FUEL CELL HEAT EXCHANGE SYSTEMS AND METHODS Field of the

invention The present invention relates to energy management within fuel
wEehosystiems. In particular, the present invention relates to hep¢exaha96v4156

systems and methods within fuel cell systems. Background of the

invention Solid-Oxide Fuel Cell (SOFC) systems operate efficiently by

converting the energy contained in a fillel stream into usable heat and

electricity. Heat recovery in SOFC systems is commonly achieved by the

use of heat exchangers (for example, shell and tube, plate and fin and

micro channel) in a variety of flow configurations (multi-stream, counter

Row, co-flow, cross flow). Some of the fluid streams in the system are

liquid and some are gas, of which some contain water vapour.
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contained in the fuel stream entering the system to the total usable heat

and power produced by the system and available to the user. Overall

SOFC system efficiency is important as it impacts on the commercial
Fiebiityhofitnen§@FC system product in the chosen application market.
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system efficiency. Managemeént of heat and mass transfer within
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Qs3e8-ARQEC itself operates by converting the energy in the fuel into
eat and electricity using an electrochemical process. The efficiency of
that process is dependent on several factors, including the concentration

B%%H%gof% 8{1%@%9&{%% of the fuel cell, partial pressure of oxygen on
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the fuel cell, and the temperature of the fuel cell. WO
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maintain the energy conversion process, fuel and air need to be supplied
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keeping the fuel cell itself and its surromiding environment at operating
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an operatingfuel cell does not consume all the fuel in the fuel stream, and

e Wisdatbies HovwoaemPREIAR tHe BYigeHah RE R staiameh dnnibaviBidetfream
Aoas R0 fully cansymedhs dieland the.OsMeeRiRRin MM YSt i€ dystem and

~method of removing the depleted fuel stream (commonly termed the
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rom the fuel cell active area, and air is fed to and removed from the fuel
Thermal and electrical losses are important in determining the overall SOFC system
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efficiency. Management of heat and mass fransfer within the SOFC system influences

the magnitude of thermal and electrical losses.

A SOFC itself operates by converting the energy in the fuel info heat and electricity
using an electrochemical process. The efficiency of that process is dependent on several
factors, including the concentration of the fuel on the fuel side of the fuel cell, partial

pressure of oxygen on the air side of the fuel cell, and the temperature of the fuel cell.

In order to operate, the fuel cell consumes fuel and consumes oxygen in the air in the

electrochemical reaction. In addition to the electricity generated by this reaction, excess



cell active area. To achieve effective energy conversion by the fuel cell, a
fuel reformer may be included in the fuel supply line before the fuel cell or
wo BiRrmatign may occur internally to the fuel cell stack, to refeamribgr007/004156
hydrocarbon based fuel into a Hydrogen rich stream before the fuel gas
reached the fuel cell. SOFCs operate effectively at a specified operating

temperature, often over a range of temperatures around the specified
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likewise does not consume all the oxygen in the air stream. As the fuel cell does not
fully consume the fuel and the oxygen in air, there must be a method of removing the
depleted fuel stream (commonly termed the anode off-gas) and the altered air stream
(commonly called the cathode off- gas) from the fuel cell active area. Thus, fuel is fed to
and removed from the fuel cell active area, and air is fed to and removed from the fuel

cell active area.

To achieve effective energy conversion by the fuel cell, a fuel reformer may be included
in the fuel supply line before the fuel cell or reformation may occur internally to the fuel
cell stack, to reform the hydrocarbon based fuel into a hydrogen rich stream before the
fuel gas reached the fuel cell.

SOFCs operate effectively at a specified operating temperature, often over a range of
temperatures around the specified operating temperature. This effective operating
temperature is typically set by the type of material used in the fuel cell active layers —
e.g. 720-950°C for YSZ, 500-650°C for CGO.

For SOFCs, the incoming air and fuel streams may be heated to about the fuel cell
operating temperature before the streams reach the fuel cell active area. This improves
the operating efficiency of the fuel cell and reduces the temperature gradients, and
hence thermal stresses, that the fuel cell would undergo if’ ambient temperature fluids
were fo come in contact with the hot 500-900°C fuel cell structures. Efficiency is also
improved due to improved thermal balancing of the cell to the optimal operafing
temperature range. Because of the high operating temperatures, the fuel stream is

normally a gas at or close to the point where it meets the fuel cell active area.




WO 2008/053213PCT/GB2007/004156 3 Heat energy may be extracted
form the gas streams exiting the fuel cell active area (anode and cathode
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cell active area. This is generally achieved by mixing the fuel cell exhaust
fuel stream (which contains chemical energy in the form of unused fuel)
and the fuel cell exhaust air stream and burning the resultant mix very
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Non-water reformer types, such as CPOX, do not require a water supply unit to be part
of the fuel cell system. To one skilled in the art, it will be understood that such non-
water added systems produce a lower hydrogen concentration in the reformed fuel
stream than is provided from water added systems, which produce 2 richer hydrogen

fuel stream.

For optimum fuel cell operating efficiency, the reforming options using steam offer
considerably greater gains in the potential operating efficiency. In systems seeking such
efficiency, water is added in the system to produce steam. The steam can be provided
from the water content in the fuel side exhaust stream and/or from a water store or water
source. At system start up from ambient temperature, there may not be steam directly
available n the system from the fuel side exhaust stream, and thus the steam may be

generated from a water store using a steam generator.



In some applications, there is a requirement to heat an external load - for
instance a hot water store. Thus some of the heat generated by the SOFC

WONBLENEESAN be used to provide for this heating requirement. {uBasy9h4156

the invention Aspects of the invention seek to provide at least one or
more, possibly integrated, heat exchange elements for a fuel cell system
that is/are arranged to transfer heat betiteen the exhaust stream of at
least one of the fuel cell stack fuel side and the air side exhaust streams,

hich are separated into separate anode and cathode off-gases. In .
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this stream is, in energy terms, the most effective combined source of

heat and condensed water recovery. Therefore, in an aspect, this stream
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that are included in the same heat transfer fluid circuit. For purposes of

clarity, a condenser heat exchange element or condenser heat exchanger

is defined here as a heat exchanger that is designed so that when it is

operating it may condense water out of one of the streams passing
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The anode off-gas comprises unconverted fuel, heat energy and water
vapour. It is advantageous to recover as much of this energy as possible
wo hyosgenyering- the thermal energy in the steam, which also IPCIICG83007/004156

recovering the latent heat contained in the water vapour canied in the

stream, and recovering the chemical energy in the unbumt fuel carried in

the stream. WO 2008/053213PCT/GB2007/004156 6 achieved -

depending ononerating, condiieRsndroppinchihasHean iemperatdte t occur
Opgfﬁ?f‘ca%%y §§W %OOC, e.g. 50C %r lower, By removing this m#é%héjeea%f
in@sergehitm frerarblesiraas Sl snate MaBifnut HERJAE gy ot-eas
sufaied inbesteamonesio-iheeat transter duidandonysmall

amount of heat energy remains in the anode off-gas stream. Assuming the

heat transfer fluid is water, unless the water is pressurised, it ca[gé\onl ;
Ingeperatohaleteaiipnio o Oeishauy P IHERARO Ay SEBEC gigments
(WRIGPE! esoiieatermightnatbeiatlets heswssd @s aehighment to improve

temperature energy source to effectively feed this energy back into the

thiu étacefiesysfebaatvpieres Soanigpdhtrmperatife irireHeisbaATE g e cold
m‘é@%ﬁ%@fﬁd@%ﬁ?% maddeexpostadiothe thernshioadeor siotRe falodsend/or

a at source, for example in a domestic heating s%stem. Remogin

thih ettt hEheeh exiyishatRR SO BB CRWAS 3 T e AT BRRyTion and
Siisamdnaaffech e thermeahsicioneuakthe fuehcelhsysicoti-phgraiosaier to

according to an aspect of the invention, a fuel cell se%—up is provided,

crpherethy BITEHBFSOMETDY I8 HRECENE )RS AT POt B SodE st

axﬁ&?&a&?é%&@heﬁ&e%e%@m%&é@@%é hefereitteachesasbrdensespour

eat exchanger. This heat energy, transferred before reacrg[nh%‘éhﬁbﬁ ..
avgitdn bing Heacaariher cess Bebmedp PLERIART t5he Ris BB PLsgk s

eﬁge%? n%éfﬁi@,g foe.phihe fawei e mperaisieduiddestdshentering biaithesd water

cell stack system, such as the air side feed. As the fluid feeds to thed .
renevRr sy L hTEyCg b @8, HRECT SN TERIBELT RO (A% RE RPARAVRERUCISE

pEXGHANGE BleMRRLMAN oA aasninoashraipxehangersEhisidniaspeatshis to
It is possible to transfer some of the anode oﬁ-gaas theg?ng%llener ¥t0 the

ORI B BHAdR RIETHHG PSR AT RIS RS ST BYf SRR veter

sl stackonithe gathode sisedAsispmeofthedtiesnahensrgyissamosede heat

from the anode off-gas stream hy the further (gag-to-gas) heat exchange
t@’é?f?é'nﬂmda@pécf@@msewa%ﬁﬁ]&fﬂ}%ﬁ&ﬁ%ﬁ%ﬂ%P)Wé%?téﬁﬁ% pr amy other

Sxatands ek themsize.cadaesalionakscquiininenis bt thateheat transfer finid
exchange element, which may be a gas-to-water condenser heat

Cé'é@éﬁ%mger, to which the anode off-gas flows after passing through thc
further heat exchanger, can be reduced, This may allow a reduced heat

Hansigi Ui eikenity Jupr andrhsmalisnheatdmnaieofluit duisyp Yasicschanger
reducing the fuel cell system electrical parasitié load). Ingddi&onbthe fing it ma
el 1555 P THE RS0 APt o AP A iy B2 it mey

Jeguced Jhich may providedeta.mo R eomnRahsysienheMAchanger unit.
2008/053213PCT/GB2007/004156 7

The anode off-gas comprises unconverted fuel, heat emergy and water vapour. It is
advantageous to recover as much of this energy as possible by recovering the thermal
energy in the stream, which also includes recovering the latent heat contained in the
water vapour carried in the stream, and recovering the chemical energy in the unbumt

fuel carried in the stream.

