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FIG. 1
(57) Abstract: The invention relates to a system comprising an alcohol auto-thermal reforming unit for alcohol auto-thermal reforming
and hydrogen production, a hydrogen separation unit and a boiler unit for combustion of hydrogen and combustible gases and a method
for reforming alcohol and producing hydrogen. The invention also relates to an auto-thermal reforming unit for alcohol auto-thermal
reforming and hydrogen production.
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DESCRIPTION

TITLE

High-pressure auto-thermal system for reforming alcohol and producing hydrogen, method and

units thereof.

FIELD OF THE INVENTION

The field of the invention relates to systems for reforming alcohol, which produces hydrogen
from an alcohol. Specifically, the inventions relates to high-pressure auto-thermal system for

reforming alcohol, method and units thereof.

BACKGROUND ART

Nowadays, hydrogen represents an important product largely used as feedstock in the
chemical industry for the production of higher value chemicals such as ammonia, methanol,
Fischer Tropsch synthesis products, or in the conduction of hydro-treating processes in the

refining and petrochemical industry.

Hydrogen is considered as the most promising energy carrier for being used in the production
of energy in fuel cell devices, thus representing a cleaner alternative for mobility and power

generation that is environmental friendly.

Currently, almost all of the produced hydrogen is mainly obtained from fossil fuel feedstocks
(i.e. natural gas and naphtha). Nevertheless, other reliable sources of hydrogen are being
prospected. Auto-thermal reforming (ATR) of ethanol is regarded as an interesting process for

the production of hydrogen.

The auto-thermal mode of operation represents a significant step forward in reactor and plant
design, operation and its control. Heat integration is very easy as it does not require heating
tubes or coils in a furnace with burners, as in standard steam reforming technology. Reactor
design is simple, working in adiabatic mode. All exothermal reactions of ethanol combustion
and endothermal reactions of steam reforming take place in the same reactor and same

catalyst. Furthermore, the reaction network for ATR of ethanol over a certain special catalyst
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allows hydrogen yields greater than those achievable by methane steam reforming process at

a given temperature and high pressure.

Renewable hydrogen could be generated if bioethanol is used as feedstock.

Different systems and methods for reforming alcohol have been disclosed in the prior art.

EP2641866A1 shows an ethanol reforming system that works on open anode. The fuel cell is
therefore integrated in the process and the stream supplied to the anode must contain a very
low amount of CO (of the order of 20 ppm) to avoid its poisoning. It is a process carried out at

low pressure (near the atmospheric).

The ethanol/water vaporized mixture is supplied to a pre-reforming reactor in which methane
is preferably obtained. Downstream, two isothermal reforming reactors are arranged in parallel,
where the reforming reaction of said methane is carried out. The heat necessary to perform
this reaction is supplied by heat exchange by the combustion reaction of the rejection gases

of the anode in the combustor.

In order to remove CO from the methane reforming process, the reforming gas is purified. This
purification is achieved by performing two Water Gas Shift processes at different temperatures
with two reactors in series, three COPROX (CO PReferential OXidation) processes through

three reactors also arranged in series and a final process of methanation in a reactor.

The Fuel Cell has an open anode, so that the hydrogen is partially used. The anode reject

stream has a large amount of hydrogen as well as a certain amount of methane.

The rejection gas is conducted to the two-stage Combustor, where it is burned in the presence
of oxygen. These combustors are associated to the reforming reactors, supplying heat from

the combustion to the reforming process.

EP2525146 shows a method and a device for burning a fuel, preferably methanol, in the

presence of oxygen in a submarine.

EP2525146 discloses that a methanol reformer is used to produce the hydrogen required by
the fuel cell. This reformer requires heat to carry out the process. The heat supply to the

methanol reformer is carried out by means of a boiler.
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EP2525146 discloses a method and a device that performs the catalytic combustion of fuel in
the presence of oxygen in several steps. A multi-stage catalytic boiler that replaces the
previous flame boiler technology is disclosed. The boiler solves problems such as the control

of the oxygen dosage and the high temperatures.

The document does not disclose how to perform oxygen and fuel mixing to reduce the risk of
flame auto-ignition. EP2525146 does not mention the problem of auto-ignition, typical of these

type of reactors and combustors and does not provide solution to this problem.

In the first reaction step, part of the fuel is burned and the remainder is converted into hydrogen
and CO. The hydrogen and CO generated are subsequently burned in several steps of catalytic
combustion. In all the steps arranged in series, the oxygen is appropriately dosed to proceed
to the oxidation of combustible gases that pass from one step to another. Oxygen is introduced
in a sub-stoichiometric manner for avoiding burning of all the combustible gases, so they can
still be used in the following steps. Oxygen is dosed, at least, in stoichiometric quantity in the
last step to proceed to the complete combustion of all the remaining gases. Between two

catalytic steps, hot gases are cooled by supplying the necessary heat to the methanol reformer.

US2007122667A1 refers to a boat propulsion system based on the production of hydrogen
supplied to a fuel cell where electrical energy is generated. The system consists of: an auto-
thermal reforming unit of a fuel (ethanol, biodiesel or mixtures thereof); a Water Gas Shift
(WGS) reaction unit with a catalytic zone in which the carbon monoxide reacts with water and
generates hydrogen and carbon dioxide; a hydrogen separation unit where a hydrogen stream
is obtained with the required purity to feed a fuel cell; and finally a catalytic combustor where
the reject stream of the Hydrogen separation unit is burned. In addition, the integration into
one single device of the hydrogen separation unit, the Water Gas Shift unit and the palladium

membranes embedded in the catalytic zone of the reactor is included as an option.

The oxygen used in the process comes from an air compressor. A membrane separator is
included to separate oxygen from the air. It is proposed to use the oxygen separator or not
depending on the purity of the required hydrogen. The hydrogen is obtained by separation in
Pd membranes supported in a porous medium. Actually the nitrogen of the air dilutes the
reactive mixture, reducing the partial pressure of hydrogen in the separation with Pd
membranes process. It does not influence the purity of the hydrogen obtained but rather

requires more transfer area and reduce the efficiency of the production (less hydrogen yield).
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EP1808327A1 discloses a system to produce electric energy for vehicle propulsion comprising
an auto-thermal ethanol reforming unit, a hydrogen purification unit by selective palladium
membranes, and a fuel cell, where electrical energy is generated, that operates at low pressure
(indicated about 0.3 barg). The residue from the separation cell is burnt in the combustor to

recover the heat by preheating the inlet ethanol / water mixture.

WO02011148066A2 discloses a fuel reforming process for the production of hydrogen, as well
as the installation to produce it to be used in vehicles, especially in confined air systems,with
the following units: A. An auto-thermal reforming unit fed with fuel, pure oxygen and steam
where a hydrogen-rich stream is obtained; B. A Water Gas Shift (WGS) reaction unit where
carbon monoxide reacts with water in the form of steam and hydrogen and carbon dioxide are
obtained; C. A hydrogen purification unit by hydrogen selective metal membranes (i.e.
palladium membranes); D. A fuel cell where electrical energy is produced and it is fed with
oxygen and the pure hydrogen stream obtained as a permeate from the purification unit; and
E. A catalytic combustion unit which is fed with the rejection stream of the membrane

purification unit, where the obtained flue gases are used to heat the reactant streams.

Although W02011148066 focuses on diesel as feedstock, it cites the possible use of other
fuels such as methanol or ethanol. Operating conditions during the reforming step are between
700-1000 ° C of temperature and high pressure 40-70 bar (higher than the maximum used in
the present invention of 20/40 barg).

WOO0125140A1 discloses a fuel cell electric generation system specially designed for
submarine propulsion, which has an auto-thermal fuel reforming unit (preferably diesel), a
Water Gas Shift reaction unit where the Carbon monoxide present in the reforming stream
reacts with steam to form hydrogen and carbon dioxide, a palladium membrane separator
where the stream from the WGS reactor is divided into a hydrogen-rich stream and a rejection
stream, a fuel cell where electrical energy is produced from the hydrogen-rich stream and an
oxidizing stream, and a catalytic combustor where the refining stream is burned. This
document indicates the desirability of working at pressures higher than the diving depth

pressure to favour the discharge of residual streams.

US 2004/0175665 discloses a device which attempts to mix the oxidizing gas and the fuel in

such a way as to avoid self-ignition of the mixture. To do this, many small tubes are used,
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through which the reactants enter separately to mix them with little residence time until arriving

at the catalyst.

