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Methanol synthesis from CO, and hydrogen is exothermic and equilibrium-limited: thermodynamics rewards
high pressure and moderate temperature. The pioneering work of the group of Prof. A. Urakawa demonstrated
that at 300-450 bar a standard commercial Cu/ZnO/Al,Os catalyst can reach 90 % CO, conversion per pass with
97-98 % methanol selectivity [1,2] — but the productivities actually achieved in practical conditions remained
moderate, because at these pressures the liquid methanol/water product wets and masks the catalyst, and full
intrinsic rates were recovered only with impractically fine 10-20 um powders. This paper sets out (i) that
scientific inheritance; (ii) KHIMOD's own decisive contribution, protected by two international patent
applications published in December 2025 (WO 2025/252737 and WO 2025/252749): the discovery that a high
gas velocity (2 0.4 cm/s, typically 5-25 cm/s), combined with gravity drainage of the liquid product and, in a
second invention, with a pressure-integrated recycle of unreacted CO,/H, at deliberately moderate per-pass
conversion, multiplies the methanol yield per gram of catalyst by more than an order of magnitude — a rare
case in heterogeneous catalysis where increasing the flow velocity boosts, rather than degrades, the
performance of a reaction; (iii) how KHIMOD's milli-structured Heat-Exchanger Reactor (HER) is the natural
industrial vehicle for this regime, providing near-isothermal operation, channel-scale pressure containment and
diffusion-free powder catalyst at negligible pressure drop; and (iv) an order-of-magnitude economic account
showing that the entire energy premium of moving from 80 to 300—-450 bar is 0.10—0.15 MWh per tonne of
methanol, about 1 % of the plant's electricity demand, while the gains are an order of magnitude larger. The
approach is validated on the THOR industrial pilot operating near 300 bar, with catalyst productivities above 25
kg of methanol per kg of catalyst per hour on industrially realistic 200-500 um grains.

1 90 % / 97-98 % CO; conversion per pass and methanol selectivity demonstrated at 330-440 bar
on a standard commercial Cu/ZnO/Al,Os catalyst (peer-reviewed, Urakawa group
[1,2]). The chemistry of high-pressure conversion is proven — but the yields
obtained under practical conditions remained moderate. The missing lever was
found, and patented, by KHIMOD.

2 x24 by velocity On one and the same catalyst, raising the gas velocity from ~1-6 cm/s at 45 bar
(yield <1 kg-kg™"-h™") to 7-8 cm/s at 330-360 bar lifts the methanol yield to 24
kg-kg™-h~" at 57-59 % conversion per pass (patent WO 2025/252737 [12]).
Boosting a catalytic reaction by increasing velocity is exceptional: it works because
the gas stream strips the liquid film that masks the catalyst.
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3 > 25 kg-kg™-h™" Catalyst productivity measured on KHIMOD's THOR industrial pilot near 300 bar,
with 68 % CO, conversion per pass at ~30,000 h™ — four times the best
laboratory reference at equal pressure and conversion, obtained on realistic 200—
500 um grains where the laboratory needed 10-20 um powder.

4 +0.10 MWh/t (1 %) The entire additional energy cost of compressing the feed from 80 to 300 bar
(0.15 MWh/t at 450 bar), i.e. ~1 % of the ~10.5 MWh of electricity a tonne of e-
methanol requires, roughly €7-10/t. Compression is noise next to electrolysis [3].

5 3 patents WO 2025/252749 [13] protects the counter-intuitive process optimum: overall
yield is maximised not by pushing each pass toward equilibrium but by keeping
per-pass conversion deliberately below 80 % — typically 20-50 % — and recycling
unreacted CO,/H; at full pressure, with gravity separation of the liquid product
and no depressurisation step.

In short: the value of a tonne of e-methanol is dominated by the hydrogen it contains (~187 kg, ~10 MWh of
embedded electricity). The synthesis step should be judged on how much of that hydrogen ends up in saleable
methanol, at what plant cost and with what tolerance to intermittent power. The Urakawa group proved that
high pressure maximises conversion and selectivity; KHIMOD's patented velocity-and-drainage process turns
that thermodynamic promise into yield, and modular numbering-up delivers flexibility. Each percentage point
of hydrogen-to-methanol yield is worth roughly €7-9 per tonne of product — the same order as the entire
compression premium of high-pressure operation.

