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INTEGRATED SOLAR MICRO-REACTORS FOR
HYDROGEN SYNTHESIS VIA STEAM METHANE REFORMING

CROSS-REFERENCE TO RELATED APPLICATION

[0001] The present application claims the priority of United States Patent
Application No. 62/587,196, filed on November 16, 2017, and 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.

[0004] Solar energy is the source of renewable energy typically considered for
steam-methane reforming (SMR) as it is an abundant resource and it may satisfy the
high temperature required for the SMR reaction when concentrated. Solar-aided
reforming appears to be a promising candidate for hydrogen production. However, to
achieve a commercial implantation of solar SMR in the market, the technology must
be adaptable to a low cost solar concentrator which can be implemented at large
scale. There is no report of a successful implementation of an SMR reactor directly
on the focal line of a parabolic trough, which are the most widely used and cheaper
solar concentrators.

SUMMARY

[0005] It is an aim of the present disclosure to provide a solar micro-reactor
configuration that addresses issues related to the prior art.

[0006] Therefore, in accordance with a first embodiment of the present
disclosure, there is provided a reactor for steam-methane reforming, the reactor
adapted to be received in a tube on a focal axis of a parabolic trough, the reactor
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comprising: an array of micro-reactors interconnected by a water manifold, a gas
manifold, a syngas manifold, and at least one steam-methane reforming chamber
configured for reforming steam and methane into syngases, the micro-reactors
having a vaporization portion for producing steam; radiation plates extending on
sides of the array of micro-reactors; and at least one glazing facing and spaced
apart from a portion of the array of micro-reactors including at least one steam-
methane reforming chamber, the glazing being conductively connected to the
radiation plates for heat transfer therebetween, the at least one glazing allowing light
from the parabolic trough to pass therethrough to reach the array of micro-reactors.

[0007] Further in accordance with the first embodiment, for instance, a water-gas
shift chamber may be downstream of the at least one steam-methane reforming
chamber.

[0008] Still further in accordance with the first embodiment, for instance, the array
of micro-reactors is constituted of an alternating sequence of a first plate and of a
sequence plate, pairs of adjacent ones of the first plate and of the second plate
forming one reactor, the reactors commonly sharing the water manifold, the gas
manifold and the syngas manifold.

[0009] Still further in accordance with the first embodiment, for instance, the
reactors commonly share the steam-methane reforming chamber.

[0010] Still further in accordance with the first embodiment, for instance, the
plates are 2.5D metallic plates defining fluid paths between vaporization portion and
the at least one steam-methane reforming chamber.

[0011] Still further in accordance with the first embodiment, for instance, the
manifolds are defined by throughbores in the stack of first plate and second plate.

[0012] Still further in accordance with the first embodiment, for instance, the
radiation plates conductively contact the micro-reactors at the vaporization portion.

[0013] Still further in accordance with the first embodiment, for instance, the
radiation plates are spaced apart from the micro-reactors at the at least one steam-

methane reforming chamber.

[0014] Still further in accordance with the first embodiment, for instance, the
radiation plates have low emissivity polished exposed surfaces.

[0015] Still further in accordance with the first embodiment, for instance, the
radiation plates are made of copper.
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[0016] Still further in accordance with the first embodiment, for instance, the
glazing is a spectrally selective glazing for transmission of short wavelength
radiation through the glazing and absorption of infrared radiation or reflection of
infrared radiation to the micro-reactors.

[0017] Still further in accordance with the first embodiment, for instance, the
glazing has a thickness ranging from 0.25 mm to 4.0 mm.

[0018] Still further in accordance with the first embodiment, for instance, a steam-
methane reforming system comprises a parabolic trough adapted to be rotatably
mounted to a structure, the parabolic trough having a reflective concave surface, a
tube located on a focal axis of the parabolic trough, the tube allowing radiation to
pass therethrough, the reactor as described above or herein, the reactor being
received inside the tube, wherein the at least one glazing is located to allow light
from the parabolic trough to pass therethrough to reach the array of micro-reactors

of the reactor.

[0019] In accordance with a second embodiment of the present disclosure, there
is provided a steam-methane reforming system comprising: a parabolic trough
adapted to be rotatably mounted to a structure, the parabolic trough having a
reflective concave surface; concentrators located at or in proximity to a focal axis of
the parabolic trough, for radiation to be reflected from the parabolic trough to the
concentrators; a plurality of micro-reactors, the micro-reactors comprising at least
one steam-methane reforming chamber configured for reforming steam and
methane into syngases, the micro-reactors having a vaporization portion for
producing steam; wherein the micro-reactors are respectively paired with one of the
concentrators, with the at least one steam-methane reforming chamber located of
the micro-reactors located on a focal point of the respective concentrators.

[0020] Further in accordance with the second embodiment, for instance, a tube
may allow radiation to pass therethrough, the plurality of micro-reactors being in the
tube.

[0021] Still further in accordance with the second embodiment, for instance,
chambers may allow radiation to pass therethrough and receiving individual ones of
the micro-reactors.

[0022] Still further in accordance with the second embodiment, for instance, the
chambers are bulb shaped.
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[0023] Still further in accordance with the second embodiment, for instance, the
micro-reactors include a neck projecting from the chambers, a female socket
rotatably mounted to the neck for engagement with a male base adapted to feed
methane and water to the micro-reactors and to receive syngases from the micro-
reactors.

[0024] Still further in accordance with the second embodiment, for instance, a
water manifold, a gas manifold, a syngas manifold may be commonly shared by the
micro-reactors.

[0025] Still further in accordance with the second embodiment, for instance,
radiation plates may extend on sides of the micro-reactors.

[0026] Still further in accordance with the second embodiment, for instance, the
radiation plates conductively contact the micro-reactors at the vaporization portion.

[0027] Still further in accordance with the second embodiment, for instance, the
radiation plates are spaced apart from the micro-reactors at the at least one steam-
methane reforming chamber.

[0028] Still further in accordance with the second embodiment, for instance, the
radiation plates have low emissivity polished exposed surfaces.

[0029] Still further in accordance with the second embodiment, for instance, the
radiation plates are made of copper.

[0030] Still further in accordance with the second embodiment, for instance, at
least one glazing may face and be spaced apart from the portion of the micro-
reactors including the at least one steam-methane reforming chamber, the glazing
being conductively connected to the radiation plates for heat transfer therebetween,
the at least one glazing allowing light from the concentrators to pass therethrough to
reach the micro-reactors.

[0031] Still further in accordance with the second embodiment, for instance, the
glazing is a spectrally selective glazing for transmission of short wavelength
radiation through the glazing and absorption of infrared radiation or reflection of
infrared radiation to the micro-reactors.

[0032] Still further in accordance with the second embodiment, for instance, the
glazing has a thickness ranging from 0.25 mm to 4.0 mm.
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[0033] Still further in accordance with the second embodiment, for instance, the
micro-reactors include water-gas shift chamber downstream of the at least one

steam-methane reforming chamber.

[0034] Still further in accordance with the second embodiment, for instance, the
micro-reactors are made of 2.5D metallic plates defining fluid paths between
vaporization portion and the at least one steam-methane reforming chamber.

[0035] Still further in accordance with the second embodiment, for instance, the
concentrators are optical lenses.

[0036] Still further in accordance with the second embodiment, for instance, the
concentrators are reflective concentrators.

[0037] Still further in accordance with the second embodiment, for instance, a
mechanism may be pivotally connected to the concentrators for changing an

orientation of the concentrators relative to the micro-reactors.
[0038] Still further in accordance with the second embodiment, for instance, the

mechanism is shared by the concentrators.

DESCRIPTION OF THE DRAWINGS

[0039] Fig. 1 is a perspective view of a parabolic trough featuring an array of
micro-reactors in accordance with an embodiment of the present disclosure, at the
focal line of the parabolic trough;

[0040] Fig. 2 is an assembly view of an array of micro-reactors inside a tube and
insulated by radiation plates and glazing;

[0041] Fig. 3 is an end view of the array of micro-reactors inside a tube and
insulated by radiation plates and glazing;

[0042] Fig. 4 is an assembly view of the array of micro-reactors in accordance
with an embodiment of the present disclosure;

[0043] Fig. 5 is a perspective view of a first plate and a second plate concurrently
forming a micro-reactor in accordance with the present disclosure;

[0044] Fig. 6 is a series of views of the first plate of the micro-reactor of Fig. 5;
[0045] Fig. 7 is a series of views of the second plate of the micro-reactor of Fig. 5.