When condensing the anode off-gas to recover the latent heat energy and the water

vapour as liquid, a significant temperature drop in the anode off-gas stream must be



In an aspect of the invention, a burner is provided for mixing and burning

the anode and catlidde off-gases. The burner then outputs burner off-gas.
wo Aasend heat exchange element, for recovering heat fromPiigGEBAINSI004156

off-gas is provided in aspects of the invention; and this may make use of

the same heat transfer fluid as the anode off-gas condenser heat

exchange element. The heat transfef fluid may have passed through the
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The closely coupled heat exchanger arrangement of aspects of the

present invention can be applied to a variety of applications, including

woGenkiases;cooling and power, h---generation (combined heaging@ominges156

and power generation), stationary power generation and auxiliary power

production. Aspects of the present invention are particularly useful in
combined heat and power systems, and grid independent power supplies.
The rate of heat removed from the SOFC system to the thermal store or
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drawingstinayhichingigieréutd sbibwsa fodtedirsyyeim inchidirg, amdttere may be
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gas feed to the burner assists in maintaining a high bumer temperature. This feature
allows the oxidant feed for the burner to be input without being heated, which means
that there is more thermal energy available in the burner off-gas, which can be used in
embodiments to heat a fuel reformer. In particular, combination of a relatively low
water vapour content heat exchanged anode off-gas feed into the burner with a
relatively high temperature cathode off-gas allows the burner to operate at a higher
temperature, so that an endothermic reformer unit thermally connected to the burner off-
gas stream can be operated without additional heat input. Such an arrangement may
mean that no additional burner is required to heat the reformer, no additional fuel supply

is required during at temperature operation of the reformer and/or the unbumt fuel

percentage of the anode off-gas need not be increased. Altematively, the second heat




Figure Ic shows a variation of the system shown in Figure la, with an
alternative reformate flow path to the fuel cell stack assembly omitting the

wo refgrmerigsooler heat exchanger unit; Figure 2a shows a heatE&ExcBange004156

system according to an embodiment of the invention, for use in the fuel

cell system shown in Figure la or Ib; Figure 2b shows an alternative heat
exchange system according to an embodiment of the invention; Figure 2c
%ﬁbmmﬁeﬁpmm@ﬁv@h&m é&@ﬁmm@@ systenvhtisoedihodocdfrgas before it is

gdiment ofithe inv E'%Qcﬁ ?B%O%I %@@ﬂﬁh&*&%@&%@ai v;%gflaeu stack

exc ange system acco Ing to a e invention;
mo@wﬂmgsﬂ@qti@mw@mﬂlﬂ%bmgﬁgure 4 shows a heat exchange
system for use in the fuel cell system of Figure 3; Figure 5 shows an
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SYERIO R sons to passing the anode off-gas through a further heat exchange element

before passing it through the first heat exchange element.

The relative sizes and energy transfer characteristics of the provided heat exchange
elements (which may include one or more of first and second heat exchange elements
(which may be condensing), the further heat exchange element (which may be gas to
gas), and/or the other heat exchange element between the burmer and the second heat
exchange element) can be balanced to achieve good thermal transfer from the anode off-
gas to the incoming air, whilst allowing condensation heat recovery to occur and so

achieve good thermal recovery to the heat sink or heat load.

By reclaiming water from the off-gas(es) in the system, a self sufficient system can be
provided in terms of water usage. The water received from the off-gas(es) can be used
in a reforming process for the fuel, prior fo entry into the fuel cells. Such a system
reduces water consumption, as water is reclaimed and re-used. In remote locations, the

need for a separate water supply may be removed completely.

‘Whilst the invention and layouts are not limited to one application, the intermediate
temperature operation (400-650°C) of the applicant’s fuel cell technology (as shown in
GB2368450 - incorporated herein in its entirety by reference), when compared with
high temperature designs operating above 700°C, means that the system components
that are exposed to the high temperature fluids can be made from non-exotic metals,
allowing for a more flexible system design and the resulting selection of lower
specification and lower cost materials for system components. Such materials include
the use of stainless steel components for the fuel cell support and the bi-polar plates,
meaning that the anode fuel-side seal can be simply be achieved by welding the fuel cell
support plate to the adjoining bi-polar plate. The air side seal can simply be achieved by

the use of a compression gasket, made from a material such as vermiculite.




Detailed Description of Embodiments of the Invention Figure la shows a
fuel cell system 100 including a heat exchange system 120 according to
woah@mbadiment of the invention. The fuel cell system 100 inglggessastis@los1ss
cell stack assembly 110 and a heat exchange system 120. The fuel cell
system 100 also includes a burner/reformer unit 130, a start-up heating
unit 140, and a condensation water st8rage tank 150. With reference to
Eigure la, fluid flo i
A B O B b b
flaid sideafeedidysteir wiltoectie soeiberdyOsopgdedcandathtng s idsmmrshesign.
T itg,ljésmﬁg rlxi?eddé% etg%ﬁ{g C%lS?X%&ew%ﬂ&n the environ_men_t via an air
iiter unit (not shown) and a mechanical air movement device, in the
present embodiment a variable speed air blower 172 - with the blower
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tipreadflted geayfbedwinpitethbrainepstiofeddisaienapuplowehitizlipes for a
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csperagioniefasuaind henee dbpralnaimovin e T EE AvVaHabls e bafuidirel into the
t ff j f cell stack

° és%g%lﬁqh%%é ?(%%%1;:% n%ggﬁ%eéegﬁgé%%g%stﬂg%gﬁn% fgfc?m tﬁfeé%del cell stack

outlet temperature, around 500-650C, to above the boiling point

Iremperamrecopwansriarsurdreod Fode) 1&§Qﬂi§fé@%é?d§‘@%é’@eéﬁaf exchange

SH0AR08HJ22 40, hERL IBRIRGAMIAG A SteAR (heating e AN AMmore cost

from around ambient temperature, 0-50C to 100-250C). The difference in

eiftsating ratefficting with S sigkricahesp Mgk rRowdrmes Britheoanestiengnsimpler

p%%f&%ﬁg&a%ﬂgﬁ% 9esafiedegieR fieplng provided to the anode off

gas by the air heater heat exchange unit 122 can be controlled by the flow

of air through the unit 122, which in turn is controlled by the speed of the

Ipleviaitheraspee et bayapsi o thicleart dht mitp @5 Hpe sraidpesar heat exchange
SACRANGSE YRitd 2% HNdRRROIMAl RRetRLING £RAGIIARS Wil-haMenineredsfdor the

However, the air temperature is further increased up to the temperature

hesuress fRor ot e belipsgda i saretae hp dedttn dhe Aacirel giystem fuel supply,
demperatweffihaduslcalkstackis,eantioliabieditia synierpisyatAsvhich is

described below. The heated air leaving the air heater heat exchanger unit

sepDHER ARRSHHABUDPIE EifpFELERteAHb alseh sABEP NS aflowirate of the
Freheating it 1Qq The aik Aigsheatenhesh §xeha peeridtis Useddfon/release

boost the incoming air Sﬁp_laéemperature to close to or at stack operating
e

gesieperdtbpehsytusing e His e Stalttetanicthapbibemraiimgase and hence
QPR SR M iNQEaah e ald ihk crpdrelinl dhe celksiackiNi@hster fluid flow

temperature, a controllable air by-pass valve 180, included in an air

Bi{Ep a8k ashcaes@mrtshalishsdid Famste f5it peishelipidsanould include
Deaierheatiexchanga vaitin@RURaHes e abRreeMepheation, refrigerants

exchanger but before the fuel cell stack. The air by-pass variable control =

(fafvexesmip HRg0IRpEREOTRION SR IHRBWERIF EENHOIH e Bttehpdysiarer piped
1 ixing the by-pass air with the air pre-heating heat exchanger outlet air

ahead of the air entering the fuel cell stack by controlling the volume of air

that by-passes. In an alternative embodiment, the air by-pass line and

valve are omitted from the system. The air pre-heating unit 140 of this

embodiment includes a start-up burner 144, which,




in the present embodiment, is supplied with fuel from the same source as

the fuel cell system fuel supply (though in other embodiments it could be
wh§lRsti¢al heater) and WO 2008/053213PCT/GB2007/004156:k3 Mhlifes6

is Ignited to heat the air passing through the air pre-heater heat exchanger

142 in certain circumstances. In particular, it is operative during start-up of

the fuel cell system 100, when the air h&ater unit heat exchanger 122 is
ReLpteduciguficiantleakic, 9%%%9&3 WORIGAN e drelTe %}&sg in the fel
operating temperature. The start urner 1 4 may a so operate
seddérkmamges hetived éO@"Wﬂéﬁé)Tﬁie RAPUHI BT et fmﬁahém@a:cem aspects

m 1 sed equiring an i @d(}pperating )
tée%%ée%%%rle%ﬁ %ﬁl acalz)és(s%%m n%.ﬁg t-up burner and
pre-heater may be a smgle unit. The air supply then enters into the fuel
Colleddeicapsemiiyht Heonrigre air side (the cathode side), into the fuel cell
cathode side active area 112. The now heated air stream flows to the fuel

' Cros ing,pver the ath e,areas the fuel cell
%@% ét%é ersgsé?n%%oxyggﬁ §e‘6?1fo?1wa$ﬂdgplc(i<lng uﬁiJ lﬁr %r%l%’atﬁe ée with
sideranc b the deasirepiingttiy dravéaganth tvbisbirrounding environment and
surfaces. At the end of the fuel cell cathode active area 112, the now
partially oxygen depleted air stream is tanned cathode off-gas with a
temperature of Eupund 500-650C. The cathode off-gas, once it has
dithr e K. I 10 doe not |m :

ggai?nb%nletpws?%ﬁqt%? a?[ﬁéidé offuyg a%%ﬁ%ﬁb%ggéu%sl%e? ?ns%sté/mgnbafogrdmg to an
prohatintsst edttiodevsifipas exiting the fuel cell passes directly into a
burner 132 in the bumertreformer unit 130. The fuel feed side will now be
described. In the present embodiment, the fuel is a hydrocarbon
Eopaenihgliowts forasiedion ke, tbitestbutteorgeis (Signkedsi{ PG) or piped
gas, such as natural gas or town gas. Alternatively, other fuel feeds could
be hydrogen (no fuel gas reformer would be required in this case) or
Sagiteed s Lt Es @omrigﬁ@mpéamowmoshdmmﬁ@wb i digistengdtmative

(Xaygg r-gas b n fugls (kerosene o
géftQAﬁbg%?%?mllar sggr?[?geilgaT%gq %tg ]égsgggt%%h ce‘gﬁ %sf(e & DOO{BI heat
FEGURRERS 818 set pressure and controllable flow rate (either by regulatlng
from a main feed, or from at least one controllable pump, before passing
through at least one isolation valve, through an optional and rechargeable
Eéeen%ﬁar%@mmth@awﬁfob@qgﬁémst@ra Yas1dfogdarenboobodinrent witthe invention,
ehtionaknalsalian drmeenes Khemai.fugheas feed temperature, for

example a

Figure 2b shows an alternative heat exchange system according to an embodiment of

the invention;

Figure 2c¢ shows another alternative heat exchange system according to an embodiment

of the invention;

Figure 2d shows another alternative heat exchange system according to an embodiment

of the invention;

Figure 3 shows an alternative fuel cell system including a heat exchange system

according to an embodiment of the invention;




WO 2008/053213PCTIGB2007/004156 14 natural gas supply, will
generally range from 0-50C, more normally, from 12-25C. By placing the
wodessipieriser unit before the pump, the desulphuriser unit ispexpgseshin@iiss
lower pressure requirement and this has implications for its design, use of
materials and also for maintenance/recharging of the desulphmiser
material. Several feeds can come off this fuel line depending on the
system requiremernits. Firstly, as described above, a feed is provided to
the start-up burner 144, This can be taken from either before or after the
Fagusig gralisestioheahix chiaig fusistendiis reqiréw tideed lthesstaro4ifi gy
at system start-up or at times of rapid load change, from, say, a low power
operating point to full power, as discussed above. The start-up burner 144
Hezirethe thesermrenibotitientizisublstielionietlielingrehproducingmae system
f ir pre-heater to heat the air flowing
a?ﬁ%ﬁﬁ%ﬁ%%%%gﬁ%é%igg%%ﬁég%ﬁ Iega%%ﬁ% the fuel cell stack assembly
110. The exhaust gas from the start-up burner 144 then flows to a fuel cell
B BRIy DS PR OB RLASAL XS hAUEI SR I 108 o
exchange system 120 (élscussed in more detail Below). At no pom% éurlng
cgrhadip @t poeatvpdienion does the air pre-heater heat exchanger
become a heat sink to the incoming heated air coming from the air heater
heat exchange unit. A further separate feed is provided after the
Redailgshapsainion of Bmdslipsids ahpimenrttd? of the burner reformer
unit 130. This fuel feed is only used for system start up, where the burner
132 is run whilst the rapidly heating air is circulating through the fuel cell