Renewable e-methanol today costs roughly two to four times its fossil benchmark, and the gap is
overwhelmingly set by the hydrogen: electrolysis at ~54 kWh per kg of H, embeds ~10 MWh of electricity in
every tonne of methanol, and IRENA and the Methanol Institute identify hydrogen and CO, feedstock costs as
the dominant cost drivers [4]. Two consequences follow for the synthesis unit.

First, hydrogen yield is the primary economic lever. Every kilogram of H, lost to purge streams, to CO slip or to
by-products is the most expensive input in the plant being thrown away: one percentage point of hydrogen-to-
methanol yield represents ~1.9 kg of H, per tonne of methanol, i.e. €7-9/t at €4-5/kg of green hydrogen. But
yield per tonne is not enough: yield per gram of catalyst and per litre of reactor decides the capital cost of the
synthesis block. A process that converts well but produces slowly ties up catalyst, steel and land. Sections 2 and
3 show that these two yields were, until KHIMOD's patents, in tension at high pressure.

Second, the plant must live with intermittent power. Power-to-methanol units coupled to renewable
electricity face load profiles for which today's large steady-state methanol processes were never designed;
Fraunhofer ISE, which built a dedicated dynamically-operated miniplant to study the problem, stresses that this
operating envelope is simply not provided for in current industrial practice [7,10]. Process-design studies at
LRGP estimate around 800 load transitions per year for a power-market-driven unit and show that modular
reactor architectures with hydrogen buffering are the effective protection [11]. Modularity is an operating
requirement, not a manufacturing convenience.

These two requirements — extract maximum value from hydrogen at high specific productivity, and operate
flexibly at small-to-mid scale — invert the logic that shaped conventional methanol technology. They are the
design brief for KHIMOD's Heat-Exchanger Reactor and for the two process patents described in Sections 3 and
4.
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2. The Scientific Inheritance: Urakawa Opened the High-Pressure Route

Direct CO, hydrogenation involves three coupled reactions: methanol formation, the endothermic reverse
water-gas shift (RWGS) that produces CO, and the hydrogenation of that CO [1]:

CO, +3 H, = CH30H + H,O AH,98 =-40.9 kJ/mol
COz + Hz =CO+ Hzo AHzgg =+49.8 kJ/mOI
CO+2H;=CHsOH AH,98 =-90.7 kJ/mol

Both methanol-forming reactions are exothermic and mole-reducing, so equilibrium conversion and selectivity
rise steeply with pressure and fall with temperature. This has been known for a century — BASF's original 1923
process ran at high pressure — but after the industry's 1966 shift to low-pressure Cu—ZnO catalysis, the high-
pressure behaviour of the modern catalyst family went essentially unexplored for decades, apart from Ipatieff
and Monroe's 1945 work [1,6]. The reference study is the systematic investigation by Gaikwad, Bansode and
Urakawa (Journal of Catalysis, 2016), who mapped stoichiometric CO, hydrogenation over a standard
commercial Cu/ZnO/Al,Os catalyst from 46 to 442 bar [1].

2.1 What Urakawa proved: near-complete conversion and selectivity per pass

At 442 bar, 90 % CO, conversion with > 95 % methanol selectivity is achieved in a single pass; above a threshold
temperature the reaction settles onto the thermodynamic equilibrium, which at these pressures corresponds
to almost complete conversion (98.7 % at 220 °C) [1]. With over-stoichiometric hydrogen the same group had
already reported > 95 % conversion and > 98 % selectivity at 360 bar [2]. Figure 1 summarises the measured
pressure effect: the one-pass methanol yield climbs from ~5 % at 46 bar to 86 % at 442 bar, a factor 16 on the
same catalyst, with no recycle loop. A second, less intuitive effect reinforces the first: above ~180-330 bar the
methanol/water product condenses at reaction temperature, continuously withdrawing products from the gas
phase and pulling conversion beyond the one-phase equilibrium limit, as quantified by Heeres and co-workers
[1,5].

