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FIG. 1

and a hot side opposite the cold side. Inlets are defined in the cold side,
the inlets configured for receiving reagents. An outlet is defined in the
cold side, the outlet configured for exiting reforming products. A re-
forming chamber is in the hot side, the reforming chamber having a
catalyst, the reforming chamber configured for reforming the reagents
into the reforming products, the reforming chamber including channels
extending toward an end surface on the hot side of the reforming cham-
ber, and a return plenum. A reagent path is from the inlets to the re-
forming chamber, the reagent path configured to feed the plurality of
channels with reagents. A reforming product path is from the reforming
chamber to the outlet, the reforming product path configured to receive
products from the return plenum.

[Continued on next page]



WO 20217168583 A |11 0000 00O 00 0O

EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SL SK, SM,
TR). OAPI (BF, BJ, CF, CG, CL CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:

—  with international search report (Art. 21(3))

— in black and white; the international application as filed
contained color or greyscale and is available for download
Jrom PATENTSCOPE



WO 2021/168583 PCT/CA2021/050249

INTEGRATED MICRO-REACTORS FOR
HYDROGEN SYNTHESIS VIA METHANE REFORMING

CROSS-REFERENCE TO RELATED APPLICATION

[0001] The present application claims the priority of United States Patent Application
No., filed on February 28, 2020, the contents of which are incorporated herein by

reference.

TECHNICAL FIELD

[0002] The present disclosure relates to a system for harvesting solar energy to reform

natural gas to synthesize hydrogen or a synthesis gas (e.g., CO and H>).

BACKGROUND OF THE ART

[0003] Millions of metric tons of hydrogen are currently consumed every year in North
America. In the next few years, hydrogen consumption is expected to grow. If produced
from clean sources, hydrogen could even become an excellent energy carrier in the future,
but today’s hydrogen mainly comes from fossil fuels because of their low process
requirements and high availability. Most of the commercially available hydrogen is
currently produced by reforming natural gas. However, the necessary energy supply is
provided by the combustion of an additional quantity of natural gas, which negatively

impacts the production of hydrogen from an ecological standpoint.

[0004] Research groups have in the past demonstrated the feasibility of the concept of
sun-assisted reforming. One known limitation of proposed technologies is that they require
the use of expensive concentrators, such as satellite dishes, or require a host of auxiliary
equipment such as heat exchangers. All of this increases capital costs, making the method

unattractive given the low costs of natural gas currently in use.

SUMMARY

[0005] It is an aim of the present disclosure to provide technologies to improve the
harvesting of renewable energy to reform natural gas to synthesize hydrogen or a

synthesis gas.

[0006] In accordance with a first aspect of the present disclosure, there is provided a
micro-reactor for a reforming process comprising a cold side and a hot side opposite the

cold side, the reactor configured to be supported by the cold side, the hot side configured
1
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to be exposed to a heat source; inlets defined in the cold side, the inlets configured for
receiving reagents; an outlet defined in the cold side, the outlet configured for exiting
reforming products; a reforming chamber in the hot side, the reforming chamber having a
catalyst, the reforming chamber configured for reforming the reagents into the reforming
products, the reforming chamber including channels extending toward an end surface on
the hot side of the reforming chamber, and a return plenum; a reagent path from the inlets
to the reforming chamber, the reagent path configured to feed the plurality of channels
with reagents; and a reforming product path from the reforming chamber to the outlet, the

reforming product path configured to receive products from the return plenum.

[0007] Further in accordance with the first aspect, for instance, the channels are

defined in fins, the fins being hollow.

[0008] Still further in accordance with the first aspect, for instance, ends of the fins

contact a wall of the end surface of the chamber.

[0009] Still further in accordance with the first aspect, for instance, the fins are normal

to the end surface of the chamber.

[0010]  Still further in accordance with the first aspect, for instance, an inlet plenum is

provided, the fins being in fluid communication with the inlet plenum.

[0011]  Still further in accordance with the first aspect, for instance, the catalyst is in the

return plenum.

[0012]  Still further in accordance with the first aspect, for instance, filters are provided

at ends of the channels.

[0013]  Still further in accordance with the first aspect, for instance, the reagent path
includes a plurality of parallel reagent passages extending from the inlet to the reforming
chamber, the reforming product path includes a plurality of parallel product passages

extending from the reforming chamber to the outlet.

[0014]  Still further in accordance with the first aspect, for instance, the reagent path

and the reforming product path are arranged for in a side by side intertwined arrangement.

[0015]  Still further in accordance with the first aspect, for instance, the reagent path
and the reforming product path are in a coil-shaped heat exchanger portion of the micro-

reactor.
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[0016] Still further in accordance with the first aspect, for instance, the inlets include a
liquid manifold and a gas manifold, and the outlet includes a products manifold, the

manifolds being in the cold side of the micro-reactor.

[0017]  Still further in accordance with the first aspect, for instance, a vaporization

portion is configured to receive liquid from the liquid manifold for producing steam.

[0018]  Still further in accordance with the first aspect, for instance, a water-gas shift

chamber is downstream of the reforming chamber.

[0019] In accordance with a second aspect of the present disclosure, there is provided
a system of a plurality of micro-reactors comprising: a first set of the micro-reactors; at
least a second set of the micro-reactors; a first reagent feed network in fluid
communication with the first set of the micro-reactors; a second reagent feed network in
fluid communication with the second set of the micro-reactors; and at least one controller
to control independently a feed of reagent to the first reagent feed network and to the

second reagent feed network.