[0046] Figs. 8A and 8B are exemplary block diagrams illustrating energy flow in
the micro-reactors of the present disclosure;

5
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[0047] Fig. 9 is a schematic view showing a prior—art glazing configuration versus

a glazing configuration in accordance with the present disclosure; and

[0048] Fig. 10 shows graphs of a temperature repartition over the relative position
for different glazing width, and of a portion of the radiation emitted by the reactor lost

to the environment for different glazing width.

[0049] Fig. 11 is a perspective view of a parabolic trough featuring discrete micro-
reactors with second-stage reflective concentrators in accordance with another

embodiment of the present disclosure;

[0050] Fig. 12 is a perspective view of a parabolic trough featuring discrete micro-
reactors with second-stage optical lens concentrators in accordance with another

embodiment of the present disclosure;

[0051] Fig. 13 is a perspective view of a change of orientation of the second-

stage optical lens concentrators of Fig. 12 by an actuation mechanism;

[0052] Fig. 14 is a perspective view of a parabolic trough featuring discrete micro-
reactors in individual chambers with second-stage concentrators in accordance with

another embodiment of the present disclosure;

[0053] Fig. 15 is a sectional view of the discrete micro-reactors in individual

chambers of Fig. 14; and

[0054] Fig. 16 is a perspective view of a socket connector of the discrete micro-
reactors in individual chambers of Fig. 14.

DETAILED DESCRIPTION

[0055] Referring to the drawings and more particularly to Fig. 1, there is
illustrated a parabolic trough 10 featuring an array of micro-reactors in accordance
with an embodiment of the present disclosure. Although the present disclosure
gives the example of parabolic trough 10, the array of micro-reactors described
herein can be used in other types of concentrators, such as solar towers, parabolic
dishes, etc. The parabolic trough 10 may be of the type featuring mirror(s) 11. The
mirror(s) 11 have a parabolic section when taken in a plane to which a focal axis is
normal. The mirror(s) 11 may have any appropriate construction, such as a metallic
structure with a reflective surface. A tube is generally shown at 12 and encloses the
array of micro-reactors as described below. The tube 12 is positioned on the focal
axis of the mirror(s) 11 by supports 13, whereby sun rays are reflected by the
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mirror(s) 11 onto the tube 12. As described herein, the focal axis may be on micro-
reactors. The tube 12 is transparent and/or translucent. The mirror(s) 11 is pivotally
mounted to a structure 14, in such a way that the orientation of the mirror 11 may be
actuated and varied to orient the mirror(s) 11 toward the sun as a function of time of
day. Moreover, in a particular embodiment, the parabolic trough 10 as a whole, i.e.,
including the structure 14, may be displaced relative to the ground to orient the
parabolic trough 10 relative to the sun as a function of time of year. For example, in
an embodiment, the parabolic trough 10 may be rotatable relative to a vertical axis.
However, the parabolic trough 10 may also be fixed to the ground by the structure
14. Another arrangement of parabolic trough 10 is shown in Fig. 11 and is
described in further detail hereinafter.

[0056] Referring to Figs. 2 and 3, a steam-methane reforming (SMR) reactor in
accordance with an embodiment of the present disclosure is shown in an interior of
the tube 12. The SMR reactor may include an array of micro-reactors illustrated at
15. The array may be located inside the tube 12, along with radiation plates 16 and
glazing 17 connected to the radiation plates 16. The connection may be conductive
and/or may involve insulation to control the flow of energy to the radiation plates 16.
The reactor is supported at opposed ends, but may not be in contact with an interior
surface of the tube 12, as shown in Fig. 3. In an embodiment, a vacuum or quasi
vacuum is present in the tube 12, to facilitate the absorption of energy by the reactor
and reduce heat losses by convection. As an alternative, the tube 12 may be filled
with an inert gas. The radiation plates 16 are provided on the sides of the array 15,
and contact a vaporization portion of the array 15, while being spaced apart from
SMR chamber(s) of the array 15, as described below. The radiations plates 16
surround the array 15 to redirect the radiation losses to the array 15. The non-
reflected energy is absorbed by the plates 16 and transported towards a vaporizer
portion of the array of micro-reactors 20, as described hereinafter. Glazing 17 may
face a bottom of the array 15. The glazing 17 may be one or more transparent or
translucent panels that allows the solar rays to reach the array 15 and absorbs the
major part of the re-radiated infrared radiations, as also described hereinafter.
Stated differently, the glazing 17 is a transparent or translucent member through
which the rays pass on their way to the array 15 (on the focal axis) when reflected
by the mirrors 11. The thermal conductivity of the plate 16-array 15 and glazing 17-
plate 16 interfaces may be modified to control the glazing and plate temperature.
This may be done to balance vaporization heat requirements and to maintain the

7
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glazing 17 below a threshold temperature for the glazing 17 to preserve its optical
properties.

[0057] Referring to Figs. 4 and 5, an embodiment is shown in which each of the
micro-reactors 20 is made of a first plate 30 and a second plate 40. According to an
embodiment, the construction of the array 15 of micro-reactors 20 is inspired from
microelectronics, in which several identical units are produced in batches, for
example the first plate 30 and the second plate 40, and joined in parallel to increase
the system’s power. Other plates may also be present, such as end plates 50, as
described hereinafter. The plates 30 and 40 are described hereinafter, but in an
embodiment each micro-reactor 20 is made of pairs of 2.5D metallic plates
containing all the endothermic and exothermic sub-units required to complete a
reforming process. The micro-reactors 20 are then stacked in parallel to form the
array 15 shown in Fig. 2. In an embodiment, the plates 30 and 40 are bonded in any
appropriate way to define a monoblock. For instance, the plates 30 and 40 may be
diffusion-bonded such that the array 15 may be a monolithic block unit. As another
example of a manufacturing process, among others, the plates 30 and 40 may be
3D printed. A plurality of blocks of arrays 15 may be in the tube 12 in the stack
shown in Fig. 4. The stack of plurality of blocks of arrays 15 may be located on the
focal axis of the parabolic trough 10. Reagents and products may flow in common

manifold lines to each block of array 15.

[0058] Referring to Figs. 2-5, the reforming process is now explained relative to
the micro-reactors 20. Liquid water flows into water manifold 20A in the array(s) 15
from the cold side, and enters a vaporizer portion 20B in the first plate 30. For
example, tubes or pipes are connected to the manifold 20A, and other manifolds
described herein. Due to temperature in the vaporizer portion 20B, and the
sectional increase in the flow path at the vaporizer portion 20B (forming a reservoir),
the water vaporizes in the vaporizer section 20B. A gas, such as methane in the
case of SMR, flows into a gas manifold 20C in the array(s) 15 and then mixes with
the steam exiting from the vaporizer portion 20B. The reagents, i.e., methane and
water/steam then pass through a heat exchanger portion 20D before entering an
SMR reactor chamber(s) 20E-20F packed with a catalyst. The reagents may
consequently be heated beyond a temperature threshold for reforming. In parallel,
the reagents recuperate heat from the reagents exiting the micro-reactors 20, as the
heat exchanger portion 20D shares a wall with a heat exchanger portion on the exit
path (20G, described after) This may include a sequence of a low temperature

8
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reforming reactor chamber 20E and a high temperature reforming reactor chamber
20F as in the illustrated embodiment, or a single reactor chamber as well. The

reforming reaction occurs at this point, for example: CH, + H,O - CO + 3H,

[0059] The reforming products then exit the first plate 30 to reach the second
plate 40. According to an embodiment, the reforming reactor chamber 20F is
concurrently defined by the first plate 30 and the second plate 40. Stated differently,
the portion of the reforming reactor chamber 20F in the first plate 30 extends from
face to face. The reforming products cool down in heat exchanger portion 20G and
enter a water-gas shift (WGS) reactor portion 20H. The WGS reactor portion 20H
may be present to reoxyde the CO, according to the following reaction: CO + H,O >
CO; + H,. The WGS reactor portion 20H may be optional, as it may not be required
to reoxyde the CO in the micro-reactor 20. The generated heat in the WGS reactor
portion 20H as well as a part of the sensible energy is then used to vaporize the
inflow of water. The gas finally passes through a low temperature heat exchanger
portion 201 where it releases energy to preheat the liquid water in the vaporizer
portion 20B, by heat exchange, as the vaporizer portion 20B and the heat exchanger
portion 20| 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 as
well as the energy absorbed by the radiation plates 16 and conductively transmitted
to the vaporizer portion 20B. The syngases exit the array 15 via a syngas manifold
20J.