100 4 —e— One-pass methanol yield (%) 94 98

mmm CO; conversion per pass (%)
mmm Methanol selectivity (%)

80 A

60 -

%

40

20 A

46 bar 92 bar 184 bar 331 bar 442 bar
Reactant pressure (CO,:H, = 1:3, 280 °C; 331 bar at 260 °C; GHSV 10,000 h~1)

Figure 1 — Measured effect of pressure on per-pass CO, conversion, methanol selectivity and one-pass methanol yield over
commercial Cu/ZnO/Al;Os (stoichiometric feed, GHSV 10,000 h™"). Data: Gaikwad, Bansode & Urakawa, J. Catal. 343 (2016) 127—
132 [1].
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Conversion, however, is only half of the economics; the other half is the rate at which the catalyst produces
methanol. Here the high-pressure literature reached a ceiling. At 442 bar the dense reacting phase causes
severe internal mass-transfer limitation in ordinary 100-300 um catalyst grains: the effectiveness factor
collapses to ~0.3 at high throughput. The Urakawa group recovered the intrinsic kinetics — up to 15.3 kg of
methanol per kg of catalyst per hour — only by grinding the catalyst to 10-20 um (Figure 2) [1], a particle size
that is unusable in an industrial fixed bed (prohibitive pressure drop, fluidisation, attrition). With realistic grain
sizes, and in the horizontal laboratory reactors and low gas velocities (well below 0.4 cm/s) used in all published
high-pressure studies, practical yields remained in the range of a few kg-kg™"-h™' at best, and below ~1-2
kg-kg™'-h™" in conventional practice.
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Figure 2 — Methanol productivity versus space velocity with diffusion-free 10-20 um catalyst grains, at 92, 331 and 442 bar.
Data: Gaikwad et al. [1]. Shaded band: typical industrial catalyst productivity in low-pressure loops. The intrinsic high-pressure
kinetics are spectacular — but were accessible in the laboratory only with impractically fine powder.

The same study identified the second barrier: at productivities of several kg-kg™"-h~' the volumetric heat release
is enormous, and where heat cannot be evacuated, hot spots accelerate the endothermic RWGS and CO
selectivity rises [1]. In summary, by the mid-2010s the scientific case was closed — high pressure gives near-
complete conversion and selectivity — but the industrial case was open: nobody had shown how to obtain,
simultaneously and with an industrially realistic catalyst, both high conversion and high yield. That is precisely
the gap KHIMOD's two patented inventions close.

KHIMOD's first invention, filed in June 2024 and published as WO 2025/252737 [12], rests on an experimental
observation made during the development of the THOR pilot: at pressures of 200 bar and above, where the
methanol/water product is liquid at reaction temperature, the performance of the catalyst depends critically
on the linear velocity of the gas stream through the catalytic bed. The mechanism is physical, not chemical.
Under high-pressure conditions the liquid product wets the catalyst and forms a film on its surface, which masks
the active sites from the gaseous reactants and strongly limits the advancement of the reaction. A sufficiently
high gas velocity — the patent claims at least 0.4 cm/s, preferably at least 1 cm/s, advantageously 5-25 cm/s
— combined with gravity drainage of the liquid through a dedicated outlet below the bed, continuously strips
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this film and keeps the catalyst accessible. The claimed process therefore associates three conditions: pressure
> 200 bar (preferably > 260 bar, typically 300-360 bar), inlet gas velocity > 0.4 cm/s, and a reaction chamber
with substantially vertical catalyst-filled tubes and a second, lower outlet toward which the liquid
methanol/water is entrained by gravity while residual CO,/H, leaves by the gas outlet.

It is worth pausing on how unusual this is. In heterogeneous catalysis, raising the flow rate through a fixed bed
reduces the residence time, and per-pass conversion falls accordingly: velocity is the price you pay for
throughput, never a promoter. Cases where a higher velocity improves the intrinsic performance of a catalytic
bed are exceptional, and they always signal that an external transport resistance — not the chemistry — was
rate-limiting. Here the resistance is the liquid product film, a phenomenon that simply does not exist in the
classical low-pressure gas-phase process and that the published high-pressure studies, all conducted in
horizontal reactors at velocities well below 0.4 cm/s, could neither observe nor remove [12]. The patent's
comparative data make the contrast quantitative on one and the same commercial Cu/ZnO/Al,Os catalyst (Alfa
Aesar, 200—600 pm):

Effect of raising velocity

Conversion falls from 22 % (1.2 cm/s)
to 13 % (6.2 cm/s): the classical
residence-time penalty.

Flow x4.5 (1.7 = 7.7 cm/s) multiplies
yield by 2.7 while conversion remains
high; in the range 35-59 %.

Methanol yield (kg-kg™"-h™")

0.8-2,8

7-24

Best operating points

1.7 h™"at 17 % of MeOH conversion

24 h™ at 37 % of MeOH conversion

7 h™' at 59 % of MeOH conversion

Table — Comparative and invention examples from patent WO 2025/252737 [12], same catalyst and test bench. At moderate
pressure, velocity destroys conversion; at > 200 bar with gravity drainage, velocity unlocks it. Yields are multiplied by more than
10.