[0020] Further in accordance with the second aspect, the micro-reactors may be as

described in the first aspect.

[0021] In accordance with a third aspect of the present disclosure, there is provided a
matrix of micro-reactors for a reforming process comprising: a plurality of micro-reactors,
the micro-reactors including a cold side and a hot side opposite the cold side, the micro-
reactors configured to be supported by the cold side, the hot side configured to be exposed
to a heat source, inlets defined in the cold side, the inlets configured for receiving reagents
an outlet defined in the cold side, the outlet configured for exiting reforming products, a
reforming chamber in the hot side, the at least one reforming chamber having a catalyst,
the reforming chamber configured for reforming the reagents into the reforming products,
a reagent path from the inlets to the reforming chamber, the reagent path configured to
feed the plurality of channels with reagents, and a reforming product path from the
reforming chamber to the outlet, the reforming product path configured to receive products
from the return plenum; a common structure, the micro-reactors being connected by the
cold side to the common structure, the common structure having conduit networks

configured to feed the inlets of the micro-reactors with reagents and configured to receive
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products from the outlets of the micro-reactors; wherein the hot sides of adjacent ones of

the micro-reactors are separated by gaps.

[0022] Further in accordance with the third aspect, for instance, the gaps between

adjacent ones of the micro-reactors define overlap portions.

[0023]  Still further in accordance with the third aspect, for instance, electric heaters may

have the hot sides of the micro-reactors.

[0024] Still further in accordance with the third aspect, for instance, the micro-reactors

are according to the first aspect.

[0025] Still further in accordance with the third aspect, for instance, the micro-reactors
are arranged in at least a first set and a second set, wherein the conduit networks include
at least a first reagent feed network in fluid communication with the first set of the micro-
reactors and a second reagent feed network in fluid communication with the second set
of the micro-reactors; and at least one controller to control independently a feed of reagent

to the first reagent feed network and to the second reagent feed network.

DESCRIPTION OF THE DRAWINGS

[0026] Fig. 1 is a perspective view of a micro-reactor in accordance with an aspect of

the present disclosure;

[0027] Fig. 2A is an elevation view, partly segmented, of the micro-reactor of Fig. 1,

showing a reagent flow path;

[0028] Fig. 2B is an elevation view, partly segmented, of the micro-reactor of Fig. 1,

showing a reforming product flow path;

[0029] Fig. 2C is a side elevation view, partly fragmented, of the micro-reactor of Fig. 1,

showing an interrelation between reforming product flow path and reagent flow path;
[0030] Fig. 3 is a sectional view of a reaction chamber of the micro-reactor of Fig. 1;
[0031] Figs. 4A to 4C are views of the reaction chamber of the micro-reactor of Fig. 1;

[0032] Fig. 5 is an elevation assembly view, partly segmented, of the micro-reactor of

Fig. 1 relative to an exemplary manifold;

[0033] Fig. 6 is a perspective view of a 2x2 matrix of the micro-reactor of Fig. 1,

mounted on a manifold to form a square receiver,
4
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[0034] Fig. 7 is an elevation view of a set of the micro-reactor of Fig. 1 in a side-by-side

arrangement, illustrating a hot side configuration;

[0035] Fig. 8 is an elevation view of a set of the micro-reactor of Fig. 1 in a side-by-side

arrangement, illustrating another hot side configuration;

[0036] Fig. 9 is a schematic view of a configuration of micro-reactors with control by

zone of temperature in accordance with another aspect of the present disclosure;

[0037] Fig. 10 is a schematic view of a heliostat field concentrating sunrays on a
receiver made of multiple micro-reactors separated by zones in accordance with another

aspect of the present disclosure;

[0038] Fig. 11 is a perspective view of a receiver featuring two sets of micro-reactors

with common electric heaters in accordance with another aspect of the present disclosure;

[0039] Fig. 12 is a perspective view of a flat plate receiver of micro-reactors in

accordance with another aspect of the present disclosure; and

[0040] Fig. 13 is a perspective view of a cylindrical receiver in accordance with another

aspect of the present disclosure.

DETAILED DESCRIPTION

[0041] The present disclosure relates to a system for harvesting solar energy to reform
natural gas to synthesize hydrogen or a synthesis gas (e.g., CO and H,). It may rely at
least in part on teachings of International Patent Application Publication No. WO
2019/095067, incorporated herein by reference. For instance, the micro-reactors
described therein may be integrated at least partially in the systems of the present

disclosure.

[0042] Referring to Fig. 1, a micro-reactor in accordance with the present disclosure is
generally shown at 10. The micro-reactor 10 is of the type that may be used in a reforming
process, as part of an ensemble of micro-reactors 10, in manners described below. The
micro-reactor 10 may include a cold side 10A by which it is connected to a manifold and
a hot side 10B opposite the cold side 10A. The hot side 10B is exposed to a heat source,
such as concentrated solar radiation, radiation by radiative electric heating elements,
conduction by electric elements or any exothermic reaction. A counterflow heat exchanger

portion 10C may be between ends of the cold side 10A and hot side 10B (4). The
5
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counterflow heat exchanger portion 10C allows the reactor 10 to preheat the reactants

and recuperate excess heat from the products.

[0043] The expression “micro” is used as a moniker for the reactor 10, as the reactor
10 is of relative small size compared to other categories of reactors. While the expression
“micro” should not limit the micro-reactor 10 to a particular size, the reactor 10 is typically
sized so the width and length of the end surface 13D both ranges from 2 to 30 cm and the
depth from hot side 10B to cold side 10A ranges from 5 to 50 cm. Other dimensions are

possible.

