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1 Introduction

Dimethyl ether (DME),

the

Sorption-enhanced DME synthesis provides high
flexibility: evidence from modelling four industrial
use casest

loannis Tyraskis, Alma Capa, @©* Galina Skorikova, Soraya N. Sluijter and Jurriaan Boon

Sorption-enhanced dimethyl ether synthesis (SEDMES) is a powerful technology to produce dimethyl
ether (DME) from residual industrial gas streams or captured CO, and renewable H,. In situ water
removal by zeolites shifts the thermodynamic equilibrium of the reaction towards product formation.
Sorption enhancement proved to provide a single-pass CO, conversion above state of the art values.
Building knowledge on prior optimisation of a CO,-H, feed, this work extends modelling of SEDMES to
a design study for four distinct industrial feeds, with progressively higher CO content. The trade-offs
between DME productivity and carbon distribution over the products were studied. The impact of
process parameters such as cycle duration, feed flow, operating pressure, temperature, reactant
stoichiometry, amount of inert gases and the presence of CO was analysed in detail, including the
impact of flexible operation and turndown. Results show that higher CO feed concentrations enhance
the DME productivity but complicate the purification due to increased CO, by-product formation.
Variations in the feed H,-C ratio affected by-product selectivity, with lower ratios reducing CO, and
methanol formation, potentially simplifying downstream processing. Pressure and temperature were
identified as critical design parameters. Higher operating pressures consistently enhanced DME productivity
in all cases, while a moderate temperature increase above 250 °C proved to be beneficial as well. Moreover,
the process demonstrated resilience under lower feed flow conditions (factor 3 in turn down ratio) that
could potentially be caused by renewable electricity fluctuations, without compromising the performance.

Keywords: Dimethyl ether; CO, utilisation; Modelling; Sorption enhanced reaction; Pressure-swing
adsorption (PSA); Syngas.

emissions can be reduced. These characteristics make DME
an ideal diesel-cycle fuel.*® DME was also found to be a

simplest ether and the good gas turbine fuel with emission properties comparable

dehydrated form of methanol, is emerging as a promising
new generation alternative fuel, platform chemical and
hydrogen carrier that could play an important role in the
energy transition." Comparing DME with MeOH, it has a
higher calorific value meaning more energy is generated in
its combustion process.” DME has a low auto-ignition
temperature, is an oxygenated fuel with no C-C bonds in
the molecular structure leading to reduced soot formation
and has good air-fuel mixing properties preventing
particulate formation. In addition, with a properly designed
DME injection and combustion system nitrogen oxide (NOx)
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to natural gas allowing performance improvement through
thermochemical recuperation and decrease of the specific
CO, emissions.*’

Conventionally, DME is produced in a two-step process
identified as the indirect DME synthesis route.">®° In a
first reactor methanol is synthesised from CO, and/or CO
followed by methanol dehydration to DME in a separate
reactor. The complete set of reactions is as follows (eqn
(1)-(4)):

Methanol synthesis
CO, + 3H, <« CH;0H + H,0 AH?=-49 k] mol™ (1)
CO + 2H, — CH;0H AH?=-90 k] mol™ (2)

Water gas shift
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CO + H,0 «— CO, + H, AH?=-41kJ] mol™ (3)
Methanol dehydration
2CH;0H — CH;O0CH; + H,0 AH}=-24kImol"  (4)

On the other hand, direct synthesis of DME can be
defined as an one-step synthesis which can be an alternative
pathway of the previous two-step synthesis process. In this
process the hydrogenation (eqn (1) and (2)) and the
dehydration (eqn (4)) will take place in a single reactor
together with the (reverse) water gas shift reaction (eqn (3)).
The direct DME synthesis benefits from the continuous
conversion of one of the intermediates, MeOH, shifting the
equilibrium towards DME production.>®'®'" Since the
reaction is still equilibrium limited, downstream separation
produces large recycle streams of syngas, CO, and methanol.
Steam separation enhancement is shown to be a promising
route for CO, conversion. This is because in direct DME
synthesis CO is converted to DME with CO, as the major by-
product and with increasing CO, content in the feed both the
conversion and the selectivity towards DME decrease
significantly. In contrast, this is not the case for sorption
enhanced DME synthesis which has been shown to have a
highly selective direct conversion of CO, to DME. As a result,
both the carbon conversion and the DME selectivity are far
higher for the SEDMES process compared to the direct DME
synthesis, especially for a CO,-rich feed.' In principle steam
separation enhanced DME synthesis can be obtained using
selective membranes or in situ adsorption. The membrane
separation has the advantage to work at steady-state, while a
cyclic regeneration of the adsorbent material is needed in
reactive adsorption. This second solution is anyway more
suitable, since low water partial pressure must be reached in
the reactor for a substantial enhancement of the DME
synthesis process and water removal in the membrane is
effective only with a consistent partial pressure gradient
(indicatively >1 bar)."” Therefore, the CO, conversion using
membrane reactors is higher than that of a traditional
reactor reporting a DME yield up to 54.5% and a single-pass
CO, conversion up to 73.4%.">"*

