 114 forming the fuel exhaust manifold.

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

‘from' the bottom of the sta‘ck before entering the fuel supply plenum 118 of each gas

- separator plate 102a. Likewise, as shown by the arrow 126, the fuel exhaust from the

gas separatof plates 102a passes from the fuel exhaust plénums 1‘250 of those plates into -

. "the openings 110 and'upwar'd]y' through the fuel exhaust outlet manifold formed by those

25}

openings.

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

- through'a first opening 128 aligned with the openings 110.in the gas ’s'e'p_ar.'ator‘ plate in
~ the manifold end pla‘ie 104 and across that plate in-a channel 130 before entering the tuel

exhaust inlet manifold formed by opehihgﬁsr 112 in the pas separator plates by way of an
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aligned second opening .]_32 in the manifold end 'p'late 104. The top plate 106 closes the:

~ channel 1 30

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

plenum 118 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 arrow

134.

The fuel exhaust from the gds sep‘a‘ra‘t’or‘ plate 102b passes from the -ple“nurn 120 into the

fuel e\haust mamfold by way of opemng 114 and- contmues downwardly to the bottom

-of the stack as represented by the arrow 136.

- In practice, therefore, fttel, w.h\ieh‘r‘nay be natural gas or other hydrocarbon and may be

partially pre-reformed, enters the first fuel gas distribution passages 116 in the gas

separator plates 102a by way of the opening "1'0'8-'and fuel supply plenum 118 in those -

‘ “plates where it contacts the anode of the respe' five ad)acent fuel cell plate .and reacts on ‘

On the anode the fuiel is internally

reformed to hydrogen and carbon oxxdes and the hydrogen is, then OdelSCd at the. -

| anode/electrolyte mterface at the elevated operatmg, temperature of the fuel cell whlle:

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

_reduced, together causing ionic current flow t'hrou-‘gh the electrolyte. While the .ftirelr cell

oudatton/reductron reaction is exothermic, the internal reforming reaction is.
‘endotherrmc leadmg to relattve coohng of the g gas separator plates 102a and adjacent fuel

cells.

~The fuel exhaust from these reac-tio-ns passes from an exit side of the first fuel gas

dnstnbutton passages 116 into the fuel exhaust outlet mamfold as represented by the
arrow 126, by way of the fuel exhaust plenums 120 and openings 110 up to the | top of the -
stack where it reverses direction i in the mamfold end plate 104 and passes downwardly’
through the fuel exhaust inlet mamfold fonned by Openmgs 112 as represented 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 vassoc.iaied 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 anode of the respective adjaéent fuel cell-platie'and reacts on the anode and
at the anode/electrolyte interface. Since at least the majority of the remaining fuel in the
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 Apassa'ges of the gas sepa_fator plate 102b will be re-lative;ly small, with a

corfesponding ‘l:imi-tcd degree of cooling. On the other hand, since there is ample-

 residual fuel in the fuel exhaust from the first fuel gas distribution passages 116, the:

same fuél cell reactions. will oceur when oxygenv is shppl'ied to the cathode side of the -
associated fuelj cell. Thus, the reactions at the second fuel gas distribution passagés 116
of the gas separator plate 102b are the same as those at the fuel cells associ:at'ed with fuel
gés distribution passages 116 of the gas separator plates 102a except that tliere will be .

less -internal reforming and therefore less cooling effect. There will therefore be a

v temperafuré gradient between the fuel cell associated with the gas separator plate 102b

and the fuel cells associated with“'t.he gas separator plates 102a.

~ The fuel exhaust from the second fuel gas distribution passages 116 in the gas separator

ﬁlate 1:02b'pais.sves into the fuel exhaust manifold formed by the aligned 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' of the stack and is discharged from =

the stack.

The aforementioned temperature' 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 associated 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.



WO 2011/127541 PCT/AU2011/000439

221 -
'Thisiinterile:aviﬁg 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 associat_-ed'fuel cells between two first stage gas separator plates

and associated fuél cells, or both.