The reading is unambiguous: at 45 bar the reaction behaves classically and the yield per gram of catalyst is
capped near 1 h™"; at 330-360 bar under the claimed velocity window, the same catalyst delivers 24 kg of
methanol per kg per hour at ~“37 % conversion per pass — a 20-fold factor attributable to operating conditions
alone, and typical yields of > 20 h™ (up to = 50 h™") are claimed. The invention works with any hydrogenation
catalyst; a hydrophobic or low-water-affinity catalyst further reduces film formation and amplifies the effect,
but is not required — the velocity/drainage conditions alone bring the benefit [12]. This is KHIMOD's central
contribution to the field: where the Urakawa group established the thermodynamic destination, the velocity
patent supplies the kinetic vehicle.

The companion application WO 2025/252749 [13], filed the same day, protects the process architecture that
turns high per-pass performance into maximum plant yield. Its characterising features: the synthesis is
conducted at > 200 bar, and the gas stream leaving the reaction chamber — residual CO, and H, — is reinjected
into a reaction chamber containing a hydrogenation catalyst, which may be the same chamber (closed loop
on a single reactor) or a distinct one (cascade). Between passes, methanol and water are separated by simple
gravity decantation at the full pressure and temperature of the reaction — no depressurisation, no cooling
step, in sharp contrast with state-of-the-art loops that systematically expand and cool the effluent before
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separation and then pay to recompress and reheat it. The liquid product being immediately separable at
reaction conditions is a direct dividend of the > 200 bar operating point.

The counter-intuitive optimum. The patent discloses a finding that inverts conventional wisdom: the overall
yield of the process is not maximised by maximising the conversion of each pass. It is preferable that the
individual conversion of each step remains below 80 %, and preferably below 60 % — typically between 20 and
50 % — with the unreacted CO,/H, recycled at pressure [13]. The reason follows from Section 3: driving a pass
toward equilibrium means operating the tail of the bed at low reactant partial pressures and high liquid loading,
exactly where the film-masking penalty is worst; keeping each pass in the fast, film-swept regime and recycling
at pressure keeps every gram of catalyst working near its maximum rate. On this basis the process reaches
overall yields above 20 g of methanol per g of catalyst per hour, against less than 2 g-g"-h™" for state-of-the-art
processes that pursue higher isolated conversions [13].

Cascades and pump-free circulation. The recycle principle extrapolates to 2 to 1,000 chambers connected in
series (advantageously 5-200), each configured like the first, each draining its liquid product by gravity, with
non-return devices between chambers so flow can only proceed forward. Circulation can be assured by a pump,
or — a particular embodiment — with no pump at all: fresh H,/CO; is injected at an oscillating pressure, and
each connecting channel, fitted with two non-return devices, rectifies the pressure oscillation into a one-way
gas flow between chambers, in the manner of a valve pump. Sequenced injection and drainage variants achieve
the same effect. In closed-circuit operation the residual reactants of the last chamber return to the first, so that
essentially all hydrogen ends up in methanol [13]. Together, the two patents define a process in which velocity
sustains the rate, gravity performs the separation, and pressure is never thrown away.

The barriers are thermo-mechanical, and well documented in the reactor-engineering literature.

¢ Radial heat transport caps the tube diameter. 2-D heterogeneous modelling at LRGP shows a hot spot
about one metre into the bed and mean radial gradients of ~10 °C in industrial tubes even at 50-80 bar
[11]. Pushing the same architecture to 300—450 bar, where volumetric heat release is an order of
magnitude higher, is not a realistic extrapolation.

¢ The pellet-size dilemma. Industrial 6 mm pellets are internally diffusion-limited; the fine grains that
restore effectiveness create prohibitive pressure drop in metre-long packed tubes [11]. Conventional
geometry forces a choice between wasting catalyst and wasting compression power.

e The velocity condition cannot be met. Sustaining > 0.4-25 cm/s through metre-long beds of fine catalyst
would impose unacceptable pressure drop, and horizontal orientation defeats gravity drainage. The
published high-pressure work all ran horizontal, at velocities well below 0.4 cm/s [12] — which is precisely
why the film effect went unexploited.

¢ Hot-spot behaviour cannot be designed with confidence. Fraunhofer ISE's assessment of methanol kinetic
models found the predicted hot spot changes materially with the model chosen, and extrapolating
literature kinetics beyond their validated ranges produces significant error [8,9]. Designers respond by
adding thermal margin and operating away from the optimum.