US 2005/0066577A1 discloses a system for producing synthesis gas with an oxidant, steam
and a light hydrocarbon mixed in the feed. Details of method of mixing of the reactants are not
described, however, an embodiment is described where the temperatures of the reactants are

specified.

An apparatus for mixing an oxygen-containing gas and a fuel gas into the mixing volume of a
reformer is disclosed in US3871838. This patent describes a mixing system where the
oxidizing gas is introduced through a perforated tube distributor. These tubes have a

longitudinal extension so their diameter is reduced to increase the gas passage area.

US4865820 discloses a distributor and mixer of a reactor with two zones. Various passages
are provided to introduce gas from one zone to the other. Small passages are designed to
favour high speeds and high turbulence, to mix both gases suitably. The gas crosses from the

passages (tubes) to the second zone through small holes.

WO 2006/065766 A2 discloses an apparatus that mixes steam, a light hydrocarbon and an
oxygen containing gas is described. The described device uses concentric tubes where each
gas is introduced separately. These tubes have apertures in the form of holes through which

the various gases are mixed.

In WO2011148068A2 discloses a unit for carrying out the auto-thermal reforming of a
hydrocarbon stream (mainly diesel, but also methanol, ethanol, bioethanol among others)
consisting of a fixed bed reactor (100) arranged in an inner cylindrical tank (102) surrounded
by an outer shell (101).The hydrocarbon stream enters the reactor through a coaxial conduit
(104) having a nozzle (105) that allows atomizing the stream in the form of small droplets; the
steam stream is introduced tangentially through the inlet (110), both discharge into a mixing
chamber (106) in the form of a divergent duct (108) increasing the diameter of the inner
cylindrical tank (102), at the end of which a filler (111) is provided which favors the
homogeneous distribution of the reactants over the entire reactor section and downstream a

set of Venturi type injectors (112) in which the reactants are mixed with oxygen.

The mixture of the three reactants is conducted through a series of catalytic beds (117,119)

and finally the reformed stream flows through a filter (121) and leaves the reactor through the
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nozzle (126). The inner cylindrical tank (102) is cooled by tubes with water which allow the
temperature of the gases to be lowered to 500 ° C at the end. This cooling causes the outer
shell (101) not to work at high temperature. The outer wall (101) is fabricated from a material
that allows large pressure differences and intermediate temperatures and the inner wall (102)
is manufactured from a high temperature resistant material. The space between the two
envelopes is occupied by an inert gas at a pressure similar to the reaction one (between 40
and 70 bar) and lower temperatures (between 100 ° C and 300 ° C). The auto-thermal
reforming reaction is carried out at high pressures (40-70 bar), with a hydrocarbon feed at a
temperature of 200-300°C, a steam feed at 400-600°C and the oxidizer one at 250-300 ° C.

WO02015198186A1 discloses an auto-thermal reforming reactor for the production of a
hydrogen-rich stream from hydrocarbons, consisting of a cylindrical reservoir in which the
catalytic bed (5) is disposed, a nozzle for the hydrocarbon and steam inlet (2), a nozzle for the
air inlet (3), a mixer (4) and a feed chamber (7) with divergent geometry situated between the
mixer and the catalytic bed, wherein the reactor is surrounded by insulation layers. It also has
an integrated electric heater to heat the reactants from 150 °C to 450 °C at the beginning of
the start up process and thus favour the combustion of methane. The inlet temperature of the

reagents is 150°C at the beginning and 450°C when it is started.

US2008011250A1 collects a mixing chamber for a reformer to produce a hydrogen rich stream
from hydrocarbons supplied in liquid form, consisting of a first chamber where the fuel is
atomized by a nozzle, mixed and vaporized with a stream of steam. The mixture is fed to a
second chamber via a conduit in which the oxidant is dosed. The temperature of the first fuel

evaporator chamber is around 400 ° C.

US20020088179A1 and US6620389B1 disclose similar systems. In both document, a
distributor and mixer located at the top of a reactor are disclosed. The reactants are supplied
vaporized by heat exchange with the reaction zone by helical tubes. There is a fuel manifold
in which fuel or fuel with steam is introduced. This manifold communicates with the catalyst
below by tubes that channel the fuel. These tubes have two rows of holes that can have a
certain angle of entry. Through these holes the oxidant or oxidant with steam is dosed. In the

tube the reagents are mixed and conducted downwards to the catalytic bed.

SUMMARY OF INVENTION
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In a first aspect, the present invention provides a high-pressure auto-thermal system for

reforming alcohol and producing hydrogen, comprising (a) an alcohol auto-thermal reforming

unit (1) for alcohol auto-thermal reforming and hydrogen production, (b) a hydrogen separation

unit, and (c) a boiler unit for combustion of hydrogen and combustible gases, characterized in

that
- the auto-thermal reforming unit (1) is an adiabatic fixed bed reactor arranged in a
cylindrical envelope (27) of metal alloy, the reactor comprising a catalytic bed (28), an
alcohol and steam inlet (25), an oxygen inlet (36), a non return valve (37) arranged in
the oxygen inlet (36), a divergent nozzle (32) with increasing size up to the diameter of
the cylindrical envelope (27), wherein the auto-thermal reforming unit (1) comprises a
Venturi type mixing element (33) and a distributor ring (41) which doses the oxygen in
the Venturi type mixing element (33) or a lance (39) creating a Venturi throat (33) and
- the boiler unit (3) is an atmospheric water tube boiler with flame combustion where
combustible gases are burned comprising coils for heat recovery and hydrogen
permeable separation membranes (12),

wherein the membranes are integrated in the auto-thermal reforming unit (1) or positioned

between the auto-thermal reforming unit (1) and the boiler unit (3).

A further embodiment is the system of the first aspect, wherein the metal alloy is a nickel alloy.

A further embodiment is the system of the first aspect, wherein the alcohol is methanol, ethanol

or bioethanol. The alcohol may be a heavier alcohol too.

A further embodiment is the system of the first aspect, wherein the combustible gases are

hydrogen, methane and/or CO.

A further embodiment is the system of the first aspect, wherein the hydrogen permeable

separation membranes (12) are Palladium based.

The main process takes place in the auto-thermal reforming unit (1) which corresponds to an

auto-thermal reforming of the fuel and, therefore, most of the hydrogen production.

The unrecovered hydrogen as well as other generated combustible gases (methane, CO) are

burned in the boiler unit (3) in order to increase the energetic efficiency of the system.
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In the system of the first aspect of the invention, the catalysts of the catalytic bed (28) may be

of the random type (in particles of all shapes and sizes), structured, monolithic or layered.

The system according to the first aspect of the invention generates the required hydrogen with

a purity suitable for feeding a fuel cell.

Optionally, the system according to the first aspect of the invention comprises a Water Gas
Shift unit (2) integrated or not with separation units comprising hydrogen permeable separation
membranes. In the case the membranes are included inside the Water Gas Shift unit (2),
hydrogen generation yield is increased by the Water Gas Shift reaction, and recovery from the

reforming gas is carried out.

Optionally, the system according to the first aspect of the invention comprises a Water Gas
Shift unit (2) and a separation unit, which is not integrated with the Water Gas Shift unit (2).
The Water Gas Shift unit (2) consists of:

(3a) a first Water Gas Shift reactor (64);

(3b) a first hydrogen separation unit with hydrogen separation membranes (membrane unit
only) (65);

(3c) a second Water Gas Shift reactor (66);

(3d) a second hydrogen separation unit with hydrogen separation membranes (67).

Optionally, in the system according to the first aspect of the invention, the auto-thermal reaction
unit (1) integrates hydrogen separation membranes. This optional system does not comprise
Water Gas Shift units (2) and does not comprise segregated hydrogen separation units (12).
The process of alcohol reforming and hydrogen separation would be carried out in a single

step.

Optionally, in the system according to the first aspect of the invention, the auto-thermal reaction
unit (1) integrates a second water mixing Venturi at the outlet of the envelope (27). In this
optional system, the outlet temperature of the tube (27) can be reduced to 450/500 °C making
the integration of palladium membranes downstream more suitable (600 °C is a high
temperature for the current state of the art in Pd membranes technology). In addition the Water
Gas Shift reaction is favored by the lower operating temperature (which can accommodate a
mixture of catalysts suitable for the ethanol steam reforming and Water Gas Shift reactions),

in such a way that downstream Water Gas Shift unit (2) and segregated separation units (12)
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are not required. The process of reforming the alcohol, Water Gas Shift and separation of

hydrogen would be carried out in a single step.

