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Executive Summary

Within this document, ITQ-CSIC summarized the work done in Task 2.4.4. Integration of the eCMR unit for syngas
production. The modelling has evaluated the viability of an integrated catalytic membrane reactor to eliminate the
water generated in the hydrogenation of CO2 on a reverse water gas shift reaction (RWGS). The H; for the reaction is
provided either by an external water electrolyzer or a pressurized bottle.

€O, + H, 2 CO + H,0

By Le Chatelier’s principle, the elimination of the water subproduct would produce the shift of the reaction to the
products, increasing the CO production.

The theoretical evaluation of the performance of the integrated CO2SMOS reactor has been performed by using 1D
modelling. The task included the study of different models of the process, considering individually the different reactors
and their combination to evaluate the synergy effect of the proposed integration.

It has been concluded that the integration of these technologies cannot be optimized in terms of temperature
compatibility. The best temperature conditions for the catalyst is not compatible with a polymeric electrolyser neither
with the polymeric water membrane. Besides, the required water membrane selectivity and water permeability do not
allow sufficient water extraction to shift the reaction equilibrium. Additionally, considering the low temperature
required to be able to integrate all the materials, high catalyst loads are required in order to have equilibrium-controlled
systems.
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1. Introduction

The following sections describe the scope and the structure of the current deliverable, as well as the interdependencies
with other CO2SMOS tasks and deliverables.

1.1 Scope of the Deliverable

This report represents a part of the work carried out in Task 2.4 which aimed for the integration of an eCMR unit for
syngas production. In this deliverable, an evaluation of the component’s assembly is addressed by 1D-modelling, taking
into account the individual optimization of the mentioned components.

In particular, Subtask 2.4.4 was divided into two interlinked sub-tasks:

e A) 1D modelling to match operation rates
e B) CFD simulation once a preferred design would be ready
1.2 Structure of the Deliverable
Within this Deliverable, besides Chapter 1 that constitutes the present Introduction, the following sections are included:
e Chapter 2 outlines the methodological approach.

e Chapter 3 presents the main results of the thermodynamic equilibrium and 1D modelling.
o  Chapter 4 draws the conclusion remarks.

1.3 Interdependencies with Other Tasks and Deliverables

The figure below shows the interdependencies of WP2 with other work packages.

WP1: Definition of the full value diwHymens
o chain and process requirements
& &

[
2
§ o WPZ2: Primary conversion of ':D WP3: Development of a bio-based
Kl E CO, into bio-acetate and platform to produce CO,-derived K £
s' g green syngas intermediates and monomers E =}
s¥ ¥ 52
-‘3 g WPS5: Validation of CO, derived = g
E a ¢> WP4; Up-scallnglthe €025MOs ¢> intermediates into final ¢> 28
g x concept for pilot process applications including guidelines gz
22 validation for future 3
9 LJ CHD standardization/certification
0
£ WP6: Replicability studies, market analysis, regulatory
2 (& =

framework and social acceptance measurements

WP7: Projectimpact: techno-economic ¢>
and sustainability assessment for the new value chains

Figure 1: Interdependencies of WP2 with Other Work Packages

The activities reported in this Deliverable have been performed taking into account the objectives and outputs of WP2,
in particular T2.4 “Optimisation and integration of the electrocatalytic reactor for syngas production” and the limitations
and amendments occurred while running the project tasks. During the development of this task, major issues on the
thermal integration of the three components of the CMR have been encountered. It was concluded that the integration
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of the HT-PEM, the low temperature RWGS and water permeable membrane at 180-200 °C, were jeopardizing very
relevant results obtained when these temperatures were not so harshly constrained. The results included in this report
support the previous conclusions.
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2. Methodological approach

2.1. Introduction

The aim of T2.4.4 of CO2SMOS project was to integrate different membranes in a single reactor to convert in a single
step water and CO: into syngas. That included a HT-PEM, a RWGS catalyst and a thin film water membrane (TFWM) to
work together. Inside the reactor, the H2 was to be provided by the HT-PEM, the conversion to syngas performed by
means of the RWGS as in the following Equation 1:

C0,+H, 2C0 + H,0 Equation 1

and the elimination of water by the TFWM.