Some examples of these arrangement‘é_ are shown m "‘I‘-ablve 1fors 1-_l.a'yer stacks, in which
s1 represents a s"t»agAe‘ L layér of gas separator plate and associated fuel cell plaie and 2
-repreSGnis a stage 2 layer comprising a second stage gas separator plate _ar_xd associated:-
10 .fue'l_ cell plate. $3in Example 5 reptesehts a stage 3 layer of gas ‘separat'or plate and

associated fuel cell plate. Each of the Examjb't‘és 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 39:12 429 33:13:5

Layer )
51 sl sl sl s2 sl sl
50 sl - sl sl sl sl s2
49 sl s2 sl s2 sl sl
48 s2 sl s2 sl sl s2
47 sl sl sl sl 's2 sl
46 sl sl sl s2 sl s2
45 sl s2 sl sl s) 51
44 52 sl sl s sl sl
43 sl sl 52 Csl sl s2
. 42 sl * sl sl 52 s2 §1
41 sl sl sl sl 51 sl
40 52 s2 s1 sl sl 52
39 sl s| sl sk sl sl
- 38 sl sl $2 sl sl sl

37 sl sl sl s2 sl 82
36 $2 sl sl sl s2 - sl
35 sl s2 sl sl sl sl
34 sl sl sl - sl sl s2
33 sl sl $2 sl sl - sl
32 s2 sl - sl sl s sl
- 31 sl sl sl s2 sl s2
© 30 51 s2 sl . sl s2 sl
29 sl sl 51 sl sl si
28 52 sl sl sl sl s2’
27 sl sl s2 sl 5] sl
26 sl sl sl sl sl sl
25 s s2 sl sl ) s2
24 s2 sl sl sl sl sl
23 sl sl sl sl sl sl
22 sl - sl - 82 sl sl s2
21 sl s2 - | sl s2 sl sl
20 - L s2 sl sl sl 52 " s)
19 - | sl sl sl sl - s s2
18 sl s 52 sl sl 5]
17 sl s2 sl sl sl sl
16 v 52 sl sl sl sl s2
15 . 5 sl sl s2 52 sl
14 sl sl s2 sl sl sl
13 sl s2 sl sl . sl s3
12 s2 s sl sl sl s|
11 sl sl 52 sl s) sl
10 s) sl sl 52 s2 s3
9 sl . s2 sl sl _sl sl
8 §2 sl s2 sl sl sl
7 sl sl sl sl sl s3
6 sl 82 sl s2 sl sl
5 sl sl s2 s s2 sl
4 - 82 sl sl sl sl s3
3 sl s2 sl 52 3 sl
2 sl sl s s sl s3
K 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 repeating 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‘é.rs, 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,'t.he 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 | reforming layers

td\va'rds the top half of the stack.

Example 3 also shows 39 stage | layers and 12 stage 2 layers, with a repeating pattern of 1

stage 2 layer every 2 stage 1 layers from layer 3 to layer 14, followed by 1 stage 2 layer to
every 3 stage 1 layers to layer 22, fdllowéd by 1 arrangement of 1 stage 2 layer every 4
stage 1 layers and then 1 stage 2 layer every S stage 1 layers, followed by 1 stage 2 layer
evéry 4 stage 1 laYe‘rs from layer 34 through to Iayer.48. At the top of the stack there are 3.
stage | layers. Th.is aif-ang:em.ent also biases the cooling effect of the stage 1 reforming

layers towards the top:half of the stack.

B " Example 4 shows another arrangémén;t;bf 39 ;Stagé 1 layers and 12 stage 2 layers: In this

20

25

arrangement the two halves of the stack from each-end are mirror 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 | layers, 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’ropo.rtbn is Tess than half, at about 1:6 in

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

the co*olirig effect of the reforming stage 1 layers towards the centre of the stack, hélping to

* balance heat loss from each end of the stack. The effect of this relative to-the arrangement

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

In Example 5, there are 42 stage 1 layers and 9»'stége 2 layers, with 1 stage 2 layer every

four stage 1 layers to layer 30, 1 stage 2: layer‘eve'ry 5 stage 1 layers from layer 31 to layer