[0044] Referring to Figs. 1 and 2A, the reforming process is now explained relative to
portions of the micro-reactor 10. Inlets 11 (shown as 11A and 11B) defined in the cold
side 10A, the inlets for receiving reagents. For instance, liquid water may flow into inlet
11A, while a gas may flow into inlet 11B from the cold side 10A. In an embodiment, a
reagent flow path to a reaction chamber is generally referred to as 12, and includes various
zones (a.k.a., portions, sub-portions, sections). The inlets 11A and 11B may be in fluid
communication with a vaporizer portion 12A. The vaporizer portion 12A may have heat
exchanger portions 12B. Due to temperature in the vaporizer portion 12A, the water
vaporizes in the vaporizer section 12A. A gas, such as methane in the case of SMR, is
mixed with the water/steam in vaporizer portion 12A. The reagents, e.g., methane and
water/steam then continue along a heat exchanger portion 12C in which, the reagents
recuperate heat from the reagents exiting the micro-reactor 10, as the heat exchanger

portion 12C shares a wall with a heat exchanger portion on the exit path.

[0045] Accordingly, heat may be absorbed before entering a reactor chamber(s) 13
packed with a catalyst (e.g., a SMR reactor chamber). The reactor chamber 13 may be
referred to as a reforming chamber, and defines or is part of the hot side 10B of the micro-
reactor 20. The reforming chamber 13 may include a reactor bed that contains the catalyst
for a specific chemical reaction as well as the necessary features to ensure proper heat
transfer between reagents and products. The reforming chamber 13 is configured for
reforming the reagents into the reforming products The reagents may consequently be
heated beyond a temperature threshold for reforming. The reforming reaction occurs at

this point, with examples of reforming reactions being for example:

CH4 + H,O > CO + 3H»

6
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CH4 + CO2 > 2H2+2CO

[0046] The reforming reaction may be a combination of the two reactions given above,
i.e., some proportion of dry methane reforming and some proportion of steam methane

reforming.

[0047] In Fig. 3, the reactor chamber 13 may be described as including a counterflow
micro-reactor catalytic bed. A characteristic of the counterflow catalytic bed is that the
reactants first flow in channels in a direction mainly toward the surface exposed to the
heat source. Once they reach the exposed surface, the reactants change channels and
flow back in a direction mainly away from the exposed surface. The catalyst can be located
in the channels pointing toward the exposed surface or the channels pointing away from

the exposed surface, or in both.

[0048] The catalyst may be inserted into the catalytic bed though holes on the side of
the catalytic bed. The holes are plugged and/or welded after catalyst insertion to prevent

leakage of the gas.

[0049] In one aspect, with reference to Figs. 4A to 4C, the reactants enter the reactor
bed of the chamber 13 from an inlet plenum 13A in the gaseous form. The reactants are
spread in feed channels 13B defined by fins 13C (or like partitions) and flow towards the
end surface 13D of the bed of the chamber 13, as shown by the arrows in dotted lines.
The end surface 13D is the absorbing surface of the micro-reactor 10. The end surface
13D absorbs heat in a radiative form and transmits it through the bed by conduction and
radiation. Upon reaching the end surface 13D of the bed, reactants pass through filters
13E. The filters 13E may for example be horizontal metallic filters. The filters 13E may be
present to keep catalysts in the appropriate channels of the chamber 13. After passing
through the filters 13E, the reactants reach the return plenum 13F, which may include
catalyst to begin the chemical reaction (although the catalysts may also be in the channels
13B). The flow of reactants is converted into products, as the reactants go through the
channels 13B and/or return plenum 13F (full line arrows). The products of the chemical
reaction may then pass through filters 13G (e.g., vertical metallic filters). The filters 13G
may be present to keep catalysts in the return channels 13F of the chamber 13. An

exhaust plenum 13H may be present, with the products entering the exhaust plenum 13H
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to then exit the bed and the reactor chamber 13. The products may reach a reforming

product path, generally referred to as 14 (Fig. 2B).

[0050] The channels 13B and the return plenum 13F may be defined by the fins 13C.
Referring to Fig. 4A, the fins 13C may be hollow, post-like projections. The fins 13C are
hollow and thus define the channels 13B, that open into the plenum 13F, in which the fins
13C extend. The fins 13C are in fluid communication with the inlet plenum 13A, for
instance by passing through the exhaust plenum 13H. The fins or like walls or partitions
13C of the bed may have various functions: to conduct heat from the reactor end surface
13D upwardly (in the figure, but not necessarily related to a vertical axis in use), i.e., away
from the end surface 13D. This heat conduction reduces the thermal gradient in the axis
Y of the reactor bed and allows the “upper” part of the reactor bed in the chamber 13 to
reach higher temperature to enhance the catalyst activity. The fins 13C may also act as
counterflow heat exchangers to preheat the reactants in the feed channels 13B before
being exposed to the catalyst, such as in the return plenum 13F. The fins 13C may also
help in reducing sensible heat of the products to reduce process heat and improve

efficiency.

[0051] The density of the fins 13C, i.e., their size parameters vis a vis the size of the
chamber 13, can be adjusted to increase or decrease heat conduction through the bed,
by defining the dimensions of the channels 13B and plenum 13F. This adjustment can be
made as a function of the process, for instance to accommodate catalysts with different
activity and heat conductivity. The return plenum 13F is the space surrounding the fins
13C, in which catalyst is present. The return plenum 13F may be the primary process
reaction section of the micro-reactor 10, in that the majority of the reforming may occur in
the return plenum 13F. While the above embodiment shows the fins 13C as being shaft-
like projections, the feed channels 13B may be straight walls as a possibility. The return
plenum 13F may be the cavity of the chamber 13, excluding the fins 13C that project to
the bottom of the chamber 13.

