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(57) Abrégée/Abstract:
Reforming reactor for the conversion of a process fluid into hydrogen comprising: a reforming section (4) which Is contained within
a closed volume (8), a boller section (3) and a combustion section (2), In which said reforming section contains one or more
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(57) Abrege(suite)/Abstract(continued):

catalyst tubes (20) filled with reforming catalyst, said boller section is provided with one or more flow channels (11) for the passage
of flue gas from the combustion section and said combustion section Is provided with at least one burner (1), wherein the heat
exchanging medium required for the reforming of said process fluid in the one or more catalyst tubes Is a gas-liquid mixture that self-

circulates and Is encapsulated inside said closed volume (8) and wherein at least a portion (9) of said closed volume protrudes
Inside said boller section.



wO 2007/000243 A3 I D000 A0 AT O PR 0 0 R0

CA 02612961 2007-12-20

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

(19) World Intellectual Property Organization f%

International Burcau

(43) International Publication Date
4 January 2007 (04.01.2007)

(51) International Patent Classification:
CO0IB 3/38 (2006.01) B01J 8/06 (2006.01)
F28D 15/02 (2006.01)

(21) International Application Number:

PCT/EP2006/005679
(22) International Filing Date: 13 June 2006 (13.06.2006)
(25) Filing Language: English
(26) Publication Language: English

(30) Priority Data:
11/167,590 28 June 2005 (28.06.2005) US

(71) Applicant (for all designated States except US): HAL-
DOR TOPSOE A/S [DK/DK]; Nymgllevej 55, DK-2800
Kgs. Lyngby (DK).

(72) Inventors; and

(75) Inventors/Applicants (for US only): BOE, Michael
[DK/DK]; Taarbak Strandvej 86, st., DK-2930 Klam-
penborg (DK). HANSEN, John, Bggild [DK/DK];
Willemoesgade 39, 2.tv., DK-2100 Copenhagen (DK).

(54) Title: COMPACT REFORMING REACTOR

) S k. W o, W W
T -
LL77 g31
JLLLL%‘_._
PRI R AVEIRTA
f//f
*‘:1\
9,

7
L ALl Tt

X8y

ITRER ST EYNEL

—.
-

R

(10) International Publication Number

WO 2007/000243 A3

(74) Agent: HALDOR TOPSOE A/S; Nymgllevej 55,
DK-2800 Kgs. Lyngby (DK).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AT, AU, AZ, BA, BB, BG, BR, BW, BY, BZ, CA, CH, CN,
CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES, FI,
GB, GD, GE, GH, GM, HR, HU, ID, IL, IN, IS, JP, KE,
KG, KM, KN, KP, KR, KZ, L.C, LK, LR, LS, LT, LU, LV,
LY, MA, MD, MG, MK, MN, MW, MX, MZ, NA, NG, NI,
NO, NZ, OM, PG, PH, PL, PT, RO, RS, RU, SC, SD, SE,
SG, SK, SL., SM, SY, TJ, TM, TN, TR, TT, TZ, UA, UG,
US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Burasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, ELE, ES, FI,
FR, GB, GR, HU, ILE, IS, IT, LT, LU, LV, MC, NL, PL, PT,
RO, SE, SI, SK, TR), OAPI (BE, BJ, CF, CG, CI, CM, GA,

GN, GQ, GW, ML, MR, NE, SN, TD, TG).

[Continued on next page]

(57) Abstract: Reforming reactor for the conversion of a process fluid into
hydrogen comprising: a reforming section (4) which is contained within a
closed volume (8), a boiler section (3) and a combustion section (2), in which
o~ said reforming section contains one or more catalyst tubes (20) filled with re-
forming catalyst, said boiler section is provided with one or more flow chan-
nels (11) for the passage of flue gas from the combustion section and said
combustion section is provided with at least one burner (1), wherein the heat
exchanging medium required for the reforming of said process fluid in the
one or more catalyst tubes is a gas-liquid mixture that self-circulates and is
encapsulated inside said closed volume (8) and wherein at least a portion (9)
of said closed volume protrudes inside said boiler section.
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COMPACT REFORMING REACTOR

FIELD OF THE INVENTION

This 1nvention relates to an integrated and compact reform-
1ng reactor for the production of hydrogen to be used 1n
industrial applications such as 1n the metallurgical indus-
try, chemical and pharmaceutical industry and fuel cell
power plants. In particular the 1nvention relates to a com-
pact reforming reactor for the conversion of hydrocarbon
feedstocks to hydrogen where the reformed gas of the reac-
tor 1s further enriched in hydrogen by passage through a
Pressure Adsorption Swing (PSA) unit, a Pd-alloy membrane,
water-gas shift unit or by Preferential Oxidation- (PROX) .
More particularly the invention relates to a compact re-
forming reactor for the conversion of methanol to a hydro-
gen gas suitable for use i1in fuel cell plants, especially
where the reformed gas of the reactor 1s further enriched
1n hydrogen by passage through a PSA unit. The invention
further 1nvolves a process for reforming the hydrocarbon

feedstock 1nto a hydrogen gas using this reactor.

BACKGROUND OF THE INVENTION

Fuel cell plants require often the supply of hydrogen as
fuel source and accordingly a reforming reactor 1s normally
integrated 1n fuel cell plants. The reforming reactor con-
verts a sultable hydrocarbon feedstock acting as energy
carrier, such as methane, liquid petroleum gas, gasoline,
diesel or methanol, into a hydrogen rich gas, which then

may be passed through a hydrogen-enrichment unit before en-



CA 02612961 2007-12-20

WO 2007/000243 PCT/EP2006/005679

10

15

20

23

30

tering a fuel cell assembly. Compact fuel cell power plants

may today provide about 20 kW of power and even more, for

instance up to 50 kW, thereby promoting a wide range of ap-
plications. One such application is the use of compact fuel

cell plants in the automotive 1industry.

For widespread application, methanol is still regarded as
the best hydrocarbon feedstock for the production of hydro-
gen-rich gas, not only in connection with fuel cell plants
but also for application in small plants in other 1i1ndus-
trial fields. Roughly, methanol is particularly suitable
where the demand for hydrogen 1s the range 50-500 Nm’/h,
which is typical for small plants. For a hydrogen demand of
above 500 Nm’/h a hydrocarbon feedstock such as natural gas
is often more expedient. Below 50 Nm’/h electrolysis or

bottled hydrogen is normally more expedlent.