2.2. Objectives

The main objective of this task is the theoretical evaluation of the viability and performance of the integrated CO2SMOS
reactor using 1D modelling. Therefore, different models of the process have been studied, considering the different
components individually and their combination approach to evaluate the synergy effect of the proposed integration.

2.3. Setup description

The reactor consists of different membranes integrated in a single reactor: low temperature electrolysis based on
polymeric protonic cells and water selective membranes. The catalytic bed is embedded between two planar systems
(iError! No se encuentra el origen de la referencia.): (1) HT-PEM electrolyser cell; (2) H.O membrane. Therefore, three
different chambers appear, named here as: (i) H20 PEM chamber; (ii) catalytic bed chamber; and (iii) H20 sweep
chamber.

HZO 02 Hzo 02 H20 PEM CHAMBER

PEM ELECTROLYSER

H

H
Cco, QE»HZO Z%HZO > CO

CATALYTIC BED
H20 MEMBRANE

H,O

H20 SWEEP CHAMBER

H,O

Figure 2. lllustration of the full-integrated CO2SMOS reactor

2.4. Experimental Methods

The implemented methodology took into account the Euler method in a 1D steady state model. For the
electrochemistry, only the homogeneous and gradual injection of H2 was considered for the PEM electrode in contact
with the reaction chamber. The catalytic bed included the RWGS reaction, without considering the methanation

10
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counter-reaction (since the catalyst performed 100 % selectivity to CO at the low CO2 conversions achieved). The kinetics
constants and model were obtained from bibliography (Ghodoosi et al., 2017; Wolf et al., 2016). The permeation system
was developed using bibliography information (Moriyama et al., 2019). The modelled membrane area was 10x10 cm?.
The electrolysis process has been simplified considering homogeneous current distribution and thus, homogeneous H:
release in the reaction chamber. The equilibrium constant was evaluated using bibliographic data (Bruce E. Poling John
O’ Connell, 2000). Equilibrium of the RWGS for this reaction was evaluated by solving the conversion in this equation:

: (n0co2-X)-(n0co2X-(1-exty20)) .
Keq(T) = EcoPHz0 _ Equation 2
(7 Pcoz’PH2  NM0co2:(1-X)-(n0cp2:[rH2/C02]-n0cp2 X) 4
Where Keq is the equilibrium constant, T is the temperature, px is the partial pressure of the X compound, nOco2 is the
CO2 molar feed flow, X is the conversion, extu2o is the H,0 extraction ratio and rH2/COz is the overall molar ratio between

H2 and COa..

3. Results

3.1. Thermodynamic evaluation of the system

The initial evaluation of this system was developed considering the thermodynamic integration of all these technologies
(i.e.: catalytic reactor, PEM electrolysis, and H20 extraction). A simple heat balance could be done taking into account
the different heat sinks held by this process. Here, the processes where the heat balance is a critical point to avoid
undesired cooling or heatings up take place at high temperature. Therefore, being the RWGS an endothermic reaction,
the electrolysis presents different operation regimes depending on the heat released by the electrochemical system as
a consequence of the joule effect. Considering electrolysis, thermoneutral voltage represents the point where the heat
from the joule effect of the cell balances the heat demand from the water splitting. On the other hand, the permeation
system does not cause heat sinks. As the RWGS is an endothermic reaction, the joule effect of the electrolysis needs to
absorb more heat than conventional electrolysis and, thus, when the RWGS is integrated, the thermoneutral voltage
increases as represented in jError! No se encuentra el origen de la referencia..

1.5

1.45 Overpotential until t
thermoneutral point for |
14 C025MOS approach |

1.35
1.3

1.25 rpotential until

1.2 ! thermoneutral point for

electrolysis

Voltage (V)
&

e

1.1
1.05

100 150 200 250 300 350 400
T(°C)

—E Thermoneutral —E+RWGS Thermoneutral
Reversible voltage

Figure 3. lllustration of the evolution of the different potentials and evaluation of the heat balance
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Regarding the RWGS, the equilibrium of the reaction represented in Figure 4 was analysed at low temperatures (100-
400 °C), including the targeted temperatures proposed in this project, i.e. 100-200 °C. Since these temperatures do not
favour the reaction, high excess of H: is required (reaching values around 10% at H2/CO: = 4). Therefore, the only

integration of the electrolysis process is not enough to obtain high conversion as this process causes the Hz generation
and injection into the reaction chamber.