¢ The conventional recycle loop is a cost centre. At 20—-30 % conversion per pass with depressurised
separation, three to six volumes of gas are recompressed and reheated per volume converted; inert
accumulation forces hydrogen purge losses [11]. The WO 2025/252749 architecture removes the
expansion/recompression cycle entirely.
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History explains why industry settled below 100 bar: for gigantic syngas-fed plants, vessel economics and active
Cu catalysts made low pressure the right choice in 1966 [1]. e-Methanol changes every term of that trade-off
— clean sulphur-free feeds, hydrogen already at 30 bar from the electrolyser, plants 103-10* times smaller, and
modularity required for flexible operation.

The HER core is a milli-structured metallic monoblock: millimetre-sized reactive channels holding the catalyst
are interleaved with a perpendicular network of thermal-regulation channels carrying a heat-transfer fluid, in a
cross-flow heat-exchanger pattern. Reaction heat is extracted continuously along the bed, holding the
temperature profile close to the isothermal ideal. Each design choice maps onto a requirement of the patents:

e Vertical reactive channels, 2-12 mm bore. An order of magnitude smaller than conventional cooled tubes,
giving the surface-to-volume ratio needed to stay near-isothermal at the several-MW/m3 heat release of
the high-velocity regime, and the substantially vertical orientation the gravity-drainage claims require.

¢ Short channels (a few hundred millimetres). The claimed 5-25 cm/s velocities are sustained with < 0.1
bar of pressure drop even with fine powder catalyst — impossible in metre-long packed tubes. Powder <
500 um, matched to the bore, sits below the internal-diffusion threshold, restoring effectiveness near
unity [1] with an industrially robust grain size.

e Channel-scale pressure containment. Hoop stress is ¢ = P-d/2e: the wall-to-bore ratio needed at 400 bar
in a4 mm channel equals that at 40 bar in a 40 mm tube. In a HIP diffusion-bonded monoblock the pressure
is contained inside the solid metal matrix — the association "high pressure = massive vessels" does not
apply. Metal mass scales with P x V, and productivity per unit volume rises faster (x10-25) than pressure
(x4-5).

e Cross-flow thermal regulation. The reactor imposes its temperature on the reaction rather than the
reverse, suppressing the hot-spot - RWGS - CO mechanism [1] and removing the kinetic-model
uncertainty that forces conventional designs to carry margin [8,9].

The monoblock is produced by structuring individual metal sheets, stacking them, and joining them by hot-
isostatic-pressing / diffusion-bonding (on the order of 1000 °C and 1000 bar) into a single leak-tight block —
know-how directly inherited from KHIMOD's manufacture of first-wall panels for ITER. For methanol and
Fischer-Tropsch, KHIMOD developed a cylindrical HER with roughly three times the catalyst capacity and a
design pressure up to about 400 bar. Functionally, an HER behaves as an array of identical ~10 mL micro-tubular
reactors in parallel — the basis of KHIMOD's scale-up philosophy (Section 10).

The reactive channels are filled with powder catalyst below 500 um; because the near-isothermal, film-swept
bed uses the entire load efficiently, the required inventory is below 0.1 kg per Nm3/h of feed, roughly twenty
times less than conventional practice. Operating above 200 bar (over 300 bar on the THOR pilot) with the
patented velocity and drainage conditions produces the performance below — sitting exactly where the
combination of the peer-reviewed high-pressure data (Section 2) and the patent examples (Section 3) predicts.

Operating pressure 80 bar > 200 bar (up to 300+) shifts equilibrium

KHIMOD - 25 boulevard Romain Rolland, 75014 Paris, France - www.khimod.com



Gas velocity in bed not a design variable 0.4-25 cm/s (patented) strips liquid film
CO, conversion / pass 20% 35-70 % 3x

Methanol selectivity 60 % 80-90 % fewer by-products
Catalyst productivity <3 kg-kg™-h™" 10 - 25 kg-kg™-h™" > 10x

Catalyst loading high < 0.1 kg per Nm3/h 20x less

Capacity at equal size 110 kta 480 kta 4x

Reactor core length 25m <1lm compact

Balance of plant reference reduced 4-10x smaller

Indicative of disclosed performance at comparable size; actual figures depend on feed quality, catalyst and operating point.