[0060] Referring to Fig. 3, exemplary temperatures are shown, along with heat
flux arrows. By way of the arrangement described above, including the radiation
plates 16 and the glazing 17, the highest temperature is located in the center, at the
SMR reactor chambers 20E-20F. The energy consumption at the vaporizer portion
20B allows the rest of the micro-reactor 20 to stay at lower temperatures. The
radiation plates 16 conduct the energy absorbed by the glazing 17 to the vaporizer
portion 20B. It is observed that the various components of the reactor are
distributed as a function of the radial temperature gradient of the high temperature
SMR reactor chamber 20F.

[0061] Now that the micro-reactors 20 have been generally described with
reference to the reforming process, each of the plates 30 is described individually.

[0062] Referring to Figs. 5 and 6, the first plate 30 is shown as having a
throughbore 30A for forming the water manifold 20A when the first plate 30 is

9
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stacked in the array 15. A channel 30B with enlarged portion diverges from the
throughbore 30A and defines the vaporizer portion 20B of the micro-reactor 20. The
enlarged portion with subsequent narrowing, as present in an embodiment of the
vaporizer portion 20B may increase residency time of water in the vaporizer portion
20B, so as to allow the water to vaporize. The first plate 30 also has a throughbore
30C for forming the gas manifold 20C when the first plate 30 is stacked in the array
15. A channel extends from the throughbore 30C to converge with the channel 30B
into channel 30D that is part of the heat exchanger portion 20D, thus downstream of
the vaporizer portion 20B.

[0063] A chamber 30E is then formed at the end of the channel 30D, and is filled
with catalyst on its surface, to define the LT SMR reactor chamber 20E. As an
alternative, the catalyst may be in the form of a powder and/or of granules in the
chamber 30E and slot 30F-40F, in a packed bed reactor configuration. A conduit
extends from the chamber 30E to a slot 30F, which slot 30F is part of the HT reactor
chamber 20F. As the slot 30F extends through the first plate 30 (i.e., from face to
face), the reagents can flow from the first plate 30 to the second plate 40. At a top
of the first plate 30, a throughbore 30J is isolated from a remainder of the channels
and chambers of the first plate 30. The throughbore 30J is part of the syngas
manifold 20J when the first plate 30 is stacked in the array 15.

[0064] It is observed that the first plate 30 is not rectangular, as some cutouts are
defined through the first plate 30 from face to face. The cutouts are open to ambient
in the tube 12, whereby they define heat exchange surfaces to assist in the heat
exchange between ambient and the various portions of the micro-reactor 20. For
example, cutouts 31 assist in forming the vaporizer portion 20B. As another
example, cutouts 32 define a coil shape in the plate 30, which forms part of the heat
exchanger portion 20D. Finally, cutout 33 separates the reactor chamber(s) 20E-
20F from one another. It is contemplated to provide the first plate 30 without such
cutouts 32 and/or 33, though the cutouts may enhance the SMR process by
contributing to the heat exchange.

[0065] As shown in Fig. 6, the majority of the afore-mentioned components are in
a front face 34 of the first plate 30, with the rear face 35 only showing the
throughbores 30A, 30C and 30J, and the slot 30F. A remainder of the rear face 35
is planar. This contributes to concealing the various channels and chambers of
adjacent plates 30 and 40, as detailed hereinafter.

10
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[0066] Referring to Figs. 5 and 7, the second plate 40 is shown in greater details.
Throughbores 40A and 40C are isolated at a top of the second plate 40, and
respectively part of the water manifold 20A and the gas manifold 20C when the
second plate 40 is stacked in the array 15. The second plate has a slot 40F, which
slot 40F is part of the HT reactor chamber 20F. The reagents can flow from the first
plate 30 to the second plate 40 and access the slot 40F. As the slot 40F extends
through the second plate 40, the HT reactor chamber 20F extends all along the
array 15 in the illustrated embodiment. A channel 40G with enlarged portion
extends from the slot 40F, and forms the heat exchanger portion 20G for the
reforming products to cool down. A subsequent channel 40H forms the WGS
reactor portion 20H, and may have a larger cross-section subsequently narrowing,
to increase the residency time of the reforming products in the WGS reactor portion
20H. Then, channel 40I, defining the low temperature heat exchanger portion 20I,
extends from the channel 40H to a syngas throughbore 40J. The throughbore 40J is
part of the syngas manifold 20J when the second plate 40 is stacked in the array 15.

[0067] It is observed that the second plate 40 as the same peripheral outline as
the first plate 30, with cutouts defined through the second plate 40 from face to face.
The cutouts are open to ambient in the tube 12, whereby they define heat exchange
surfaces to assist in the heat exchange between ambient and the various portions of
the micro-reactor 20. Cutouts 41 assist in forming the WGS reactor portion 20H with
the channel 40H, and the heat exchanger portion 20l with the channel 40l. The
cutouts 42 define the coil shape in the second plate 40, which forms part of the heat
exchanger portion 20G. Cutout 43 separates the reactor chamber 20F from the heat
exchanger portion 20G. As was the case for the first plate 30, it is contemplated to
provide the second plate 40 without such cutouts 42 and/or 43, though the cutouts
42 and 43 may enhance the heat exchange with the reagents on the other side of
the reactor 20 in the first plate 30.

[0068] As shown in Fig. 7, the majority of the afore-mentioned components are in
a front face 44 of the first plate 40, with the rear face 45 only showing the
throughbores 40A, 40C and 40J, and the slot 40F. A remainder of the rear face 45
is planar. When plates 30 and 40 are stacked in alternating sequence, the rear face
35 of the first plate 30 is against the front face 44 of the second plate 40.
Accordingly, the channels and chambers in the front face 44 of the second plate 40
are closed off by the rear face 35 of the first plate 30. The opposite concept applies
to the rear face 45 of the second plate 40 being against the front face 34 of the first

11
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plate 30. The manifolds are formed by the alignment of the pairs of throughbores
30A-40A, 30C-40C and 30J-40J. Likewise, the HT reactor chamber 20F is formed
by the alignment of the pairs of slots 30F-40F, for a lengthwise HT reactor chamber
20F shared by the micro-reactors 20, i.e., a common reactor chamber 20F for a
plurality of micro-reactors 20. It is however contemplated to have separate HT
reactor chambers 20F for each set of first plate 30/second plate 40. End plates,
such as 50, may be required with the same cutout contours and the pairs of
throughbores 30A-40A, 30C-40C and 30J-40J, to close off the HT reactor chamber
20F, and one of the first plates 30. Moreover, although two plates are described,
i.e., 30 and 40, as they represent a convenient and cost-efficient solution, some
manufacturing techniques allow the creation of a single plate having the combined
features of the plates 30 and 40. For example, such single plate with combined
features could be 3D printed. Moreover, the 3D printing could form the array 15 of

micro-reactors 20 as a single block.

[0069] Using this two-dimensional approach, the plates 30, 40 and 50 can be
manufactured by a standard batch process such as etching, punching and laser
cutting. These manufacturing methods are compatible with a high volume production
economy, instead of a scale economy typical to solar towers. Yet, the array 15
could also be used in solar towers of parabolic dishes.

[0070] The plates 30 and 40 of the elementary reactors 20 are placed so that the
temperature increases linearly from the inlet on the cold side to the solar receiver
toward the hot side. This architecture minimizes entropy production by reducing the
heat transfer through large temperature gradients, and thus maximizes the efficiency
of the process.

[0071] As a whole, the arrangement of components in the tube 12 makes for an
efficient reforming of methane. As an example, a thin N-KB7 glazing 17 in front of
the absorbing surface of the reactors 20 redirects a part of the re-radiation losses
back to the reactors 30. In a same way, the radiation plates 16 are placed on both
sides of the array 15 of reactors 20. The radiation plates 16 may be covered with a
low emissivity and high reflectance cladding to reflect the major part of the radiations
back to the array 15 of reactors 20. The remaining energy may be absorbed by the
radiation plates 16, and conducted upward to heat the vaporizer portion 20B. The
radiation plates 16 may for example be made of copper, or of other metals. In an
embodiment, the radiation plates 16 are integrally part of the plates 30, 40 and/or
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50, e.g. monoblock, and thus may be made in the same material as the plates 30,
40 and/or 50, such as stainless steel, nickel alloys, inconel, etc. The low emissivity
may for example be achieved for the radiation plates 16 by polishing their exposed
surfaces.