Optionally, in the system according to the first aspect of the invention, the auto-thermal reaction
unit (1) integrates a second mixing Venturi at the outlet of the envelope (27) . In this optional
system, a second oxygen inlet will be introduced in the second mixing Venturi instead of water.
In this optional system, all the oxygen is not introduced in one single point, distributing the
possible temperature peaks. In this optional method, the temperature peak obtained by

catalytic combustion in the first centimeters of the bed can be therefore reduced.

In a second aspect, the present invention provides an auto-thermal reforming unit (1) for
reforming alcohol and producing hydrogen suitable for industrial application. Said unit is an
adiabatic fixed bed reactor arranged in a cylindrical envelope (27) of metal alloy, the reactor
comprising a catalytic bed (28), an alcohol and steam inlet (25), an oxygen inlet (36), a non
return valve (37) arranged in the oxygen inlet (36), a divergent nozzle (32) with increasing size
up to the diameter of the cylindrical envelope (27), wherein the auto-thermal reforming unit (1)
comprises a Venturi type mixing element (33) and a distributor ring (41) which doses the

oxygen in the Venturi type mixing element (33) or a lance (39) creating a Venturi throat (33).

A further embodiment is the auto-thermal reforming unit (1) of the second aspect, wherein the

unit comprises a drilled distributor plate (31) and a ceramic material (40).

A further embodiment is the auto-thermal reforming unit (1) of the second aspect, wherein the

unit comprises a product outlet (34) and a mesh (35).

A further embodiment is the auto-thermal reforming unit (1) of the second aspect, wherein the

unit comprises hydrogen permeable separation membranes (12).

A further embodiment is the auto-thermal reforming unit (1) of the second aspect, wherein the

unit comprises a non-return valve (37) arranged in the oxygen inlet (36).

The method taking place in the auto-thermal reforming unit (1) are described in detail below.

Auto-thermal reforming unit (1)

In the auto-thermal reaction unit (1) the heat required to maintain optimum conditions for the

reforming reaction is generated by the partial oxidation and combustion of the fuel.
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Ethanol steam reforming (as well as methanol) is a moderately endothermic, energy-absorbing
reaction, where the products have higher energy than the reactants. This heat input must be
constantly supplied since otherwise the reforming reaction would stop. The required heat is
supplied in the reactor itself by the partial oxidation and combustion of the fuel. These
reactions, unlike the previous one, are very exothermic, they release heat. Exothermic and

endothermic reactions take place on the same equipment and on the same catalyst.

It is called partial oxidation because not all the alcohol is oxidized, otherwise the reforming
reaction could not take place. In addition the fact of burning or oxidizing with oxygen in default
(sub-stoichiometric) causes the generation of hydrogen. More or less fuel will be consumed in
the oxidation reaction depending on the oxygen quantity supplied. Thus, by controlling the

amount of oxygen entering the reactor, the temperature in the reactor will be controlled.

In this unit, other chemical reactions can take place, as it is the decomposition of the alcohol.
This reaction is undesirable for the process as it generates methane in the case of ethanol and
CO in the case of methanol. Methane generation should be avoided as much as possible as

this gas is difficult to convert. The catalyst used shall be very poorly selective towards methane.

In order to achieve that the reactions that take place in the auto-thermal reforming unit (1), a
catalyst desirable for the process is chosen. Thus, depending on the catalyst selection
(precious metal, Nickel based, Cobalt based), the proportion of each reaction development is

different.

The main reactions that take place in the unit in case of processing ethanol are listed below:

High exothermic
CH,CH,OH +0, - CO, +3H,+CO | Partial oxidation of ethanol J

reaction

_ Very high
CH ,CH,0OH +30, — 2C0, +3H,0 | Ethanol combustion _ _
exothermic reaction

Moderate
CH,CH,OH +3H,0 — 2C0O, + 6H , | Ethanol steam reforming | endothermic

reaction

Ethanol decomposition | Light endothermic
CH,CH,OH —CH, +CO+H, P g

(through acetaldehyde | reaction
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[CH3CH20H —>H,+ CH3CHO) dehydrogenation and

CH,CHO —CH, +CO decomposition)
Moderate
CO+H,0—->CO,+H, Water Gas Shift _ _
exothermic reaction
Moderate
CH,+H,0—->CO+3H, Methane steam reforming | endothermic
reaction

In the case of the methane steam reforming reaction, depending on the operating conditions
and concentrations of components, the reverse reaction, called the methanation reaction, can

take place. This reaction is undesired as it consumes hydrogen to generate methane.

In addition, the ethanol decomposition could produce more methane through acetaldehyde
decomposition or the acetaldehyde could be reformed with steam (reducing the methane

production). Acetaldehyde reforming is one of the most desirable reactions.

The main reactions that take place in the auto-thermal reforming unit (1) in case of processing

methanol are listed below:

1 Methanol partial | _ _
CH,OH +—-0, - (CO, +2H, o High exothermic reaction
2 oxidation
3 Methanol Very high exothermic
CH,OH +—-0, - (CO, +2H,0 _ _
2 combustion reaction
Methanol steam | Moderate endothermic
CH,OH +H,0 - (CO, +3H,
reforming reaction
Methanol Moderate endothermic
CH,OH -CO +2H,
decomposition reaction
Moderate exothermic
CO+H,0—->CO,+H, Water Gas Shift _
reaction

In the interior of the auto-thermal refoming unit (1), in the first centimeters of catalytic bed the
temperature will be higher for almost all catalyst, since the partial oxidation and the combustion
of the alcohol are faster reactions and are exothermic. For this reason, the temperature in

these first centimeters can reach 750 °C/950 °C (depending on the extent of partial oxidation
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or combustion reactions) in case of ethanol and 475°C/550°C in case of methanol. A special
catalyst is to be used so that the temperature profile could have a near flat profile, thus the
temperature is always below 600 °C along the reforming bed. This has been experimentally
evidenced using special designed catalyst, in where the oxidation reactions are slow enough
to avoid a high temperature peak. With this catalyst the reactor material of construction and

design temperature are easily affordable.

In a third aspect, the present invention provides a boiler unit (3) which could be an atmospheric

water tube boiler operated on flame combustion with air.

The method taking place in the boiler unit (3) are described in detail below.

Boiler unit (3)

The boiler unit (3) has two main functions:
- Eliminate the content of combustible gases

- Increase the energetic efficiency of the process

Hydrogen permeable selective membranes are capable of separating hydrogen as long as
there is some driving force. The driving force is proportional to the difference of the quadratic
roots of the hydrogen partial pressure between on one side and the other of the membrane.
The pressure of the permeate hydrogen at the outlet thereof should be approximately 2 bar g
to meet the acceptance requirements of the fuel cell. That is why there will always be a certain
amount of hydrogen in the reject gas (the equivalent to 2 barg) that cannot be filtered through

the membranes. This amount of hydrogen is the one that reaches the boiler.

In addition, there are other gases that are produced in the previous stages of the process, such
as methane and CO, which must be also burned to avoid its emission to atmosphere. In order
to burn these gases it is necessary to incorporate air.

The oxidation reactions of the boiler (3) are significantly exothermic.

These reactions are listed below:

1
H,+ 302 —H,0 Hydrogen combustion Very exothermic reaction
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1
CO +502 —CO, CO combustion Light exothermic reaction
Very exothermic
CH,+20, ->2H,0+CO, CH4 combustion _
combustion

It is very convenient to use generated heat to increase the energetic efficiency of the system.
Thus, the exhaust gases from the boiler, composed essentially of CO,, Nitrogen (in case of
using air) and water, are used, inside the same boiler unit (3) in several heat recovery coils

before sending it to the atmosphere, to evaporate the ethanol-water feed.

Little oxygen excess must be always controlled in order to guarantee the total oxidation of the
combustible gases. This oxygen content is measured at the exhaust gases outlet.

The boiler temperature is controlled with the flow of excess air introduced into the boiler.

In a fourth aspect, the present invention provides a method for reforming alcohol and producing
hydrogen, comprising an alcohol reforming and hydrogen production step in a system of the
first aspect of the invention, wherein the pressure at the auto-thermal reforming unit (1) is from
20 to 40 barg and wherein the following steps are carried out in the auto-thermal reforming unit
(1):

(a) alcohol is introduced through an alcohol and steam inlet (25) at a temperature from 300 °C
to 450 °C and

(b) oxygen is introduced through an oxygen inlet (36) at a temperature of 5 to 25 °C.