The sorption enhanced DME synthesis (SEDMES)
technology is a novel process for the production of DME in
which water is removed in situ by the use of a solid
adsorbent, typically a LTA zeolite, enhancing the reactant
conversion as stated by the Le Chatelier's principle. By the
removal of water as a reaction product, the oxygen surplus of
the feed no longer ends up in CO,, as is the case for the
direct DME synthesis, but in (adsorbed) H,O instead."® The
SEDMES concept has been evaluated not only by modelling
the process™'*'>'® but also experimentally, proving that
DME yield and DME selectivity are improved over
conventional processes showing DME yields of at least
80%.'°>' Even though a catalytic membrane reactor can
achieve a single-pass carbon conversion up to 73.4% the
SEDMES process can be very versatile and the single-pass
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carbon conversion can be above 75%. SEDMES combines the
chemical reaction and adsorption in one process. Therefore,
it is a reactive adsorption process operated in cycles of
consecutive reactive adsorption and adsorbent regeneration.
The regeneration of the adsorbent is key for the efficiency of
the process.”” In a first experimental study it was
concluded that the combined temperature and pressure
swing adsorption (TPSA) results in very high DME yields; in a
more recent study, in which SEDMES had been tested under
industrially-relevant conditions, similar conversion and
selectivity were obtained with pressure swing adsorption
(PSA). Since the potentially faster and more energy efficient
approach is PSA, the preferred operation for SEDMES is as a
PSA process. Due to the high yield that the SEDMES
technology can achieve, it is a very promising technology for
the production of renewable DME.

The production of carbon neutral fuels and synthetic
hydrocarbons such as MeOH or DME by recycling CO, from
industrial sources or even from the air itself is receiving
increasing attention.>® In particular, three types of use cases
for the production of DME seem particularly relevant and will
be further investigated in this work: captured CO, from
biogenic or nonbiogenic origin, the use of residual steel
gases, and gasified waste streams. Firstly, the industrial
energy transition will require the conversion of substantial
amounts of captured CO,, either from point sources such as
cement production and natural gas processing, or from
air.>*** In these cases, the DME synthesis will be performed
using a (nearly) pure CO, stream combined with a
stoichiometric amount of renewable hydrogen.

Secondly, research has been done on the conversion of by-
product gas from the steel-making process into valuable
chemicals for either CO, reduction or increasing energy
efficiency.>® Most of these studies are devoted to MeOH>" !
but attention to its dehydrated form, DME, is increasing. For
example, Park et al compared the single and two-step
processes for the synthesis of DME using the by-product gas
from a steel mill. The authors concluded that although the
single-step reactor showed a better production rate and
energy efficiency, further study on the techno-economic
analysis for both processes is needed.*> Jeon et al. studied a
DME synthesis process using steelmaking by-product gases
demonstrating that the application of DME production in the
steelworks industry could be an effective strategy for the
reduction of CO, emissions.®> A demonstrator pilot was
tested in the frame of the H2020 C2Fuel project in which
CO, was removed from steel off-gases and sent to a DME
production unit.** Even though interest is increasing,
research about DME production from steelworks arising
gases is still limited, especially for intensified DME
production processes. Therefore, one of the use cases studied
in this work is the production of renewable DME from steel
off-gas via SEDMES. Thirdly, besides feedstocks that are CO,-
rich DME can also be produced from synthesis gas (syngas)
which is a mixture of H,, CO and CO,. The use of biomass or
municipal solid waste as feedstock to produce transportation
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fuels and chemicals is a central policy to address
environmental and oil dependence issues of today's society."”
Biomass can be gasified to produce syngas which can be
burnt in gas turbines like natural gas or it can be converted
to high quality chemicals and fuels, such as methanol and
DME.** The production of bio-DME is being investigated by
different research groups. Different biomass resources can be
used for the ultimate production of bio-DME.**° The
production of DME from digestate-derived syngas,*® landfill
gas or biogas® ™ or from syngas in the Kraft pulp process**
has also been explored in the literature. Some initiatives that
include the bio-DME synthesis are already at a pilot scale.
For example, the Bioliq process developed at the Karlsruhe
Institute of Technology (KIT) aims to convert biomass
residues into synthetic fuels via DME in a pilot plant with a
thermal fuel conversion capacity of 2-5 MW.*> The
combination of biomass gasification and hydrogen from
electrolysis for the production of DME is also gaining interest
among the research community.****™*® However, most of
these studies are focused on conventional DME synthesis
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routes having limited single-step conversions due to the
thermodynamic limitations of the conventional DME
synthesis processes. The Horizon 2020 FLEDGED (flexible
DME production from biomass) investigated the production
of DME via sorption enhanced gasification (SEG) of second
generation biomass (such as wood and MSW) aiming to
develop  technologies (TRL5) leading to  process
intensification and cost reduction of the biomass-to-DME
conversion process.*”*® In the FLEDGED project not only
intensified gasification was explored but also, intensified
DME synthesis using sorption enhanced DME synthesis
(SEDMES) technology.""'*'”*° SEDMES experiments from
mixtures of H,, CO and CO, showed an increased yield of
DME, an improved selectivity to DME over methanol, and
strongly reduced CO, content in the product. However, there
are still some research questions to be answered (i.e., DME
selectivity and productivity trade off, optimum cycle time for
a given cycle design, etc.). Therefore, the bio-DME production
via SEDMES is also included in this work as a use case in
order to build knowledge on those uncertainties.