Figer 16 peavep e asdl velestaki0dssnibly Al eaexthetmedysystei0 according
G ANRAIRIIBIA N EAARG RN e PRE Bl rgelir!:}%e@%{e '}%‘%ﬁ&%& ghJed e?lfﬁfell stack

with the air and the depleted fuel reactants in t stack exhau
agpraaliphyand sl rebentingcher stremtiioflgls Bo0irdcd) enters Reiismieciudes a

visteitainihe prEnerdefQtmeny AL 30 igheaid B.g@ rc%fxgcﬁgﬁ(?gxt%‘o?fﬁ ter s orage

close to operating temperature. In the present embodiment, desulphmise
134K 3Qsed as a feed to the burner 132 as it simplifies the burner catalyst
design. Further, the use of a pump overcomes back-pressure issues that

WiaheaeR23AreaH 0l BIRITHR fraps i foy,pai gggﬁ%ﬂ%%@%g air) and

the burner 132. However, if a sulphur tolerant burnef is u
&b serifudhasrm st e il redLmetanarasthwiambodiment shown

in Figure la, the remaining fuel is fed, via an optional non- return valve (not

FSheWNhE0a3-Stea el sRm e %é%&?ﬂﬁ?@%ggﬁ%h%ﬂﬁ% %@?E%r%momy

mixes with stenn. The temperature of the steam féd fuel is raise

aity s Ape Lot ﬂm@%@f&w@m@@mmm@mm via an air filter unit

(not shown) and a mechanical air movement device, in the present embodiment a
variable speed air blower 172 — with the blower speed being controlled by a system
control unit {not shown). The air filter unit can be mounted on a frame surrounding the
system. The air is drawn through the unit to the air blower 172 with minimal pressure
losses. On its way through the blower 172, if the direction of air flow is controlled, the
air can pick up heat from hot surfaces / heat exchangers that it comes in contact with,

such as heat exchangers 174 mounted on the power electronics and transformer units,

This air then feeds from the air blower 174 to an air heater heat exchange unit 122 in the
heat exchange system 120. The air heater heat exchange unit 122 is a gas/gas heat
exchanger. Ome of the gas feeds is the incoming air fed from the air blower 172; the

other is the anode off-gas coming from the fuel cell stack assembly (discussed in



before it enters a reformer heat exchanger 138, in which the fuel stream
picks up temperature from a reformate stream passing from the reformer
woladddiseussed below), raising the fuel stream temperature tp350590%004156
before it passes into the fuel reformer 134. The endothermic reaction of a
catalyst provided in the reformer 134 for the refoimation process has heat
fed from the burner 132 output that pa8ses through the reformer 134. The
ow reform el.(refoiniate) exits the reformer 134. at between.500s750C . .
et Aaeh B GO e e CHEeur P Aty 2222 St
. arexchaofeed IBiteptransfarsfamd Gbits heattodhedl-the faediiimg fuelfigadside of
The reformer heat exchanger 138 and the fuel reformer 134 m e
R e AT e P B L AT g ef el st
otigiprRepd3thandirfotnioisat € xehanger thddoiianetier empadiment] water,
shown in Fi ure Ib, and which is otherwise the same _as tha%%?scribed

e re ke 1 #ghte 1o0 RERSHRANY RN, 1na S splidhiyfeoming air
sRORTelERRME RatshenvminiaR slgamiuek sas aiend I suAIere 100-250°C).

mixes with steam, as in the first embodiment. The temperature of the _
Theegiffreaeadnideatinaraics 20-doote ifend BifisaathidHElRoiATI #igeé the alr
siftahPlaieul gaHs dB EiRiN et baakeYdIuaRh] PRoitslisNHOGUR off gas by
u

stream picks up temperature from the refoimate stream passing from the

therifbertesheshisbanss fiell Jrdamubmperbrlietd st diyc HersrBypugh the
- uPRSSES Wi fuel [efermendety idhgRmbrgienapiehawn in Figure Ib,
the reaction is exothermic, rather than endothermic, by reaction of a
catalyst provided in the reformer 134. In the embodiment shown in Figure

THhe %@ﬁdﬁgmﬁ@@a@r%%mg%%@mzmmﬁg@ thig 122 under normal

embodiment, heat from the burner off-gas is not required, and the burner

OBA RS ABRIAHIATE SHLh RATShIBRESRER8rm EIOYSI SN B R AV rEfSRISE Faels further
ikeloematgheils theyatanmetdddeatbeiesr IR0 (R0 Hefors LRSS, The

_back through the other side of the refoimer heat exchanger 138 to transfer

IBlGhETOfHEREHIES NEdthEFlcErHint Riel g aRutrplipiforhiat R@atbe achieved as

Jexshenostda8 and the fuel reformer 134 naay be a single unit, Further,
the burner 132 may not be in the same unit as the reformer 134 and
reformer heat exchanger 138. The burner off-gas stream mag%;eed from

Tihe IR ISR SR Ralr fsatAvelARgs R AidBRADYS ErRieh an air
pee-theteRimala Basieanes thenreformenheah exehanger 188 alasRimehter heat

350-550C before it enters the fue] cell stack assembly 110 on the fuel side
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skt BpsSRtOMRIpdRtne aposesidesobibeiuebaalisdn thetfuehllexhanst gas

stack, undergoing exothennic electrochemical reactions to pick L#) oxygen

DBRSREVe EbMEHECIBHETOPES A54BMBIF I fiRekitdw deaiperatre, 2

ceathoda Bides pyosiige, slestrmityaneiealease bialyHeseiaxXYER i@ Ss air to be
combine with the hydrogen in the reformate stream to produce steam, so .

SRR T ferBE REE AR A HBHEA RGO RTERR B GHRO LI theair pre-
Hiacticalieadiircuit fram gbs side Rttheluaheell BiackibihgaatherMisle control

the power electronics system and elecé%iaqal. loads. Tgf?ael_ectrical loads

YEAYE BSthiBlAVRERS T it e ¥R dTP bRl TRPRIENER Py mixing
1RSIt eirelpnmate siieam Scagnyeited 3 elesshydrogemnrighsiredhe air

as it travels across the anode side fuel cell act%e areg 114. As jt leaves

WD dBesiyelrGel cEf e Ve B RS iths SRR A R tRses: In an
2R008:0H gasdakeswitheitbsteamatiomdhadvaleel-aigaiesadhaleOiRiGhstun.

heat from the anode side fuel cell active area 114 and its surrounrling
environment and surfaces. The anode off-gas leaves the fuel cell stack .
LRsehBiy PR RESH S0 RS SRRREBIELROUsa A THERTPRELaET b g Which,
ithehgas-gastairheatelcheat exspanoenituk2 Zrtongive suneosered is hedtel cell

energy to the incoming air, stream, which heat energy.is then returned to

ol CAIPERLK BUSCAb TR AP EHc G Tadit FhE S hoser) and
off-gas leaves the air heater heat exchanger unit 122 at around 100-300C.

This stream then passes into an anode off-gas condenser heat exchanger

126, where the temperature is reduced to as low a temperature as

reasonably possible (0-100C, but preferable to be in the region of 20-

ANC) Aaivvean the enviironmental temneratiire and the conlina canacityy of the



application. where movement is uncertain. The heat exchanger 126 is
discussed in more detail below. The anode off-gas then flows from the

wEINAaAsersheat exchanger 126 to the burner 132, where it isycombiagshoos156
with the cathode off-gas and burnt over a suitable catalyst or in the

presence of a flame. The cooling of the anode off gas allows the burner
132 to operate at a lower temperature, ¥ghich reduces the cost of the
k. The b tlon consumg hus remqves, any unu

Fﬁ e an031e Bt Gae RFEERT %‘ q&& %élgglﬁgt aljﬁ%a‘?ﬁc ger 142 in

»awdelmdcﬁﬂﬂfﬁﬁﬁﬁnesalléd Wmﬁmertoﬁsgaﬁeﬁtﬁwmumlgﬁi&ﬁup of the fuel cell
in cath de off ea %ner off- stream .

f er% @ rect grg orlrhgtl-?rEsl .e[%% ?ir?qtlﬁ[égght it H W?Pﬁtsﬁ‘ gient heat
ta h@athbarmmgnbammemtteéubbmeobpadmﬂ@teﬁt@éﬁﬁﬁmeHﬁ%aﬁttﬁcm}él@umer 144

}t}'%y for %te.xcha]tl er 4to heat up the re Ormﬁﬁ% 134. The burner
gas s am Ieave§ the e or Aer at be0: 720 gppabregred from the

fetbuwidstbak aﬁatyrtlﬂsphtf)a‘s thersared umumgd@cmmabay@atmgﬁ%mpemMe
ent.s nrnF t bur -gas assthro
%&%?urm%eﬁllga a%s odrrtrit?elntst mﬁ tr{f grl%t Wﬁt}n a single

buatner off-gas stream then feeds to at least one steam generator 139,
where the heat energy is partially transferred via a heat exchange surface
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eformer er for the Steam genera
cethdénsuttprintatbe stofagdl tmﬂlmtltS@tdEhmtbwramaom-gai leaves tBeted air stream

erator 0-650C, depe eo erati
e e S T Eoa At e Qe ol ool
Btk mm@emm@m anglptulnm,gﬂ;ettwtrfemﬂtaaeacmﬂt‘t@ﬁwde 112 of

rovrde the same s he b
%cg‘%gf ér%%%{%ﬁ% roug t%@ U Bu rnenn.lt % %E%)CSBS? t#éngﬁ end of the
prel- hetét@rﬂm}@t asgoheaIge Urﬁit mézlcéwrpattmsf disgpssddntiodainsttegasdtermed
Eﬁﬁ&ﬁ% 5?25) where ome. of the ?&r y transfers across the
ger 5

eat exc onﬁ%ata € mcomrng ai ' In the present
embodiment, this heating action reduces the burner off-gas temperature to
Tﬁe%ﬁ@lmﬁmy stateinindeasi ROARNTRR TR Gl GBLOLMQMISE 10 does

The burner off-gas stream the sses to the.fue
%e?ct:overy con enser%teat‘%%:h%nger \%ﬁeraégﬁg]eﬂleeﬁqﬁgﬁa%ﬁjqufsymms but
dmippedmoca&ltmw affemaperdtingetas M%ﬁqﬁygp@ﬂﬁb&ﬁj@rﬁ@@ bbtiter 132 in the

in th of 15-50C) given the environmental temperature
%L%h%lg(%% mgglggr?a?:(?ty of the heat exchanger heat transfer fluid. At these

temperatures, burner off-gas steam condensing can occur in order to
o fen! thesdvatds mﬁtaimdbwimmhe&)umetm%mﬁtrﬁammmw fuel is a

sociated.latent heat of ev ner y. Thus
%%’?ﬁ%/%gﬂgﬁ géa%%as dfuﬁ%’rélug?{%hng Surner 1 %‘}% %ﬁ‘s &ggw piped gas,
gerreratorti®d gadoitqveheatiddtemnittivilybethee ﬁtmﬂefﬁ&@dh@ﬂd%@@.ﬂfdro gen (no
condenser heat exch erl 4. but after the burner unit the
B e e S M s Pt i heanbon
L‘henbl&rtﬁterMrm;mubmeﬁmgestd:ttgmercmfbgagas or auto-gas, or gasoline or diesel or

aviation fuels (kerosene or Jet-A1) or similar such fuels.