Method for alcohol reforming and hydrogen production

A description of this method is provided. Figure 1 depicts the method.

A pump (4) impulses high-pressure alcohol from an alcohol inlet line (17) which is mixed with
an amount of water (the ratio between the relative amounts of alcohol and water is controlled
in every moment). This ratio varies with the fuel and the operating condition (starting or steady

state). The water is supplied by a water pump (5) from a water separation vessel (6).

The alcohol/water reactive mixture flows through a boiler (3) internal coils and a heat
exchanger (8) to achieve the evaporation and overheating of the fluid. A certain controlled

amount of oxygen is added to this alcohol and water mixture. Oxygen is taken from an oxygen
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inlet pipe (20). In order to achieve a composition as homogeneous as possible, mixing is

carried out in a mixing element located inside the auto-thermal reaction unit (1).

The oxygen flow rate will vary and will be controlled as a function of the temperatures

measured in the auto-thermal reforming unit (1).

In order to achieve the heating and evaporation of the alcohol/water liquid, the heat is supplied
by the boiler unit (3) and by the product gas from the outlet of the auto-thermal reforming unit
(1) through heat exchanger (8), optimizing the energy efficiency of the system. In order to allow
the cold start of the system, if exhaust gases are not present, to initially provide heat, an electric

heater (10) is included.

The electric heater (10) is used to heat an amount of CO- or N2 in the first moments of the
starting sequence, taken from a CO. or N inlet pipe (18). Such warm CO- or Nz is circulated
through the different equipment until enough temperature is reached to make active the

different catalysts.

In the auto-thermal reforming unit (1), once the catalyst is activated and the catalytic
combustion process (partial oxidation) is ignited, two types of reactions mainly occur. First type
is an exothermic reaction, such as the partial oxidation and combustion of the alcohol, which
increase the temperature and provides sufficient heat to maintain the endothermic reactions.
Second type is an endothermic reaction, reforming the alcohol, whose reaction product, among

others, is the desired hydrogen.

The outlet gases of said unit (1) are first conducted to the heat exchanger (8) to supply part of
its heat to the inlet alcohol/water mixture and subsequently to other heat exchanger (11) before
entering the second stage of the process, the Water Gas Shift unit (2). The water gas shift
reaction increases hydrogen production, eliminating a large part of the CO generated in the
auto-thermal reforming unit (1). Then the products from this unit (2) are cooled down in heat
exchanger (14) against cooling water making reaction water to condensate. Condensed water
is separated in the water separator vessel (6) and recycled to the process through water pump
(5). The not condensed gas is heated again in the said heat exchanger (11) and is conducted

to hydrogen permeable separation units with membranes (12).
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A great advantage of this method is that the water is condensed al high pressure upstream of
the hydrogen separation process, increasing hydrogen partial pressure in the stream,

enhancing its separation.

The separation technology could be based on palladium membranes, the use of which
guarantees the production of very high purity hydrogen without traces of CO that could poison

the catalyst of the fuel cell anode.

Pure hydrogen is produced to feed the fuel cell (out of the scope of this invention), conducted

by a hydrogen outlet pipe (19).

The exhaust gases of the hydrogen separation unit (12), mainly composed of CO. with
unrecovered hydrogen, CO and methane are sent to the boiler (3) through a pressure reducing
valve (17). In the boiler unit (3), combustion or oxidation of hydrogen, CO and methane takes
place. This combustion product will vaporize the reaction ethanol-water mixture in the other
side of the heat recovery coils inside the boiler (3). The air or oxygen inlet (13) is introduced

into the boiler unit (3) and mixed with the combustible gases in a flame burner.

It is necessary to introduce a small amount of water, controlled by level measurement in the

vessel (6), to balance the water, so that the unit includes a high pressure water supply (15).

The burned exhaust gases may be sent to the atmosphere by an outlet pipe (16)

The method operates at a pressure up to 40 barg, being the preferred value near 20 barg.

There are differences between the present invention and the document EP2641866A1, which

are discussed below.

In EP2641866A1, the operating pressure is practically atmospheric, much less than the
operating pressure of the present invention (about 20-40 barg). This represents a problem for

hydrogen separation as there is no driving force (pressure differential).

In EP2641866A1, the gases obtained from the reforming process are conditioned by a set of
reactors arranged in series (WGS, COPROX, Methanation) which reduce the CO content to
limits acceptable by the fuel cell. There is therefore a set of gas purification steps. The

produced hydrogen is sent to the open anode Fuel Cell along with other compounds. The
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present invention comprises only one reactor and the product obtained from the reactor may
be supplied to a separation process containing palladium membranes. From this separation
step a pure hydrogen stream at low pressure is obtained which feeds directly to the closed

anode fuel cell or hydrogen storage for other downstream process consuming hydrogen.

In EP2641866A1, an open anode configuration is operated by integrating the fuel cell into the
process. In the present invention a closed anode Fuel Cell could be used. The stack is

segregated from the process, which has many dynamic, control and safety advantages.

In EP2641866A1, the heat supplied to the reformer is obtained from the combustion of the
anode rejection gases by heat exchange in microreactors. The reformer is an isothermal
microchannel reactor. In the present invention, the heat required by the reforming process is
supplied in the same reactor by an auto-reforming process. This implies that some of the
alcohol supplied is burned to supply the heat required by the reforming reactions in the reactor
itself. It is an adiabatic fixed bed reactor. In the present invention, no complex heat integration

with reaction kinetics or very different reaction rates on both sides are required.

EP2641866A1 discloses a system with a large number of stages, several heat exchangers,
many reactors in series, a difficult heat integration system and a complex control. The present
invention is based on a simpler auto-reforming process with three main steps and the control

of the all integrated system is simpler.

EP2641866A1 discloses a laboratory-sized system (photographs are shown) with
microreactors and cartridges. The present invention refers to a system of higher processing
capacity, suitable for the energy requirements of the submarine, which greatly simplifies the
process with respect to the use of several of the equipments of EP2641866A1 working in

parallel or scaling them.

EP2641866A1 discloses a pre-reforming unit, which preferably produces methane, followed
by a reforming unit to process said methane. In the present invention, a single auto-thermal
reactor is carried out in a single step, trying to reduce direct methane formation and providing

direct hydrogen production, resulting in lower operating temperatures.

The electrical consumption of EP2641866A1 is high, mainly because of the necessity of a CO:

recirculation blower to control the temperature of the combustor. 15 kW are indicated in
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EP2641866A1. The present invention has lower electrical consumption, about 3 kW, an

important premise for a vehicle application.

There are differences between the present invention and the document EP2525146, which are

discussed below.

EP2525146 discloses a heat generation system (boiler) which replaces a prior flame
combustion based system. The heat produced is supplied to the methanol reformer. The
present invention contemplates a system and an alcohol reforming process for generating

hydrogen. The purpose and goal are very different.

In EP2525146, hydrogen is produced in a first step and then burned in later steps. In the
present invention, hydrogen is produced to be supplied to a fuel cell, not to be burned and to

generate heat.

In EP2525146, a small amount of alcohol is processed to be burned and to provide heat to the
main reforming process, which takes place in another equipment (methanol reformer). In the
present invention, the processing flow is higher, since most of the required hydrogen is

produced in a single reactor.

EP2525146 discloses a process for methanol reforming, which takes place in a reactor, the
heat required is generated by a boiler. In the present invention, the reforming reactor is of
adiabatic type, in which the heat required by the reforming process is supplied directly in the
same equipment by the partial oxidation of the alcohol in an auto-reforming process. The

process of the present invention is simpler than that described in EP2525146.

EP2525146 discloses a process of catalytic combustion steps and dosages of oxygen
arranged in series, where at least two steps must be arranged. The control to keep the system
in a stable manner is complex, since disturbances produced in one step affect the later steps
arranged in series, which can cause abrupt changes in temperature. This system is part of a
methanol reformer process where a complex unit as the multi-stage boiler described shall be
integrated. In the present invention refers to a single catalytic reactor, connected in series with
WGS reaction and then a hydrogen separation process that integrates hydrogen selective
separation membranes. This solution simplifies the process and its control. The purpose of the

boiler of the present invention is to burn the rejected gases of the membrane in a single step
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and to take advantage of the heat obtained to vaporize the alcohol/water reaction mixture. The

present invention does not supply heat for the reforming process.

There are differences between the present invention and the document US2007122667A1,

which are discussed below.