[0052] If present, the inlet and exhaust plenum 13A and 13H, respectively, have the
function of distributing reactants across the reactor chamber 13, for instance to reduce
thermal gradient in the bed of the reactor chamber 13. They may be directly manufactured

within the reactor to reduce space and heat loss. As observed in Fig. 4A, thermocouple
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supports 13l may be defined in the chamber 13, to measure the temperature of the

process.

[00563] The filters 13E and 13G may also be directly manufactured in the reactor
chamber 13. Their function is to allow the gas to flow through them while preventing the
catalyst particles from passing through them. Since the architecture of the filters 13E and
13G acts like a sieve, their size and shape can be adjusted for different sizes of catalyst

particles.

[0054] Referring to Figs. 2B and 2C, the reforming products then exit the chamber 13
to enter a reforming product path, generally referred to as 14, from the chamber 13 to
outlet 15. Looking at Fig. 2C, a plurality of paths 12 may be intertwined with reforming
product paths 14, in counterflow arrangement, for heat exchange to occur between the
reagents and the products (i.e., in an alternative sequence, 12, 14, 12, 14, ..., in a width
of the heat exchanger portion 10C). In the intertwined arrangement, the reagent flow path
12 and the reforming product path 14 respectively feed and are fed by the chamber 13.
As observed, the fluid part portions 12 and 14 are back to back, and share a wall for heat

exchange between the reagents and the reforming products, as described below.

[0055] In the reforming product path 14, the reforming products may cool down in a
heat exchanger portion mirroring that of the reagent flow path 12. Other portions may be
present, depending on the type of reagents and process, such as a water-gas shift (WGS)
reactor portion. The WGS reactor portion may be present to reoxyde the CO, according

to the following reaction:
CO + H,O = CO; + Ha.

[0056] The WGS reactor portion may be optional, as it may not be required to reoxyde
the CO in the micro-reactor 10. The generated heat in the WGS reactor portion as well
as a part of the sensible energy is then used to vaporize the inflow of water. The gas may
finally passes through a low temperature heat exchanger portion where it releases energy
to preheat the liquid water in the vaporizer portion 12A, by heat exchange via the heat
exchange portions 12B and/or as the vaporizer portion 12A and the heat exchanger
portion are aligned (i.e., back to back). The remaining energy needed to vaporize water

comes from the conduction inside the micro-reactors 20’s walls and exposure to warm
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ambient temperature/or and local radiant energy. Syngases exit the micro-reactor 20 via
the outlet 15.

[0057] In the micro-reactor 10, natural gas and water may be preheated separately in
an economizer and water is vaporized at the top of the reactor 10. In a set up, low
temperature electrical heating elements may be used to preheat and vaporize the water
before entering the reactor and the manifold. In the case of dry methane reforming, the
reactant gas may not need to be pre-heated.The steam and natural gas (e.g., methane)
are then mixed in heat exchanger portion 10C which will bring the reactive mixture to a
high temperature, such as over 850°C. The hot mixture then circulates through a bed of
catalyst in the reactor chamber 13, where the hydrogen separates from the natural gas
and water to create a mixture of hydrogen and carbon monoxide, i.e. syngas. The syngas
is cooled a first time by passing through the heat exchanger portion 10C where it leaves
part of its energy to the reactants, after which it may enter a second catalyst bed where
the carbon monoxide in the mixture is oxidized to CO,, releasing more hydrogen from the
vapor remaining in the mixture. The energy released by this exothermic reaction is mostly
consumed by the vaporizer in the head of the reactor 10. Finally, the gas containing
hydrogen and carbon dioxide releases the remainder of its thermal energy in the
economizer to exit the reactor 10, at a low temperature, such as near room temperature.
Part of the necessary heat flow may be transmitted through ribs along the reactor

specifically sized for this purpose.

[0058] In an embodiment, the entire micro-reactor 10 is contained in a single metal
plate less than 2 mm thick. The simplicity of the design allows a series of identical plates
to be manufactured at low cost and high volume by processes such as punching and
chemical etching. These autonomous micro-reactors are then stacked and joined by
diffusion bonding to create a stack of reactors with increased capacities. This architecture
enables the achievement of a sophisticated three-dimensional network of circuits and
micro-reactors operating in parallel, promoting heat exchanges, thus promoting process

efficiency.

[0059] Referring to Figs. 1, 5 and 6, in an embodiment, the inlets 11A, 11B
(concurrently, 11) and the outlet 15 are pipe portions (a.k.a., tubes, tubing) that project
upwardly at the cold side 10A of the micro-reactor 10. An attachment plate 16 with

attachment bore 16A may be present, as one option among others to secure the micro-
10
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reactor 10 to a manifold 20 (brackets, clips, etc, being other options). In an embodiment,
the connection of the inlets 11 and outlet 15 to the manifold 20 suffices in having the micro-
reactor 10 secured to the manifold 20. In an embodiment, the inlets 11 and outlet 15 have
central axes parallel to one another. Vectors of the central axes may normal to a plane of
the attachment plate 16. As other optional features, eyelets 17 may be present in the

micro-reactor 10 for thermocouples, or like sensors.