The fuel feed to the fuel cell system 100 is regulated to a set pressure and controllable
flow rate (either by regulating from a main feed, or from at least one controllable pump,
before passing through at least one isolation valve, through an optional and re-
chargeable desulphuriser unit, and if required to a gas pressure boost pump with

optional pulsation dampener). The main fuel gas feed temperature, for example a



The fuel cell heat recovery condenser heat exchanger 124 may be a gas
to liquid heat exchanger, with a high thermal energy storage medium
wo Reingsondhe opposing side of the heat exchanger to the bupraroizgesos156
Such a medium is, in the present embodiment, water from a thermal store,
but could alternatively be from a cooling radiator in a car or a ground
source heat pump system. The heafléxchanger 124 is arranged such that
the condensate can collect and drajn fro g-heat exch ffleso
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21s@ o asEansensatlieatexchtihgdedfhiin theaabde off-gas condenser
heat exchanger 126 and the fuel cell heat recovery condenser heat

exchanger 124 can b it with. a CO MO co0
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20 contained within the same system envelope, being controlled by the

control electronics that are common to both the fuel cell system 100 and
wotbsygngegrated condenser heat exchanger and burner assempiyrk&gr o hev4156

fuel feed does not necessarily require desulphurisation if sulphur

compounds are present in the fuel gas. Such an additional beat

exchanger allows for additional thermk energy to be provided to the

belASImA l&%tt%? 8%?%89%%%&{&%9%“?9&' GORAGRRINGFRECH m picks up

required either for additional energy fecovery or for the provision of
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lified diagram showing a heat.exchan
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A cathereuneraiingasesys Brovure: fiffuges 2achin e datd from the burner
exchangers are shown. These are a first heat exchange element 226
hndR Fﬁﬁﬁ%@#@‘?e&%&ﬁfﬁ%ﬁﬂéﬁanode off-gas condenser heat exchanger
126 of Figure is, a second heat exchange element 224 which may be, for
BXaRRe: thesduelmelkeat raeavembisnes dthgasthonefenser heat exchanger 138
exchanger 124 of Figure la and a further heat exchange element 222 .
A B O AP LR PR IEF el SROh ARGt U0 i fut side
ey £ urther AQUEHuich paths are shewiholbese anel el Hestviluitbpatlly 230s0ip over
heat transfer fluid through the first heat exchange element 226 and
subsequently through the second heat exchange element 224; 2. a

second fluid path 212 through the further heat exchange element 222 and
subsequently through the first heat exchange element 226; 3. a third fluid

nath 214 throininoh the cecond heat eavehanne alement 224 and A a forirth




WO 2008/053213PCT/GB2007/004156 22 The second fluid flow path 212
comes to the further heat exchange element 222 from an anode side
woastiyesazea of a fuel cell system, and subsequently exits theHust¢wab7/004156
exchange element 226 to a burner of a the! cell system, for example as
shown in Figure La. The second fluid is anode off-gas from the fuel cell.
The third fluid flow path 214 contains Burner off-gas and comes from a
@ RS RUNAN IRINSCNE HEARXTHandelPI eIl &Rt:abE xR ARmic
exhaust. The fourth fluid flow path 216 is air, which is passed through the
elfgtthendneiaelesetolinge BIaH-NED 2EYER ISR EUIBYR ©PBE (1sBepipdug} cell

as%i&ﬁglf‘%%t el Gelh T hacaRAGy, gi et XRhangs foh @0 RlemeNtThese
can be varied by sizing as appropriate; and bé varying the relative flow

oxaEss dfnheawbingBstaiBroR OB ERS coffanhdaPiaHResteam, O
cfigdathe fisbheatuehanash Al eHABAIBOIRERAORIGLEoHd e load

or instance, a variable sé%eed heat transfer fluid purgg;nd/or a variable
citssinfeooupesidsrmidhadiretButirhdatha e vadTa R Ume ipleriEapjcs system

M@#@%Mﬂ igh dherhealitransterShiid dawsdrigs iasniernethadastnepdiem and

exchanger unit). Further, the overall heat exchange of the two units 224,
ezzenahio es Tarlewlbyek@Rging the flow rate of the heat transfer fluid. In

operation, hot anode off-gas flows from the fuel cell along the second fluid
path 212 through the further heat exchange element 222. Heat is

TorohEngeelroinrmis S0puertsh- fus iy areraNrhsTe e sYskaTrlaarigss the
Ahedeuithdfilidpaih16.keptds passedfeemmiheanodeofgasiaiheeaifes 114

in the further heat exchange element 222, cooIin%qt.he anode off-gas and

tiiatamnegirecdi eitare. T barmErednetfmsdaicastimbisiarme firhdrngt cell area,
HuCHaNgRElemanL2R2isBdangas fealexchangse Be anpderafte@sounding

then continues along the second fluid path 212 to the first heat exchange
carirpameRDEdHHIEACRSeeives heat transfer fluid in the feint of water along

the first fluid flow path. 210. The anode off gas is further cooled by the fast

Healeehange slemant2 2. whie &&é@@%ﬂﬁﬁ%&%@@%%@%& off-

so removes latent heat of fusion energy from the anode off-gas, The heat
grarssferntiulisnasien ot thfisaeapb RENBARIE. IRl KEcRIPgRsIBI LAY tReHve D

sgggéasrfé?s:%@& %%Jé%ﬂﬁig RALAADAR éﬁ%ﬁ%%ﬁ&@ﬁé&%%? geRiemaRhed to

eceives heat energy from the burner off gas in the third fluid flow

thatfud 1o THieckasorttiEdilxiadhg aie Ertetrsoads Hisraassmibgaeeaves the
agreﬁ%a%% e&%@g%%%&f%ﬁ%mem%ebmﬁef %ﬁ@g&@&ﬁraﬁr@s@am an

urner off-gas. eat transfer fluid is further warmed in this hea
axcharfjessrovetgiser heat exchanger 126, where the temperature is reduced to as low

a temperature as reasonably possible (0-100°C, but preferable to be in the region of 20-
60°C) given the environmental temperature and the cooling capacity of the heat
exchanger heat transfer fluid. At such temperatures, anode off-gas steam condensing
can occur in order to recover the water contained within the anode off-gas stream and
hence recover the associated latent heat of evaporation energy. This anode off-gas
condenser heat exchanger 126 is a gas-to-liquid heat exchanger, with a preference for a
high thermal energy storage medium being used on the opposing side of the heat
exchanger to the anode off-gas as the heat transfer fluid. Such a medium could be, say,
water from a thermal store, or a water mix from a cooling radiator in a car, or a
refrigerant fluid, or an oil or other fuel fluid. The medium could also be air, The anode
off-gas condenser heat exéhanger 126 is arranged such that the condensate can collect

and drain from the heat exchanger 126, via baffles if required when mounted for an




In an embodiment, the first and second heat exchange elements 226, 224
are combined into a single unit. In a farther embodiment, the further heat

woexohasgesunit 222 is also incorporated into the single unit. Ir@ifwEhes7/004156

embodiment, the first and further heat exchange units 226 and 222 are
incorporated into a single unit. In an alternative embodiment, shown in

Figure 2b, the further heat exchange elément and the fourth fluid flow path

Db 2marenmiiadthesecand fluigkfow Ratthbeing thiquah he fish more
heat exchange element only. In a further alternative embodiment, shown
ﬁt‘?ildiﬁl@%, the second heat exchange element of Figure 2a is omitted,

and the first fluid flow path is through the first heat exchange element only.

TR flydheralermaty e mbpdimenb e Eigue2d-Both e eaanfer 132,

and further heat exchantge elements of Figure 2a are both omitted. In this

vERRBOtiH e SEEN S GRPAdR PheRI RO Brns Tuel eenitablokcaiist or in the
phieueh dhe feshheatehang® I8RaNd ek AIOLIES Bl 29 WEperate

2d, the references to condensate may be omitted if no condensate is

A eePARLF B I He AT EkkAstRRe S este bR BF@eEmbodiment will now
be described with reference to Figure 3. embodiment, which, referring to
Figure la, has like elements being referred to with 1-ae references, an

LRRRTBRST tRasHeRCABSBREHANGBIE At s HEcHIasSctie Sromdharpade off-
Si-gashe eyehangsnZh andiheburprardie 56658%66‘@10&%@%%%%m off-

heat exchanger 380 uses air that is being pulled into the cathode alir f

gt tHEcRTo| WBIFByS fepRRiptpiamos thmsphesemdinepaddeao the air stream,

i.e. before the power electronics heat exchanger 174, as shown. The
Pldiianst eecling Sfiarediy theAitieugierds.adguional lcﬁbngleﬁ%l %g%diment
occur from the anode off-gas before it is returned to the burner 132 and as

SR HAY i thetovBramabe Reltns e fhadhel fopthendpfiermicrreformer reaction
alemativenal hakis:hengtlown {ptadhe piggrated humnercondenser. . (e gas

160, may be used as the cooling intake for'the additional heat exchanger
sEserHGRATRe A IiRmTCRDBRB/08E21 ShecTiarp 887 oounsemmbddimente part
dbe, flow.qf the air for the integrated burner unit 160 is passed through the
power electronics heat exchanger 174, although this may be omitted. A

heat exchange system embodying the invention and containing such an

Ardisorarhebeedndhg erahodiarnissbhvuwin Fizieeréhs tRiguraet off-gas does not
. g . 1 heat
R CIRABASHO igiR 225 1 B BEXERIAR et DS AU BNALRER, 2ud 15, the

exchangg element 480 is provided in a slightly m seco
biRea - g eTtieRaTiEsE R daedixih ah drae o AteRb Samrt addfiftl B Auietitowthe heat

RRivH8 is-pravidedsfarauoh sherdditionalpe %ﬁg%g@ a8 g&a%ﬁ%%ﬁ%\z%? Q¢ steam

This results in more condensate, and hence mor at, bein

theinfedds dnte dbeofrg) aiaawmifgtisrongpsthes sebume iR Ghepatied £2; tneasteam
Jurthetembadiment. fhe piRg-rarHin %Qf%la&@gfgé’f{égﬁslfﬁem He g@%&% off-gas

off-gas condenser heat exchanger to the burnernms on the outsi

lspirpacEiefdensyarameisdatbist bposing Gl iodupmiémg on the operating
environmental.t atyres uregunding air, or forced nir fl

o even'waté%f??g%%ames? e pipe gt(%r%?:%}#:%em OrASHIB G 46 may
bsirparbaspb it thattiglbeto thewwatenting32 and/or the reformer 134 may also be

provided in the same single unit.

"The burner off-gas then passes through the start-up bumer 144 and across the air pre-
heater heat exchange unit 142 (which, as discussed above, is & gas to gas heat
exchanger) where some of the heat energy transfers across the heat exchanger 142 to
heat the incoming air stream. In the present embodiment, this heating action reduces the

burner off-gas temperature to 100-350°C in steady state mode.