In US2007122667A1 the reactive mixture can combust with flame before reaching the catalyst
of the auto-thermal reactor, a risky situation due to the high temperatures reached and the
production of unwanted products. This scenario requires that the time the fuel-oxygen mixture
is flowing before reaching the catalyst must be greater than the auto-ignition delay time. The
auto-ignition delay time depends mainly on the temperature, the fuel nature, and to a lesser
extent (but not less important) on the concentration of fuel and oxidizer and the pressure. In
US2007122667A1 the mixture of water and fuel is vaporized. This could imply elevated
temperatures, depending on the operating pressure, which is not indicated on
US2007122667A1. The vaporized water/fuel is mixed with the oxygen, separated from the air,
in a duct. Then it is introduced through this duct into the auto-thermal reactor. The problem of
self-ignition with flame before reaching the catalyst is not resolved in the patent. Under typical
auto-thermal conditions the auto-ignition delay time takes only few seconds, depending on the
fuel, even less than a second. The way to make the mixture of the fuel with oxygen and how
the mixture is introduced to the catalyst are very important aspects to be able to operate this
type of reactors. In the present invention a detailed design method is proposed to solve these

problems.

In US2007122667A1 the auto-thermal reactor is adiabatic. Adiabatic auto-thermal fixed bed
reactors normally have a high temperature peak in the first centimeters of catalytic bed, since
the chemical kinetics of the oxidation reactions of the fuel are much faster than those of
reforming. This causes a quick rise in temperature. This heat is then used to reform the fuel in
the presence of water, then temperature along the bed is gradually reduced. This temperature
peak can cause auto-ignition of the reaction mixture before reaching the catalyst by radiation
heat transfer. It also limits the operational range in terms of flow rates, since at a lower
processing rate it is easier to transmit high temperatures to the reactive mixture by radiation
before reaching the catalytic bed. Solutions to these problems are not proposed in the
document. In the present invention a detailed design method is proposed to solve this problem.
As a result of this temperature peak, the selection of materials of construction to built the
reactor is complex. Wall thickness can be high, resulting in excessive equipment weight.

Another possible solution is to include refractory insulation inside the reactor, but this requires
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a larger diameter size. The system of US2007122667A1 does not solve the problem. In the
present invention a detailed design method is proposed to solve it as well as using a special

catalyst that avoids the temperature peak.

In US2007122667A1, as a result of the reforming of fuel, a certain amount of methane is
obtained at the outlet of the reformer. Methane is a refractory compound to be catalytically
burned in the downstream combustor, what implies the use of high operating temperatures.
No tempering systems or methods suitable for controlling the temperature in the combustor
are described in US2007122667A1. In the present invention an atmospheric flame boiler with
water tube design method is proposed to solve these problems. The temperature is controlled

with the air flow in excess.

US2007122667A1 does not disclose methods of starting or activating the catalysts. In the case
of ethanol, a temperature between 250 and 300 °C is required in order to start the auto-thermal
catalytic process. In the present invention a specific detailed method is proposed to solve this

problem.

US2007122667A1 discloses an optional method for eliminating sulfur contained in fuels such
as diesel. The present invention utilizes sulfur-free fuel such as methanol or ethanol of a certain

quality.

US2007122667A1 discloses a water spray tempering step performed before WGS step. This
is advantageous to favour the equilibrium of the WGS reaction but it makes difficult to separate
the hydrogen because partial pressure is reduced in the subsequent purification step. Itis more
advisable and efficient to cool by heat exchange without water mixing prior to the WGS step,
as done in the present invention. Also condensing water before entering the separation step

will help as the partial pressure of hydrogen is increased as done in the present invention.

There are differences between the present invention and the document EP1808327A1, which

are discussed below.

The system of EP1808327A1 operates at low pressure and consequently the driving force for
hydrogen separation is very low. Even with vacuum on the other side, the required membrane
area will be very high, resulting in a more expensive and larger equipment due to the amount

of membrane material to be used.
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As indicated before, the auto-thermal reactors normally work with high temperature peak at
the beginning of the catalytic bed. EP1808327A1 indicates temperatures of 700 ° C at the
outlet of the reactor. This implies a peak of at least 850 °C which increases reactor wall
thickness causing an excessive weight of the equipment. The system of EP1808327A1 does
not solve this problem. In the present invention a detailed design method is proposed to solve
this problem as well as the use of a special catalyst that does not produce the temperature

peak.

In EP1808327A1, pure hydrogen must be evacuated from the outlet of the Pd membrane to
the stack by means of a hydrogen compressor. The energy consumption needed in
compressing the hydrogen makes this system unattractive. In the present invention, said

compressor is not necessary, saving a lot of compression energy.

There are differences between the present invention and the document W02011148066A2,

which are discussed below.

The higher pressure used in W0O2011148066A2 implies higher thermodynamic difficulty in

reforming the fuel, requiring higher operating temperatures.

In WO2011148066A2, the water is supplied independently from a vessel working with water in
equilibrium with its vapor. This complicates the control as well as the thermal integration. There

is also a small exhausting tower with water that also adds complexity to the process.

With respect to the auto-ignition delay time, in W02011148066A2 the water is vaporized at the
saturation temperature corresponding to the operating pressure (about 250/280 °C) and then
it is mixed with the vaporized fuel at about 240/300 °C. Oxygen is introduced just before
entering the catalyst, which largely solves the problem, minimizing the time on stream where
the fuel is mixed with the oxidizer with respect to the auto-ignition delay time, which in these

conditions is only seconds, or in the case of Diesel is even less than a second.

However the method of preparation of the mixture is not disclosed, what is an equally important
aspect. Oxygen is introduced between 250 and 280 °C, what could suppose a problem. WWhen
mixing with the pure oxygen, there are areas that have higher concentration of oxygen until a
homogeneous mixture is formed. As the oxygen is introduced in warm conditions, the auto-
ignition delay time in these high concentration zones of oxygen is actually low, possibly

producing flame before reaching the catalyst. Operating at high pressure (preferably between
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50 and 60 bar as indicated) makes even easier to combust the mixture with flame. In the
present invention the oxygen is introduced at a low temperature (between 5°C and 25 °C),
therefore the mixture, although having areas of high oxygen concentration until
homogeneously mixed, maintains self-ignition delay times controlled. In the present invention

a detailed design method is proposed to solve this problem.

The auto-thermal reactor of WO2011148066A2 operates with a high temperature peak in the
first centimeters of catalytic bed as indicated above. This temperature peak can cause auto-
ignition of the mixture before reaching the catalyst by radiation heat transfer. The document
does not propose solutions to this problem. In the present invention a detailed design method
is proposed to solve this problem as well as the use of a special catalyst that does not produce

the temperature peak.

Because of this temperature peak, the selection of constructions materials to build the reactor
is a difficult issue. According to W0O2011148066A2 an output temperature of about 780/880
°C is obtained, resulting in a probable peak of more than 1000 °C. In addition, the design
pressure of this vessel, due to the high pressure operation, is very high. Very high
temperatures and very high pressures result in large wall thickness, meaning an excessive
weight of the equipment and cost. In this case, it is necessary to use refractory insulation inside
the reactor. However, this enlarges the reactor size. W02011148066A2 does not disclose a
solution to these problems. In the present invention a detailed design method is proposed to

solve this problem.

In WO2011148066A2, as a result of the reforming of fuel, a certain amount of methane is
obtained at the outlet of the reformer. Methane is a refractory compound to be catalytically
burned. This implies high operating temperatures. In WO2011148066A2, operating
temperatures of 400 to 700 °C are indicated. These temperatures seem low to be able to burn
the methane effectively. No tempering systems or methods suitable for controlling the
temperature in the combustor are described in W02011148066A2. In the present invention an
atmospheric flame burner with water tube design method is proposed to solve these problems.

The temperature is controlled with the air flow in excess.

In WO2011148066A2, the type of Pd membrane to be used is not indicated. However the high
operating pressure makes it difficult to find suitable membranes to work with. Studying the
state of the art in Pd membranes, it is observed that the normal operating pressure range is

lower.
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WO02011148066A2 does not describe any method of starting or activating the catalysts. No
external heat source is identified to start and vaporize the water. In the case of ethanol, a
temperature between 250 and 300 ° C is required in order to start the auto-thermal process.

In the present invention a detailed design method is proposed to solve this problem.

There are differences between the present invention and the document WO0125140A1, which

are discussed below.

The system described in WO0125140A1 is complex, oriented to treat sulfur-containing fuels,
such as diesel. The present invention uses Sulphur free fuel such as methanol or ethanol of a

certain quality, therefore no method is contemplated to remove Sulphur.