70%
Carbon selectivity towards DME (%)

80% 90% 100%

0 10 20 30 40 50 60

Pressure (bar)

Fig. 1 Comparison of DME productivity and selectivity for cases 1 and 3, for different operating pressures and cycle durations (cycle duration
increases while moving to lower carbon selectivity) (a); rate of DME productivity increase per unit of pressure (b); the reaction temperature is 250

°C.
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The objective of this work is to analyse the flexibility that
SEDMES provides for the production of renewable DME
from feedstocks from different industrial use cases like
natural gas cleaning, indirect biomass gasification and steel
off-gases. As explained before, SEDMES operates in cycles
between reactive adsorption and adsorbent regeneration.
The cycle design that operates at the largest dedicated
SEDMES installation at TNO Petten, The Netherlands, is
used as reference for the modelling of the different use
cases. The cycle design is detailed in the methodology
section. The main developments associated with this
technology are related to process optimisation and scaling-
up.”" Therefore, in addition to the flexibility analysis, this
paper is building knowledge on the process optimisation by
reporting for the first time Pareto plots obtained for the
aforementioned industrial use cases where a trade-off
between C-selectivity towards DME and DME productivity is
analysed.

2 Results and discussion

2.1 Effect of feed composition on DME selectivity and
productivity

In previous studies, increased pressure was shown to
enhance the performance of the SEDMES process both in
terms of productivity and selectivity."”> In the current study,
this was found to be consistent across all CO/CO, feed ratios.
However, variations in the performance were observed
between different cases, with the degree of enhancement
depending on the specific feed composition.

In Fig. 1a, case 3 (steel off-gas) is compared with case 1
(natural gas cleaning). The graph shows that the inclusion of
CO in the feed, in equal molar amounts as CO,,
corresponding to case 3, leads to higher DME productivities.
This increase is attributable to the fact that the conversion of
CO to DME does not generate water in the methanol
synthesis step (eqn (2)), so the amount of water in the
reaction product is lower and the column would be in drier
conditions which is beneficial for the system since water
accumulation is reduced (see purge profiles in Fig. 2a in the
annex). Numerous studies have experimentally confirmed
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that CO, negatively affects both the thermodynamics and
kinetics of the process.”**® This effect has been attributed in
the literature to the WGS equilibrium (eqn (3)). Increasing
the CO, concentration (case study 1) leads to the promotion
of the reverse water-gas shift (r-WGS) reaction causing H,O
accumulation in the reaction environment that has a
detrimental effect on CO, hydrogenation (eqn (1)) and
methanol dehydration (eqn (4)).>° In addition the CO,
hydrogenation reaction produces water but during CO
hydrogenation water is not produced.

The productivity peaks for each pressure curve correspond
to similar selectivity ranges for both cases. However, a closer
examination reveals that at 20 bar, the productivity peak for
case 3 (2.8 kg h™ at 54% DME selectivity) occurs at a higher
selectivity compared to case 1 (2.2 kg h™ at 50% DME
selectivity). For all other pressures, the differences in
selectivity are minimal. The same selectivity trend is observed
later in cases 2 and 4 (indirect biomass gasification). The
productivity peak at 50 bar was achieved at a DME selectivity
of 89.1% for case 3 and 88.5% for case 1, with a productivity
of 4.25 kg h™ and 3.60 kg h™', respectively. To produce a
DME product with almost the same purity, case 3 required
606 mol h™ H,, 156 mol h™* CO, and 98 mol h™' CO,,
whereas case 1 required 661 mol h™ H, and 220 mol h™
CO,. After adjusting for capacity differences, the optimal
performance at 50 bar necessitates 143 mol kg™* h™ H,, 37
mol kg™ h™ CO, and 23 mol kg™ h™ CO, for case 3, and 184
mol kg™' h™ H, and 61 mol kg' h™ CO, for case 1.
Therefore, the case in which the recovery of steel off-gases is
studied (case 3) has a more efficient utilisation of H,.