[0060] Referring to Figs. 5 and 6, an example of the manifold 20 is shown. The
manifold 20 may have a structure 21 or substrate, or any appropriate shape. Examples
are given of various micro-reactor set ups in Figs. 11 to 13, with the structure 21 playing
a role in giving the set ups their shapes. The structure 21 may have a square shape for
the 2X2 matrix of Fig. 5, may be a plate for the arrangement of Figs. 11 and 12, or
cylindrical for the arrangement of Fig. 13. Other shapes are contemplated, including
strips, bands, etc. The structure 21 may for example have flanges 21A for interconnection

with other manifolds 20, or surrounding structure.

[0061] Conduits concurrently referred to as 22 may extend through the structure 21,
and have branches by which they may be connected to the micro-reactors 10. More
precisely, conduit 22A may be part of the network feeding inlets 11A, conduit 22B may be
part of the network feeding inlets 11B, and conduit 25 may be part of the collecting network
receiving the products from the outlet 15. Seals 23, such as O-rings, may be provided at
the junction between the branches of the conduits 22 and 25 and the inlets 11 or outlet 15
to ensure a sealed connection. For example, the seals 23 are received in the illustrated
counterbores. Other connection features may be present, such as male/female fittings,

nipples, etc.

[0062] Referring to Fig. 5, a connection bore 26 may be defined in the structure 21, for
receiving a fastener 26A, The fastener 26A may be operatingly received in the attachment
bore 16A of the plate 16 of the micro-reactor 10, as one contemplated solution to secure
the micro-reactor 10 to the structure 21 of the manifold 20, with the inlets 11 and outlet 15
respectively in fluid communication with the conduits 22 and conduit 25. The fastener 26A
may be a screw, a bolt, etc, with the attachment bore 16A being correspondingly threaded.
To ensure a good alignment of the reactor, alignment features may also be present, such
as alignment pin(s) on the micro-reactor 10. Though other ways are contemplated to

connect the micro-reactor 10 to the structure 21, the configuration shown in such that the
11
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assembly/disassembly of a single reactor is independent of its surroundings reactors 10.
Therefore, a reactor can be installed or removed without the need to touch the other
reactors 10. The independent connection of micro-reactors 10 to the structure 21, while

not being optional, may facilitate the maintenance of a receiver set up.

[0063] The assembly of the reactors 10 to the manifold 20 can be done using a simple
sealing plate (e.g., plate 16) attached to each reactor 10, for example, and allowing local
and easy assembly, which facilitates integration and maintenance. Assembly can also be
done by integrating quick-connect type connectors into each inlet port, to facilitate

maintenance and assembly.

[0064] Referring to Fig. 6, in an embodiment, cooling conduit(s) 27 may be provided.
A coolant may circulate in the cooling conduit(s) 27, so as to control a temperature of the
structure 21. Four micro-reactors 10 are arranged in a matrix of on the structure 21 to
form a 2x2 square receiver. As observed, the micro-reactors 10 are separated from one
another by gaps. The size and shape of the structure 21 as well as the number of micro-
reactors 10 can be varied, from a few to tens of thousands, to create a receiver adapted

to the size, power and shape of the available energy source.

[0065] Referring to Figs. 7 and 8, two outer geometries are shown for the hot side 10B
of the micro-reactors 10, and more particularly for the chambers 13. In Fig. 7, a cross
section of the chamber 13 is trapezoid, so as to limit the size of a gap between adjacent
chambers 13. In Fig. 8, an overlap joint is formed between adjacent chambers 13, by the
presence of steps. In the various illustrated embodiments, including that of Fig. 6, the
presence of gaps allows freedom of movement between adjacent chambers 13, so as to
avoid mechanical stresses in spite of thermal expansion. The various arrangements of
Figs. 6-8 are provided to reduce gap size, so as to limit energy losses for instance by
radiant heat to pass through the gaps. The overlap joints of Fig. 8 is particularly well suited

as the adjacent chambers 13 may form an undisrupted surface for capturing radiant heat.

[0066] Hence, the gap between the adjacent micro-reactors 10 may serve for various
purposes: the gaps may allow thermal expansion of the parts of the micro-reactors 10 to
reduce thermal stresses on the reactors 10; the gaps may facilitate maintenance and
installation of a matrix set up by facilitating access to individual reactors 10 without the

need to move neighbouring reactors 10; and/or, the gaps may allow radiant heat (e.g.,
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sunrays) to penetrate to different depths of the reactor 10 to provide direct radiative heat
for subprocesses like vaporizing water in the preheating reactants. Radiation can be
absorbed directly on the end surface 13D of the reactor chamber 13 or by any other

surface, such as lateral surfaces located in the gap between the reactor chambers 13.

[0067] The micro-reactor 10 may include any of its subcomponents such as the
connecting plate 16, inlets 11 and outlet 15, heat exchanger portion 10C, plenums 13A
and 13H, fins 13C, filters 13E and 13G and all absorbing surfaces, such as 13D, all of
which may be manufactured in a monolith block or blocks, by additive manufacturing, such
as direct metal laser melting (DMLM) or metal binder jetting (MBJ). The DMLM and MBJ
process can be adapted to different materials such as Inconel or stainless steel to
manufacture reactors with different mechanical and thermal properties.  Other

manufacturing techniques are contemplated.