WO 2011/127541 PCT/AU2011/000439

n

224 -

42 and then 1 stage 2 laver 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 1 shows a variation not illustrated in Figure 2 in which, in addition to

'~ stage | and stage 2 layers, there are stage 3 layers. The stage 3 layers'(gas separator plates

10

15

20

25

and assbciat_ed.:_fuel. cells) re‘eeiye. fuel exhaust from the st-arge‘ 2: l‘a,yers:, as illustrated
s‘clre,ma’tic-ally in Figure 10. 1In this arrangement, there _are 33 stage ] layers, 13 stage 2
layer-s' and § stage 3 ,la’ye_rs,'wiith. all of the stage 3 'lay.er's b.ei'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 l and stage 3 layers alternate, followed b‘y ] stage 3 layer

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

| ".layer 14 to layer 46. Inlayers 4‘7 to Sl the stage 1 and- stage 2 layers alternate.

It will be : apprecia‘ted 'b'y‘t'h‘ds'e skilled in the a"rt" that while Figure 2 'i'll'u'st'rates the fuel gas

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

not essentral lnstead the gas. dlstrlbutlon passages could be defmed by protrusrons on the -

-anode side of the fuel cells or, for example, by means disposed between the gas separator
‘:plales and the adjacent fuel cell plates. The f‘Uel gas distribution passages are ‘the‘refore

'effectrvely prowded between a gas separator plate and the anode side of an adjacent fuel

cell and are assOcrated wrth the fuel cells in the sense that they drstrlbute the gas across the

‘ fuel cell

"l‘ummg now to Frg,ures 3 to 6, there is shown the bare skeleton of a fuel cell stack showmg

the. mamfoldmg, arrangement for a two staf,e stack in which each fuel cell layer compnses

~ an array of four fuel cells supported in a cover plate 202 (Figure 6) described hereinafter.

In Figures 3 to 6, the gas distribution passages are provided.in the '_gas.s‘e'para'tor plates 208

(Figures 4, 5a, 5b). Asin ‘F'i.gu.re 2, thete aretwe types of gas separator plate, a -ﬁ:rs't-rs-tage
plate 208a illustrated in part in Figure 5a and a s_-e‘cdnd stage gas sepdrator plate 208b

illustrated in part m Figure Sb. In each of these F i"g.u.res, 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 ea,c_h case fv’o,r gas separator plates 208a and

208D, the non-illustrated left hand side of the anode side 210 being a mirror image of the

right hand side illustrated in Figures 5a and 5b, 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 illustrated in Figure 4 may be either a first stage so that the
gas scparatb'r plate is a plate _2308(-a):'_'as*pa’r"tlay'il’l'u"str'ated' in fFl:i“gu're Sa or a second stage gas

s‘epj‘ar'atof plate 208(b) as partly illustrated in Figure 5b.

Refetring to Figure 4, the oxidant or cathode side 214 of the gas separator plate 208 also
~ has four arrays 216 of oxidant gas distribution paésages for distributing air or other oxidant

- across the cathode of four respective fuel cells in an adjacent array (not shown). The gas

separator plate 208 may be formed of ferritic stéi'nl;eés :s’ltéel as described above, with each
array 216 of oxidant gas distribution passage being formed by multiple parallel channels

with ribs in between that contact the fuel cell plates and may be coated on ’th’eir'.t'op

_ surfaces with a spinel oxide as described in WO 1996/028855.

For. each afray 216 of oxidant gas distribution passages, thcre"{s an inlet end connccted-, to
an oxidant supply plehum 218 and an outlet end connected to an-:oé'ci‘dant» exhaust p:lenjum
220. Bach oxidant supply plenum 218 receives oxidant through a pair of oxidant supply
ma‘n‘ifoﬂld openings 2:2'2‘, while: the :oiddant exhaust plenums 22:0'0pen 10 6Xirdant exhaust -
manifold openings 224. The openings 224 extend through the centre of the platé, and each

left and right hand (in the Fi;gurg) pair of arrays 216 of oxidant gas distribution passages

share a respective pair of the openings 224.