100 . .
——H,/CO, = 1
—— H./CO, =2
804 ——H,/CO, =3 |
= ——H,/CO, = 4
c 604 .
=}
i
@
£ 401 i
[=]
[ &)
20_ ]
0 . .
100 200 300 400
T(°C)

Figure 4. Evolution of the RWGS conversion at equilibrium for different temperatures and H2/CO: ratios

With the aim of shifting the reaction equilibrium by extracting one of the products and reaching significant conversions,
the introduction of a water selective membranes was proposed. The modelled equilibrium is depicted in jError! No se e
ncuentra el origen de la referencia. 5. However, as the thermodynamic evaluation presents, very high-water extractions
are required at low temperatures provided that the system is controlled by the equilibrium. Notably, at 300 °C the

increase of the conversion when the water extraction ratio increases is more gradual and reaches higher values at lower
extractions.

100 100
80+ 80+
c 60 c 60
o o
@ I
() (M)
2 404 2 404
(@) @]
O @)
20+ 20
0 . . . . | 0 . . . .
0 200 40 60 80 100 0 20 40 60 80 100
H,O extraction (%) H,O extraction (%)

Figure 5. Effect of the H20 extraction in the equilibrium of the RWGS conversion at 200 and 300 °C and different
H2/CO: ratios.
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3.2. Study of the catalyst load

The low temperatures used for the modelling of this reaction in the previous section cause those low conversions not
only because of the thermodynamics, but additionally because the lower kinetic activity. Therefore, by increasing the
catalyst mass the contact time could be increased until this parameter was long enough to allow the system to be
controlled by the equilibrium. The parameters used in this study were the following

i) the water membrane is only selective to water

ii) T=250°C

iii) P =1 atm (atmospheric pressure)

iv) pure CO2 feeding to the reaction chamber

V) H2 injection by electrolysis to have an overall molar ratio of H2/CO: of 2.

The results are depicted in Figure 6. The plot shows the effect of having a kinetics controlled system. When the H,0
extraction ratio increases, only the systems with higher contact time undergo the respective increase in conversion. The
main reason is that the H20 extraction causes a perturbation that shifts the equilibrium ratio to the products.

100 r r r
— Equilibrium
Contact time:

80 - e 1h

_ o ah
E a 10h
e 601 a 20h
Q

fa

% 40 -

7]

[ ]

H20 extraction (%)

Figure 6. Results of the model 1D in the study of the contact time. 250 °C, 1 atm, overall molar ration H2/CO2 = 2

Therefore, it can be concluded that if the the system is controlled by kinetics, it will not be able to reach the equilibrium
even at high extraction rates.

3.3. Study of the H,0 chamber: sweep vs vacuum

The driving force for the permeation across the water selective membrane (see Figure 2) is the difference of the partial
pressure among both sides of the membrane. For this reason, the permeate chamber operation is critical to extract
appropriately the water produced in RWGS reaction. There are two configurations for this chamber: (i) using a sweep
gas; (ii) using vacuum. The sweep gas allows to recover the permeated water by introducing an additional gas in the
H20 chamber. This strategy requires relatively high flows for this additional stream to control the water partial pressure.
On the other hand, the application of vacuum allows to control the pH20 in the H.0 chamber, with the drawback of the
additional electric demand to generate the required vacuum.

13
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For the present study, the considered parameters were as follows:

i) the water membrane is only selective to water

ii) T=250°C

iii) P =1 atm (atmospheric pressure)

iv) pure CO2 feeding to the reaction chamber

V) Hz injection by electrolysis to have an overall molar ratio of H2/COz of 2.