Reactors for the reforming of fuel gases, particularly
methanol, and which are used in fuel cell plants are known
in the art. Dusterwald et al. disclose 1n Chem. Eng. Tech-
nol. 20 (1997) 617-623 a methanol steam reformer consisting
of four reactor tubes that are individually balanced. Each
reactor tube consists of two stainless tubes arranged con-
centrically with catalyst filling the inner tube and 1in
which the heat needed for the endothermic reaction of a
methanol-water mixture is provided by condensing steam that
flows in the gap between the tubes. It 1is also known from
US Patent No. 4861347 to oxidise a raw fuel, such as metha-
nol, in order to obtain an exothermic reaction, whereby the
heat generated by this reaction is used for the endothermic
reforming reaction of the hydrocarbon feedstock, which 1s

normally a mixture of methanol and water. The heat 1s
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transferred from the combustion section of the reactor to
1ts reforming section by means of heat tubes through which
a hot flue gas from the combustion section 1s passed or as
in JP-A-63248702 by means of heat pilpes arranged in the re-

actor. As a result, the heat generated in the combustion

system can be evenly distributed to the rest of the reac-
tor, whereby a uniform temperature distribution 1s ob-

tained.

Often the heat transfer system in the reforming reactor 1is

not rapid enough to achieve the desired operating tempera-

ture after changes 1in process conditions, such as after
sudden load changes or during start-ups and shut-downs, es-
peclially when separate heat pipes are provided 1n the re-
forming reactor. Normally a number of more or less sequen-
ti1al steps are required for the start-up of the reforming
reactor, resulting 1n a procedure that may be significantly

tedious and time-consuming.

In the particular field of fuel cells, the advent of fuel
cells with increased power, for 1instance of up to 20 kW or
even more, for instance up to 50 kW has resulted in a need
for providing a plurality of catalyst tubes 1n a single re-
forming reactor. This 1n turn imposes more demands in reac-
tor design i1n terms of 1.e. compactness, better temperature
distribution and thermal efficiency. In particular, the
provision of a uniform temperature distribution by which
all catalyst tubes i1nside the reactor are heated to the
same temperature becomes more difficult to achieve when the
heating requlred 1in reforming has to be provided by means

of a single burner in the reactor.
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In addition, the catalyst within the catalyst tubes may of-
ten be not evenly distributed so that the catalyst may for
instance be better packed in some tubes than others. This
may create undesired variation in temperature conditions

across the catalyst tubes.

SUMMARY OF THE INVENTION

It is therefore an object of the inventlion to provide a re-
forming reactor with improved temperature distribution

across all catalyst tubes.

It 1s also an object of the invention to provide a reform-
ing reactor which is compact and free for mechanical means
for circulating a heat exchanging medium from the high tem-
perature section of the reactor to the reforming section ot

the reactor.

It 1s a further object of the 1nvention to provide a re-

forming reactor which i1s compact whilst at the same time 1s
able to rapidly and simply achieve or maintaln 1ts operat-
ing temperature after a change 1n process conditions, such
as a change in hydrocarbon feed flow or temperature or a

change 1n burner conditions or during a start-up operation.

It is another object of the invention to provide a reform-
ing reactor which 1s less sensitive to divergent catalyst

packing across the catalyst tubes.

It is another object of the invention to provide a reform-

ing reactor which is simple in 1ts construction, inexpen-
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sive and with lower heat loss than 1n conventional reform-

1ng reactors.

It is yet another object of the invention to provide a re-
forming reactor which is compact and suitable for use 1n
fuel cell plants, particularly for fuel cell plants capable
of producing up to 20 kW of power or even more, for 1in-

stance up to 50 kW.

These and other objects are achieved by the reactor and

process of the i1nvention.

In a first aspect of the invention we provide a reforming
reactor for the conversion of a process fluid i1nto hydrogen
comprising: a reforming section which 1s contained within a
closed volume, a boiler section and a combustion section,
in which said reforming section contains one or more cata-
lyst tubes filled with reforming catalyst, said boiler sec-
tion 1s provided with one or more flow channels for the
passage of flue gas from the combustion section and said
combustion section 1s provided with at least one burner,
wherein the heat exchanging medium required for the reform-
ing of said process fluid 1n the one or more catalyst tubes
1s a gas-liquid mixture that self-circulates and 1s encap-
sulated inside said closed volume and wherein at least a
portion of said closed volume protrudes 1nside saild boiller

section.

Accordingly, in the invention a gas-liquid mixture clrcu-
lating outside the catalyst tubes in the reforming section
and which absorbs heat by the passage of flue gas in the

boiler section provides for a large heat sink that enables
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the accumulation and supply of heat for the reforming reac-
tion so that all metal parts within the reactor, particu-
larly the catalyst tubes, maintain or rapidly reach the
same temperature, and a robust operation of the reactor 1is
obtained as 1t becomes 1.a. less sensitive to temporary
changes 1in process conditions, such as changes 1n burner

duty.

The portion of said closed volume 1nside which the gas-
liguid mixture self-circulates protrudes 1nside the boiler
section as a single elongated element or as a number of
elongated elements so as to form a plurality of circumfer-
entially and radially spaced elongated elements, preferably
in the form of tubes, and in which said elongated elements
are 1n fluid communication with one another by virtue of
the gas-liquid mixture that self-circulates 1nside. The
space 1in between the elongated elements defines a number of
flow channels through which hot flue gas 1s able to pass.
The gas—-liquid mixture encapsulated 1nside the elongated
elements 1n the boiler section of the reactor and thereby
inside said close volume 1s able to recelve and accumulate

heat from hot flue gas generated 1n the combustion section.

The boiler section of the reactor 1s the region of the re-
actor where flue gas 1s in contact with at least a portion
of said closed volume 1nside which the gas-liquid mixture

self-circulates.

By the term “self-circulates” 1t i1s meant that the'gas—
ligquid mixture acting as heat exchanging medium moves in-
ternally in the reactor without the need of any mechanical

means. The gas flows to surfaces or catalyst tube walls
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where condensation takes place in a movement driven by the
slightly lower pressure created by the volume reduction of
the gas as 1t transforms i1nto liquid. Liquid flows then to

the boiler section driven by gravity forces.