The gas separator plates 208 have éddil-ional openings through them for the fuel gas.
Between the oxidant supply manifold op‘en‘ingé. 222 are:two opposed fuiel supply manifold
openings 226. At the outer ehd’s‘of_‘ the central array of oxidant exhaust manifold openings
224 are'two opposed fuel 'ekh-austi outl-ét-i rﬁariiifo,:ld openings 228.. At the four comers of the

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

centre of the plate is a single fuel exhaust manifold opening 232.
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Referring to Figure 3a, each array. 212 of fuel gas distribution passages comprises a series

‘of parallel channels formed in. the separator plate 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 respective 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

 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 s'npplied to the fuel suoply plenum 234 threugh 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 man:i:fo'l-d

opemngs 228 are shared by the lefthand pair of arrays 212, which, as noted: above, are a

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

Referring now to Figure S.b; the anode side 210 of gas separator plate 208(b) is very si:m-_lla-r

to the anode side 210 of the gas se‘parator plate 208(a) described above $o only the

differences will be described. Furthermiore, the same referénce numierals have been given

to the corre'sp'onding compohents in Figures Sa.and 5b.

Ini Flgure 5b, 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 exhaust 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 opening 232 shared with the 7

‘miirror image: arrays 212

Tummg now to Figure 3, the two gas separator plates 208a and 208b and their connectrons

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

the two gas- separator plates are shown, for convenience with ne 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 respective openings through the gas separator plates 208 and
corresponding openings in the cover plate 202 are illustrated schematically in Figure 3 and
will be referred to by the corresponding reference numeral for the respective openings

nee

through the gas separator plates, followed by a

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

~Shown) 't.hr'ough the fuel supply manifolds 226’ and enters the plenums 234 of the first

stage gas separator plates 2082 as shown in Figure 5a. The reacted fuel gas then exhausts |

from the fuel exhaust plenums 236 of the first stage gas separator plates 208a upwardly

.through the fue1¢ exhaust outlet manifolds 228'. Correspondingly, oxidant passes upwardly

from the bottom 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 cathodes, the oxidant exhaust enters the oxidant

. ~exhaust mamfolds 224 from the oxxdant exhaust plenums 220 and passes downwardly to,

second stage gas separator plates 208b

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

fuel exhaust ouileﬁ manifolds 228’ unliif,,a's'»inv Figure 2, it reaches a manifold end p'late (not

shown) at t’hellop of the stack and reverses direction to pass downwardly throﬁgh the fuel

~ ‘exhaust inlet manifolds 230’ from Where it enters the fuel supply plenums 234 of the

'second stage gas separator plates 208b. After reacting at the anode of the respective fuel -

cell, the second stage exhaust passes from the fuel exhaust plenumis 236 of the gas
separator plates 208b into the common fuel exhaust. mah‘ifold 232" In the fuel exhaust

manifold 232, “the second stage fuel exhaust passes downwardly to the bottom manifold

' plate from where it and the oxidant exhaust are dnschar;,ed from the stack as descnbed

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.

T'Unning 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).' v

The cover piate 202 has co‘rresponding manifold openings to those in the gas sepzi‘rat’or

plates 208, which are gi'veﬁ the same reference numerals but followed by a "™ and will not

be ‘d’e_:scribed. further. T_he cover plate m'aiy also be forimed of ferritic stainless steel such as
ZMG232L from Hitachi Metals, and also has four major openings 240 thfbugh. its’
thickness in-an array corresponding to the arfafys 212.and 216 of gas distribution paSsages.

i in the gas separator plates 208. Respective futel cell plates (not shown) are received in the
" major openings 240, all of the fuel cell platgs being identical and being as described above.
_The fuel cell plates are sealed in the major openings 240 using glass seals (not shown) that_

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

I the stack, each cover plate is also sealed to the adjacent gas separator plates to ensure .

the approprlate passage of gas from an inlet manifeld to an outlet manifold without
leakage. Such seals may also be provnded by glass seals or, for example, by laser weldmg

the plates 202 and 208 together.