Another embodiment of this additional gas-to-gas heat exchanger 380 is

shown in Figure 5, elements corresponding to those described with
woelesease 30 Figure la, have the same reference numeral. In pais/GB2007/004156

embodiment, the power electronics heat exchanger 174 is cooled by air

for the integrated condenser burner 160 and/or for the fuel cell assembly

110. The flow of air can also go throug® a further additional Mr cooled

heat exchanger 590 to provide additional cooling and hence provide an

Tﬁ‘&'@gag Qeaﬁ? {r%%%ﬁwﬁaangfeom@i%ﬂ fﬂata}ego%agpegndem

or ano gas an heat recover}; condenser heat excharige
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a a Vi e t b o .
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ti SQr varled e heat ed to enhance or
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exc ange e ano e heat transfer
uﬁmdhér n@mwﬂeamma@mmmnmmmmmmmbmmm the
b th, éltf% {gi%%é@b%&ﬁ#ﬁ%%as and allowing heat exchange from
that gas o the heat transfer In use, heat transfer fluid, for example in
the form of water or treated water, a refrigerant fluid, or an oil, or other fuel

Thgiduet ail] froais:tisroggh dhrdeser GsifeonhinadiriRdiaraphesgeara il heat

rou%ﬁpi rsiﬁé?ne@%{}g% It %%@?&Qgﬁ%‘%é gn%%g%r%gggﬁg side of

tl@ffhgatsauipm@md@ﬁhefﬂuwnﬁmfbaﬂa cieh Phaahoaeb s reufficermpdiment,
wia0lethibat sleam; ndhe gasiow &1‘?&%‘3% utangd M}%ﬁ?ﬁ% G PR car or
element 626, in the present embodiment, s pIy by gravity flow or via a
@ SOOI POM PeAt DUvRDHeStaarEher it ﬁ?@h@ﬁﬂlb@l% ersagsdosuch that the
cGlRmeAtOed, L aRsohs heat ensron Iamihe bumer oft:oasidhe it eq when
fluid flow path 614. The burner off gas is also suff|C|entIy cooled that
meguatpdifah ey appiiswienritesrsan Oireend Famsutadt thehsceesicxdbmeant 124 is
d@&%ﬂgé@gﬁgeg%gmgg%ment also by gravity flow. Alternatively, if
bacicflow Is an issue and is to be avoided, the condensate may be drained
under very slight pressure via a low pressure set one-way valve. The

Theseerbsienhierfbridribes devtotetefirlimadbbed 2acoiein gindensenbhad tiphanger
188 beptiangterflui %ﬂ@%&hﬁﬁeﬁ%f%f&w%x%ﬁvmga Bondenser heat
warmed by both gases. The two air receiving regions 612, 614 of the heat

cErbpRERjeY s ahbe airae dfop i-aampradinose (aaaé Wbﬁéﬂﬁﬁd%@ atdeine fuel cell
mYehduaeripbininingdeabniques p bis tabe 819 using éiﬂ@'ﬁrﬁ?‘{ﬁ%ﬁ‘% common

units with simple feed in and out connections. Such a type of assembly

crrdinBsidaviantagbolhs prepratiemsbasiynsithplee toresasinget isthahdscrbopt transfer
RATRPALDE BR%ERR BEDASEHaN UEEH%C@F@%EQ&MH}%W of latent

hydro-forming processes, can be made from low-cost steels, can be

hesadiydshessdoroairannis, dppncisormedn @ Thenu sl ey anemenaerand is discussed
iHlexinle ju.pagkaginodogatinnapdyolume davingia simplerfleniiebenda water,

inserted in the centre portion, Other examples of suitable heat exchangers

adffao neby AEE oA dramten T B Feeh e ein amisk on 2AsRY s il gmantabliquid or
dsabexahangeand mulisteam fsablaasfer devices. 26 In

embodiments described above, heat may be provided into the fuel cell

system by reversing the heat exchange direction across one or more of

the heat exchange elements discussed above. This approach may be

used, for example for fuel cell system start-up from cold, frost protection,
condensation avoidance or low temperature protection of the fuel cell

system. This may be achieved in a number of ways: for example, with

reference to Figure la, by reversing the direction of the blower 172 and
talcina in air via the avhariet nritlet and acrrnce the heat avehanne alement



In another such reverse heating embodiment, again with reference to
Figure la, electrical power is available to the fuel cell system when the fuel

wostisgystam is not operational. Examples include being connected aoven04156
grid or a battery device. Even though the fuel cell system is not operating,
the power electronics unit 174 may be powered from the connected
electrical power source to produce sufficient heat energy to heat the

n PG A de%?&hﬁﬁ&&@“@x% squne ghihis:heakacpssitihe aifdientabe heat

heat exchanger 122 to heat the fuel gas stream. In another embodiment,

extivergeas s Wnisrdtad sl anbipsmerersehdifisrsbduptd Hedrthadine fov
vohlgy lsa{g%gigﬁ%@.?r dheipeleah sysiem Dy thebiwet i tikhAsd @ REBMaRor via a

condensation or freezing of the ?qel cell system when the system is not in
simpbrathoke 27ringefnthete RbaiRHEoR RE TAVENALA R HECH It gphanser

cotﬁgnrfggi&n%ﬁs%%%@%ﬁ@ﬁ%ﬂ@ﬁg%ﬁiwm&a@&w@m@mmm% the

ne heat transfer tluid. In an embodiment, the deﬂi?%n of such a heat

thiramafcoascloanige e irerpalidwasfsough Piskadheoha Fastipnsrce. The
o&'{%igﬁ\ééﬁh@&é%%6&%&&%%9%@6&9@@99%%&55&@&%6@} eaahRedre the

exchange zone hasa controllable rate of heat exchag‘ae fluid flowing )
fugironlt isyRteandihertemboEntepmbinedirseumid SNY tht UGIFIhh ddeeneration

sygz f%ﬁ%%@%ﬁ;ﬂ%ﬁl@ﬁ@%ﬁ@%@ SrE8IeNIE arangediaaibab iR deal an arca

xchange fluids each controllably pass through separate enclosures in th

a Ksigt e Ernbreve lbmentasdineat tHeY %fw@ﬁ%&cmaam%cﬂ%ﬁ&%@?mgﬂa or
195 the different heat exchange flids ig.controllable, to controllably remove

at at different rates. The present invention has been described purely
by way of example, and various modifications, additions and/or omission

Tmmmﬁ@%@m@m@@%@%ﬁ%&xmﬁﬁ,1§ﬁ>o¥%ﬁﬁﬁ:ﬁ0%&ﬁ%aﬂdofﬁff fo the
<Lha dnvantiondagstherwitstheingguivalants. Uless the gontaxtcdp@tyned and

Indicates otherwise, the words "comprise”, "comprises”, "comprisin%‘ and

storsdilie Hre tomsenAE R SYRRSIAFRATCIRIV &S D A0Sy (RIS 35 TEHGE 198188 steam
obfi e SPNSEh cialidingelAahlimied to". 100 fuel cell system 110

fuel cell stack assembly 120 heat exchange system 122 air heater heat
exchange unit 124 fuel cell heat recovery/burner. off gas condenser heat

Faxerrinteing dvaisidaems P Heeusndentae tha sl grligdie water can be reused n

the reforming process. This reduces, and can eliminate in some embodiments, the need
for a separate supply of water to the fuel cell system as a whole. Because of this,
significantly less processing is required for water used in the system, which results in
smaller processing (e.g. softening) unit requirements, and overall size of the system.
Heat energy remaining in the recovered water can also be used to ensure that the water

systemn temperature as a whole remains above the freezing temperature of water.

The burner off-gas stream leaves the heat exchanger system 120 and passes though an
optional non-return valve (not shown) before exiting the unit to via an exhaust flue

assembly to atmosphere or another extraction system.

In the present embodiment, an additional integrated condenser heat exchanger and
burner assembly 160 is incorporated in the system. Such a umit is similar to an
integrated condenser heat exchanger and burner assembly found in domestic condensing
boiler units. This unit has a separate fuel feed. The integrated condenser heat exchanger

and burner assembly 160 can run independently of the fuel cell system 100 but is




130 burner/reformer unit 132 burner 134 reformer 136 steam/fuel gas
mixer 138 reformer heat exchanger 139 steam generator 140 air
wopediesting unit 142 air pre-hcater heat exchanger 28 144 stant/GpAo0Tioes1s6

20
contained within the same system envelope, being controlled by the control electronics
that are common to both the fuel cell system 100 and the integrated condenser heat
- exchanger and bumner assembly 160. The fuel feed does not nebessan'ly require
desulphurisation if sulphur compounds are present in the fuel gas. Such an additional
heat exchanger allows for additional thermal energy to be provided to the thermal store
or heat load, and for additional condensing to occur if required either for additional
energy recovery or for the provision of condensed water. Independent but linked
integrated burner and condenser heat exchanger unit that affords additional heat output
independent of the fuel cell. This independent additional heat exchanger can also supply
additional condensing water if the condensing system includes a suitable contaminant

removal set-up to remove any sulphur or nitrous or similar related contaminants.

The integrated condenser heat exchanger and burner assembly 160 has its own pump or
blower fed air supply. The air is supplied to the integrated condenser heat exchanger
and burner assembly 160 from the environment via an optional air filter unit (not
shown) and a controllable air blower. The filter can be mounted on the frame
surrounding the system. The air is drawn through the wnit to the air blower with
minimal pressure losses. On its way through the unmit, if the direction of air flow is
controlled, the air can pick up heat from hot surfaces / heat exchangers that it comes in
contact with. In addition, the integrated condenser heat exchanger and bumer assembly
160 has its own circulation pump that circulates the heat transfer fluid from the thermal
load or thermal store. This may be the same as the heat transfer fluid used in the anode
off-gas condenser heat exchanger 126 and fuel cell heat recovery heat exchanger 124.
The load can be a thermal store or a heat radiator assembly such as an radiator for
automotive applications, a radiator for shipping container heating or cooling, or a

radiator for a space heating system such as that found in fypical domestic or office

situations.

In this way the integrated condenser heat exchanger and burner assembly 160 can

operate independently from the fuel cell system 100 and yet still meet thermal demands

from the source or load.

The electricity produced by the fuel cell stack assembly 110 is fed via the power

electronics unit to the electrical load or loads. Some of this power can be taken to feed




150 condensation water storage tank 160 integrated condenser heat
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wohgatexghanger 180 air by-pass variable control valve 132 byqpaesine /004156
210 first fluid flaw path 212 second fluid flow path 214 third fluid flow path
216 fourth fluid flow path 222 further heat exchange element 224 second
heat exchange element 226 first heaéxchange element 380/480

additional heat exchange element 412 id.fl | !
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load grid and taking power back off the load grid.

An alternative reformate feed to Figure 1a is shown in Figure 1c. Here the reformer heat
exchanger 138 is removed and thus by doing so the output of the reformer is not cooled
by the reformer heat exchanger, but-flows via at least one fluid conduit to the fuel cell
stack assembly 110. The fluid conduit may be so designed to allow sufficient reformer
output temperature reduction such that the reformate entering the fuel cell stack
assembly is of the right temperature, and is below that at which it leaves the reformer
134. With such an alteration, the design of reformer unit 134 may be altered to allow for
the loss heat energy from the missing reformer heat exchanger 138. The system design

alteration in Figure 1c is applicable to all of the system layouts here disclosed.