To ensure a better heat transfer the boiler section of the
reactor may be provided with a number of vertically spaced
or horizontally spaced baffles in which said baffles are
arranged substantially transverse to the flow direction of
the flue gas generated 1n the combustion section. Hence,
the baffles are arranged substantially transverse to the
length direction of said elongated members and tﬁey impart
a zilg-zag flow pattern i1n the flue gas as 1t travels along
the length direction of the elongated members in the boiler
section. After delivering heat to the gas-liquid mixture
inside the elongated members the flue gas leaves the boiler
section by passage into an annular region 1in the reactor

located outside sailid boiler section and said closed volume.

The one or more elongated members, which are preferably
formed as tubes, may be provided with a sleeve so as to al-
low for the passage of flue gas through the annular region
defined by said elongated member and said sleeve. After de-
livering heat to the gas-liquid mixture inside the elon-
gated members the flue gas leaves the boiler section by
passage i1nto an annular region 1in the reactor located out-

side sald boiler section and said closed volume.

In the reactor of the invention at least one process feed
tube carrying the process fluid to be converted, such as a
liquid mixture of methanol and water, may extend inside

said closed volume of the reactor. Accordingly, the at
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least one process feed tube may extend into any location
inside said closed volume containing the reforming and
wherein at least a portion of said closed volume protrudes
inside said boiler section. For example the at least one
process feed tube may extend from a region at the top of
the reactor and above the reforming section into this re-
forming section or even further i1nto the boiler section ar-
ranged below. The at least one process feed tube carrving
the process fluid to be converted 1s introduced to the re-
actor through a condult in the outer wall of the reactor
and may then extend 1nto the reactor from said condult ar-
ranged 1n the outer wall. Preferably said process feed tube
extends substantially co-axially of the reactor wall inside

sald closed volume from the reforming section of the reac-

Lor to as c.lose to the boiler section of the reactor as
possible, for instance in the region of the closed volume
from which the one or more elongated members protrude. This
enanbles the provision of a compact reactor as the at least
one process feed tube, for example a single substantially
straight tube or a tube bundle, is advantageously integrat-
ed within the reactor whereby the preheating or evaporation
of the process fluilid can advantageously be effected as the
gas 1n the self-circulating gas-~-liguid mixture outside the
tube condenses. Hence it 1s possible to integrate the re-
quired evaporation stage inside the reactor thus avoiding
the Inexpedient provision of separate evaporation means

oubgide the reactor.

By the term “"extends substantially co-axially” it 1s meant
that a portion of the process feed tube, particularly the
inlet portion cooperating with the conduit in the outer

wall of the reactor, may extend into the center of the re-



9

f-.’i

foned

Ul

20

30

CA 02612961 2013-03-20

actor in & direction which 1s perpendilicular to the reactor
length axis, thereafter bending 90° and consequently ex-
tending vertically 1nto the reforming section or boller

cecthlon below.

The at least one process feed tube may extend vertically
nto a transiticn compartment from which at least one pro-
cess tube carrving process gas to be converted extends ver-
tically upwards inside the closed volume of the reactor and
whereln the at least one process tube carrving the process
gas 18 formed as a coil. Preferably, a single process tube
descends from the condult in the outer wall wihere the hy-
drocarbon feed for example a liguid hvdrocarbon feed enters
the reactor to the transition compartment. The transition
compartment 1s arranged as a box having inlet openings
adapted to accommodate the at least one process tube carry-
1ng a process fluid present in substantially liguid form
and outlet openings adapted to accommodate the at least one
process tube carrying a process fluid present in substan-
trally gas form. These rtubes extend vertically upwards and
are formed as a coll cr spiral. This ensures a better heat
transier for the preheating of the process gas prior to re-
torming ana provides at the game time a compact reactor de-
sign as the same heat transfer area as for instance a
stralght tube can be accommodated in a lower height. Fur-
thermore, the use 0f a coil or spiral imparts a centrifugal
effect on the two-phase flow (gas-liguid), thereby enabling
packtlow of any liguid not vet evaporated and facilitating

the upward flow of process gas.

The at least one procesgg tube may extend from a transition

compartment inside the closed volume near the boller sec-
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tion of the reactcr £o the reforming section in order to
ensure that the process gas 1s heated to the proper reac-

cion temperature in the reforming section.

In the invention it 1s also possible to extend the at least

b oS

“
{ 11
Ry

one process feed tube into a transition compartment located
1n a flue gas region in the boiler section or even in the
combustion section, Accordingly, 1t 13 possible to extend
tne at least one process feed tube into a transition com-

&.H P N

partment located outside said closed volume.

.3
2

In this specification the term “hydrocarbon feedstock” 1is

used interchangeably with the term “process fluid” or “feed

process Lluid”. Normally, the feed inlet to the reactor,

L5 for example a mixture of methanol and water 1s present 1n
Liguid form whereas when entering into the reforming sec-
tion 1t is present in gas form. When entering the reactor,
the hydrocarbon feed 18 also referred as process fluid and
after evaporation i1in the process tube the resulting fluid

20 18 aiso referred as process gas. The term “process feed
tuve” as used herein referg to the at least one tube carry-
ing the process fluid and which enters the transition com-
partment. The tubes protruding from the transition compart-
ment and carrying the evaporating gas that is directed to

25 the reforming section are referred simply as "process

tubes?” .

111 ancther emrpodiment of the invention the at least one

process feed tube carrving the procegss fluid to be convert-
30 ed enters the reactor through a ceorndult arranged in the

outer wall of the reactor and said process fluid 1s pre-

heated by indirect contact (1.e. across a neat transfer
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surface) with exiting converted gas from the reforming sec-
mion of the reactor, in which said exiting converted ¢gas
preferarnly passes in the armnular region of said conduit.
Normally the PSA unit downstream regqulres a relatively cold

stream Oof hydrogen-rich gas and accordingly c¢ooling means

Ut

such as an air cooler downstream the reactor 1s used.
Hence, this embodiment enables the reformed gas from the
reactor (aydrogen-rich gas) to be cooled from normally
apout 280°C, whicn 1s typical for the reforming of metha-
1C nol, o about 1509C, thereby reducing the effect reguired
in the air cooler downstream and accerdingly also reducing
1ts size. The portion of the at least one process tube car-
rying the process [lurd which 1s in contact with the exit-
1ng converted gas from the reforming section may advanta-
15 geously be formed as a coll to ensure an even more compact
reactor design without too noticeable protruding parts.
Said conduit 1s preferably located 1n the upper portion of
the reactor, e.g. near its top. In an alternative embodl-
ment, an outlet tube carries the exlting converted gas and

20 rung parallel with the process feed tube inside said con-

PR
(:1«1\.#-&-(:: .