[0072] As shown in Fig. 3, both radiation plates 16 and glazing 17 may be
separated from the array 15 of reactors 20 by localized void gaps. By doing so, the
major heat transfer mechanism between them and the hot surfaces of the array 15
of reactors 20 is radiation. As shown in Fig. 3, there may remain a contact between
the radiation plates 16 and the vaporizer portion 20B. Since the radiation plates 16
have a high conductivity, they largely remain around the temperature of the
vaporizer portion 20B, e.g., through contact. The plates 16’s radiation losses to
ambient are consequently low as they come from low-temperature and low-
emissivity surfaces.

[0073] Referring to Figs. 8A and 8B, exemplary block diagrams are shown to
illustrate energy flow in the micro-reactors 20. The block diagram is provided as an
example and is non-limitative, and results from particular testing conditions. In
Fig. 8A, 19 kJ of energy is provided to the vaporizer portion 20B by the syngas
sensible energy at the exit of the syngas cooling system. The remaining vaporization
energy comes from the conduction in the core of the micro-reactor 20, the energy
absorbed by the radiation plates 16 and the glazing 17 as well as the heat coming
out of the reactor chambers 20E-20F. In Fig. 8B, when a multi-stage SMR reactor is
used, as in the embodiment of Fig. 5, the sensible energy of the syngas is partly
consumed inside the low temperature SMR (LTSMR) reactor chamber 20E prior to
heating the reactant. By doing so, more vaporization energy can be provided by the
glazing 17 which means that the glazing 17 can be maintained at lower temperature.
It is also contemplated to provide additional LTSMR reactor chambers, and the
architecture may also be different.

[0074] The glazing 17 has an impact on the efficiency of the system, as it absorb
losses from the high temperature reactor absorption surface and conducts a part of
the energy losses to the micro-reactor’s vaporizer portion 20B instead of reradiating
the energy to the source and the environment, which would imply losses.

[0075] Referring to Fig. 9, there is illustrated a schematic view showing a prior-art
glazing configuration versus the glazing configuration of the present disclosure. A
spectrally selective glazing 17 is used for that application. The glazing transmittance
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spectrum is selected so that the short wavelength of the sunlight is transmitted to the
reactor chambers 20E-20F and the long-wavelength infrared thermal radiations
emitted by the micro-reactors 20 are absorbed or reflected back by the glazing 17.
For the prior-art non-conductive glazing configuration on the left-hand side in Fig. 9,
that forces the glazing temperature to increase. Consequently, it emits infrared rays
back to the micro-reactors 20 via the inner surface facing the micro-reactors 20.
However, the same amount of energy is also emitted to the environment from the
outer surface facing away from the micro-reactors 20. If no other glazing is provided,
the energy emitted by the outer surface of the glazing of the prior art configuration
may be lost to the environment.

[0076] On the right-had side of Fig. 9, the glazing 17 may be thickened and is
conductively joined to the radiation plates 16 (e.g., Fig. 3). As a non-limitative
example, the glazing 17 has a thickness ranging from 0.25 mm to 4.0 mm.
Consequently, the energy absorbed by the glazing 17 is conducted to plates 16 and
provides a part of the heat needed for the vaporization. The glazing temperature is
consequently reduced which leads to lower radiation losses to the environment.

[0077] As another example, Fig. 10 shows the temperature of a 3 mm thick
glazing (given as an example) from the center to one tip of the glazing for different
glazing widths. According to the Fig. 10, the greater the width of the micro-reactor
20, the closer the temperature of the conductive glazing 17 is to the temperature of
the non-conductive glazing (Fig. 9). Since the efficiency gain comes with lowering
the temperature of the glazing 17, Fig. 10 shows the value of scaling down the
micro-reactors 20. This phenomenon is well represented on the right-hand side
graph of Fig. 10. At the actual design point, where the operation temperature is
850 °C and the micro-reactors 20’s width is 25 mm, the conducting glazing
recuperates 88% of the emitted energy from the reactor, which is 38% higher than
the non-conductive glazing, using the equations (1) to (9) provided below.

[0078] Considering a thin glazing, the energy conservation equation for a short
portion in the width direction (dx) is:

dﬁ'mnd,ghzs{x} = [q"aﬂ:r{I} —Z- G'glﬂs{-?:}]dx 1:-1}

or

I'.i[}' condgl EE(I}
2x

= QF‘EEEE(I} —Z- QE:EE{:’!‘:} 2]
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[0079] Then, equation 1 and 3 imply that:
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[0080] Since Fuzex iS @assumed constant, equation 6 is numerically solved to find

the glazing temperature distribution over its length.

[0081] The radiation losses from the conductive glazing are then calculated with:

L
Hiost,c—glas = Eqlag " " Tg:ﬁg (?}

[0082] And for the non-conductive glazing:
— n n 4 n
fi'lc:-sr,;"."l."—glﬂs = &' Tg L {3}

[0083] Where L is the glazing width and the non-conductive glazing temperature

is expressed by:

&
4 IE'.“EI:::?:' T,

Twe-giaz = | reget (93'
gras - Eqlas

[0084] Consequently, the conductive connection of the glazing 17 is well suited to
response to the energy needs of the vaporizer portion 20B of the micro-reactors 20.
If at a design point the energy consumption of the vaporizer portion 20B is over-
satisfied, the micro-reactors 20 may be operated under higher S/C ratio without
significantly influencing the efficiency. In order to avoid overheating the vaporizer
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portion 20B with the recuperated energy coming from the glazing 17, an optimization
can be done by changing the thermal conductivity of the plates 16-glazing 17

connection.

[0085] Referring to Fig. 11, another embodiment of the present disclosure is
shown, and bears similarities with the embodiment of Fig. 1, whereby like elements
share the same reference numerals, such as the parabolic trough 10, the mirror 11
or like reflective surface, the transparent or translucent tube 12 (e.g., with vacuum,
shown fragmented to expose its interior), the supports 13, and the structure 14. In
Fig. 11, the micro-reactors 20 are discrete units as opposed to a lengthwise array 15
of micro-reactors. In an embodiment, the micro-reactors 20 may be made of one or
more pairs of the first plate 30 and the second plate 40, with or without end plates
50. Other constructions are possible as well. The micro-reactors 20 are also in the
tube 12 and may share manifolds and tubes/pipes for feeding the reagents and
receiving the reforming products. The embodiment of Fig. 11 additionally features a
set of second-stage reflective concentrators 60. The concentrators 60 may be dish
shaped (e.g., hemispherical). For example, each reflective concentrator 60 is
dedicated to one of the discrete micro-reactors 20. The reflective concentrator 60
may be positioned to be at or near a focal line of the mirror 11, via arms 61 or other
equivalent structure, which may be part of the structure 14 for example. The
discrete micro-reactors 20, also referred to as units or blocks, are located on a focal
spot of their associated reflective concentrator 60 for light to be focused on the
micro-reactors 20 from the concentrators 60. According to an embodiment, most or
each discrete micro-reactor 20 has its own radiation plates 16 and glazing 17, in the
manner described above, for instance with reference to Fig. 3. According to an
embodiment, the second-stage reflective concentrators 60 are interrelated by a
single common actuation mechanism for sun tracking. The single common
actuation mechanism may include a common link 62 pivotally connected to the arms
61. The arms 61 are themselves pivotally connected to the structure 14. Therefore,
a pulling or pushing action on the common link 62 causes a change of orientation of
the reflective concentrators 60 relative to the micro-reactors 20.