Figures 3 and 4 overlay the THOR measurements on the peer-reviewed high-pressure reference at equal
pressure (~330 bar). Three gains stand out. Productivity: at equal per-pass conversion, the HER delivers four
times the methanol output per kilogram of catalyst of the best laboratory configuration (10-20 um powder),
and its advantage over a conventional 80 bar loop grows with throughput, from x5 to x25 at the highest space
velocities tested. Conversion: around 30,000 h~"the HER converts 68 % of the CO, per pass where the laboratory
reference reaches 46 %; read as a recycle duty (R = (1-X)/X), the stream to be recycled shrinks by +2.5 versus
the laboratory reference and +8.5 versus a conventional 80 bar loop. Credibility: these results are obtained
with 200-500 um grains, an industrially realistic size, where the laboratory needed 10-20 um powder to escape
internal diffusion. The velocity effect of Section 3 is what makes the difference: THOR's channels run in the
patented film-swept regime, the laboratory bed did not.

KHIMOD - 25 boulevard Romain Rolland, 75014 Paris, France - www.khimod.com



KHIMOD

RLCEN ——

CO,-to-methanol at =330 bar: from laboratory proof to the HER operating window
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Figure 3 — Per-pass CO, conversion (top) and catalyst productivity (bottom) versus space velocity at =330 bar: Urakawa
reference data for two grain sizes and KHIMOD HER measurements on the THOR pilot (200-500 um grains). Right-hand axis:
recycle-to-fresh-feed ratio R = (1-X)/X; the vertical cascade at 30,000 h~"reads +3.5 (80 bar - 331 bar laboratory) then +2.5

(laboratory - KHIMOD), +8.5 overall. Data: Gaikwad et al. [1]; KHIMOD points provisional. Space-velocity bases differ (packed
bed vs HER channels).
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The conversion-productivity map of CO,-to-methanol synthesis
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Figure 4 — The conversion—productivity map: each technology traces a trajectory parameterised by space velocity. At equal
pressure and equal per-pass conversion the HER runs x4 above the best laboratory reference; its productivity gain over
conventional 80 bar loops grows with space velocity, up to x25. Data: Gaikwad et al. [1]; KHIMOD points provisional; gains
referenced to 1 kg MeOH-kg™"h~".

8. The Techno-Economics of High Pressure: Small Premiums, Large Gains

The instinctive objection to 300-450 bar operation is cost — of compression energy and of high-pressure
equipment. Both premiums can be bounded from first principles, and both are small against the gains,

consistent with Urakawa and co-workers' conclusion that reactant compression is minor compared with
hydrogen production [1,3].

8.1 OPEX: the compression premium is about 1 % of the plant's electricity

kWh of electricity per tonne of MeOH 80-bar loop HER 300 bar HER 450 bar
H> make-up compression (from 30 bar, 187 kg) | 90 205 240

CO; conditioning (1 - 80 bar gas, then dense- 130 145 155

phase pumping; 1,374 kg)

Recycle compressor (loop only) 30 0 0

Total compression 250 350 395
Premium vs 80-bar loop - +100 +145
Premium as share of total plant electricity - 1.0% 1.4%

(¥10.5-11 MWh/t)

Premium in €/t MeOH at 70 €/MWh — ~7 €/t ~10 €/t
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Order-of-magnitude compression account. Assumptions: isothermal ideal work with 72 % overall train efficiency; H, delivered by
electrolysis at 30 bar; CO; received gaseous at 1 bar, compressed to 80 bar then pumped as dense phase (p = 850 kg/m? pump n
75 %), conventional loop with recycle ratio ~4 and 5 bar loop pressure drop. Note that in the WO 2025/252749 architecture the
recycle circulates at full pressure — the loop line is zero by construction, not by approximation.

=~ +0.10 MWh/t (= 1% of total):
the entire cost of moving from 80 to 300 bar

Electrolysis = 93% |

0 2 4 6 8 10
Electricity demand of e-methanol production (MWh per tonne MeOH)

Figure 5 — Where the electricity of a tonne of e-methanol goes. Electrolysis dominates at ~93 %, the entire premium of high-
pressure operation is the thin segment on the right, about 1 % of the total.

¢ Maximum yield on the hydrogen. 97-98 % selectivity and high conversion per pass [1,12] versus 55-90 %
selectivity in low-pressure CO, service mean far less hydrogen leaves as CO, methane or purge gas. Each
recovered percentage point of H,-to-methanol yield is worth €7-9/t — the compression premium is repaid
by roughly one point of yield.

e The reaction pays for the distillation. ~1.6 GJ/t of reaction heat, recovered by the thermal-regulation loop
at 250-280 °C, raises steam covering the bulk of the crude-methanol distillation duty. In a hot-spot reactor
the same heat degrades catalyst instead of making steam.