[0068] Referring to Fig. 9, a configuration of micro-reactors is shown, with the micro-
reactors being for example the micro-reactors 10 described above, or other reforming
reactors, such as those of International Patent Application Publication No. WO
2019/095067. The micro-reactors 10 are part of a receiver, such as the ones shown in
Figs.6 and 10-13. The receiver has the capacity of being controlled by zone of
temperature, with micro-reactors of a first zone by labelled as Z1 and micro-reactors of a
second zone by labelled as Z2. The micro-reactors of zone Z1 have a common feed
conduit 22A’, with the micro-reactors of zone Z2 have a common feed conduit 22A”. In
the example of Fig. 9, the feed gas of the reactors 10 of zone Z2 are controlled by
controller 2 (e.g., via a valve), whereas the feed gas of the reactors 10 of zone Z1 in a
periphery of the receiver are controlled by controller 1 (e.g., via a separate valve). All
micro-reactors may be connected to a common output network, or may have dedicated
conduits as well. With a common output network, the exhaust gas of all reactor of the
receiver may be jointly gathered to simplify any post-processing of the gas. With this
configuration, the two zones Z1 and Z2 could operate at different incident heat flux and
different gas feed, or one zone may be shut off while another is operational. The receiver
may have more than two zones, with the zones distributed as a function of the exposure
to radiant heat. The controllers 1 and 2 may include a set of valves, a processing unit,
various sensors such as temperature and/or pressure sensors, to determine the operating

parameters of the zones. Controllers 1 and 2 may be sub controllers, or a module of a
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common controller unit for the receiver. Stated differently, the operation of the zones may
be individually controlled. Each zone can thus be composed of different reactors 10 to
optimize the efficiency of the process. For example, if the zone Z1 controlled by controller
1 typically receives less heat flux than zone Z2, then the reactors 10 installed in this zone
Z1 can be low flux reactors and the reactors 10 of zone Z2 which typically receive more
heat flux can be high flux reactors. Forinstance, for high flux versus low flux, the reactors
10 could also use different catalysts as a function of their zone for various selectivity to
match various applications. The temperature control of the reactor matrix can be done by
modifying the flow of reagents passing through each zone and/or by heating this zone
electrically, for example, which allows the system to operate at the optimum temperature

in its entirety.

[0069] In order to standardize the temperature between the reactors forming the matrix,
the flow rate of reactants can be modulated from one reactor to another, since the flow
rate directly affects their temperature for the same heat flux. In one implementation, valves
are operated in active control based on temperature measurement using a thermocouple.
In an alternative implementation, the valves are passive and actuate naturally with
temperature (thermostatic). These valves are integrated directly into the reactors, in the
passive case, or can be integrated into the gas distributor, in the active case, i.e. as part
of the controllers. To summarize, the system of Fig. 9 may be applicable to receivers as
described herein, and may include a first set of the micro-reactors; at least a second set
of the micro-reactors; a first reagent feed network (of one or more conduits e.g., 22A and
22B) in fluid communication with the first set of the micro-reactors; a second reagent feed
network (of one or more conduits e.g., 22A and 22B) in fluid communication with the
second set of the micro-reactors; one or more controller to control independently a feed
of reagent to the first reagent feed network and to the second reagent feed network. The
controller may include a processing unit, and a non-transitory computer-readable memory
communicatively coupled to the processing unit and comprising computer-readable
program instructions executable by the processing unit for independently feeding the

zones.

[0070] Referring to Fig. 10, a schematic view of a heliostat field 100 is shown,
concentrating sunrays on a receiver 101 incorporating a matrix of micro-reactors (such as

the micro-reactors 10), located on top of a solar tower 102. The receiver 101 can be
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separated by zones Z1 and Z2 (though more zones could be present) by controlling an
aiming point of each heliostat. In Fig. 10, the left zone of the receiver 101 is the target of
most of the heliostats. It is therefore a high heat zone compared with the right side of the

receiver 101 which receives less power, and hence is a low heat zone.

[0071] The individual control of each heliostat allows the control of the heat flux incident
on the reactors in the zones Z1 and Z2. This may enable the precise control of the
temperature of the reactors according to varying environmental conditions such as clouds,
dust, defect of a heliostat, etc. In the event of a large cloud shading half of the solar field,
a zone of the receiver 101 could be totally shutdown and all the remaining rays redirected
to a working zone of the receiver 101 without compromising the efficiency and functionality

of the reactors.

[0072] Referring to Fig. 11, areceiver 110, or a pair of receivers, share a common heat
source, in the form of an electric heater(s) 111. The heater(s) 111 may be electrically
powered resistive coil(s), or may have a heating fluid therein, such as oil. If a chemical
exothermal reaction is used to power the reactors, there would be no heating elements.
Heat would be provided by combustion of gas, such as natural gas, for example. Parts or
all of the heater 111 may be powered, i.e., power supply to the heater(s) 111 may
selectively be done. In Fig. 11, two matrices of multiple micro-reactors, such as the micro-
reactors 10, face each other and are heated by the multiple radiative electric heating
elements 111. In this embodiment, each matrix of multiple micro-reactors (e.g., shown as
two 3x11 matrices, but with other arrangements possible) share a common heat source.
Each micro-reactor is free to move relative to the other and relative to the heat source to
allow thermal expansion and reduce mechanical stresses. The heaters 111 are also free
to more relative to one another. Each micro-reactor is supported by structure 21 that
provides mechanical, thermal and fluidic connection to the micro-reactors, while also

interfacing the micro-reactors to the rest of the receiver (not shown in Fig. 11).