[0086] Referring to Figs. 12 and 13, another embodiment of the present
disclosure is shown, and bears similarities with the embodiments of Fig. 1 and of
Fig. 11, whereby like elements share the same reference numerals, such as the
parabolic trough 10, the mirror 11 or like reflective surface, the tube 12 (e.g., with
vacuum, and fragmented in Figs. 12 and 13), the supports 13, and the structure 14.
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In Figs. 12 and 13, the micro-reactors 20 are also discrete units as opposed to a
lengthwise array 15 of micro-reactors of Fig. 1. The micro-reactors 20 are also in
the tube 12 and may share manifolds and tubes/pipes for feeding the reagents and
receiving the reforming products. Most or each discrete micro-reactor 20 may have
its own radiation plates 16 and glazing 17, in the manner of Fig. 3. The embodiment
of Figs. 12 and 13 additionally features a set of second-stage optical lens
concentrators 70. For example, each optical lens concentrator 70 is dedicated to
one of the discrete micro-reactors 20, with the discrete micro-reactors 20 located on
a focal spot of their associated lens concentrator 70. The optical lens concentrators
70 may be positioned to be at or near a focal line of the mirror 11, via arms 71 or
other equivalent structure, which may be part of the structure 14 for example. The
arms 71 may be pivotally connected to the structure 14. According to an
embodiment, the second-stage optical lens concentrators 70 are interrelated by a
single common actuation mechanism for sun tracking, similar to that of Fig. 11. The
single common actuation mechanism may include a common link 72 pivotally
connected to the arms 71, with a pulling or pushing action on the common link 72
causing a change of orientation of the lens concentrators 70 relative to the micro-
reactors 20. Fig. 13 shows a change of orientation of the lens concentrators 71 as a
function of the micro-reactors 20, as a result of an actuation of the common link 72.
The common link 72 may be manually or automatically actuated. A transmission
may connect the common link 72 (and 62) to a motor. As another possibility, the
common links 62 and 72 are part of a hydraulic system. There results from the use
of the concentrators 60 and 70 single-axis solar concentration, as a beam

concentration.

[0087] Referring to Figs. 14 to 16, another embodiment of the present disclosure
is shown, and bears similarities with the embodiments of Fig. 1, of Figs. 11, and of
Figs. 12 and 13, whereby like elements share the same reference numerals, such as
the parabolic trough 10, the mirror 11 or like reflective surface, the supports 13, and
the structure 14. Moreover, the arrangement of Figs. 14-16 may have a second-
stage concentrator such as the reflective concentrator 60 of Fig. 11, or optical lens
concentrator 70 of Figs. 12 and 13, for discrete micro-reactors 20 located on a focal
spot of the concentrators 60,70. This may or may not include the common actuation
mechanism of arms 61,71 and link 62,72. In Figs. 14-16, the optical lens
concentrators 70 are shown as the example.
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[0088] In Figs. 14 to 16, the micro-reactors 20 are also discrete units as opposed
to a lengthwise array 15 of micro-reactors of Fig. 1. Most or each discrete micro-
reactor 20 may have its own radiation plates 16 and glazing 17, in the manner of
Fig. 3. The micro-reactors 20 are in individual chambers 80. The chambers 80 may
have any appropriate shape. In an example, the chambers 80 are bulbs (e.g., light-
bulb shape) that has a vacuumed interior, or interior filled with inert gas. The
chambers 80, in similar fashion to the tubes 12, may be made of transparent or
translucent material for light to pass through it and reaches the micro-reactors 20.
The chambers 80 may also include a female socket 81 to be received in a
corresponding male screw base 82. The female socket 81 may be rotatably
mounted to a neck 83 supporting the chamber 80. In such an arrangement, the
female socket 81 may be independently rotatable relative to the chamber 80, for
screwing engagement of the micro-reactors 20 in the chambers 80, without a
rotation of the chambers 80 (i.e., just the female socket 81 rotating). Each male
screw 82 may then share manifolds and tubes/pipes for feeding the reagents and
receiving the reforming products, from the micro-reactors 20 in the chambers 80.
The reverse arrangement of male screw base connected to the chambers 80 and
female sockets on the structure 14 is also contemplated. Moreover, other
arrangements are considered as alternatives to the screw-type engagement of
Figs. 14-16. As shown in Fig. 15, the neck 83 may be an integral member of the
micro-reactor 20. For example, the neck 83 maybe part of the plates 30, 40 and 50,
as one possibility. Therefore, as shown in Fig. 16, there are shown the manifold
ports 20A, 20C and 20J in the bottom of the socket 81. When the chamber 80 is
connected to the base 82, the manifold ports 20A, 20C and 20J fluidly connect with

the manifolds on the structure 14.

[0089] Therefore, the embodiment of Figs. 14-16 defines a chamber 80 providing
an integrated thermal insulation architecture for one or more of the micro-reactors
20, with a vacuum or inert gas environment around a micro-reactor 20. In the
embodiment of Figs. 14-16 also features a single two-way connection port
containing both inlet and outlet channels, for rapid integration to a manifold.
Connection of the chamber 80 on the complete system involves a main manifold line
feeding and exhausting each reactor working in parallel. The threaded multi-way
connector contains all the necessary intake and exhaust channels and making the
junction with the main line. In an embodiment, the discrete micro-reactors 20 from
Figs. 11-16 are without the radiation plates 16 and/or the glazing 17.
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[0090] The present disclosure therefore discloses an approach to harvest solar
energy at lower costs to reform natural gas into hydrogen. To achieve cost efficient
production of hydrogen, the micro-reactors 20 in the arrays 15 constitute modular
and compact units that may be fitted on low-cost parabolic troughs to replace the
current existing systems. Using microfabrication techniques to create three-
dimensional channel networks in diffusion-bonded plates in the arrays 15, all
components required for methane reforming are integrated in a small unit, which is
well suited for implementation on cost-effective and well-established parabolic
troughs. Monolithic integration of the components allows heat recovery from the high
temperature reaction to the lower temperature endothermic processes such as water

vaporization and reagent preheating.
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CLAIMS:

1. A reactor for steam-methane reforming, the reactor adapted to be received in
a tube on a focal axis of a parabolic trough, the reactor comprising:

an array of micro-reactors interconnected by a water manifold, a gas
manifold, a syngas manifold, and at least one steam-methane reforming chamber
configured for reforming steam and methane into syngases, the micro-reactors
having a vaporization portion for producing steam;

radiation plates extending on sides of the array of micro-reactors; and

at least one glazing facing and spaced apart from a portion of the array of
micro-reactors including at least one steam-methane reforming chamber, the glazing
being conductively connected to the radiation plates for heat transfer therebetween,
the at least one glazing allowing light from the parabolic trough to pass therethrough
to reach the array of micro-reactors.

2. The reactor for steam-methane reforming according to claim 1, further
comprising a water-gas shift chamber downstream of the at least one steam-
methane reforming chamber.

3. The reactor for steam-methane reforming according to any one of claims 1
and 2, wherein the array of micro-reactors is constituted of an alternating sequence
of a first plate and of a sequence plate, pairs of adjacent ones of the first plate and
of the second plate forming one reactor, the reactors commonly sharing the water

manifold, the gas manifold and the syngas manifold.

4, The reactor for steam-methane reforming according to claim 3, wherein the
reactors commonly share the steam-methane reforming chamber.

5. The reactor for steam-methane reforming according to any one of claims 3 to
4, wherein the plates are 2.5D metallic plates defining fluid paths between
vaporization portion and the at least one steam-methane reforming chamber.

6. The reactor for steam-methane reforming according to any one of claims 3 to
5, wherein the manifolds are defined by throughbores in the stack of first plate and
second plate.
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7. The reactor for steam-methane reforming according to any one of claims 1 to
6, wherein the radiation plates conductively contact the micro-reactors at the

vaporization portion.

8. The reactor for steam-methane reforming according to any one of claims 1 to
7, wherein the radiation plates are spaced apart from the micro-reactors at the at
least one steam-methane reforming chamber.

9. The reactor for steam-methane reforming according to any one of claims 1 to
8, wherein the radiation plates have low emissivity polished exposed surfaces.

10. The reactor for steam-methane reforming according to any one of claims 1 to
9, wherein the radiation plates are made of copper.

11. The reactor for steam-methane reforming according to any one of claims 1 to
10, wherein the glazing is a spectrally selective glazing for transmission of short
wavelength radiation through the glazing and absorption of infrared radiation or
reflection of infrared radiation to the micro-reactors.

12. The reactor for steam-methane reforming according to any one of claims 1 to
11, wherein the glazing has a thickness ranging from 0.25 mm to 4.0 mm.