Then, four different scenarios were modelled for the sweep configuration:

i) an overall feed flow for the sweep stream 5 times higher than the CO:; fed in the reaction chamber
ii) an overall feed flow for the sweep stream 10 times higher than the CO: fed in the reaction chamber
iii) simulated vacuum of 1 mbar

iv) simulated vacuum of 10 mbar

The results of this study are depicted in Figure 7, where the conversion as a function of distance from the reactor inlet,
L, is represented. Focusing on the performance of the reactor, the vacuum option seems a better choice, reaching higher
conversions, specially for higher vacuum (1 mbar). The improvement in the performance is due to the maintenance of
the pH20 in the sweep chamber because of the vacuum and, consequently, the driving force of the permeation
phenomenon allows the extraction of higher amounts of water. Nevertheles, this kind of equilibrium shifting with the
H20 extraction may occur provided the system requires is controlled by the thermodynamic equilibrium (here this effect
is allowed by using very high catalyst loads). Finally, although vacuum option performs better, it is also worthy to note
that an energetic analysis would be required to have a complete study before chosing an option (cost of producing
vaccum).

1[}[] M 1 M 1 M T M 1 M
Sweep option:| (Vacuum option
Sweep/CO,: Vacuum pressure
801145 10 mbar '
_ —x1i0 |- 1 mbar oy
q ¥10 3
c 60 .1 &
2 - a8
T -
© - E
2 0] | &
=]
0 (m]
L T Sweep option: | Vacuum option
20 L 20| |Sweep/CO,: |[Vacuum pressure:|-
L | L x5 —— 10 mbar
%10 ----- 1 mbar
0 2 4 6 8 10 0 2 4 6 8 10
L (cm) L (cm)

Figure 7. Results of the model 1D comparing the performance between sweep gas and vacuum in the H.0 chamber,
at 250 °C, 1 atm, and overall molar ration H2/CO: = 2.
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3.4.

The effect of the inlet reaction gases configuration in the conversion of CO2 has been studied. On one hand, the Hz is
provided by an electrolyser coupled to the reaction chamber. On the other hand, extra supply of H2 is applied by co-
feeding. Therefore, three case scenarios are envisioned for Hzinjection.

Study of the feeding configuration into the reactor chamber

The co-feeding can be achieved by means of the two processes depicted in Figure 8. In the first process, the three
components of the reactor are fully integrated. Moreover, two configurations are distinguished within this scheme:

i) Fully aligned components
ii) Non-alignhed components

For the fully aligned components, the distribution of the injected H: is limited to the zone close to the PEM electrode.
By non-aligned components, it is possible to partially alleviate the inhomogeneous distribution by displacing the
catalytic bed, leaving the initial zone of the reaction chamber empty of catalyst. In the initial ‘empty’ pre-chamber, the
Hz injected by the electrolyser will accumulate with the CO:z (since the RWGS reaction is not activated without catalyst),
gradually increasing the concentration of Hz until reaching the catalytic bed.

In the second proposed process, the electrolyser is completely decoupled from the reactor. Considering this strategy,
all the Hz is generated in an external electrolyser and co-fed in the reactor.

Fully integrated — aligned

Fully integrated — not aligned

H20 PEM CHAMBER H20 PEM CHAMBER
HO 0, HO O, HO 0, HO O,
rew ecrrousen
H H
CO, ——tp= ] - > CO co, — Hz% > CO
HZO HZO CATALYTIC BED HZO Hzo CATALYTIC BED
420 wEvBr
H,0
H,0 2 H,0
H20 SWEEP CHAMBER H20 SWEEP CHAMBER

Not integrated process

PEM electrolyser
H,O =

Water membrane

reactor
>

7 —> syngas

co,

—>H,0

Figure 8. Different configurations for the CO2SMOS

The operation conditions are:

i) the water membrane is only selective to water

ii) T=250°C

iii) P =1 atm (atmospheric pressure)

iv) pure CO2 feeding to the reaction chamber

v) H2 injection by electrolysis to have an overall molar ratio of H2/CO2 of 2.

The results of this study are depicted in Figure 9, representing the conversion as a function of reactor inlet distance. By
coupling the electrolyser, the Hz is gradually introduced in the reaction chamber. This limits the pH2 and, thus, the driving
force of the RWGS kinetics in the initial zones of the reactor. On the other side, when part of this Hz is introduced into

15
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the reaction chamber together with the CO: feeding stream (co-feeding), the concentration of Hz in these initial sections
of the reactor is not zero (or near to zero) and, consequently, the reaction is not deactivated in this zone.