[0073] The heat source can provide energy to the matrices of multiple micro-reactors
by means of radiation, conduction, convection or a combination of any or all of these heat
transfer mechanisms. The heating element(s) 111 can be electrically powered, or an
exothermic chemical reaction may be performed. There can be heating elements shared

by multiple reactors, or a single heating element may be dedicated to a given reactor or
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set of reactors. In the receiver of Fig. 11, the flow through the micro-reactors can be

controlled by zones of the matrix in the manner shown by Fig. 9, or individually.

[0074] Fig. 12 illustrates one configuration of a flat receiver 120 made of hundreds of
micro-reactors (such as the micro-reactors 10) working in parallel, the micro-reactors
being parallel among each other and/or in parallel zones (as in Fig. 9). The receiver 120
may be located on top of a tower to absorb concentrated solar irradiation reflected from a
heliostat field located on the ground, or from other sources such as electrical heaters.
Each reactor may be is individually assembled and sealed to the structure 121. The
structure 121 distributes chemical reactants to each of the reactors and collects the

chemical products at the exhaust of each reactor.

[0075] Fig. 13 illustrates a cylindrical receiver 130 made of multiple micro-reactors
(such as the micro-reactors 10). The micro-reactors can be assembled on any surface,
flat or curved to form a 3D receiver of any shape and size. For any configuration or shape
of the receiver, a gap may remain between the reactors, with the reactors connected via

their cold sides in the manner described herein.

[0076] The receivers of Figs. 10 to 13 may be described as being matrices of micro-
reactors for a reforming process having a plurality of micro-reactors, the micro-reactors
including a cold side and a hot side opposite the cold side, the micro-reactors configured
to be supported by the cold side, the hot side configured to be exposed to a heat source,
inlets defined in the cold side, the inlets configured for receiving reagents, an outlet defined
in the cold side, the outlet configured for exiting reforming products, a reforming chamber
in the hot side, one or more reforming chamber(s) having a catalyst, the reforming
chamber configured for reforming the reagents into the reforming products, a reagent path
from the inlets to the reforming chamber, the reagent path configured to feed the plurality
of channels with reagents, and a reforming product path from the reforming chamber to
the outlet, the reforming product path configured to receive products from the return
plenum; and a common structure, the micro-reactors being connected by the cold side to
the common structure, the common structure having conduit networks configured to feed
the inlets of the micro-reactors with reagents and configured to receive products from the
outlets of the micro-reactors. The hot sides of adjacent ones of the micro-reactors are

separated by gaps.
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[0077] Some of the technologies described herein may be economically viable
solutions to use solar energy for hydrogen production. To allow accessible hydrogen
costs, some of the technologies in question here circumvent the problem by reducing the
size of the peripheral installations necessary for steam reforming (heat exchanger,
evaporator, WGS reactor) and by increasing the density. power of the reactors, which

allows them a low cost per watt.

[0078] The configuration of the micro-reactors 10 gives them the possibility of being
positioned in the form of a quasi-2D matrix at the focus of concentrators, for example if
the energy source is solar power. The network of collectors connecting the products from
the micro-reactors 10 allows the flow of reagents to be controlled in zones, which makes
it possible to reduce the number of controllers required to reach optimal operating
temperatures, i.e., grouping multiple micro-reactors under a single controller. This control
can also be improved by adding other heat, such as via electric heaters (e.g., Fig. 11).
This approach, together with the sophisticated design of the catalyst bed, helps to maintain

a uniform temperature in the catalyst bed under high incident heat flux.

[0079] Using a matrix of reactors rather than a single reactor allows receivers to have
a variety of shapes, as shown in Figs. 10-13 as examples. It is therefore possible to adapt
to different kinds of hubs with the shown configuration. In addition, the use of a single
reactor would imply high thermal stresses and strains, which is not the case for a die in

which the height / length / width ratios are favorable.

[0080] Having a quasi-2D architecture allows a reduction in the power of the system
proportional to the surface area of the reactor and not to the volume of the latter. The

production cost may thus be reduced.

[0081] The behavior of the dual temperature controller of the reactor matrix may be
adjusted according to instantaneous and/or forecast information on weather conditions
and/or pricing and/or demand from the electrical network. For example, in the case of
periods of low electricity pricing, the ratio of electrical energy flow to solar energy flow can
be increased to slow the degradation of the absorptive solar surface of the reactor array,

while maintaining a constant operating point in terms of temperature and reagent flow.

[0082] A thermal fuse may be integrated between the hot zone 10B of the reactors 10

and the cold zone 10A, the thermal fuse being activated when the maximum temperature
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reaches a critical value, in order to allow cooling by the cold part. This thermal fuse works
by thermal contact with a structure that deforms by thermal expansion, until it forms a
thermal bridge at the critical temperature. In the case of an electric auxiliary heater, an
electric fuse may be installed to open the circuit and stop the electric heater when the
critical temperature is reached. These protections may be integrated directly into the

reactor.
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CLAIMS

1. A micro-reactor for a reforming process comprising

a cold side and a hot side opposite the cold side, the reactor configured to be
supported by the cold side, the hot side configured to be exposed to a heat source;

inlets defined in the cold side, the inlets configured for receiving reagents;

an outlet defined in the cold side, the outlet configured for exiting reforming
products;

a reforming chamber in the hot side, the reforming chamber having a catalyst, the
reforming chamber configured for reforming the reagents into the reforming products, the
reforming chamber including channels extending toward an end surface on the hot side of
the reforming chamber, and a return plenum;

a reagent path from the inlets to the reforming chamber, the reagent path
configured to feed the plurality of channels with reagents; and

a reforming product path from the reforming chamber to the outlet, the reforming

product path configured to receive products from the return plenum.