13. A steam-methane reforming system comprising:

a parabolic trough adapted to be rotatably mounted to a structure, the
parabolic trough having a reflective concave surface,

a tube located on a focal axis of the parabolic trough, the tube allowing
radiation to pass therethrough,

the reactor according to any one of claims 1 to 12, the reactor being received
inside the tube,

wherein the at least one glazing is located to allow light from the parabolic
trough to pass therethrough to reach the array of micro-reactors of the reactor.

14, A steam-methane reforming system comprising:

a parabolic trough adapted to be rotatably mounted to a structure, the
parabolic trough having a reflective concave surface;

concentrators located at or in proximity to a focal axis of the parabolic trough,
for radiation to be reflected from the parabolic trough to the concentrators;
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a plurality of micro-reactors, the micro-reactors comprising at least one
steam-methane reforming chamber configured for reforming steam and methane
into syngases, the micro-reactors having a vaporization portion for producing steam;

wherein the micro-reactors are respectively paired with one of the
concentrators, with the at least one steam-methane reforming chamber located of
the micro-reactors located on a focal point of the respective concentrators.

15. The steam-methane reforming system according to claim 14, further
comprising a tube allowing radiation to pass therethrough, the plurality of micro-
reactors being in the tube.

16. The steam-methane reforming system according to claim 14, further
comprising chambers allowing radiation to pass therethrough and receiving
individual ones of the micro-reactors.

17. The steam-methane reforming system claim 16, wherein the chambers are
bulb shaped.

18. The steam-methane reforming system according to any one of claims 16 and
17, wherein the micro-reactors include a neck projecting from the chambers, a
female socket rotatably mounted to the neck for engagement with a male base
adapted to feed methane and water to the micro-reactors and to receive syngases
from the micro-reactors.

19. The steam-methane reforming system according to any one of claims 14 to
18, further comprising a water manifold, a gas manifold, a syngas manifold
commonly shared by the micro-reactors.

20. The steam-methane reforming system according to any one of claims 14 to
19, further comprising radiation plates extending on sides of the micro-reactors.

21. The steam-methane reforming system according to claim 20, wherein the
radiation plates conductively contact the micro-reactors at the vaporization portion.

22. The steam-methane reforming system according to any one of claims 20 and
21, wherein the radiation plates are spaced apart from the micro-reactors at the at
least one steam-methane reforming chamber.
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23. The steam-methane reforming system according to any one of claims 20 to
22, wherein the radiation plates have low emissivity polished exposed surfaces.

24, The steam-methane reforming system according to any one of claims 20 to
23, wherein the radiation plates are made of copper.

25, The steam-methane reforming system according to any one of claims 20 to
24, further comprising at least one glazing facing and spaced apart from the portion
of the micro-reactors including the at least one steam-methane reforming chamber,
the glazing being conductively connected to the radiation plates for heat transfer
therebetween, the at least one glazing allowing light from the concentrators to pass
therethrough to reach the micro-reactors.

26. The steam-methane reforming system according to claim 25, wherein the
glazing is a spectrally selective glazing for transmission of short wavelength
radiation through the glazing and absorption of infrared radiation or reflection of
infrared radiation to the micro-reactors.

27. The steam-methane reforming system according to any one of claims 25 to
26, wherein the glazing has a thickness ranging from 0.25 mm to 4.0 mm.

28. The steam-methane reforming system according to any one of claims 14 to
27, wherein the micro-reactors include water-gas shift chamber downstream of the
at least one steam-methane reforming chamber.

29. The steam-methane reforming system according to any one of claims 14 to
28, wherein the micro-reactors are made of 2.5D metallic plates defining fluid paths
between vaporization portion and the at least one steam-methane reforming
chamber.

30. The steam-methane reforming system according to any one of claims 14 to
29, wherein the concentrators are optical lenses.

31. The steam-methane reforming system according to any one of claims 14 to
29, wherein the concentrators are reflective concentrators.

32. The steam-methane reforming system according to any one of claims 14 to
31, further comprising a mechanism pivotally connected to the concentrators for
changing an orientation of the concentrators relative to the micro-reactors.
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33. The steam-methane reforming system claim 32, wherein the mechanism is
shared by the concentrators.

24



WO 2019/095067 PCT/CA2018/051456

7

FIG. 2



WO 2019/095067

2111

lL

———————————————

Glazing-fin
interface

FIG. 3 |1

PCT/CA2018/051456






WO 2019/095067 PCT/CA2018/051456

4/11

DY 2q7
N .
34
%%
2D
7\ 0P
\ 2| ZoF
20 770‘*} wl W /3 "
/L
D - D D Y
| oa— %1 !___lf__ Zop>
7 " —
2/ LWL =
331[ / B D i e
- |93l ![ >0
28,7 ;r"mg:.&\ (-\ C{————_————:\Q 24
- 20F



WO 2019/095067 PCT/CA2018/051456

5/11

41
doh
ol
ho =~
\ so1” -
§ ot
4o G
4] /—H c , 4ol= g
bos / %] faIN WO Ak a0c
STV v
4. (J_\ N 401-/2; v(_ //MH
L~/ 4 Z%
,f;/ _ T .
A % al
=1\ h—;\)
FIG.7 4F % % L %



WO 2019/095067 PCT/CA2018/051456

6/11

Syngas out Reagent
Syngas out Reagent m
Trls% i
1 !
Oklfmolav | Conduction
o hestin
~50°C 12 fmol Conduction 5 ng
Pl o b ng B &
£ 88 | 8 g Teat
8 54 | # 8 o
g i ® 2 z Heat 1Abxsl»,crtged by
Absorbed by the fing
. | thefins i2kimal av ! i
& } . 2
12 klmol ey . .
- x J/L i g 41 kil P
100°C 41530mol Koo | Hea E L B by
p P ] B N \‘\\ Absorbed by [ § o I li‘?iorﬁid by
o % kL N\ theglanng ER g8 normg b
5 EN R A, ) i s Ho Sensible] &2 7 { < EHmo -
z ZA ’E‘ / energy m——ee
e / . /
; 2N f O klimol av 4
|
19kt avt ©y / . /
i o (SllMmel = & 1
. 81 kFimol w gg B B | /
o - £ i
§ g ;
& & B i/
100 kifmol av 4 ‘
o r §%\:> Sene E g
~850°C i EME. (206 1IATO Iy 1ok | g
o b
% % § % &
; ¥
Gat ~
; T [ HTSMR (187 kifmolme) ]

288 ¢

a ) b ) Olazing ]




WO 2019/095067 PCT/CA2018/051456

7/11
;
Non-conductive glazing | Conductive glazing
1
I =
' Qcond
L {to the vaporizer)
) ) Yy
. \‘ Ureact & Qg : : \\ 4:‘ Qgpaz,2
1 i i : s !
) 1 3 !
/’ \\‘ j: ‘ I 3 5 ‘ I
\ Lo = 600-700°C ! © =100-200C S
R T 1 " 7
: ' 1o § \
: : P i L
® l L) :
Asun ‘ : Geun v \q/ \L
. Qg!az,l : leaz,z
Insulated I
support
qglaz,l »> qglaz,z
700 €0
BO0 FEEEEES Rt el dion -y 50
o T T .
x 300 ... Tl AN & 40 -
e \\\ N - - - -
g 400 S ~ NN 830 - - = = Conductive
&= LN o .
® 300 Non-cond. ‘\\\ ~, » Non-conductuve
2 — —110mm T 220 -
g 200 = - = 20mm ‘\ ¢ Currentdesign
= w0 @ TT7777 S0 mm 10 # 4“\‘_ (25 mm}ﬂ
......... 20 mm
0 [
0,0 01 0.2 0.3 04 3.5 20 40 &0 80 100 120
Relative position on the glazing {x/L} . Glazing length {mm)

FIG. 10



WO 2019/095067 PCT/CA2018/051456

8/11

% AN T
‘\J‘%}:’-\‘L\ A M) L
B S N N NN

o -\’7‘5}y‘— NN
i, SN

FIG. 11



WO 2019/095067 PCT/CA2018/051456

Al % Lot log (g

I J o]

e A — T — -

(5 I L L WA Y
T ‘ ?
"\‘-N*___. T e W/\‘f‘””""

tensarmay " fal

actuator at rest | ‘

position !

N I
TAY \T
| \
| Actuation arm

) mation direction
i

Lens rotation
diraction

FIG. 13

SUBSTITUTE SHEET (RULE 26)



WO 2019/095067 PCT/CA2018/051456

10/11

FIG. 14

FIG. 15



WO 2019/095067 PCT/CA2018/051456

1111

FIG. 16



International application No.