In WO0125140A1, the same problems as mentioned above are contemplated, with the
particularity that the steam is introduced at 600 °C and the fuel at 300 °C. At such high
temperatures the mixture with oxygen will ignite very quickly (much less than one second,
especially for diesel), probably before reaching the catalytic bed. The present invention uses

lower temperatures reducing the auto-ignition risk, especially in the oxygen stream.

In WO0125140A1, the outlet temperature is 970 ° C, the reactor peak is greater than 1000 °C.
The problems listed above are even worse because of the higher temperature. In the present
invention temperatures are lower as well as the use of a special catalyst that does not produce

the temperature peak.

There are differences between the present invention and the document US 2004/0175665,

which are discussed below.

In US 2004/0175665, the problem that may occur is that the reactive mixture rises by swirling
toward the top of the mixing chamber (62), outside of the tubes (24), since this space must be
occupied by the gas. In this part of the chamber, if the temperature is sufficiently high, there is
enough time to ignite the mixture, since it is a dead volume. Disposing dead volumes and
designs that allow back-mixing in transients could cause a problem. The present invention
does not allow the entering of fuel gas to the oxygen side, as this is introduced at a higher
pressure. The venturi of the present invention causes the flows of both combustible gas and

oxygen always to flow into the throat to be mixed, as it is a zone of lower pressure. Anti-return
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valves are also provided in the oxidant supply and the design does not include areas with dead

volumes.

US 2004/0175665 does not describe methods to absorb radiated energy from the catalytic
bed. This energy increases the temperature of the reactants, especially in the dead volumes,
favouring the ignition and flame combustion in those zones. The present invention provides a
distributor plate and inert filler material before reaching the catalyst. These materials absorb
the radiation produced in the catalyst and avoids overheating the mixture before reaching the

catalyst.

US 2004/0175665 discloses a complex system to be manufactured and operated because of
the large number of distributor tubes. The present invention presents a simple system, easy to

manufacture it.

There are differences between the present invention and the document US 2005/0066577 A1,

which are discussed below.

In US 2005/0066577 A1, the oxidizer and fuel are introduced at 371 °C as minimum. The
mixture must be correctly made since introducing hot oxygen implies that in areas where the
oxygen concentration is very high (before it is completely mixed) the auto ignition delay time is
very low (less of one second). In the present invention the oxygen is introduced relatively cool
(between 5°C and 25°C), so the risk of auto-ignition until the mixture is homogeneous is
minimum. This allows the auto-ignition delay time to be several seconds, so different loads can
be considered instead of fixed 100% flow rate operation, without the risk of igniting the mixture

upstream reaching the catalyst.

The mixers referred to in US 2005/0066577 A1 are not of the Venturi type as in the present

invention, thereby different solutions are included in both proposals.

In US 2005/0066577 A1, inert material is included prior to reach the catalyst to prevent the
propagation of the radiation from the catalytic zone. The present invention provides a
perforated distributor plate, avoiding radiation transmission more effectively, since it creates

an additional flat surface which collects almost all the remaining radiation.

In US 2005/0066577 A1, the temperatures reached in the process (part of the catalyst) can be

very high (982 °C), therefore, having a design with downward flow in a single step, it will be
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mandatory to use internal refractory material (Insulation) to avoid such high temperature in the
metal wall that supports the pressure. In the present invention, the use of a special catalyst
that does not produce the temperature peak which makes possible not to use interior refractory
material. This is a significant advantage since refractory insulation materials have a relatively
high thermal conductivity, implying higher thickness and thus resulting in larger equipment.
Reducing the temperature of the metal wall that resists the pressure allows using metal alloys
directly in contact with the fluid and the installation of more efficient external insulating
materials (with lower thermal conductivity). This leads to equipment with smaller total diameter

and lower cost.

There are differences between the present invention and the document US3871838, which are

discussed below.

The arrangement disclosed in US3871838 may cause part of the fuel to enter the oxidizing
gas distributor and accumulates in the dead zone of longitudinal extension, especially in
transients. As a result, auto-ignition and flame combustion can take place in this dead zone.
The present invention does not allow fuel gas to enter into the oxygen side, as this is introduced
at a higher pressure. The Venturi of the present invention drives the flow rate of both
combustible gas and oxygen into the throat to be mixed, as it is a zone of lower pressure. Non
return valves are also included in the oxidant supply and dead zones are not included in the
design. The oxidant is also introduced at a relatively low temperature with the advantages

indicated above.

US3871838 also has an additional air inlet and a spark generator to ignite the initial mixture
and maintain a controlled combustion at the start up, heating the catalyst to working conditions.
Spark ignition methods are very complex to control at high pressures and flames reduce their
size under pressure. US3871838 does not mention operating pressure, but a flame ignition
and control system for this initial heating presents many problems at an operating pressure of

about 20-40 barg, as is the case of the present invention.

US3871838 proposes a complex system to manufacture and operate because of the large
number of dispensing tubes. The present invention represents a simple system, easy to

manufacture it.

There are differences between the present invention and the document US4865820, which are

discussed below.
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In US4865820 the inlet temperature of the gases is also higher (about 550 °C versus 450 °C
in the present invention). At these temperatures (both fuel and oxidizer are introduced at this
temperature) the auto-ignition delay time is lower than one second, so gas speeds shall be

higher than the present invention, resulting in higher pressure load losses (pressure drop).

In US4865820, passages which introduce, through holes, the gas from one zone to the other,
have a dead volume below the last mixing hole. This arrangement may cause part of the fuel
to enter the oxidizing gas distributor, especially in transients, getting accumulated in dead
space zone of longitudinal extension. It is therefore possible to have auto-ignition and flame

combustion in the distributor. The present invention solves these problems.

US4865820 uses a single down flow pass through the reactor. In turn, an inner refractory
material is coating the reactor to avoid high temperatures in the metal. In the present invention,
the use of a special catalyst that does not produce the temperature peak which makes possible
not to use interior refractory material. This is a significant advantage in the occupied volume

as indicated in the analysis of the others patents.

There are differences between the present invention and the document WO 2006/065766A2,

which are discussed below.

In WO 2006/065766A2, there may be retro-blending of all gases in the different zones
according to this arrangement in transients. In addition, a cone is arranged in the inner tube
having a large dead volume. This arrangement may cause some of the fuel to enter to the gas
distributor containing oxygen or vice versa and accumulate in the dead zone of the cone. Itis
therefore possible to produce a self-ignition and flame combustion. This problem is solved in

the present invention.

In WO 2006/065766A2, higher gas velocity rates of about 300 ft/s (91 m/s) at some points are
reached compared to those handled in the present invention. This causes higher pressure drop

in the distributor than the one of the present invention.

There are differences between the present invention and the document W02011148068A2,

which are discussed below.
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Having two enclosures, the exterior being designed to withstand the pressure and moderate-
low temperature and the interior for low differential pressure and high temperature has the
purpose to reduce the thickness and consequently the weight of the outer casing. In
WO02011148068A2, the space between the two shells is occupied by an inert gas. A very
accurate and fast pressure control of the space between envelopes is required to match it as
close as possible to the pressure inside the reactor. In the event of pressure changes or
transient fluctuations in the reactor (start up, etc.), the pressure control of the inert gas in the
space between enclosures could not act quick enough, and important pressure differences,
both positive and negative, could be created. These pressure differences have a very negative
impact on the mechanical strength of the inner shell which is further subjected to high
temperatures. There is a risk of breaking the inner shell. In the present invention, this situation
cannot occur as there is only one shell operating at lower temperatures avoiding a temperature

peak due to the use of special catalyst.

The outer shell in WO2011148068A2 does not contain a catalyst and is occupied by an inert
gas. A larger size than in the present invention is expected since it is a non catalytic space.

This space acts as insulation.

In WO2011148068A2, the reactor is cooled, with refrigeration water, by tubes arranged outside
the reaction envelope. This causes a marked radial temperature profile. This is not an adiabatic
reactor. In addition, having catalyst in the form of monoliths makes the radial mixing even more
difficult and the radial temperature profile is more pronounced. The reactor of the present
invention is fully adiabatic, eliminating radial temperature gradients. These lower temperatures
at the sides favour not complete conversion of the fuel and methanation (methane generation,

reducing the selectivity towards hydrogen).