¢ Catalyst OPEX divided by 20. Inventory below 0.1 kg per Nm3/h — a direct consequence of the x20+ yield
of the velocity regime — cuts catalyst purchases, change-out downtime and pyrophoric-solids handling in
the same proportion.

¢ The depressurised loop disappears from both CAPEX and OPEX. Gravity separation at reaction conditions
[13] deletes the expansion, cooling, recompression and reheating steps; recycle compressor, oversized
separator and their energy draw shrink to a polishing function or vanish, and hydrogen purge losses with
them.

At plant level the electrolysis chain dominates capital cost; the synthesis block is a second-order item, so even
its full replacement barely moves total CAPEX while completely changing operability, footprint and yield. Within
the block, three mechanisms keep the high-pressure premium small: (i) machinery is off-the-shelf — multi-
stage reciprocating compression of hydrogen-rich gas to 300+ bar has been standard since the first ammonia
plants, and hydrogen refuelling stations routinely reach 900 bar; the HER case adds stages to a make-up train
that exists anyway while deleting the recycle machine; (ii) metal follows P x V — the 10-25x productivity gain
shrinks reactor volume faster than pressure grows it, with pressure contained at channel scale; (iii) the balance
of plant shrinks 4—10x — a sub-metre core, no depressurised loop and in-situ gravity separation mean smaller
vessels, less piping, less land, and factory-built numbered-up skids with the schedule certainty that implies. The
net position: measurable premiums of ~€7-10/t and incremental compressor stages, against gains that each
act on cost lines individually larger. KHIMOD's economics improve, rather than degrade, as pressure rises
toward the thermodynamic optimum.
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A power-to-methanol unit is not a baseload gas plant. Process studies coupling methanol units to the electricity
market anticipate on the order of 800 load transitions per year; they show that cold starts are dominated by
the thermal mass of the reactor system, that profiles re-stabilise within about ten minutes after a load change,
and that the robust answer is modularity — reactors split into modules individually put on stream, held in hot
standby or protected by a hydrogen buffer [11]. Fraunhofer ISE reaches the same diagnosis experimentally
[7,10]. The HER platform is modular by construction: turndown is achieved by taking modules off line rather
than starving one large bed; each module's small thermal mass shortens start-up; the cross-flow loop holds idle
modules at temperature at negligible cost. The pump-free oscillating-pressure circulation of WO 2025/252749
adds a further degree of freedom for sequenced, intermittency-tolerant operation. The architecture the
process literature recommends is the architecture KHIMOD builds by default.

Because each reactive channel is essentially a ~10 mL micro-reactor, catalyst kinetics measured on a laboratory
bench transfer directly to full-size hardware: scale-up is achieved by increasing the number of identical channels
and reactors rather than by redesigning a single large vessel. Given the kinetic-model uncertainties documented
for methanol synthesis [8,9], it is the only scale-up route that does not depend on extrapolating a model beyond
its validated range — and the velocity condition of WO 2025/252737, being defined per channel, is preserved
identically at every scale.

Single channel 1 (~10 mL catalyst) Equivalent to a lab flow-catalysis test bench —
catalyst screening & kinetics

K1 module 12 First scale-up step from laboratory to KHIMOD
hardware

K3 module intermediate Mid-scale / pilot module (deployed at JUPITER 1000)

K5 module 784 Commercial-size reactor core

Skid / packaged unit multiple HERs Reactors numbered-up into a complete,

containerised process unit

CO, + green H, & e-methanol. Captured CO, and low-carbon H; are compressed and pre-heated, converted in
the HER, then sent to liquid/gas separation to recover crude methanol, purified by distillation. At high pressure,
in-situ product condensation and gravity extraction [12,13] perform the primary separation at reaction
conditions, and recovered reaction heat supplies the distillation reboiler. Syngas - bio-methanol. Where the
feed is syngas from biomass or waste, a water-gas-shift step and membrane separation condition the
H,/CO/CO; balance ahead of compression and HER synthesis, letting the same core technology valorise biogenic
carbon. In both routes the HER's thermal control is what makes the intensified high-pressure, high-velocity
operating point reachable safely and reproducibly.
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THOR is KHIMOD's industrial e-methanol pilot at Wissous, near Paris, operating since 2025 at roughly three
tonnes per year and co-funded by the fle-de-France Region and Bpifrance under France 2030. It demonstrated,
under real continuous operation near 300 bar and in the patented velocity regime, CO, conversion about three
times higher than reference technologies, catalyst productivity above 25 kg of methanol per kg of catalyst per
hour, and a unit around four times more compact than comparable solutions — in quantitative agreement both
with the peer-reviewed high-pressure literature (Section 2) and with the patent examples (Section 3). The
experimental basis of the two international applications WO 2025/252737 and WO 2025/252749 (priority June
2024, published 11 December 2025) was generated on this development line.