In the coumbustion section arranged preferably 1n the lower

portion of the reactor and below the bhoiler section, a

AW
{A

sultable fuel, such as methanol is injected through a fuel
inlet and 1s subjected to a reaction with preheated combus-

'ﬂ

sion alry in the at least one pburner. Hot flue gases are
produced by the exothermic oxidation of methanol and are
“hen passed Lo the boiler sectiorn. The flow channels for
30 the passage of sald flue gases may extend vertically from
the compustlon section into the boiler section and after

the flue gas has delivered heat to the gas-liguid mixture

-t
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that self-circulates 1nside the elongated members, the flue
gas 1s forced to flow in radial direction towards an annu-

lar section of the reactor.

The major portion of the boiler section or preferably the
whole boiler section 1s contained within a housing which is
preferably defined by a cylindrical wall. From the wall one
or more baffles may be arranged substantially traverse to
the length direction of the elongated members. Since the
boiler section of the reactor as used herein 1s defined by
the region of the reactor where flue gas 1s in contact with
at least a portion of said closed volume inside which the
gas-liquid mixture self-circulates (e.g. elongated mem-
bers), a portion of the boiler section, preferably a minor
portion of the boiler section may not be contained within
sald housing. Particularly, the region near the closed vol-
ume from which the one or more elongated members protrude
and where the flue gas 1s forced to flow 1n radial direc-
tion towards an annular section of the reactor may be out-

side said housing.

In the boiler section the hot flue gas supplies heat to the
gas-liquid mixture 1nside the elongated members thereby
evaporating part of the ligquid and promoting 1ts circula-
tion upwards internally in the reactor within said closed
volume. Part of the heat 1n the gas-liquid mixture 1is also
delivered to the at least one process tube carrying the gas
or liquid or gas-liquid mixture to be converted, e.qg.
methanol-water. The process tubes extend away from for in-
stance the closed volume just above the boiler section and
upwardly through the middle portion of the reactor and fur-

ther up to the reforming section inside which one or more
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vertical catalyst tubes are disposed. The reforming section
1s also contained within the same compartment or closed
volume, and 1s preferably arranged separately 1n the upper
portion of the reactor. The term catalyst tube means that
these tubes are filled with solid catalyst particles suit-
able for the reforming of a given hydrocarbon feedstock

such as a mixture of methanol and water.

Prior to reforming, the process gas to be reformed leaves
the process tubes at a suitable position in the reformer
section, preferably above the one or more catalyst tubes.
The one or more catalyst tubes are normally arranged as a
plurality of circumferentially and radially spaced catalyst
tubes. Often the number of catalyst tubes is over 5 or 20,
more often over 50 and even above 100 or 200, depending on
the hydrogen capacity of the reactor. The process gas to be
reformed enters the catalyst tubes and flows downwards
through the catalyst particles so as to be gradually con-
verted along its passage through the catalyst tubes. The
heat required for the reforming reaction 1s provided by the
gas—-liquid mixture which self-circulates outside said cata-
lyst tubes. As the gas-liguld mixture delivers heat to the
catalyst tubes, the gas condenses and via gravity is forced
to flow downwards to the boiler section. The gas-liquid
mixture acting as heat exchanging medium moves therefore
inside the reactor 1in a self-circulating manner in a region
which 1s encapsulated inside said closed volume containing
the reforming section and which protrudes inside said
boliler section. This enables the continuous circulation of
the gas-liquid mixture through said boiler section and said

reforming section i1nside the reactor.
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It would therefore be understood that the gas-liquid mix-
ture self-circulates outside the at least one process feed
tube, outside the at least one process tube carrying the
process gas to be converted, and outside the one or more
catalyst tubes 1n a hermetically sealed compartment, 1.e.
closed volume. The gas or liquid in the mixture, for 1n-
stance steam when the mixture 1s a saturated water-steam
mixture, 1s not utilised for other purposes other than as

heat transfer medium as described above.

Preferably at least said reforming and boller sections are
arranged co-axially 1in the reactor so as to be able to fit

into an outer substantially cylindrical housing. Accord-

ingly, 1n one embodiment sald combustion, reforming and
boiler sections are arranged co-axially in the reactor. In
another embodiment the reforming and boiler section may be
arranged co-axially 1n the reactor while the combustion
section may be arranged normal to said boller section so as
to form an L-shaped reactor. This enables a lower length in
the reactor and may facilitate 1ts transport under circum-

stances where reactor length 1s a limiting factor.

Said reforming section 1s preferably arranged 1n series
with respect to the boiler section in which the at least
one process tube carrying the process gas and optionally
the at least one process feed tube carrying the process
fluid inlet are disposed co-axially. The boiler section 1is
preferably arranged in serilies with respect to a combustion
section, which apart from the one or more burners may also
comprise a fuel inlet for the introduction of a suitable
fuel, preferably methanol, and optionally a co-axially ar-

ranged fuel inlet for the introduction of another fuel,
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which 1s preferably off-gas from the PSA unit or any other
off-gas from a hydrogen enrichment step. Typically during
normal operation of the reactor, the off-gas from the PSA
serves as maln fuel, whereas methanol serves as supporting
fuel, whereas upon a start-up it 1s methanol that serves as
the main fuel. The use of off-gas from the PSA unit and op-
tionally the anode off-gas from the fuel cell enables bet-
ter overall thermal efficiency 1n for instance a fuel cell
plant comprising said reactor and sald accompanying PSA

unit.