A simplified diagram showing a heat exchange system for use in the fuel cell system of
Figure 1a, having separated anode and cathode/bumner off-gases is shown in Figure 2a.
Three heat exchangers are shown. These are a first heat exchange element 226 which
may be, for example, the anode off-gas condenser heat exchanger 126 of Figure 1a, a
second heat exchange element 224 which may be, for example, the fuel cell heat
recovery/burmer off-gas condenser heat exchanger 124 of Figure la and a further heat
exchange element 222 which may be, for example, the air heater heat exchanger 122 of
Figure 1a. Further, four fluid paths are shown. These are 1. 2 first fluid path 210 of heat
transfer fluid through the first heat exchange element 226 and subsequently through the
second heat exchange element 224; 2. a second fluid path 212 through the further heat
exchange element 222 and subsequently through the first heat exchange element 226; 3.
a third fluid path 214 through the second heat exchange element 224; and 4. a fourth
fluid path 216 through the further heat exchange element 222.

The first fluid flow path 210 comes to the first heat exchange element 226 from a cold
side of a thermal store or heat rejection device or umit, and exits the second heat
exchange element 224 to a warm side of a thermal store or radiator heat rejection device
or unit. The first fluid is water in the present embodiment. The thermal store might be a
domestic water heating store, and or might be a domestic heating system. Various other

options are described herein and further options will also be apparent to one skilled in
the art.




610 tube (first fluid flow path) 612 second fluid flow path 614 third fluid
flow path 626 first element 624 second element MC S LIP 29 CLAIMS

WO% {% %‘t d of altering the temperature of off-gases exiting @tleagb@®o4156
uel cell stack, the at least one fuel cell stack having separate anode and

cathode off-gas flow paths, the method comprising: passing separate
anode off-gas from the at least one fogl cell stack and at least one heat
transfer fluid through a first heat exchange element to exchange heat

between the anode off sandt id;
The second fluid flow path comeshte ‘3;[ I%ux%tmer% ee%(tc re%{]g%f% Ilﬁlégt 222 from an

anode side active area of a fuel cell system, and subsequently exits the first heat
exchange element 226 to a burner of a fuel cell system, for example as shown in Figure

1a. The second fluid is anode off-gas from the fuel cell.

The third fluid flow path 214 contains bumner off-gas and comes from a pre-heater
burner to the second heat exchange element 224, and exits as exhaust. The fourth fluid
flow path 216 is air, which is passed through the further heat exchange element 224 and
is then output to be used in the air side flow of the fuel cell. The capacity of heat
exchange for each element can be varied by sizing as appropriate, and by varying the
relative flow rates of the two fluids and/or the entry temperature of the heat transfer
fluid to the first heat exchanger. An example of such control could include, for instance,
a variable speed heat transfer fluid pump and/or a variable thermal output control device
(such as aradiator and fan unitin a car) through which the heat transfer fluid flows prior
to entering the first heat exchanger unit). Further, the overall heat exchange of the two
units 224, 226 can be varied by changing the flow rate of the heat transfer fluid.

In operation, hot anode off-gas flows from the fuel cell along the second fluid path 212
through the further heat exchange element 222. Heat is exchanged from the anode off-
gas to the air drawn in to tﬁe system along the fourth fluid path 216. Heat is passed
from the anode off-gas to the air in the further heat exchange element 222, cooling the
anode off-gas and warming the air before it enters the fuel cell assembly. The further
heat exchange element 222 is a gas-gas heat exchanger. The anode off-gas then
contimues along the second fluid path 212 to the first heat exchange element 226, which
receives heat transfer fluid in the form of water along the first fluid flow path 210. The
anode off gas is further cooled by the first heat exchange element 226, which is a
condenser heat exchanger, and so removes latent heat of fusion energy from the anode

off-gas. The heat transfer fluid is warmed in this heat exchange.

The heat transfer fluid then passes along the first fluid path 210 to the second heat
exchange element 224 and receives heat energy from the burner off gas in the third fluid

flow path 214. The second heat exchange element 224 is also a condenser heat




passing the separate anode off-gas from the first heat exchange element

to a burner 10passing the separate cathode off-gas exiting the at least
woRiesiyeheell stack into said burner; and burning the combingg-groste@nd4iss

cathode off-gases to produce burner off-gas; and passing burner off-gas

and the at least one heat transfer fluid through a second heat exchange

element to exchange heat between th&burner offigas and the at least one

heat 15transfer fluid. , hod.accordj ' ek
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second heat exchange element cools the burner off-gas and heats the at

least o eé'xeat ranster fluid, 20 ' Y Bnbined
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itementio anitexhaadtyrther embodiment, the further heat exchange unit 222 is also
incorporated into the single unit. In a further embodiment, the first and further heat

exchange units 226 and 222 are incorporated into a single unit.

In an alternative embodiment, shown in Figure 2b, the further heat exchange element
and the fourth fluid flow path of Figure 2a are omitted, the second fluid flow path being
through the first heat exchange element only.

Tn a further alternative embodiment, shown in Figure 2c, the second heat exchange
glement of Figure 2a is omitted, and the first fluid flow path is through the first heat

exchange element only.

In a further alternative embodiment, shown in Figure 2d, both the second and further
heat exchange elements of Figure 2a are both omitted. In this embodiment, the second

flnid flow path is from the fuel cell stack, and through the first heat exchange element.

In each of Figures 2, 2b, 2¢, and 24, the references to condensate may be omitted if no

condensate is generated by the heat exchange elements.

A further embodiment will now be described with reference to Figure 3. In this
embodiment, which, referring to Figure 1a, has like elements being referred to with like
references, an additional gas-gas heat exchanger unit 380 is inserted between the anode
off-gas heat exchanger 126 and the burner 132. This additional gas-gas heat exchanger
380 uses air that is being pulled into the cathode air feed to the fuel cell system
upstream of any heat being added to the air stream, i.e. before the power electronics heat
exchanger 174, as shown. The additional cooling offered by the air flow affords
additional condensing to occur from the anode off-gas before it is refurned to the bumner
132 and as such may raise the overall operating efficiency of the system. In an
alternative, air that is being blown into the integrated burner condenser 160, may be

used as the cooling intake for the additional heat exchanger 380. Further, in this




5. A method according to claim 1, wherein condensate from the burner
off-gas is formed in and output from the second heat exchange element.

Wog@ﬁ?%mgd according to claim 1, wherein the second heat gxchaad6,7/004156
element receives the heat transfer fluid after it has been output from the

first heat exchange element. 7. A method according to claim 2,
wherein condensate from the anode offgas is formed in and output from
the first heat exchange eleme 8. A method according to claim I.
it

e A I0AS, O oA, B3 e EEHEAE JOTSTeh S5ir Ao RegieLfproneh he

mevepeRings et eeateftigerant floi, anikireezesfuid: wpixesflyids, fuel and
air. MCS1.1. P 30 9. A method according claim 1, wherein the first

xchange element receiyes a plurality of heat transfer fluids. .
J\l %[a? exoﬁl ge system emgo ying tge mve)élgon and contaming such an additional

heat exchange element is shown in Figure 4. Figure 4 corresponds to Figure 2a, with
the exception that the additional heat exchange element 480 is provided in a slightly
modified second fluid flow path 412, after the first heat exchange element 126, and a
fifth fluid flow path 418 is provided, through the additional heat exchange element 480.
This results in more condensate, and hence more heat, being removed from the anode

off-gas flowing through the second fluid flow path 412,

In a further embodiment, the pipe carrying the anode off-gas from the anode off-gas
condenser heat exchanger to the burner runs on the outside surface of the system
assembly, exposing the pipe to ambient environmental temperatures such as the
surrounding air, or foreced air flow or even water if, for example the pipe became part of

a hull of a ship or similar aspect that is below the water line.

Another embodiment of this additional gas-to-gas heat exchanger 380 is shown in
Figure 5, elements corresponding to those described with reference to Figure 1a, have
the same reference numeral. In this embodiment, the power electronics heat exchanger
174 is cooled by air for the integrated condenser burner 160 and/or for the fuel cell
assembly 110. The flow of air can also go through a further additional air cooled heat
exchanger 590 to provide additional cooling and hence provide an additional

condensing effect.

Figure 6 shows combined first and second, or anode off-gas and fuel cell heat TECOVEry
condenser heat exchange elements 624, 626 according to an embodiment of the
invention, which may be as shown in a previous embodiment. In this embodiment, a
common tube 610 defines a first, heat transfer, fluid flow path, which carries the heat
transfer fluid. This tube diameter and thickness can be continuous or varied or have
heat exchange feature added to enhamce or control heat exchange, such as fins or
turbulence enhancing features, to match thermal exchange requirements of the
combined heat exchanger unit based on the application specification and the

temperatures of the heat exchanger fluid flows. The first heat exchange element 626



10. A method according to claim 9, further comprising independently

controlling the rate of flow of each of the heat transfer fluids to optimize
WO%%/M@ge 5to or from the heal transfer fluids. 11. Aynetaedoo7/004156

according to claim 1, further comprising passing the separate anode

off-gas through a further heat exchange element before it is received by

the first heat exchange element, the fgsther heat exchange element

exchanging heat between the anode off-gas and a flow _of fluid. 1012. A
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according to claim 11 , wherein the flow of fluid into the. fyrther heat
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the cathode off-gas. 1514. A method according to claim 1, wherein the

ﬂ’é‘é]erating temperature of the fuel cell is between 450C and 650C. 15.
A method according to claim 5, wherein condensed water is recycled and
Hsed taseform Me! befareitrestarsihe fiueheelfgh of wherAofuakesll water, 2
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first element 626 and then to and throngh the second element 624. As the heat transfer

fluid flows through the first element 626, it absorbs heat energy from the anode off-gas
in the second fluid flow path 612, The anode off gas is sufficiently cooled that steam mn
the gas flow condenses out and runs out of the first element 626, in the present
embodiment, simply by gravity flow or via a scavenge pump. As the heat transfer fluid
flows through the second element 624, it absorbs heat energy from the burner off-gas m
the third fluid flow path 614. The burner off gas is also sufficiently cooled that steam in
the gas flow condenses out and runs out of the second element 624, in the present
embodiment, also by gravity flow. Alteratively, if backflow is an issue and is to be
avoided, the condensate may be drained under very slight pressure via a low pressure
set one-way valve. The gases exit the first and second element 626, 624, having been
cooled by the heat transfer fluid, and the heat transfer fluid exits having been warmed

by both gases.