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

Figure 2, as a partial stack 300. The top portion of the stack is shown, with the various
plates befn-g repfe,ée;nted by blocks. vThe representatfon ibncludes. tuel 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‘atof plates 304 and second stage gas
separator plates 306. ]he Figure represents a repeating unit of three adjacent first stage -
gas separator plates for every one second stag,e 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.
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Figure 7 also represents the fuel 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 cathéde side of the fuel cells as represented by the arrows
308, before the oxidant exhaust is carried downwai‘dl.y again through an oxidant exhaust

mahil“o[d (not shown) to the bottom mar-iifd;ld end plate to be exhausted from the stack.

" On the fuel side, fuel gas is car‘riéd upwardly from the bottom 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 through the first stage gas distribution

passages as represernted 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 30 1, where it reverses direction and is conveyed downwardly through a fuel exhaust
inlet manifold represented by the arrowsv31V6 to the second stage fuel gas distribution
passages represented by arrows. 3;18\bet'ween the second stage fuel vceil- 'plate'é 306 and the
anode side of the adjacent fugl.icell‘ ﬁlate,;s 302. The second stage fuel gas exhaust then

enters the fuel outlet man.if(’)"viﬁd';,repr'\esented by -arrows 320 through which it is conveyed to

the bottom manifold end plate and .di-scha:r’ge'd;froni' 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

rmanifold may be low.

In the arrangemerit of Figure 7, the fuel gas flows through the first and second fuel gas

distribution passages 312 and 318 arg in the opposite directions. 'The oxidant gas flows
through the oxidant. gas distribution passage 308 may also be reversed if desired to provide

a counterflow arrangement (relative 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 sarme 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 Figure 7 is that, as in F igur‘ez, 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 direction, from left to right in'the '

~Figure.' Figure: 8 also illustrates the trans,fer'fof ~t'he;'.ﬁrst‘stage fuel exhaust at the top of the

stack from the fuel exhaust outlet'manifo‘ld' 314 into th’e fuel exhaust inlet manifold 3'"16

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

_ transfer occurs is represented by the arrow 334.

Figure 9 represents schematically an embodiment of any one of Examples 1 to 4 of Table |
but: in which the stage one and's-tage'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

: 'course the ﬁrst and second stage gas flows would be i in a smgle stack, wnth the second '

stage gas separator plates mterleaved between the first stage gas separator plates as shown '
in Table 1. ' '

In thure 9, the fuel gas supply 'ma‘nifold 406 is shown as conveying the fuel gas upwardly

from a bottom manrfold end plate (not shown) to. the fitst: Stage gas separator plates and the

fifst stage exhaust manifold 408 is’ shown as conveying 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 (o the second stage gas'
separator plates, and the second stage fuel exhaust is then conveyed downwardly through

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

“ discharged from the stack.

Figure 10 is a similar representation to"'Figur'e 9 but for the three stage stack of Exariple 6

of Table 1. Thus rather than being drscharged from the stack the second stage “fiiel.

_exhaust is conveyed downwardlv to the third stage gas separator plates 414 and then
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downwardly through a third stage fuel exhaust manifold 416, after passing 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 Figure 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 are both downwardly.

Figure 11 is a graph showing overall fuel utilisation against the individual fuel ceil array
fuel utilisation in a two stage stack. The graph shows fuel utilisations for three different
ratios of stage one layers to stage two layers (2:1, 2.5:1 and 3.25:1), and shows that at
higher stage one to stage two ratios, a higher overall fuel utilisation can be achieved with

an even fuel utilisation for both stages.