The combustion section of the reactor 1s also provided with
at least one burner. Because of the requilirement of reactor
compactness the number of burners 1s kept at a minlmum.
Preferably a single burner is provided; more preferably a
single catalytic burner is provided. The catalytic burner
may be a ceramic hollow cylinder with oxidation catalyst on
i1ts outer surface to which fuel gas premixed with air 1is
supplied internally. The catalytic burner 1s preferably a
burner arranged in a flow channel and provided as wire mesh
layers arranged 1n series which are coated with ceramic and
impregnated with an oxidation catalyst. The heat generated
in the combustion 1s transferred by a convection mechanism
to the self-circulating gas-liquid system via the generated
flue gas. Accordingly, 1in another embodiment of the inven-
tion, 1n the reactor salid combustion section 1is provided
with a single catalytic burner and wherein said catalytic
burner 1s provided as wire mesh layers arranged 1n series
which are coated with ceramic and impregnated with an oxi-
dation catalyst, whereby the heat generated in the combus-
tion 1s transferred by a convection mechanism to the self-

circulating gas-liquid mixture via the generated flue gas.
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This enables a better transfer of heat than 1n for instance
systems 1n which heat transfer occurs by a radiation mecha-
nism, while at the same time enables a compact reactor de-

sign since only a single burner 1s used.

In another embodiment of the invention said reforming sec-
tion and boiler section are substantially surrounded by an
insulated housing, wherein said insulated housing 1s en-
cased by a first annular region carrying flue gas and a
second annular reglion carrying combustion air. This enables
a low heat loss to the surroundings since the hotter parts
within the maln body of the reactor containing the reform-
ing section, combustion section and the compartment or
closed volume carryilng the gas-liquid system serving as
heat exchanging medium 1s encased by first an 1nsulated
housing, then a sleeve through which flue gas 1s passed and
finally a second (outer) annular region carrying combustion
alr to be used 1n the burner. This may also enable that
combustion gas and any other suitable fuel gas, such as
off-gas from a hydrogen-purification unit downstream, be
preheated by indirect heat exchange with the flue gas,
which preferably runs counter-currently on 1ts way out of
the reactor. In a preferred embodiment, the flue gas enters
into said first annular region directly from the boiler
section vilia an annular region located outside said boiller
section and said closed volume. This annular region 1s fed
with flue gas that has delivered 1ts heat to the self-
circulating gas-liguid mixture 1nside the one or more elon-
gated members in the boiler section. The flue gas may also
enter 1into said first annular region directly from the com-
bustion section of the reactor, whereby a higher tempera-

ture i1n the flue gas may be effected.
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By the term “substantially surrounded by an insulated hous-
1ng” as used herein 1s meant that some portions of the re-
actor may not be insulated. For instance 1t is possible
that part of the reforming section does not require 1nsula-
tion. It 1s also possible that a small portion of the re-
forming or boiller section 1s not surrounded by said 1nsu-
lated housing. For instance, the insulated housing may not
cover the lower portion of the boiler section closest to

the combustion section.

The reactor may be adapted to cooperate with a Pressure
Swing Adsorption unit (PSA), which is the preferred hydro-
gen-purification unit for the further treatment of the re-
formed process gas leaving the reactor. As mentioned above,
the off-gas from the PSA unit may be utilised 1n the reac-
tor as fuel. Hence, 1n yet another embodiment of the inven-
tion an i1nlet 1s adapted to said second annular region car-
rying combustion air for the passage of PSA off-gas. This
enables the preheating of said off-gas prior to introduc-
tion 1nto the at least one burner 1n the combustion sec-

tion.

Instead of a PSA-unit a Pd-alloy membrane may also be used
to enrich the reformed process gas. Normally a higher de-
gree of purlty may be obtained by using Pd-alloy membranes
which may be incorporated into the reactor. Accordingly, in
the inventlon 1t 1s also possible that a hydrogen purifica-
tion unit, such as a Pd-alloy membrane is integrated within
the reactor. However, a PSA purification unit 1is still pre-
ferred as 1t 1s less sensitive and more inexpensive than

Pd-alloy membranes. Normally a Pd-alloy membrane requires
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also a relatively high temperature in the reformed gas, for
instance about 350°C. Hence, in methanol reforming the re-
formed gas leaving the reactor at about 300°C will require
heating in order to conform to the requirements of a Pd-
alloy membrane. Other hydrogen enrichment units such as
conventional water—-gas shift step, e.g. low shift and the
selective oxidation of carbon monoxide 1n what 1s also re-
ferred as Preferential Oxidation (PROX) of carbon monoxide,
may advantageously be used, particularly i1n connection with
fuel cells. The water-gas shift and PROX steps enable the
removal of carbon monoxide from the reformed hydrogen-rich
gas. This results 1in an 1ncrease 1n the efficiency of elec-
trochemical reactions 1in proton exchange membrane (PEM)
fuel cells, since carbon monoxide adsorbed in the Pt anode
of the PEM fuel cell inhibits the dissociation of hydrogen
to protons and electrons and consequently strongly reduces

the power output or performance of the PEM fuel cell.

The second annular region of the reactor carrying the com-
bustion air 1s preferably connected to the combustion sec-
tion. Accordingly, saild second annular region may prefera-
bly extend 1nto the combustion seétion in order to ensure
that the preheated combustion air enters into the burner
together with the 1inlet fuel, which preferably is methanol
and the other fuel, which preferably is off-gas from the
PSA unit. It would be understood that instead of air, any
other suitable oxidant, such as oxygen enriched air, may be

used.