The two air receiving regions 612, 614 of the heat exchangers can be joined, for
example by welding or brazing or other such material joining technique, to this tube 610
using simple covering units with simple feed in and out connections. Such a fype of
assembly may be advantageous in that it is very simple to construct as it has few
components, and can be mass manufactured, for mnstance by using hydro-forming
processes, can be made from low-cost steels, can be readily sized for differing
applications and thermal requirements and is flexible in packaging location and volume,
having a simple, flexible bend inserted in the centre portion. Other examples of suitable
heat exchangers are a stamped, machined or etched plate heat exchanger, shell and tube

heat exchanger and multi-stream heat transfer devices.




a first heat exchange element coupled to receive anode off-gas which has
been output from the at least one fuel cell stack anode off-gas outlet, the

fi change element for exchanging heat between thg a0e€¢.07/00415¢
Woo% -J}g%%%f%({)?n the at least one fuel cell 25stack and the at least one heat ’

transfer fluid; a burner configured to receive and combine anode
off-gas exiting the first heat exchange,glement and cathode off-gas exiting
the at least one fuel cell stack and combust Sante to produce burner

Trofrglasiiammts destuitnerabonip risipgarycke il e RiRaigiutb sriheystem by
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urner; the second heat exchange element for exchanging heat between
dibebasrhabwie. gBimmptnechaar AR iRy, haealsTen el colf sysigg start-up

ﬁ%l%q syRiem ageotding fo claim LG whosemdbe di jh eahs¥ehaRgRotection of the

ementis configured to cool the anode off-gas, and heat the heat transfer |
fiielickell sygem. fidlicamayhenteierrding fo BRIACT 2thuast fdagxample, with

rEXE0ANIS glgﬂf}s %Pﬁ#ﬂ%&@{sfﬁg Weingthe @perating iRRPe By efithe in air via
urner. 519.A fuel cell system according to claim 16, wherein the second
thesgrhaust outlet and across the heat exchange element 124 which 1s receiving heat
transfer fluid from a thermal store or radiator at a higher temperature than the air
entering the exhanst. Thus the incoming air is heated and passed in reverse through the
syster at such a rate as to prevent freezing or condensafion occurting within the fuel
cell system. Such an embodiment, might be used for example in an automotive APU
application, where the heat transfer fluid can pick up heat from the hot automotive
exhaust or the hot side of the engine cooling circuit. In addition, the air entering via the
fuel cell system exhanst may be taken from across the engine exhaust or even from the
engine exhaust stream itself. Such operations might occur continuously whilst the fuel
cell is not in full operating mode, or be on a timer cycle, or be triggered by certain
monitored conditions. Such monitored conditions could include when the fuel cell
system temperature drops below a certain temperature (which might be 3 or 5°C for
frost protection), or could be a measurement of humidity and temperature difference
between the fuel cell system and the temperature of the environment (for condensation

protection, for example).

In another such reverse heating embodiment, again with reference to Figure la,
electrical power is available to the fuel cell system when the fuel cell system is not
operational. Examples include being connected to the grid or a battery device. Even
though the fuel cell system is not operating, the power electronics unit 174 may be
powered from the connected electrical power source to produce sufficient heat energy to
heat the incoming air and then exchange some of this heat across the air heater heat
exchanger 122 to heat the fuel gas stream. In another embodiment, the heat thus
generated by the power electronics is used to heat the air circulated through the fuel cell
system by the blower wnit 172 to prevent condensation or freezing of the fuel cell

system when the system is not in operation.




exchange element is configured to cool the burner oil-gas and heat the
heat transfer fluid. 20.A fuel cell system according to claim 16, wherein the

W&%@%@ﬁ?ﬁt exchange element comprises a condensing hegicexghang®iosise
1021.A fuel cell system according to claim 16, wherein the heat exchange
fluid flow path is defined by the first heat exchange element followed by
the second heat exchange element, foy passing heat transfer fluid into,

through and out of the first heat exchange element an b tly int
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Is adapted to receive a plurality of heat transfer fluids. 23. A fuel ceIJE 1
em@m%cébairﬁﬁ%la%%@Wh&?&?ntfﬁésfsﬁ“st% PSR AR LIy tmoueh
pEIRYisesd feRdensing heat exchanges: two BdstAduphgel| systedesigned such

according claim 16, wherein the first heat transfer xchange elementis .
el p56H h@%@@b@g%%ﬁgﬁ&a@f%g% - FiR gzio Reat exc%ange rﬁu{;'it Bowing

through it. In another embodiment, the first fluid flows through the heat transfer
exchange element and the element is arranged so that the heat exchange fluids each
controllably pass through separate enclosures in the heat exchange element so that they
do not mix. In embodiments the flow of the different heat exchange fluids is

controllable, to controllably remove heat at different rates.

The present invention has been described purely by way of example, and various
modifications, additions and/or omissions will present themselves to one skilled in the

art, all of which form part of the invention, together with their equivalents.

Unless the context clearly indicates otherwise, the words “comprise”, “comprises”,

“comprising” and the like are to be interpreted in an inclusive, rather than exhaustive

sense i.e. the sense of “including, but not limited to”.

100 fuel cell system

110 fuel cell stack assembly

120 heat exchange system

122 air heater heat exchange unit

124 fuel cell heat recovery/bumer off gas condenser heat exchanger
126 anode off gas condenser heat exchanger
130 bumner/reformer unit

132 burner

134 reformer

136 steam/fuel gas mixer

138 reformer heat exchanger

139 steam generator

140 air pre-heating unit

142 air pre-heater heat exchanger




25. A fuel cell system according to claim 16, further comprising a further
heat exchange element coupled between the at least one fuel cell stack

woHIeslgs9f-gas outlet and the first heat exchange element, fopfqadggAbei1s6
. temperature of the anode off-gas before it enters the first heat exchange

element. 2526.A fuel cell system according to claim 25, wherein the
further heat exchange element is a gag-gas heat exchanger. 27. A fuel
cell system according to claim 25, wherein the first and further heat

14 elrErige BIEents are integrated into a single unit.  28. A fuel cell

15yslemasaidng:te a@imdlenwherein the first and second 30heat
exchange elements are integrated i single unit. 29. A fuel cell

nto t
16y s AlcdoreRigRrEhamh %PGW@E&%T%WEP&E?W?Q solid oxide fuel
19elir MGwed2 30,A fuel cell system according to claim 16, wherein the fuel

1'? f llla(lziver electronics heat exchanger

180 air by-pass variable control valve

182 by-pass line

210 first fluid flow path

212 second fluid flow path

214 third fluid flow path

216 fourth fluid flow path

222 further heat exchange element

224 second heat exchange element

226 first heat exchange elemenf

380/480 additional heat exchange element
412 second fluid flow path

418 fifth fluid flow path

590 further additional air cooled heat exchanger
610 tube (first fluid flow path)

612 second fluid flow path

614 third fluid flow path

626 first element |

624 second element
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configured to operate between 450C-650C 31. A fuel cell system
according to claim 20, wherein the system is configured to recycle water

from the condensing heat exchanger(s) and provide the Swater to a MCS
reformer for reforming fuel before it enters the fuel cell(s). 32. A fuel

cell system according to claim 16, configtired to be operated in a marine
environment. 33. A fuel cell system according to claim 16, configured
tolb&ldfferated in an automotive environment. 1034. A fuel cell system

according to glaimy 10, genfiglied o.e pperateskitap.aer QRARICA! least one fuel

environment. 35. In a fuel cell system having separate anode and
saihodckothgasloutereddl tellyraksdring saneait spdrankeniedelieas flow

&%%Seﬁggmdsyms%@prising: a first condensing heat exchange

ement coupled to receive anode off-gas from 15 the anode off-gas outlet
of the apdesiseorrafats weirstatikess fienubr sblrayseamurir Hbslptfandet least

;%r;filg R UKol wolollcle kol ale (sl RTeE IS sate fran theoRnadenelt-Basveen

warmed heat transfer fluid from the first heat exchange element; and

disurmedecolligetiasitie ﬂ?é@%ﬁéﬁﬂ@%@ﬁhﬁw%ﬁd’éﬁiﬂ to receive cooled
anode g'sgﬁl% iR firshbgab axchanas slementandcatinde Rtheaso a

exiting the at Teast one fuel 20cell stack and combust same to produce
Hummet:off-gas; and a further heat exchange element coupled between

the at leastonefuel callstankanade. pikgasiRuilet andathe drshbeall stack into

exchange element and coupled to receive cathode side feed gas before it
etaidramsiagisast one fuel cell stack, for reducing the temperature of the

anode qffigashefarsnianierm e kst heal®xaange eepedicdPurner off-gas;

ee)t(rfdhggs%li?lg Q\?r%ter off-gas and the at least one heat transfer fluid through a second heat
exchange element to exchange heat between the burner off-gas and the at least one heat
transfer fluid.

2. A method according to claim 1, wherein the first heat exchange element
cools the anode off-gas and heats the at least one heat transfer fluid.

3. A method according to claim 1, wherein the second heat exchange element
cools the burner off-gas and heats the at least one heat transfer fluid.

4. A method according to claim 3, wherein the cooled burner off-gas is
output from the second heat exchange element to an exhaust.

5. A method according to claim 1, wherein condensate from the burner off-
gas is formed in and output from the second heat exchange element.

6. A method according to claim 1, wherein the second heat exchange
element receives the heat transfer fluid after it has been output from the first heat
exchange element.

7. A method according to claim 2, wherein condensate from the anode off-
gas is formed in and output from the first heat exchange element.

8. A method according to claim 1, wherein the at least one heat exchange fluid

is chosen from a group comprising: water, refrigerant fluid, anti-freeze fluid, mixed

fluids, fuel and air.
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25with the cathode side feed gas. 36.In a fuel cell system having separate

anode and cathode off-gas outlets and flow paths from at least one fuel

cell stack, a heat exchanger system comprising: a first condensing MCSLLP
heat exchange element coupled to receive anode off-gas from the anode

off-gas outlet of the at least one fuel celb&tack and heat transfer fluid, and

30output cooled anode off-gas, condensate from the anode off-gas and
warmed heatArarshier fgichfidng theirst Weeicaxdivdimgehsid mehengtcismt

%éc%\%*sm%ﬁu g};%(:(# %Lgamgaﬁ%?émggxchange element to receive cooled

anode off- gas e first heat exchange element and cathode off-gas
exiting tHe at lbaretbnd fuedusblistackesnd domsisesTising péngadently

b%ﬂﬁ%ﬁﬁ@ﬁ%’r@@dof flow of each of the heat transfer fluids to optimize heat exchange
to or from the heat transfer fluids.

11. A method according to claim 1, further comprising passing the separate
anode off-gas through a further heat exchange element before it is received by the first
heat exchange element, the further heat exchange element exchanging heat between the
anode off-gas and a flow of fluid.

12. A method according to claim 11, the further heat exchange element cooling

the anode off-gas and warming the flow of fluid.

13. A method according to claim 11, wherein the flow of fluid into the further
heat exchange element is a flow of cathode side feed gas, which cathode side feed gas
subsequently enters the at least one fuel cell stack and exits as the cathode off-gas.