In particular the target overall fuel utilisation determines the staging ratio. Ideally, the
stage 2 fuel utilisation will always be slightly lower than the stage 1 fuel utilisation for the
following reasons (or at least never higher in stage 2 compared to stage 1):

1) stage 2 conditions can lead to oxidation of parts of the respective fuel cells earlier
than in stage 1 due to the lower H, concentrations (lower Nernst potential) -
especially as the fuel cells degrade due to extended use;

2) stage 2 is more sensitive to fuel utilisation variation - stage 1 is linear whereas stage
2 has a higher order function;

3) stage 2 will get the residual fuel from stage 1 - therefore all errors in, for example

flows, current and potential 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 fuel utilisation of 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 connected in series, the same current 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 se_paréte :
control mechanism is required to ensure the same current and current density in all of the

arrays of all of the stages.

Figures 12 and 13 are graphs illustrating the thermal profile of 'vruﬁnfi‘.ng the fefonn“i‘n.g' fuel
cell stacks of Examples 1 and 4 respectively. The x-axis in each grap'h r'.epresentsfth"e
numbers of the layers 1 to 51 in the stack, while the y-axis shows the temperature a_'l‘a
number of sensors (represented by each line) on each layer spaced from the fuel inlet (the

bottom line in each case) to the fucl exhaust outlet (the top line in each case) for the fuel

cell. In general terms, it may be seen that the te;mperaturé increases from the fuel inlet to

the fuel exhaust outlet, and that the'température. is higher at the top of the stack (layer .5 1)

ihie stack partly d’,ue'vto heat losses at the ends. 'Thc; peaks in the bottom liﬁe‘of each graph

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

- reforming stage | layers.

20

25

Figure 12 shows that in the embodiment of Example 1 the reduced cooling effect of the

_evenly spaced stage 2 layers has been spread along the length of the stack, greatly

:‘impro‘ving the thermal gradient compared to an atrangement in which the:stage 1 layers are

all closer to one end of the stack and the stage 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

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

In both cases, the temperature gradient across the fuel cells towards-the centre of the stack

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

-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 is susceptible 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, and any and all combinations of any two or

more-of said steps-or features. .

Throughotit this spec'iﬁ.cativon and the claims which follow, unless the context requires -

otherwise, the word "comprise", and variations such as "comprises" and "comprising", will

- be understood to imply the mclusron of a stated integer or step or group of i mtegers or steps

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

' :The reference in. thJs specrﬁcatlonr'to an)V prlor publlcatlon (or. mformatlon denved from it),
~or to ‘any ‘matter which i is known is not and should not be taken as an acknowledgment or

_'—admrss-ron or »any form of suggestron that that prior, publication (or 1nformatlon derived

from it) ‘or known matter forms part of the common general knowledge in the field ol

' .cndeavour to which this specrﬁcatlon relates
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CLAIMS:

1. A fuel cell assembly comprising:

a stack of multiple fuel cell arrays, each fuel cell array comprising one 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 stack
further comprising fuel gas distribution passages which open to the anode layers of the fuel
cells in the stack;

one or more fuel supply manifolds for supplying fuel gas to fuel gas distribution
passages in the stack;

the fuel cell arrays comprising at least first stage fuel cell arrays having associated
first fuel gas distribution passages connected to the one or more fuel gas supply manifolds
to receive fuel gas directly therefrom and second stage fuel cell arrays having associated
second fuel gas distribution passages arranged to receive fuel exhaust from the fuel cells of
the first stage fuel cell arrays for supply of said fuel exhaust to the fuel cells of the second
stage fuel cell arrays in the stack;

wherein the anode layers of the fuel cells of the first stage fuel cell arrays and/or
the first fuel gas distribution passages comprise steam reforming catalyst for steam
reforming hydrocarbon in the fuel gas contacting said anode layers and/or in the first fuel
gas distribution passages; and

wherein at least 50% of the fuel cell arrays in the stack are said first stage fuel cell
arrays, and wherein the second stage of fuel cell arrays comprises fuel cell arrays that are

each disposed in the stack between a respective two first stage fuel cell arrays.

2. A fuel cell assembly according to claim 1, wherein an inlet side of the second fuel
gas distribution passages opening to the anode layer of each fuel cell of the second stage
fuel cell arrays is connected directly to an exhaust side of the first fuel gas distribution
passages opening to the anode layers of at least two fuel cells of the first stage fuel cell

arrays.