The gas-liquid mixture 1s preferably a saturated steam-
water system that self-circulates at a pressure of about 55

to 110 bar g, preferably 65 to 110 bar g and a temperature
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of 270°C to about 320°C, preferably 280 to about 320°C.
Most preferably the saturated steam-water system self-
circulates at a pressure of 65 bar g and a temperature of
280°C. It would be understood that the temperature is de-
termined by the saturated steam pressure in the circulating
system, in this case 280°C where the pressure of the satu-
rated steam-water system 1s 65 bar g. Accordingly, the
saturated steam-water system may also self-circulate at a
pressure of 110 bar g and a temperature of about 320°C, or
at a pressure of 55 bar g with a temperature of 270°C. The
saturated steam—-water system enables the provision of a

self-circulating system in which the temperature requilred

in the reforming section for the conversion of methanol to
hydrogen, for example 280°C, is easily achieved. The above
pressures and temperatures are particularly suitable when
the process gas to be reformed comprises methanol, for ex-
ample a mixture of methanol and water, since the reforming
of methanol normally occurs 1n the temperature range of
250-350°C. Accordingly, in another embodiment of the inven-
tion the process fluid entering the reactor is a mixture of
methanol and water and the gas-ligquid mixture 1s a satu-
rated steam-water system circulating at a pressure of 55 to
110 bar g and a temperature of 270°C to about 320°C (more
specifically 318°C). The high heat capacity of the satu-
rated steam-water system enables therefore the provision of
a large heat sink in the reactor. Heat 1s accumulated and
ready to be used when the circumstances, e.g. changes 1n
reactor operation or burner duty, so requlre 1t. Heat 1s
distributed throughout the reactor by the self-circulating
steam~water system, 1n which water 1is vaporized by heat ex-
change with hot flue gas from the catalytic burner, while

steam condenses where heat 1s consumed.



CA 02612961 2007-12-20

WO 2007/000243 PCT/EP2006/005679

10

15

20

23

30

20

In yet another embodiment the process fluid entering the
reactor contains dimethyl ether (DME). DME 1s normally ob-
tained by the dehydration of methanol. The process fluid
entering the reactor may thus comprise methanol, DME or a

mixture of DME and methanol.

When utilizing DME as process fluid the decomposition of
DME to hydrogen proceeds by a two step reaction. In a first

reaction the ether is hydrated to methanol by the reactilion:

CH3 OCH3 + Hy, O = 2CH; OH (1)

and methanol produced during hydration of DME 1s 1n a sec-
ond step decomposed to carbon oxlides and hydrogen:

CHs; OH + H, O = CO; + 3Hy (2)

CO; + Hp = CO + Hy; O (3)

Both reactions may take place i1n gas and liquid phase.

Reaction (1) proceeds 1n the presence of weak aclds at a
very low reaction rate and the reaction is thermody-
namically unfavourable to methanol. Methanol decomposition
by the above reactions (2) and (3) is known to be catalyzed
by a solid catalyst, usually based on copper, zinc and alu-
minum oxides. Thermodynamically 1t 1s favoured by high tem-

perature, low pressure and high steam concentration.

The reaction rate during hydration of DME to methanol by
reaction (1) may be improved significantly by carrying out
the reaction 1in presence of a solid acid as described in US
Patent No.5,837,217. The overall reaction of DME to hydro-
gen rich gas by the reaction CH; OCHj;+ 3H,0 =2CO, + 6H;

proceeds at reasonable reaction rates and at high product

cld and selectivity for the formation of hydrogen and

vi
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carbon oxides, when overcoming the equilibrium limitations
of DME hydration reaction (1) by removing produced methanol
as 1t forms through the reaction of methanol to hydrogen
and carbon oxides according to the above reactions (2) and
(3) . The dimethyl ether 1s therefore preferably reacted
with water in presence of an ether hydration catalyst se-
lected from the group of solid acids and a methanol decom-
position catalyst being arranged in physical admixture
within the catalyst tubes in the reactor. A suitable cata-
lyst for the hydration of dimethyl ether is any of the

solid acids. Preferably, the hydration catalyst comprises

acidic zeolites, most preferably ZSM-5 in its H-form. The
DME hydration catalyst 1is physically admixed with the
methanol decomposition catalyst of, preferably, Cu-Zn-

alumina i1n a weight ratio of between 1:5 and 5:1.

On the process fluild side, the pressure 1s kept at a lower
level, normally 1n the range of 3 to 30 bar g, such as 20
to 30 bar g. For instance the pressure of the process fluid
entering the reactor, here a ligquid mixture of methanol and
water, may be about 22 bar g and 1ts temperature 1in the
range 0°C to 50°C, while in the reformed gas leaving the
reactor the pressure may be slightly lower, for example 20
bar g and the temperature in the range 120°C to 270°C. The
hydrogen production from the reactor (exiting reformed gas)
is normally in the range 10-5000 Nm’/h, often 15-1000
Nm?/h, preferably 25-1000 Nm’/h, more preferably 25-500
Nm’/h. Normally the composition of said reformed gas is
about ©65% vol. H,, 11% vol. HO, 2.1% vol. CO, 23% vol.CO,
and 1.4% vol. methanol. The methanol conversion in the re-
actor 1s normally above 90%, often above 95%, for example

97% to 99%. For a reactor having a hydrogen capacity (pro-
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duction) of 600 Nm’/h the number of catalyst tubes 1s nor-

mally 1n the range 110-120. The catalyst tubes are normally

2.5 to 3.0 m long and with internal diameter of 20 mm. The
temperature in the reactor across the catalyst tubes in the
reforming section 1s kept at a uniform level, for instance
at 280°C, and this level is determined by the saturated
steam pressure 1n the circulating system, in this case 65
bar g. For higher temperature applications, the self-
cilrculating system may comprise sodium or potassium instead

of a water-steam mixture.

The reactor may further comprise a fixed bed of catalyst
arranged above saild catalyst tubes, in which said fixed bed
covers substantially the whole horizontal cross section of
the reactor and wherein saild fixed bed is adapted to re-

celve the process gas to be converted prior to the passage

of said gas into said catalyst tubes. The fixed bed of
catalyst may surround the one or more process tubes carry-
1ing the process gas to be converted. Accordingly, the fixed
bed 1s arranged upstream the one or more catalyst tubes of
the reforming section. The one or more process tubes carry-
ing the process gas extends through the fixed bed and may
protrude slightly away from the bed. The process tubes may
thus be provided with an outlet opening right above the
fixed bed to allow the passage of process gas through said

ped and subsequently through the catalyst beds inside the

one or more catalyst tubes. The fixed bed of catalyst cov-
ering substantially whole horizontal cross section of the
reactor serves as a polson guard catalyst layer and enables
often that the process gas flows into the catalyst tubes

downstream evenly and consequently better temperature dis-
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tribution across the horizontal cross section of the reac-

tor 1s achieved.