In WO2011148068A2, there may be retro-mixing of the gases in the different zones according
to this provision in transients. Basically, the chamber where oxygen is introduced to the venturi
elements, has large dead volumes in which the water-hydrocarbon mixture can enter and be
trapped. In addition, oxygen is being introduced at 250 ° C to 300 ° C (regarding the 5-25 ° C

of the present invention), drastically shortening the auto-ignition delay time.

WO02011148068A2 discloses a chamber for mixing and atomizing the fuel. In the present
invention the fuel and steam are already mixed and vaporized, therefore this part of the design

is simpler.
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In WO2011148068A2, a multitude of venturi type mixing elements for fuel and oxidizer
(between 300 and 2000 per square meter) are included. This design minimizes contact time
regarding a single venturi, as is the case of the present invention. The design of
WO02011148068A2 is thought to have very small auto-ignition delay times, mainly due to
operating at higher pressures, higher temperatures and especially to operate with diesel (the
diesel fuel has a low auto-ignition delay time, associated with a high cetane number, however,
ethanol has a lower cetane number or a much higher auto-ignition delay time, much more
gasoline-like). The type of fuel, the lower operating pressures and the lower operating
temperatures make the auto-ignition delay time much higher in the present invention, being
able to use a single Venturi system, which greatly simplifies the design and facilitates the

manufacturing.

There are differences between the present invention and the document W0O2015198186A1,

which are discussed below.

Operating pressure in WO2015198186A1 is lower than the one of the present invention (about
4 barg versus 20-40 barg). It is indicated that water is vaporized at 150 °C and this implies a
maximum pressure of 4 barg. The driving force (pressure difference) for hydrogen separation
is lower, resulting in bigger separation units and higher cost.

A combustion and fuel mixer as indicated in W0O2015198186A1 should not be of the static
mixer type, which, while providing well mixing, generates too many vortices and increases

residence time of the fluid, before reaching the catalyst, against the auto-ignition delay time.

WO02015198186A1 uses a single downward gas flow pattern along the reactor. In turn, inner
refractory materials to avoid high temperatures in the metal wall coat the reactor. In the present
invention the use of a special catalyst that does not produce the temperature peak which
makes possible not using interior refractory material. This is a significant advantage in the

volume occupied as indicated in the analysis of above patents.

There are differences between the present invention and the document US2008011250A1,

which are discussed below.

In US2008011250A1 discloses a first chamber for mixing, atomizing and vaporizing the liquid
fuel with steam. The present invention does not have such a chamber, since the fuel and steam
are already vaporized and pre-mixed. It results in a simpler design of the reforming reactor
than US2008011250A1.
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In US2008011250A1, neither gas velocity nor angles in the second mixing chamber are
indicated nor anything to prevent the formation of possible swirls. The divergent nozzle angle
as well as throat speeds and where to locate the catalyst are important parameters. In the
present invention flow velocities are indicated in the throat to ensure a good mixing, likewise,
it is suggested to calculate the angle according to the flow to avoid the formation of eddies or

swirls near the wall and the properly location of the catalyst is disclosed.

There are differences between the present invention and the documents US20020088179A1
and US6620389B1, which are discussed below.

A high number of dosing tubes distributed throughout the reactor section are disclosed in
US20020088179A1 and US6620389B1. This is a complex manufacturing system. The patent
system is probably intended to work with reforming diesel-type hydrocarbons having a low
auto-ignition delay time. In the present invention, there is a single distributor in the form of

Venturi, making the manufacture of the equipment easier.

In US20020088179A1 and US6620389B1, the oxidant dosing chamber has significant dead
volumes. This arrangement may cause part of the fuel to enter the oxidizing gas distributor,
especially in transient operations, and to accumulate in the dead space zone of longitudinal
extension. It is therefore possible for auto-ignition and flame combustion to occur in the

distributor. The present invention solves these problems.

In US20020088179A1 and US6620389B1, a single downstream gas passageway throughout
the reactor is disclosed. It is a non-adiabatic reactor, since there is a heat exchange with the
helical tubes that vaporize the reactants. There are therefore radial temperature profiles along
the catalytic bed. These lower temperatures at the sides favour not complete conversion of
fuel and methanation (methane generation, reducing the selectivity towards hydrogen). In the
present invention an adiabatic reactor is used which temperature profile favours the complete

conversion of the alcohol and minimizes the formation of methane.

BRIEF DESCRIPTION OF DRAWINGS

Figure 1 shows the general procedure for reforming alcohol and producing hydrogen.
Figure 2 shows an auto-thermal reforming unit (1) embodiment.

Figure 3 shows an auto-thermal reforming unit (1) embodiment.
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Figure 4 shows an auto-thermal reforming unit (1) embodiment.

Figure 5 shows a system comprising Water Gas Shift units (2) and separation units comprising
hydrogen permeable separation membranes.

Figure 6 shows a CFD simulation of the oxygen concentration profile in the Venturi mixer of
the auto-thermal reforming unit (1).

Figure 7 shows a CFD simulation of the velocity profile in the Venturi mixer of the auto-thermal
reforming unit (1). Visualization is limited to a maximum of 10 m/s (higher values will be
represented in the same grey color) in order to see with certain precision the low velocity
behavior.

Figure 8 shows a CFD simulation of the temperature profile in the Venturi mixer of the auto-
thermal reforming unit (1).

Figure 9 shows the temperature profile along the catalyst bed with a special catalyst that avoids
a temperature peak and provides a near flat and stable temperature profile along the catalyst

bed of the auto thermal reforming unit (1).

DESCRIPTION OF EMBODIMENTS

High-pressure auto-thermal system for reforming alcohol and producing hydrogen that

contains an auto-thermal reforming unit (1), depicted in Figure 2.

(1a1) The auto-thermal reforming unit (1) is a single auto-thermal adiabatic fixed-bed reactor
designed as a cylindrical envelope or tube (27) disposed in a vertical or horizontal
arrangement. The gas flow is arranged through the cylinder envelope (27) going downwards.
Finally, the gas mixture leaves the reactor at the bottom (34). The high peak temperature
produced by the partial oxidation/combustion reactions of the alcohol (very fast kinetic
reactions) is avoided by the use of a special catalyst (28) that provides slow kinetics for
combustion reactions. A typical temperature profile along the catalytic bed can be observed
in Figure 9. This allows the reduction of the wall thickness of the vessel and not to use interior
refractory lining. Affordable materials of construction are possible, making the solution very
cost attractive. The use of interior refractory insulation entails a considerable diameter

increase;

(1a2) a catalyst (28) located inside the envelope (27);

(1a3) aninlet of alcohol and steam located at the top part (25) being made at about 300/450
OC’
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(1a4) a Venturi type mixing element (33) where the alcohol / steam mixture accelerates and
increases its velocity and turbulence level, throat velocity can be around 20-40 m/s for

maximum processing capacity;

(1a5) anoxygen inlet (36) at higher pressure than the process, at 5 °C to 25 °C approximately.
The amount of oxygen dosed is controlled by the temperature measured in the catalytic bed
(28) and in the outlet of the auto-thermal reforming unit (1). The oxygen is dosed into the throat
of the Venturi by a distributor ring (41) with holes (38) without dead volumes. At this area a
great turbulence is generated due to the high gas velocity that ensures the rapid mixing
between reagents. The passage of combustible gas to the oxygen side is not allowed, as this
is introduced at higher pressure. The Venturi (33) always makes that both fuel gas and oxygen
always flow to the throat to mix, as this is a lower pressure zone. In addition, an anti-return

valve (37) is provided at the oxygen inlet to prevent back flow.

The Venturi throat smoothly increases the diameter (divergent nozzle) (32) up to the diameter
of the envelope (27) so that the enlargement is gradual to avoid swirling near the wall, the

angle must be calculated depending on the flow load to avoid such swirls;

This mixer design provides a good blending, dead volumes and eddies are avoided, and the
operating conditions (pressure and temperature) guarantee a self-ignition delay time of few
seconds. In addition the oxygen mixture is made as close as possible to the catalyst. Therefore,
with this design, any problem related with flame combustion produced by the auto-ignition of

the mixture before reaching the catalyst is minimized;

(1a6) a perforated distributor plate (31) which allows the gas flow down but does not allow
back-flushing of the ceramic (40) or catalyst (28) particles upwards in a reverse flow situation.
This plate absorbs radiation from the lower zone. The plate (31) (and the subsequent inert
material (40) and catalytic bed (28)) can be positioned at half height in the Venturi divergent
nozzle (32), or very near the oxygen inlet, to reduce the contact time, or once the enlargement

of the diverging nozzle (32) has been completed, according to the self-ignition delay times;

(1a7) non porous inert ceramic material (40) whose function is none other than to improve
the distribution of the reactants throughout the surface of the envelope (27) and to absorb the
radiation produced by the elevated temperatures of the first centimeters of catalytic bed,

avoiding auto-ignition of the reaction mixture before reaching the catalytic bed (28);
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(1a8) temperature probes (30) protected by thermowells arranged along the reactor to
monitor and control the behavior of the equipment at all times under the proper operating

conditions;
(1a9) a product outlet (34) placed at the bottom of the reactor with a mesh (35) located in a
nozzle with holes of adequate size to prevent dragging of the catalyst (28) but allowing the free

flow of the fluid.