14. A method according to claim 1, wherein the operating temperature of the
fuel cell is between 450°C and 650°C.

15. A method according to claim 5, wherein condensed water is recycled and
used to reform fuel before it enters the fuel cell(s).
16. A fuel cell system, comprising:

at least one fuel cell stack having separate outlets and flow paths for flow of
anode and cathode off-gases respectively;

a first heat exchange element coupled to receive anode off-gas which has been
output from the at least one fuel cell stack anode off-gas outlet, the first heat exchange
element for exchanging heat between the anode off-gas from the at least one fuel cell
stack and the at least one heat transfer fluid;

a burner configured to receive and combine anode off-gas exiting the first heat
exchange element and cathode off-gas exiting the at least one fuel cell stack and
combust same to produce burner off-gas; and

further comprising a second heat exchange element, coupled to receive the heat
transfer fluid and burner off-gas from the burner, the second heat exchange element for

exchanging heat between the burner off-gas and the heat transfer fluid.
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a second condensing heat exchange element coupled to receive burner
off-gas, 5and the heat transfer fluid, and output cooled burner off-gas,
condensate from the burner off-gas and warmed heat transfer fluid from
the second heat exchange element. 37. In a fuel cell system having
separate anode and cathode off-gas oullets and flow paths from at least
one fuel cell stack, a heat exchanger system comprising: a first
condensihg haaekctiangecaiernant taupleli idceiberamnctie ioft daal frorhange
Lo0gAnRde Aflgas Aulshiahiheatdepplane el aehinch A et
transter fluid, and output cooled anode off-gas, condensate from the

anode dff-gastafitthvathiesidreateranistetdieldfrdm the first hrsdesserigsgdement
e\f?e%%%r reduc Ig %Q%%g%ﬂg%mpg}gtﬁféB?% FxgRange element to

receive cooled anode off-gas from the first heat exchange element and
cathodéd ®ff-gasfusitied fstamiegetrding foellaisedh sedwkean e sapndheat
S%Q&ﬁa'a?tggfa%%ﬁtqymﬁgﬁfgé% coolARAGANE CANYGOSINORGAH DRI fer
element'coupled to receive burner off-gas, and the heat transfer fluid, and
otlwdt cooled burner off-gas, condensate from the burner off-gas and
warmedfeat Jansferfl %Wé%é@&&%g%@@%ﬁ%%@h@%@ glegentdanda
further heat exchange element coupled in the anode off-gas fluid flow path
Zﬁmbm%ﬁlﬁ_ﬂfélé@ﬁwélﬁﬂéﬂé@lﬁ@‘?&&‘l@&h@ﬁfﬁé‘fﬁ%‘ﬂ%ﬁ‘éat exchange

element, configyied dq)r hesemperatiia afdheirRRAde R8RS xchange fluid

passing Merethrough before it enters the first heat exchange element.
flow path is defined by the first heat exchange element followed by the second heat
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exchange element, for passing heat transfer fluid into, through and out of the first heat
exchange element and subsequently into, through and out of the second heat transfer
element.

22. A fuel cell system according to claim 16 , wherein the second heat
exchange element is adapted to receive a plurality of heat transfer fluids.

23. A fuel cell system according to claim 16, wherein the first heat exchange
element comprises a condensing heat exchanger.

24. A fuel cell system according claim 16, wherein the first heat transfer
exchange element is adapted to receive a plurality of heat transfer fluids.

25. A fuel cell system according to claim 16, further comprising a further heat
exchange element coupled between the at least one fuel cell stack anode off-gas outlet
and the first heat exchange element, for reducing the temperature of the anode off-gas
before it enters the first heat exchange element.

26. A fuel cell system according to claim 25, wherein the further heat
exchange element is a gas-gas heat exchanger.

27. A fuel cell system according to claim 25, wherein the first and further
heat exchange elements are integrated into a single unit.

28. A fuel cell system according to claim 16, wherein the first and second
heat exchange elements are integrated into a single unit.

29. A fuel cell system according to claim 16, wherein the fuel cell is a solid

oxide fuel cell.
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38. In a fuel cell system having separate anode and cathode off-gas
outlets and flow paths from at least one fuel cell stack, a heat exchanger
system comprising: 25a first condensing heat exchange element coupled
to receive anode off-gas from the anode off-gas outlet of the at least one
fuel cell stack and at least one heat trans¥fer fluid, and output cooled
anode off-gas, condensate from the anode off-gas and warmed heat
transfedfluid flofmelhe fistsheanesolange eleimeht; whdreifulthéedheall is

e)é%%%g?e (?) E ?@H%@e‘ﬁ Jogranageoff-gas fluid flow path 30 between

at least one stack and the first heat exchange element, configured

to reduclthe Aefplereivresishtinecantide oftlgin passirgeicteroiam s
oedgie et e Iehie sl A hANIR ISRk MERIHR RS and ISR e

the further heat eéxchange element receives a flow of e side feed
gasievkiohrsiibsegdentyiemars e befergst spemudecdiplseabieand exits

as cathoge ofkgast cell s %%nﬁ@@@%ﬁ ef allging t@@n@?&?@d’%%@ é}:ferated ina

off-gases exiting at Ieast one fuel 5cell stack, the at least one fuel cell
staeR s Wepeithte anode and cathode off-gas flow

33. A fuel cell system according to claim 16, configured to be operated in an

automotive environment.

34. A fuel cell system according to claim 16, configured to be operated in an

aeronautical environment.
35. Ina fuel cell system having separate anode and cathode off-gas outlets
and flow paths from at least one fuel cell stack, a heat exchanger system comprising:

a first condensing heat exchange element coupled to receive anode off-gas from
the anode off-gas outlet of the at least one fuel cell stack of the fuel cell system and heat
transfer fluid, and output cooled anode off-gas, condensate from the anode off-gas and
warmed heat transfer fluid from the first heat exchange element; and

a burner coupled to the first heat exchange element to receive cooled anode off-
gas from the first heat exchange element and cathode oft-gas exiting the at least one fuel
cell stack and combust same to produce burner off-gas; and

a further heat exchange element coupled between the at least one fuel cell stack
anode off-gas outlet and the first heat exchange element and coupled to receive cathode
side feed gas before it enters the at least one fuel cell stack, for reducing the temperature
of the anode off-gas before it enters the first heat exchange element, by exchanging heat
with the cathode side feed gas.

36. In a fuel cell system having separate anode and cathode off-gas outlets

and flow paths from at least one fuel cell stack, a heat exchanger system comprising:

a first condensing heat exchange element coupled to receive anode off-gas from
the anode off-gas outlet of the at least one fuel cell stack and heat transfer fluid, and
output cooled anode off-gas, condensate from the anode off-gas and warmed heat

transfer fluid from the first heat exchange element;
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paths, the method comprising: passing separate anode off-gas from
the at least one fuel cell stack and at least one heat transfer fluid through
a first heat exchange element to exchange heat between the anode
off-gas and the at least one heat transfer fluid; 10passing the separate
anode off-ga.s from the first heat exchabge element to a burner; passing
the separate cathode off-gas exiting the at least one fuel cell stack into
said buartentercampiinEtwvitk et Angdedfingas kntwdmmgst te grelddcaode off-
burner off-gas; further comprisi ' -

LA e e e S oaniae by e e T
firell kak exdhangeisiement; thedusthairheari&askatte element

exchaﬂgin&#}gasvs@%%%ﬁgg heanedg of-aasand ufiry of dish @btrmer off-gas,

wherein the d into the further heat exchange element is a flow of
caitih duiehsiderfesthyEsidyhichootthooo kid b vey gszantssadeeriy Gamere burner

tG?f%%ea%%t Lne29Mel el stagk g sxisas dhrisriiedenif@asement.

37.  In afuel cell system having separate anode and cathode off-gas outlets

MCSLLP

and flow paths from at least one fuel cell stack, a heat exchanger system comprising:

a first condensing heat exchange element coupled to receive anode off-gas from
the anode off-gas outlet of the at least one fuel cell stack and heat transfer fluid, and
output cooled anode off-gas, condensate from the anode off-gas and warmed heat
transfer fluid from the first heat exchange element;

a burner coupled to the first heat exchange element to receive cooled anode off-
gas from the first heat exchange element and cathode off-gas exiting the at least one fuel
cell stack and combust same to produce burner off-gas;

a second condensing heat exchange element coupled to receive burner off-gas,
and the heat transfer fluid, and output cooled burner off-gas, condensate from the burner
off-gas and warmed heat transfer fluid from the second heat exchange element; and

a further heat exchange element coupled in the anode off-gas fluid flow path
between at least one fuel cell stack and the first heat exchange element, configured to
reduce the temperature of the anode off-gas passing therethrough before it enters the
first heat exchange element.

38. In a fuel cell system having separate anode and cathode off-gas outlets and
flow paths from at least one fuel cell stack, a heat exchanger system comprising:

a first condensing heat exchange element coupled to receive anode off-gas from
the anode off-gas outlet of the at least one fuel cell stack and at least one heat transfer
fluid, and output cooled anode off-gas, condensate from the anode off-gas and warmed
heat transfer fluid from the first heat exchange element; and

a further heat exchange element coupled in the anode off-gas fluid flow path
between at least one fuel cell stack and the first heat exchange element, configured to
reduce the temperature of the anode off-gas passing therethrough before it enters the

first heat exchange element,
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40. A fuel cell system, comprising: at least one fuel cell stack having

separate outlets and flow paths for flow of anode and cathode off-gases Me

respectively; a first heat exchange element coupled to receive anode

off-gas which has been 25output from the at least one fuel cell stack

anode off-gas outlet, the first heat exchafge clement for exchanging heat

between the anode off-gas from the at least one fuel cell stack and the at

least onbdeiat trafsfieflbid! exclamrmbnronfigeriedste foceiieahade side feed

gaﬁﬁmgxlf el%gc?t?ods% %@f@lr?fseit)é'}m%etgﬁgﬁtt %%@%89@%@1@&%@%&%%@% oft-
-gas exiting the at least one fuel cell stack and 30combust

samme to produce burner off-gas; and a further heat exchange element

COUpIEd}Q.etWE‘?gﬁmgcﬁéfl %ﬂglgg %@@&ﬁ&ﬁﬁ%%?B%%&Qﬁ%&é’gﬁeﬁﬁ%ne fuel

the first heat exchange element and coupled to receive cathode 35

cell stack, the at least one fuel cell stack having separate anode and cathode off-gas flow

paths, the method comprising:

passing separate anode off-gas from the at least one fuel cell stack and at least one

heat transfer fluid through a first heat exchange element to exchange heat between the
anode off-gas and the at least one heat transfer fluid;

passing the separate anode off-gas from the first heat exchange element to a
burner;

passing the separate cathode off-gas exiting the at least one fuel cell stack into
said burner to combine with the anode off-gas and combust to produce burner off-gas;

further comprising passing the separate anode off-gas through a further heat
exchange element before it is received by the first heat exchange element, the further
heat exchange element exchanging heat between the anode off-gas and a flow of fluid;
and

wherein the flow of fluid into the further heat exchange element is a flow of
cathode side feed gas, which cathode side feed gas subsequently enters the at least one
fuel cell stack and exits as the cathode off-gas.

40. A fuel cell system, comprising:

at least one fuel cell stack having separate outlets and flow paths for flow of
anode and cathode off-gases respectively;

a first heat exchange element coupled to receive anode off-gas which has been
output from the at least one fuel cell stack anode off-gas outlet, the first heat exchange
element for exchanging heat between the anode off-gas from the at least one fuel cell
stack and the at least one heat transfer fluid;

a burner configured to receive and combine anode off-gas exiting the first heat
exchange element and cathode off-gas exiting the at least one fuel cell stack and
combust same to produce burner off-gas; and

a further heat exchange element coupled between the at least one fuel cell stack

anode off-gas outlet and the first heat exchange element and coupled to receive cathode



side feed gas before it enters the at least one fuel cell stack, for reducing
the temperature of the anode off-gas before it enters the first heat
exchange element, by exchanging heat with the cathode side feed gas MCSLLP
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side feed gas before it enters the at least one fuel cell stack, for reducing the temperature
of the anode off-gas before it enters the first heat exchange element, by exchanging heat

with the cathode side feed gas.