CO, pure: pH,(0) = 0 and then:r(0) = 0

=k Pcoz Puz {Hz cofeeding: pH,(0) T and then: r(0) 1

100 — — 10 . . . .
o Color. Line:
{ Line: —— CO, |Reaction inlet composition
80+ Reaction inlet composition| - - 8{——co [~ CO2pure g
_ ----- CO2 pure E ——H, |[——Cofeeding
£ —— Co-feeding 3 LA
g 601 Color: E 59
B —— Cornversion =
5 —— Equilibrium ratio 15
E 40 g4
(3] E
24 e
0 T : : T
0 2 4 6 8 10
L (em) L (em)

Figure 9. Results of the model 1D in the study comparing pure CO: and H: co-feeding for reaction chamber. 250°C, 1
atm, overall molar ration H2/CO2 = 2

3.5. Study of the selectivity of the water membrane

The selectivity of the water membrane is an important parameter in the overall performance of the RWGS reaction to
obtain syngas. The previous studies were performed using perfect water selective membranes. Here, the effect of the
water membrane selectivity on the conversion and water extraction was analysed.

The operation conditions are:

i) the water membrane selectivity is variable

ii) T=250°C

iii) P =1 atm (atmospheric pressure)

iv) pure CO2 feeding to the reaction chamber

V) Hz injection by electrolysis to have an overall molar ratio of H2/CO2 of 2.

The results of this study are depicted in Figure 10. The results show how the reactive molecules of the reaction chamber
(CO2 and H:) tend to permeate the membrane together with the water. Considering the reactive condition of these
compounds and that they are supplied in high concentration, even with membranes with a selectivity of 100, more than
40% of the CO2 and CO was removed from the reaction chamber. A minimum selectivity of 1000 should be necessary
for the reactants not to be depleted.

Regarding the H, the gradual injection from the electrochemical process can also limit its extraction, as it does not
easily reach the membrane before reacting, (in a similar way as it limited the kinetic phenomenon). In this case, the low
pH2 consequence of this gradual injection and the reaction limits the driving force of the H2 permeation across this
membrane.

16
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100 :
g _;:-EI')NETSIETI
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Figure 10. Results of the model 1D in the study of the selectivity of the water membrane. 250°C, 1 atm, overall
molar ration H2/CO2 = 2
3.6. Other parametric studies

The effect of temperature and H,/CO; ratio in both conversion and H,O extraction have been also studied
and reported in Figure 11. The rest of parameters were left as in the previous simulations.

i) The water membrane selectivity is 100% to water
ii) P =1 atm (atmospheric pressure)
iii) pure CO2 feeding to the reaction chamber

The results indicate that the increase of the temperature improves the kinetics and the thermodynamic equilibrium of
the RWGS reaction, allowing better conversion. The water extraction, contrarily, barely changes with the temperature.

On the other hand, an increase in the H2/CO:> ratio causes an improvement of the CO2 conversion. However, the overall
H20 extraction decreases as a consequence of the higher H20 generation. This means that modifications for the H.0
chamber would be required in order to improve the removal of H20 and thus increase the shifting of the RWGS reaction.

17



Figure 11. Results of the model 1D in the study effect of the temperature (left plot) and the overall ratio of the H2/CO2

(right plot).
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4. Conclusions

A complete analysis of the integrated reactor proposed in the CO2SMOS project has been developed using a 1D model.
Different conclusions could be collected from this analysis.

i)

i)

i)

iv)

Working at one specific temperature improves some of the phenomena included in the system, while the
rest of them cannot perform suitably. This is the case of both polymeric membranes and specially the PEM
electrolysers, which are optimized to work at lower temperatures than 200 2C, whereas the RWGS starts
to perform properly at temperatures higher than 300 2C. The different optimum working temperatures of
the three systems to be integrated is causing that looking for a unique matching temperature jeopardizes
the rest of the findings for each component separately;

The calculated compositions for the reaction chamber would cause the permeation of a high percentage
of CO2, H2 and CO considering the current selectivity of the water selective membranes and taking into

account that by the simulation, at least a selectivity of 1000 would be required;

The water extraction by the water selective membranes only shifts the reaction when the thermodynamic
equilibrium controls the reaction system;

Considering the low temperature required to be able to integrate all the materials, high catalyst loads are
required in order to have equilibrium-controlled systems.
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