2. The micro-reactor according to claim 1, wherein the channels are defined in fins,

the fins being hollow.

3. The micro-reactor according to claim 2, wherein ends of the fins contact a wall of

the end surface of the chamber.

4. The micro-reactor according to claim 3, wherein the fins are normal to the end

surface of the chamber.

5. The micro-reactor according to any one of claims 2 to 4, including an inlet plenum,

the fins being in fluid communication with the inlet plenum.

6. The micro-reactor according to any one of claims 1 to 5, wherein the catalyst is in

the return plenum.

7. The micro-reactor according to claim 6, wherein filters are provided at ends of the
channels.
8. The micro-reactor according to any one of claims 1 to 7, wherein the reagent path

includes a plurality of parallel reagent passages extending from the inlet to the reforming
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chamber, the reforming product path includes a plurality of parallel product passages

extending from the reforming chamber to the outlet.

9. The micro-reactor according to claim 8, wherein the reagent path and the reforming

product path are arranged for in a side by side intertwined arrangement.

10. The micro-reactor according to any one of claims 1 to 9, wherein the reagent path
and the reforming product path are in a coil-shaped heat exchanger portion of the micro-

reactor.

11. The micro-reactor according to any one of claims 1 to 10, wherein the inlets include
a liquid manifold and a gas manifold, and the outlet includes a products manifold, the

manifolds being in the cold side of the micro-reactor.

12. The micro-reactor according to claim 11, wherein a vaporization portion is

configured to receive liquid from the liquid manifold for producing steam.

13. The micro-reactor according to claim 11, further comprising a water-gas shift

chamber downstream of the reforming chamber.

14. A system of a plurality of micro-reactors comprising:

a first set of the micro-reactors;

at least a second set of the micro-reactors;

a first reagent feed network in fluid communication with the first set of the micro-
reactors;

a second reagent feed network in fluid communication with the second set of the
micro-reactors;

at least one controller to control independently a feed of reagent to the first reagent

feed network and to the second reagent feed network.

15. The system according to claim 14, wherein the micro-reactors are according to any

one of claims 1 to 13.

16. A matrix of micro-reactors for a reforming process comprising:

a plurality of micro-reactors, the micro-reactors including
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a cold side and a hot side opposite the cold side, the micro-reactors configured to
be supported by the cold side, the hot side configured to be exposed to a heat
source,
inlets defined in the cold side, the inlets configured for receiving reagents
an outlet defined in the cold side, the outlet configured for exiting reforming
products,
a reforming chamber in the hot side, the at least one reforming chamber having a
catalyst, the reforming chamber configured for reforming the reagents into the
reforming products,
a reagent path from the inlets to the reforming chamber, the reagent path
configured to feed the plurality of channels with reagents, and
a reforming product path from the reforming chamber to the outlet, the reforming
product path configured to receive products from the return plenum; and
a common structure, the micro-reactors being connected by the cold side to the common
structure, the common structure having conduit networks configured to feed the inlets of
the micro-reactors with reagents and configured to receive products from the outlets of the
micro-reactors;

wherein the hot sides of adjacent ones of the micro-reactors are separated by gaps.

17. The matrix according to claim 16, wherein the gaps between adjacent ones of the

micro-reactors define overlap portions.

18. The matrix according to any one of claims 16 to 17, including electric heaters faving

the hot sides of the micro-reactors.

19. The matrix according to any one of claims 16 to 18, wherein the micro-reactors are

according to any one of claims 1 to 13.

20. The matrix according to any one of claims 16 to 19, wherein the micro-reactors are
arranged in at least a first set and a second set, wherein the conduit networks include at
least a first reagent feed network in fluid communication with the first set of the micro-
reactors and a second reagent feed network in fluid communication with the second set
of the micro-reactors; and

at least one controller to control independently a feed of reagent to the first reagent

feed network and to the second reagent feed network.
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The International Searching Authority found multiple (groups of) inventions in this international application, as follows:

Group A. Claims 1-13, 15(part) and 16-20

Invention 1 concerns a micro-reactor and a matrix of micro-rectors for a reforming process, the micro-reactor comprising a cold side and a
hot side opposite the cold side, the reactor configured to be supported by the cold side, the hot side configured to be exposed to a heat
source; inlets defined in the cold side, the inlets configured for receiving reagents; an outlet defined in the cold side, the outlet configured for
exiting reforming products; a reforming chamber in the hot side, the reforming chamber having a catalyst, the reforming chamber configured
for reforming the reagents into the reforming products, the reforming chamber including channels extending toward an end surface on the
hot side of the reforming chamber, and a return plenum; a reagent path from the inlets to the reforming chamber, the reagent path configured
to feed the plurality of channels with reagents; and a reforming product path from the reforming chamber to the outlet, the reforming product
path configured to receive products from the retum plenum.

Group B. Claims 14 and 15(part)

Invention 2 concerns a system of a plurality of micro-reactors comprising: a first set of the micro-reactors; at least a second set of the micro-
reactors; a first reagent feed network in fluid communication with the first set of the microreactors; a second reagent feed network in fluid
communication with the second set of the micro-reactors; at least one controller to control independently a feed of reagent to the first reagent
feed network and to the second reagent feed network.

Form PCT/ISA/210 (extra sheet) (July 2019) Page 7 of 7



	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - claims
	Page 22 - claims
	Page 23 - claims
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - wo-search-report
	Page 40 - wo-search-report
	Page 41 - wo-search-report
	Page 42 - wo-search-report
	Page 43 - wo-search-report
	Page 44 - wo-search-report