It would be understood that the 1ntegrated and compact re-
actor according to the invention integrates 1n a single
unit a number of process units or steps which may otherwise

require stand—alone operation outside the reactor, such as

heaters for the preheating and evaporation of the hydrocar-

bon feedstock, preheating of combustion air and optionally

preheating off-gas from a PSA unit, as well as catalytic
burners and the closed volume encapsulating said gas-liquid
mixture (gas-liquid system) serving as heat exchanging me-
dium. The reactor does not require the use of moving parts
such as valves and pumps, for instance 1t 1s not necessary
to have a pump to provide for the internal circulation of
the gas-liguid mixture serving as heat exchanging medium

inside the reactor.

In a second aspect the invention encompasses also a process
for the production of hydrogen. Accordingly, we provide a
process for the production of hydrogen from a feed process
fluid in a reactor containing a combustion section, a
boiler section and a reforming section as described herein,
the process comprising:

- optionally preheating a feed process fluid by indirect
heat exchange with exiting reformed process gas from said
reforming section,

- optionally further heating and evaporating said feed
process fluid in the reactor to form a preheated process
gas by 1ndirect heat exchange with a gas-liquid mixture
that self-circulates and 1s encapsulated i1nside a closed

volume containing said reforming section and wherein at
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least a portion of said closed volume protrudes inside said
boiler section,

- passing a preheated process gas through said reforming
section,

- heating the at least one catalyst tube 1n the reforming
section by indirect heat exchange with a gas-liquid mixture
that self-circulates and is encapsulated 1nside a closed
volume containing said reforming section and whereiln at
least a portion of said closed volume protrudes 1inside sald
boiler section,

- retrieving reformed process gas from said reforming sec-
tion and optionally cooling said reformed process gas by
preheating of the feed process fluid,

- introducing a fuel into the at least one burner in the
combustion section together with combustion air, 1n which
said combustion air is preheated by indirect heat exchange
with flue gas from the boiler section,

- retrieving flue gas from the burner and passing said flue
gas through a boiler section, and

- heating said gas-liquid mixture that self-circulates and
is encapsulated inside a closed volume 1in the reactor con-
taining said reforming section and wherein at least a por-
tion of said closed volume protrudes inside salid boiler
section by indirect heat exchange with the flue gas passing

through said boiler section.

The process enables the production of reformed process gas
which i1s rich in hydrogen and which 1s particularly sult-
able for use in PSA-units. Alternatively, where a Pd-alloy
membrane or similar is used as hydrogen-purification unit
instead of a PSA, further heating of the reformed process

gas may advantageously be effected by means of indirect
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e hydrogen-purification unit

N

heat exchange with flue gas. Th
may thus be a membrane which may also be integrated within

the reactor.

The fuel introduced into the at least one burner 1n the
combustion section together with combustion air may be a
hydrocarbon fuel, such as methanol, but 1s often only off-
gas from a PSA-unit downstream used as hydrogen-enrichment

unit.

The above process may further comprise the steps of:

- passing the cooled reformed process gas through an air
cooler,

- subsequently passing salid cooled reformed process gas
through a hydrogen-purification unit to form a hydrogen-
enriched gas, and

- introducing off-gas from said hydrogen-purification unit

into the at least one burner of the reactor.

Where the hydrogen-purification unit i1s a PSA-unit, this
unit and the air cooler are preferably located outside the
reactor. The off-gas from the PSA unit may then be 1ntro-
duced into the at least one burner, as described above. The
hydrogen-enriched gas from the hydrogen-purification unit
may then be used for any suitable industrial application,
such as in the metallurgical i1ndustry, electronics, chemi-
cal and pharmaceutical industry or as hydrogen source 1in

fuel cell plants.
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BRIEF DESCRIPTION OF THE DRAWINGS

The invention 1is further illustrated by the accompanying
drawings in which Figure 1 shows a schematic of the reactor
according to one embodiment of the invention where the pas-
sage of flue gas 1n the boiller section 1s diverted by baf-
fles and Figure 2 shows a schematic of the reactor accord-
1ng to another embodiment of the invention where the flue
gas 1n the boiler section is forced to pass through sleeves

provided 1in the one or more elongated members.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

In Figure 1 a cylindrical integrated reactor 1 with capaci-
ty of 80 Nm'/h of hydrogen contains a combustion section 2,
boiller section 3 and reforming section 4. The cylindrical
reactor 1 has a total weight of 300 kg and is about 1.6 m
high, with a diameter (except for the combustlion sectiorn)
oL about 0.4 m. The total volume of the reactor is about

ey oy 3 AP i e - N - - . s - 3
0.275 m’, while the total catalvst volume is 0.020 m”.

VAN

e reforming section encompasses aisce a fixed bed of re-
forming catalyst 5 arvanged above the region of the reform-
ng section in which catalyst tubes are disposed. These
soections are arranged co-axially in the reactor so as to be
apble to fit 1nto an outer gubstantially cyvlindrical hous-
111 .

A mixture c¢f methanol and water is introduced to reactor 1
througn a conduit € 1n the outer wall of the reacror.
Through the conduit 6 runs a process feed tube 7 carrving

tne process fluid (methanol and water mixture). The process
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tube extends vertically downward to a region inside closed

volume 8 above boiler section 3.

The boiller section is arranged 1n a housing comprising at
least a portion of closed volume 8 here illustrated by the
hatched region, and which protrudes 1nside the boiler sec-
tion 3 as elongated elements 9. Inside the closed volume 8
and thereby also inside the elongated elements 9 a satu-
rated water-steam mixture 10 self-circulates. The saturated
water—-steam mixture moves therefore 1nside the reactor in a
self-circulating manner 1n a region which 1s encapsulated
inside the closed volume 8 containing the elongated ele-
ments 9 and the reforming section 4. The elongated elements
create flow channels 11 through which hot flue gas 12 from
the combustion section 2 arranged below passes. A number of
vertically or horizontally spaced baffles 13 are arranged
substantially transverse to the flow direction of the flue

gas 12 generated in combustion section 2.