High-pressure auto-thermal system for reforming alcohol and producing hydrogen that

contains an auto-thermal reforming unit (1), depicted in Figure 3.

The auto-thermal reforming unit (1) described in Figure 3 comprises the elements described
in the auto-thermal reforming unit (1) described in Figure 2, with the exception of the following

modifications.

The oxygen dosing is done with a lance (39) (Figure 3) in which the Venturi throat itself (33) is
created by the area restriction to the flow because of the introduction of the lance (39),
achieving similar gas cross velocities to those mentioned above (20-40 m/s). The oxygen will
be dosed by orifices (38) located in the lower part of the lance (39). This lance (39) has no
dead volumes in it and can be manufactured from the mechanization of a bar. Figures 6, 7 and
8 show Computations Fluid Dynamics (CFD) simulations of the oxygen mixing, temperature
profile and velocity of this mixer with lance. It is observed that a good oxygen mixture is almost
immediate, as well as the homogenization of temperature. When reaching the bed of ceramic
inert (40) the velocity is equalized (Figure 8), maintaining a homogeneous velocity profile

throughout the diameter.

High-pressure auto-thermal system for reforming alcohol and producing hydrogen that

contains an auto-thermal reforming unit (1), depicted in Figure 4.

The auto-thermal reforming unit (1) described in Figure 4 comprises the elements described
in the auto-thermal reforming unit (1) described in Figure 2, with the exception of the following
modifications. The temperature probes (30) used to measure the inner temperature inside the
envelope (27) are replaced by a thermowell arranged in vertical position. It allows the use of
multi-point temperature sensors distributed along the thermowell, allowing a more easy to

construct embodiment.
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CLAIMS
. High-pressure auto-thermal system for reforming alcohol and producing hydrogen,
comprising (a) an alcohol auto-thermal reforming unit (1) for alcohol auto-thermal reforming
and hydrogen production, (b) a hydrogen separation unit, and (c) a boiler unit for
combustion of hydrogen and combustible gases, characterized in that
- the auto-thermal reforming unit (1) is an adiabatic fixed bed reactor arranged in a
cylindrical envelope (27) of metal alloy, the reactor comprising a catalytic bed (28), an
alcohol and steam inlet (25), an oxygen inlet (36), a non return valve (37) arranged in
the oxygen inlet (36), a divergent nozzle (32) with increasing size up to the diameter of
the cylindrical envelope (27), wherein the auto-thermal reforming unit (1) comprises a
Venturi type mixing element (33) and a distributor ring (41) which doses the oxygen in
the Venturi type mixing element (33) or a lance (39) creating a Venturi throat (33) and
- the boiler unit (3) is an atmospheric water tube boiler with flame combustion where
combustible gases are burned comprising coils for heat recovery and hydrogen
permeable separation membranes (12),
wherein the membranes are integrated in the auto-thermal reforming unit (1) or positioned
between the auto-thermal reforming unit (1) and the boiler unit (3).
The system according to claim 1, characterized in that the metal alloy is a nickel alloy.
The system according to any one of claims 1 to 2, characterized in that the alcohol is
methanol, ethanol or bioethanol.
The system according to any one of claims 1 to 3, characterized in that the combustible
gases are hydrogen, methane and/or CO.
The system according to any one of claims 1 to 4, characterized in that the hydrogen
permeable separation membranes (12) are Palladium based.
. An auto-thermal reforming unit (1) for reforming alcohol and producing hydrogen in a
system according to any one of the claims 1 to 5, characterized in that the unit is an
adiabatic fixed bed reactor arranged in a cylindrical envelope (27) of metal alloy, the reactor
comprising a catalytic bed (28), an alcohol and steam inlet (25), an oxygen inlet (36), a non
return valve (37) arranged in the oxygen inlet (36), a divergent nozzle (32) with increasing
size up to the diameter of the cylindrical envelope (27), wherein the auto-thermal reforming
unit (1) comprises a Venturi type mixing element (33) and a distributor ring (41) which
doses the oxygen in the Venturi type mixing element (33) or a lance (39) creating a Venturi
throat (33).
The auto-thermal reforming unit (1) according to claim 6, characterized in that the unit

comprises a drilled distributor plate (31) and a ceramic material (40).
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8. The auto-thermal reforming unit (1) according to any of the claims 6 to 7, characterized in
that the unit comprises a product outlet (34) and a mesh (35).

9. The auto-thermal reforming unit (1) according to any of the claims 6 to 8, characterized in
that the unit comprises a non-return valve (37) arranged in the oxygen inlet (36).

10. The auto-thermal reforming unit (1) according to any one of claims 6 to 9, characterized by
comprising hydrogen permeable separation membranes (12).

11. A method for reforming alcohol and producing hydrogen, characterized by comprising an
alcohol reforming and hydrogen production step in a system according to any one of the
claims 1 to 5, wherein the pressure at the auto-thermal reforming unit (1) is from 20 to 40
barg and wherein the following steps are carried out in the auto-thermal reforming unit (1):
(a) alcohol is introduced through an alcohol and steam inlet (25) at a temperature from 300
°C to 450 °C and

(b) oxygen is introduced through an oxygen inlet (36) at a temperature of 5 to 25 °C.
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AMENDED CLAIMS
received by the International Bureau
on 29 May 2020 (29.05.2020)

1. High-pressure auto-thermal system for reforming alcohol and producing hydrogen,

comprising (a) an alcohol auto-thermal reforming unit (1) for alcohol auto-thermal reforming
and hydrogen production, (b) a hydrogen separation unit, and (c) a boiler unit (3) for
combustion of hydrogen and combustible gases, characterized in that
- the auto-thermal reforming unit (1) is an adiabatic fixed bed reactor arranged in a
cylindrical envelope (27) of metal alloy, the reactor comprising a catalytic bed (28), an
alcohol and steam inlet (25), an oxygen inlet (36), a non-return valve (37) arranged in
the oxygen inlet (36), a divergent nozzle (32) with increasing size up to the diameter of
the cylindrical envelope (27), wherein the auto-thermal reforming unit (1) comprises a
Venturi type mixing element (33) and a distributor ring (41) which doses the oxygen in
the Venturi type mixing element (33) or a lance (39) creating a Venturi throat (33);
- the boiler unit (3) is an atmospheric water tube boiler with flame combustion where
combustible gases are burned comprising internal coils for evaporating and
overheating the alcohol/water reactive mixture;
- the hydrogen separation unit is a membrane-based hydrogen separation unit;
wherein the membranes (12) are hydrogen permeable separation membranes for
separating the gas into pure hydrogen (19) and exhaust gases which are sent to the
boiler (3); and
wherein the membranes (12) are integrated in the auto-thermal reforming unit (1) or
positioned between the auto-thermal reforming unit (1) and the boiler unit (3).
The system according to claim 1, characterized in that the metal alloy is a nickel alloy.
The system according to any one of claims 1 to 2, characterized in that the alcohol is
methanol, ethanol or bioethanol.
The system according to any one of claims 1 to 3, characterized in that the combustible
gases are hydrogen, methane and/or CO.
The system according to any one of claims 1 to 4, characterized in that the hydrogen

permeable separation membranes (12) are Palladium based.

. A method for reforming alcohol and producing hydrogen, characterized by comprising an

alcohol reforming and hydrogen production step in a system according to any one of the
claims 1 to 5, wherein the pressure at the auto-thermal reforming unit (1) is from 20 to 40
barg and wherein the following steps are carried out in the auto-thermal reforming unit (1):
(a) alcohol is introduced through an alcohol and steam inlet (25) at a temperature from 300
°C to 450 °C and

(b) oxygen is introduced through an oxygen inlet (36) at a temperature of 5 to 25 °C.

AMENDED SHEET (ARTICLE 19)
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