3. A fuel cell assembly according to claim 1, wherein at least one fuel manifold is
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provided between an inlet side of the second fuel gas distribution passages and an exhaust
side of the first fuel gas distribution passages to supply fuel exhaust from plural first fuel

gas distribution passages to plural second fuel gas distribution passages.

4. A fuel cell assembly according to claim 3, wherein 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 exhaust

inlet manifold to the second fuel gas distribution passages.

5. A fuel cell assembly according to any one of the preceding claims, wherein each

second stage fuel cell arrays is disposed adjacent at least one first stage fuel cell array.

6. A fuel cell assembly according to claim S, wherein each second stage fuel cell array

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

7. A fuel cell assembly according to any one of the preceding claims, wherein in at
least part of the stack there is a repeating pattern of three first stage fuel cell arrays and one

second stage fuel cell array.

8. A fuel cell assembly according to any one of claims 1 to 6, wherein in at least part
of the stack there is a repeating pattern of four first stage fuel cell arrays and one second

stage fuel cell array.

9. A fuel cell assembly according to any one of the preceding claims, wherein there is
a repeating pattern of arrangement of first stage fuel cell arrays and second stage fuel cell

arrays throughout the stack.

10. A fuel cell assembly according to any one of claims 1 to 8, wherein there is a
greater number of second stage fuel cell arrays in a first half of the stack than in a second

half of the stack.
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I1. A fuel cell assembly according to any one of claims 1 to 8, wherein there is a
smaller proportion of second stage fuel cell arrays in a central half of the stack than in each

end quarter of the stack.

12. A fuel cell assembly according to claim 11, wherein 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.

13. A fuel cell assembly according to any one of the preceding claims, wherein the
number of first stage fuel cell arrays in the stack is in the range of 64 to 82% of the total

number of fuel cell arrays in the stack.

14. A fuel cell assembly according to any one of the preceding claims, wherein all of
the second fuel gas distribution passages are connected to at least one fuel exhaust
manifold for directing fuel exhaust from the second fuel gas distribution passages

exteriorly of the stack or for recycling to the stack.

15. A fuel cell assembly according td any one of claims 1 to 12, wherein the fuel cell
arrays further comprise at least one third stage fuel cell array having associated third fuel
gas distribution passages arranged to receive fuel exhaust from fuel cells of the second
stage fuel cell arrays for supply of said fuel exhaust to the fuel cells of the at least one third

stage fuel cell array in the stack.

16. A fuel cell assembly according to claim 15, 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 second fuel gas distribution passages to supply fuel exhaust from the second

fuel gas distribution passages to the third fuel gas distribution passages.

17. A fuel cell assembly according to claim 15 or 16, wherein, as a proportion of the

total number of first, second and third stage arrays of fuel cells in the stack, the first stage
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arrays comprise 50 to 70%, the second stage arrays comprise 31 to 23%, and the third

stage arrays comprise 19 to 7%.

18. A fuel cell assembly according to any one of claims 15 to 17, wherein each third

stage fuel cell array is disposed in the stack adjacent at least one first stage fuel cell array.

19. A fuel cell assembly according to claim 18, wherein each third stage fuel cell array

is disposed in the stack between two first stage fuel cell arrays.

20. A fuel cell assembly according to claim 18 or 19, wherein all of the second stage
fuel cell arrays are disposed towards a first end of the stack and all of the third stage fuel

cell arrays are disposed towards a second end of the stack.

21. A fuel cell assembly according to any one of the preceding claims, further
comprising a steam extractor connected between the fuel gas distribution passages of a
final stage of the fuel cell arrays and the fuel gas distribution passages of a penultimate
stage of the fuel cell arrays to condense steam from the fuel exhaust received from the fuel
gas distribution passages of the penultimate stage of the fuel cell arrays prior to supply of
said fuel exhaust to the fuel gas distribution passages of the final stage of the fuel cell

arrays.

22. A fuel cell assembly according to claim 1 and substantially as herein described with

reference to the accompanying drawings and/or Examples.
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