In combustion section 2 arranged 1n the lower portion of
the reactor below the boiller section 3, a suitable fuel
such as methanol is i1njected through fuel inlet 14 which 1is
adapted as a spray nozzle. Methanol 1s then subjected to a
reaction with preheated combustion air entering via inlet
15 1n a single catalytic burner 16 comprising wire meshes
impregnated with oxidation catalyst and which is disposed
in a flow channel co-axially of the cylindrical reactor 1.
Hot flue gases 12 are produced and are then passed to
boller section 3. After delivering heat to the water-steam
mixture 10 inside the elongated members 9 the flue gas‘
leaves the boiler section towards an annular section 17 of

the reactor.
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In the closed volume 8 Just above the pboiler section 3 part
of the heat 1in the saturated water-steam mixture 10 1s de-
livered to a system of process tubes 1&. The process tubes
18, here formed as a coil or splral extend away from a
transition compartment 19 and upwardly througn the middle
portion of the reactor and further up to the reforming sec-
tion 4. The reforming section 4 inside which one or more
vertical catalyst tubes 20 are disposed 1s arranged in the
compartment or closed volume 8 in the upper porticon of the
reactor. The process gas [o be reformed travelling inside
process tupes 18 leaves above the fixed bed of catalyst 5,
passes through this ped and enters the catalyst tubes 2

The reformed gas leaves the reforming section through our-
let pipe 21 at the bottom of the catalyst tubes 20 and is
usea to preheat tne hydrocarbon feed being transported in-
side process feed tube 7 in condullt 6 at the outer wall of
the reactor

The reforming section 4, 5 and boiller section 3 are sur-
rounded by an insulated housing 22. This insulated housing
22 18 encased by a first annular region 23 carrving flue
gas and a second annular region 24 carrying combustion air
wnich enters via inlet 15. The combustion air is preheated
by indirect heat exchange with the flue gas 12 running
counter-currently in annular section 23 towards the flue
gas ex1it 24, The combustion gection 2 is also surrounded by
a4 separate 1nsulated housing 25. Off-gas from a PSA-unit
cownstream 15 also used as fuel and enters vie inlet 26 to
the burner 16. The flue gas 12 enters into said first annu-

lar region 23 directly from the boiler section via annular

region 17 outside salrd boller section. The second annular
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region 24 carrying the combustion air 1s connected to the

combustion section 2 via narrow passageway 27.

Referring now to Figure 2, the reactor 1 as 1n Figure 1
also contains a combustion section 2, boiler section 3 and

reforming section 4. The reactor has the same elements as

 d
p—

fles

described 1in connection with Fig. 1 except that no ba:

are provided in the boiler section 3 and the elongated mem-
bers 9, preferably formed as elongated tubes are provided
with sleeves 1lla so as to allow for the passage of flue gas
through the annular region defined by said elongated mem-

bers 9 and said sleeve 1la. Thus, this annular region

serves as flow channel for the passage of flue gas. The
wall 28 defining the housing of the boiler section may
serve as a part of the sleeve or outer wall for the outer-
most elongated elements. After delivering heat to the gas-
liguid mixture inside ?he elongated members the flue gas
leaves the boiler section by passage 1nto annular region 17

in the reactor located outside sailid boller section and said

closed volume.
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CLAIMS:

1. A reforming reactor for the conversion of a process
fluid into hydrogen comprising: a reforming section which 1is
contained within a closed volume, a boiler section and a
combustion section, in which said reforming section contains
one or more catalyst tubes filled with reforming catalyst,
sald boiler section is provided with one or more flow cha-
nels for the passage of flue gas from the combustion section
and sald combustion section i1s provided with at least one
burner, wherelin a heat exchanging medium required for the
reforming of said process fluid in the one or more catalyst
tubes i1is a gas-liquid mixture that self-circulates outside
said one or more catalyst tubes and without passing inside
said one or more catalyst tubes, wherein the gas-ligquid mix-
ture is encapsulated inside said closed volume, wherein at
least a portion of said closed volume protrudes inside said
boiler section, wherein the process fluid entering the reac-
tor comprises methanol, dimethyl ether (DME) or a mixture of
DME and methanol, and the gas-liquid mixture is a saturated
steam-water system circulating at a pressure of 55 to 110

bar g and a temperature of 270°C to 320°C.

2. The reactor according to claim 1, in which the portion
0f said closed volume inside which the gas-liguid mixture
self-circulates protrudes inside the boiler section as a
single elongated element or as a number of elongated elments
so as to form a plurality of circumferentially and radially
spaced elongated elements, and in which said elongated

elments are i1in fluid communication with one another.

3. The reactor according to claim 2, in which the boiler

section of the reactor is provided with a number of verti-



CA 02612961 2013-08-16

31

cally spaced or horizontally spaced baffles in which said
baffles are arranged substantially transverse to the flow

direction of the flue gas generated in the combustion sec-

tion.

4 . The reactor according to claim 2 or 3, wherein the one
or more elongated members are provided with a sleeve so as
to allow for the passage of flue gas through an annular re-

gion defined by said one or more elongated members and said

sleeve.

5. The reactor of claim 4, wherein the one or more elon-

gated members are formed as tubes.

6. The reactor according to any one of claims 1 to 5, in
which at least one process feed tube carrying the process

fluid to be converted extends inside said closed volume of

the reactor.

7. The reactor according to claim 6, in which the at least
one process feed tube carrying the process fluid to be con-
verted enters the reactor through a conduit arranged in an
outer wall of the reactor and wherein said process fluid is
preheated by i1indirect contact with exiting converted gas

from the reforming section of the reactor.

8. The reactor according to claim 6 or 7, in which said at
least one process feed tube extends vertically into a tran-
sition compartment from which at least one process tube
carrylng process gas to be converted extends vertically

1side the closed volume of the reactor and wherein the art
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least one process tube carrying the process gas 1s formed as

a coll.

9. The reactor according to any one of claims 1 to 8, in

which said closed volume containing said reforming setion
and said boiler section are substantially surrounded by an

insulated housing, wherein said insulated housing is encased

by a first annular region carrying flue gas and a second an-

nular region carrylng combustion air.

10. The reactor according to any one of claims 1 to 9,
wherein said combustion section i1s provided with a single
catalytic burner and wherein said single catalytic burner is
provided as wire mesh layers arranged 1n series which are
coated with ceramic and impregnated with an oxidation cata-

lyst, whereby heat generated 1n combustion is transferred by

a convection mechanism to the self-circulating gas-ligquid

mixture via the flue gas generated.
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