PCT/CA2018/051456

INTERNATIONAL SEARCH REPORT

A CLASSIFICATION OF SUBJECT MATTER
IPC: CO1B 3/34 (2006.01), B01J 19/24 (2006.01), CIOL 3/00 (2006.01), F24S8 20/30 (2018.01),

F245 60/20 (2018.01), F248 70/60 (2018.01)

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
IPC (2006.01): CO1B 3/34, BO1J 19/24, C10L 3/00; IPC (2018.01): F248S 20/30, F24S 60/20, F24S 70/60

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
IPC (2006.01): CO1B 3/32

Electronic database(s) consulted during the international search (name of database(s) and, where practicable, search terms used)

Databases: QUESTEL, Canadian Patent Database, CIPO Library Discovery Tool
Keywords: reform, gasification, hydrogen, syngas, synthesis gas, light, solar, sunlight, parabolic, focal, trough, radiation, plate, glazing,
conduct+, micro-reactor, micro-reformer, microchannel, vapor+, vapour+, heat exchange+, steam, water, methane, hydrocarbon

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

A US 2013/0025192 A1 (WEGENG et al.) 31 January 2013 (31-01-2013) 1-13
*whole document™

A US 5,973,825 (LASICH) 26 October 1999 (26-10-1999) 1-13
*whole document*

A US 6,872,378 B2 (WEIMER et al.) 29 March 2005 (29-03-2005) 1-13
*whole document™

A US 7,537,750 B2 (LITWIN et al.) 26 May 2009 (26-05-2009) 1-13
*whole document*

A US 8,187,550 B2 (MCALISTER) 29 May 2012 (29-05-2012) 1-13
*whole document™®

[¥ Further documents are listed in the continvation of Box C. ¥ See patent family annex.
* |Special categories of cited documents: “T” |later document published after the international filing date or priority

“A” |document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention

“E” |earlier application or patent but published on or after the international “X” |document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive

“L” |document which may throw doubts on priority claim(s) or which is step when the document is taken alone
cited to establish the publication date of another citation or other “Y” |document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is

“0” |document referring to an oral disclosure, use, exhibition or other means combined with one or more other such documents, such combination

being obvious to a person skilled in the art

“P” |document published prior to the international filing date but later than “&” |document member of the same patent family
the priority date claimed

Date of the actual completion of the international search Date of mailing of the international search report

08 February 2019 (06-02-2019) 19 February 2019 (19-02-2019)

Name and mailing address of the ISA/CA Authorized officer

Canadian Intellectual Property Office

Place du Portage I, C114 - 1st Floor, Box PCT Philip Gbor (819) 639-8475

50 Victoria Street

Gatineau, Quebec K1A 0C9

Facsimile No.: 819-953-2476

Form PCT/ISA/210 (second sheet ) (January 2015) Page 3 of



International application No.

INTERNATIONAL SEARCH REPORT P CT / C A2018 /0 51456

Box No. 1T Observations where certain claims were found unsearchable (Continuation of item 2 of the first sheet)

This intemational search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. I Claim Nos.:
because they relate to subject matter not required to be searched by this Authority, namely:

2. Il Claim Nos.:
because they relate to parts of the international application that do not comply with the prescribed requirements to such an extent that no
meaningful infernational search can be carried out, specifically:

3. I Claim Nos.:
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box Ne. III Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:
See extra sheet

1. Il Asall required additional search fees were timely paid by the applicant, this international search report covers all searchable claims.

2. 1 Asall searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of additional
fees.

3. "] Asonly some of the required additional search fees were timely paid by the applicant, this international search report covers only those
claims for which fees were paid, specifically claim Nos.:

4. W Norequired additional search fees were timely paid by the applicant. Consequently, this international search report is restricted to the
invention first mentioned in the claims; it is covered by claim Nos.:

Remark on Protest [*1 The additional search fees were accompanied by the applicant’s protest and, where applicable, the payment of
"~ aprotest fee.

[“1 The additional search fees were accompanied by the applicant's protest but the applicable protest fee was not
paid within the time limit specified in the invitation.

™7 No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (January 2015) Page 2 of 8



International application No.

syngas production—A review”, Renewable and Sustainable Energy Reviews, Volume 29
(2014), pages 656—682.

INTERNATIONAL SEARCH REPORT PCT/CA2018/051456
C (Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT
Category* | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A US 8,673,035 B2 (WEIMER et al.) 18 March 2014 (18-03-2014) 1-13
*whole document™*
A US 9,316,124 B2 (JIN et al.) 19 April 2016 (19-04-2016) 1-13
*whole document™*
A WO 2016/169865 A1 (DUPASSIEUX et al.) 27 October 2016 (27-10-2016) 1-13
*whole document™*
A AGRAFIOTIS et al., “Solar thermal reforming of methane feedstocks for hydrogen and 1-13

Form PCT/ISA/210 (continuation of second sheet) (January 2015)

Page 4 of 8




INTERNATIONAL SEARCH REPORT

International application No.

Information on patent family members PCT/CA2018/051456

Patent Document Publication Patent Family Publication

Cited in Search Report Date Member(s) Date

US2013025192A1 31 January 2013 (31-01-2013) US2013025192A1 31 January 2013 (31-01-2013)
US995030582 24 April 2018 (24-04-2018)
AU2013295581A1 05 February 2015 (05-02-2015)
AU2017213532A1 21 September 2017 (21-09-2017)
CA2879159A1 30 January 2014 (30-01-2014)
CN104603402A 06 May 2015 (06-05-2015)
CN104603402B 05 April 2017 (05-04-2017)
CN106984252A 28 July 2017 (28-07-2017)
US2018339283A1 29 November 2018 (29-11-2018)
WO02014018878A2 30 January 2014 (30-01-2014)
WO02014018878A3 27 November 2014 (27-11-2014)

US5973825A 26 October 1999 (26-10-1999) US5973825A 26 October 1999 (26-10-1999)
AT182635T 15 August 1999 (15-08-1999)
AT249019T 15 September 2003 (15-09-2003)
AUS5553994A 22 June 1994 (22-06-1994)
AU691792B2 28 May 1998 (28-05-1998)
AU7193898A 27 August 1998 (27-08-1998)
AU731495B2 29 March 2001 (29-03-2001)
DE69325817D1 02 September 1999 (02-09-1999)
DE6932581712 17 February 2000 (17-02-2000)
DE69333191D1 09 October 2003 (09-10-2003)
DE69333191T2 03 June 2004 (03-06-2004)
EP0670915A1 13 September 1995 (13-09-1995)
EP0670915A4 27 September 1995 (27-09-1995)
FP0670915B1 28 July 1999 (28-07-1999)
EP0927857A2 07 July 1999 (07-07-1999)
EP(0927857A3 21 July 1999 (21-07-1999)
EP(927857B1 03 September 2003 (03-09-2003)
ES2137349T3 16 December 1999 (16-12-1999)
ES2206832T3 16 May 2004 (16-05-2004)
GR3031665T3 29 February 2000 (29-02-2000)
JPHO8503738A 23 April 1996 (23-04-1996)
US5658448A 19 August 1997 (19-08-1997)
WO09412690A1 09 June 1994 (09-06-1994)

US6872378B2 29 March 2005 (29-03-2005) US2003208959A1 13 November 2003 (13-11-2003)
US6872378B2 29 March 2005 (29-03-2005)
AUG6304001A 23 June 2003 (23-06-2003)
AU2003220092A1 22 September 2003 (22-09-2003)
EP1341604A1 10 September 2003 (10-09-2003)
11.152452D0 23 December 2003 (23-12-2003)
JP2005511467A 28 April 2005 (28-04-2005)
MXPA02011011A 19 August 2004 (19-08-2004)
US2003182861A1 02 October 2003 (02-10-2003)
US7033570B2 25 April 2006 (25-04-2006)
US2011193026A1 11 August 2011 (11-08-2011)
US8673035B2 18 March 2014 (18-03-2014)
US2006140848A1 29 June 2006 (29-06-2006)
US2006188433A1 24 August 2006 (24-08-2006)
WO003049853A1 19 June 2003 (19-06-2003)
WO03076334A1 18 September 2003 (18-09-2003)

US7537750B2 26 May 2009 (26-05-2009) US2006013765A1 19 January 2006 (19-01-2006)
US7537750B2 26 May 2009 (26-05-2009)

Continued on extra sheet

Form PCT/ISA/210 (patent family annex ) (January 2015)

Page 5 of 8




INTERNATIONAL SEARCH REPORT

International application No.