The HER platform itself is field-proven beyond methanol: e-methane demonstrators including JUPITER 1000
(Fos-sur-Mer), METHYCENTRE (Céré-la-Ronde), STORE & GO (Italy) and NYX (India), and e-crude / SAF projects
such as HEAT2FUEL (Vienna) and AVEBIO (Wissous), have validated the same reactor architecture,
manufacturing route and scale-up logic. At JUPITER 1000, a single K3 reactor sustained CO, conversion above
90 % at space velocities up to 25,000 h™". KHIMOD received the EFCE / Europic Process Intensification Award
for Industrial Innovation in June 2025.

THOR at a glance Product: e-methanol - Capacity: 3 t/year - Location: Wissous, France - Operating since 2025, near
300 bar - Co-funded by Région fle-de-France & Bpifrance (France 2030) - Demonstrated: 3x conversion, > 25 kg-kg™"-h™"
catalyst productivity, 4x more compact - 2 international patent applications published December 2025 (WO
2025/252737, WO 2025/252749)

KHIMOD industrialises the technology at three levels: supply of bare HER reactors (K1/K3/K5, designed and
manufactured in-house); turnkey packaged units (stand-alone skids, five core reactions, up to several tens of
kta, built with EPC partners); and process licensing for large plants above 100 kta. KHIMOD manufactures
reactors at its Paris-region site, with a nominal capacity of about 200 K5 units per year — the reactor volume
equivalent to processing on the order of 234,000 tonnes of CO, annually.

THOR (Wissous, FR) e-methanol 3t/y Pilot, operating since

2025
Commercial plant (FR) e-methanol confidential Construction starting
Commercial plant (Brazil) e-methanol 70,000 t/y Engineering, COD

2029
Development e-methanol 3 kta COD 2029
Development e-SAF / e-diesel 4 kta COD 2029
Development e-SAF / e-diesel 4 kta COD 2030
Development e-methanol 14-20 kta COD 2031
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¢ Literature-anchored destination, KHIMOD-invented vehicle. The high-pressure, high-conversion regime
is peer-reviewed fact (Urakawa group [1,2]); the yield that makes it industrial comes from KHIMOD's
patented gas-velocity, gravity-drainage and pressure-integrated recycle processes [12,13].

¢ Arare kinetic lever. Increasing gas velocity normally degrades a catalytic reaction; here it multiplies yield
by more than 20 on the same catalyst, because it strips the liquid film unique to > 200 bar operation — an
effect the horizontal, low-velocity literature could not see.

e Counter-intuitive process optimum. Per-pass conversion deliberately kept below 60 % (typically 20-50
%), with full-pressure gravity separation and recycle: overall yield > 20 g-g™"-h™" versus < 2 for state-of-the-
art processes chasing high isolated conversions [13].

e Reactor-as-heat-exchanger, up to 400 bar. Milli-structured cross-flow monoblock, near-isothermal,
pressure contained at channel scale (o = P-d/2e) in a HIP-bonded, ITER-derived block; cylindrical HER with
3x catalyst capacity for methanol/FT.

e Very low catalyst inventory, no diffusion penalty. Powder < 500 um in short vertical channels:
effectiveness ~1 at AP < 0.1 bar, < 0.1 kg per Nm3/h, 20x less than conventional.

e Economics that improve with pressure. Compression premium ~0.10-0.15 MWh/t (*1 % of plant
electricity, ~€7-10/t) against gains an order of magnitude larger in hydrogen yield, heat integration,
catalyst, loop deletion and footprint.

¢ De-risked scale-up, field-validated, IP-protected. Channel = 10 mL micro-reactor; numbering-up from lab
to K1 (12 ch) to K5 (784 ch) to skids; THOR pilot near 300 bar; two international patent applications
published December 2025; a decade of HER operation across power-to-X.
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