PCT/CA2018/051456

Continuation of Information on patent family members

US8187550B2 29 May 2012 (29-05-2012)

Continued on extra sheet

US2011198211A1
US8187550B2
AU2010215769A1
AU2010215859A1
AU2010216050A1
AU2010216050B2
BRPI1008695A2
BRPI1008696A2
BRPI11008697A2

BR112012003227A2
BR112012004067A2

CA2693872A1
CA2746592A1
CA2752698A1
CA2752698C
CA2752707A1
CA2752707C
CN102395709A
CN102395709B
CN102395710A
CN102395710B
CO6430479A2
CR20110488A
ECSP11011332A
EG26164A
EP2398937A1
EP2398937A4
EP2398937B1
EP2398938A1
EP2398938A4
EP2398938B1
1L214691D0
1IL214691A
JP5175409B1
JP2013513070A
JP2013525655A
JP5260804B2
KR20120043136A
KR101179798B1
KR20120132500A
KR101245398B1
MX2011008710A
MX2011008711A
MX2011008712A
MY152807A
NZ595213A
PE07162012A1
RU2011138198A
RU2484182C2
RU2011138195A
RU2487195C2
SG173718A1
SG173719A1
US7628137B1
US7806882B1
US2011203169A1
US8070835B2
US2011048381A1
US8074625B2

18 August 2011 (18-08-2011)
29 May 2012 (29-05-2012)

13 October 2011 (13-10-2011)
06 October 2011 (06-10-2011)
08 September 2011 (08-09-2011)
18 July 2013 (18-07-2013)

08 March 2016 (08-03-2016)

08 March 2016 (08-03-2016)

08 March 2016 (08-03-2016)

01 March 2016 (01-03-2016)

08 March 2016 (08-03-2016)

23 August 2010 (23-08-2010)

06 February 2012 (06-02-2012)
26 August 2010 (26-08-2010)

28 January 2014 (28-01-2014)
26 August 2010 (26-08-2010)

07 January 2014 (07-01-2014)
28 March 2012 (28-03-2012)

17 September 2014 (17-09-2014)
28 March 2012 (28-03-2012)

11 February 2015 (11-02-2015)
30 April 2012 (30-04-2012)

09 January 2012 (09-01-2012)
30 December 2011 (30-12-2011)
01 April 2013 (01-04-2013)

28 December 2011 (28-12-2011)
28 November 2012 (28-11-2012)
06 Tanuary 2016 (06-01-2016)
28 December 2011 (28-12-2011)
28 November 2012 (28-11-2012)
06 April 2016 (06-04-2016)

01 December 2011 (01-12-2011)
31 December 2014 (31-12-2014)
03 April 2013 (03-04-2013)

18 April 2013 (18-04-2013)

20 June 2013 (20-06-2013)

14 August 2013 (14-08-2013)

03 May 2012 (03-05-2012)

04 September 2012 (04-09-2012)
05 December 2012 (05-12-2012)
19 March 2013 (19-03-2013)

04 November 2011 (04-11-2011)
29 November 2011 (29-11-2011)
29 November 2011 (29-11-2011)
28 November 2014 (28-11-2014)
28 March 2014 (28-03-2014)

05 Tuly 2012 (05-07-2012)

27 March 2013 (27-03-2013)

10 June 2013 (10-06-2013)

10 April 2013 (10-04-2013)

10 July 2013 (10-07-2013)

29 September 2011 (29-09-2011)
29 September 2011 (29-09-2011)
08 December 2009 (08-12-2009)
05 October 2010 (05-10-2010)
25 August 2011 (25-08-2011)

06 December 2011 (06-12-2011)
03 March 2011 (03-03-2011)

13 December 2011 (13-12-2011)

Form PCT/ISA/210 (extra sheet) (January 2015)

Page 6 of 8




INTERNATIONAL SEARCH REPORT

International application No.

PCT/CA2018/051456

Continuation of Information on patent family members

US2015184532A1 02 July 2015 (02-07-2015)
US2016194997A1 07 July 2016 (07-07-2016)
WO2010096503A1 26 August 2010 (26-08-2010)
WO02010096504A1 26 August 2010 (26-08-2010)
WO2010096505A1 26 August 2010 (26-08-2010)
WO2010096755A1 26 August 2010 (26-08-2010)
WO2011100720A3 22 December 2011 (22-12-2011)
WO2011100721A2 18 August 2011 (18-08-2011)
US8673035B2 18 March 2014 (18-03-2014) US2011193026A1 11 August 2011 (11-08-2011)
US8673035B2 18 March 2014 (18-03-2014)
AUG6304001A 23 June 2003 (23-06-2003)
AU2003220092A1 22 September 2003 (22-09-2003)
EP1341604A1 10 September 2003 (10-09-2003)
1L152452D0 23 December 2003 (23-12-2003)
JP2005511467A 28 April 2005 (28-04-2005)
MXPAO2011011A 19 August 2004 (19-08-2004)
US2003208959A1 13 November 2003 (13-11-2003)
US6872378B2 29 March 2005 (29-03-2005)
US2003182861A1 02 October 2003 (02-10-2003)
US7033570B2 25 April 2006 (25-04-2006)
US2006140848A1 29 June 2006 (29-06-2006)
US2006188433A1 24 August 2006 (24-08-2006)
WO03049853A1 19 June 2003 (19-06-2003)
WO03076334A1 18 September 2003 (18-09-2003)
US9316124B2 19 April 2016 (19-04-2016) US2014373536A1 25 December 2014 (25-12-2014)
US9316124B2 19 April 2016 (19-04-2016)
WO2014075219A1 22 May 2014 (22-05-2014)
WO02016169865A1 27 October 2016 (27-10-2016) WO2016169865A1 27 October 2016 (27-10-2016)
FR3035394A1 28 October 2016 (28-10-2016)

Form PCT/ISA/210 (extra sheet) (January 2015)

Page 7 of 8




International application No.

INTERNATIONAL SEARCH REPORT PCT/CA2018/051456

Continuation of: Box No. 111

The International Searching Authority found multiple (groups of) inventions in this international application, as follows:
1. Claims 1-13

Invention 1 concerns a reactor for steam-methane reforming and a steam-methane reforming system which uses the reactor, the reactor adapted
to be received in a tube on a focal axis of a parabolic trough, the reactor comprising: an array of micro-reactors interconnected by a water
manifold, a gas manifold, a syngas manifold, and at Ieast one steam-methane reforming chamber configured for reforming steam and methane
into syngases, the micro-reactors having a vaporization portion for producing steam; radiation plates extending on sides of the array of
micro-reactors; and at least one glazing facing and spaced apart from a portion of the array of micro-reactors including at least one
steam-methane reforming chamber, the glazing being conductively connected to the radiation plates for heat transfer therebetween, the at least
one glazing allowing light from the parabolic trough to pass therethrough to reach the array of micro-reactors.

2. Claims 14-33

Invention 2 concerns a steam-methane reforming system comprising: a parabolic trough adapted to be rotatably mounted to a structure, the
parabolic trough having a reflective concave surface; concentrators located at or in proximity to a focal axis of the parabolic trough, for radiation
to be reflected from the parabolic trough to the concentrators; a plurality of micro-reactors, the micro-reactors comprising at least one
steam-methane reforming chamber configured for reforming steam and methane into syngases, the micro-reactors having a vaporization portion
for producing steam; wherein the micro-reactors are respectively paired with one of the concentrators, with the at least one stecam-methane
reforming chamber located of the micro-reactors located on a focal point of the respective concentrators.

Inventions 1 and 2 are not linked by a single general inventive. The technical feature common to inventions 1 and 2 is a reactor system
comprising micro-reactors (with vaporization section) for producing syngas and disposed on a focal axis of a parabolic dish. However, this
technical feature is well known in the prior art (see for example, paragraphs 0017-0019 and  0047-0053; claims 1-60; and Figure 1 of US
2013/0025192 A1 by WEGENG et al., published on 31 January 2013) and as such cannot be relied upon to provide the single general inventive
concept required to establish unity of invention.
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