Case 1 exhibits a slightly more pronounced decline in the
rate of productivity increase as pressure rises, which is
depicted in Fig. 1b. At 25 bar, the productivity gain per unit
of pressure is higher in case 1 (0.112 kg h™ bar™") compared
to case 3 (0.108 kg h™" bar™). However, at 50 bar, this trend
reverses, with the productivity increase per unit of pressure
in case 1 estimated to be 77% lower, resulting in only a 0.01
kg h™ increase per additional bar, compared to 0.013 kg h™
in case 3. This effect aligns with the findings of van Kampen
et al," who showed that increasing pressure favours CO
conversion more than CO, conversion. This effect could be
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Fig. 2 Carbon selectivity and DME productivity of the maximum productivity operational points for cases 2, 3 and 4 at 20 (a), 35 (b) and 50 (c) bar.
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explained by the Le Chatelier's principle which could be
more pronounced for the CO conversion having a greater
impact by the pressure on that reaction compared to the CO,
conversion: methanol synthesis from both CO and CO, is a
shrinking reaction while the reduction in number of moles
when starting from CO, (eqn (1)) is a factor 2 whereas when
starting from CO it is a factor 3 (eqn (2)).

Analysis of different sets of CO/CO, concentrations in the
feed corroborates the findings presented in Fig. 1. Cases 2, 3,
and 4 exhibit a gradually increasing CO/CO, ratio of 0.17,
1.02, and 3.24, respectively. Fig. 2 displays the performance
at the maximum productivity peaks, at three different
operating pressures: 20, 35, and 50 bar. Similar to our
previous work, comparing maximum productivity peaks
serves as a reference point considered within the optimal
performance range for typical process designs.”® The results
demonstrate that increasing the CO concentration in the feed
enhances the productivity of the SEDMES process, as
expected. Interestingly, DME selectivity also shows a slight
improvement (~4%) with higher CO content in the feed at 20
bar; however, this effect becomes less apparent at higher
pressures. This is attributed to the fact that DME formation
as a shrinking reaction highly benefits from the increase in
pressure, while an equimolar r-WGS reaction is not affected
by it. Consequently, in the lower pressure region the
competition of r-WGS reaction increases. As presented by Jia
et al., direct hydrogenation of CO bypasses this side r-WGS
reaction.®® As a result, introduction of CO and reduction of
CO, in the feed minimises by-product formation at lower
pressures and maintains more consistent DME selectivity
increase across the pressure range.

Table 1 presents the DME productivity and selectivity
values at maximum productivity operations for both 35 and
50 bar, along with the required reactant flow to produce 1 kg
h™ of DME. At both pressure levels, case 4 (indirect
gasification case with higher CO content) exhibited markedly
higher DME productivity and slightly higher DME selectivity
compared to the other cases. DME productivity demonstrated
an almost linear increase with higher CO content in the feed.
DME selectivity generally remained within similar ranges;
however, there appeared to be a slight improvement with
increased CO content. Notably, case 2, which contained 5.7
mol% CO, exhibited a minor decrease in selectivity compared

Table 1 Overview of the performance of all cases at 35 and 50 bar
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to case 1, followed by an increase in selectivity in cases 3 and
4. These trends were consistent across both pressure levels,
indicating that an increase in CO content must exceed a
certain threshold to enhance carbon selectivity towards DME.
Conversely, a high CO, content will give rise to a reduction in
the CO conversion. Indeed, Jia et al.®® have observed that the
net CO conversion (the difference between the conversion of
CO by methanol synthesis and the production of CO via
reverse water-gas shift) drops significantly upon increasing
the CO, content in the feed. Additionally, the carbon
conversion to DME is also shown in Table 1. This parameter
follows a similar tendency to the DME selectivity and
productivity and is calculated using eqn (18).

Increasing the feed CO content up to 26.2 mol% in case 4
significantly enhances the SEDMES process by boosting both
DME productivity and selectivity. Compared to the CO-free
case 1 (including inerts), case 4 showed a 32% increase in
productivity compared to case 1 at both 35 and 50 bar
operation, reaching 4.67 kg h™ in the latter. At the
productivity peaks, the corresponding DME selectivity was
slightly increased by 2.7% and 1.7% at 35 and 50 bars,
respectively. Additionally, case 4 achieves these gains while
requiring up to 30% less H, in the feed, improving the
overall economic efficiency of the process. Notably, longer
cycle durations extend the duration of all process steps,
including the purge, which is particularly relevant for high-
performing conditions since the column is drier,
characterised by high pressures and high CO content like
case 4 for the indirect gasification scenarios, or case 3 for the
industrial steel off-gases. If H, is used in the purge, this
would result in higher hydrogen consumption. However, it is
assumed that purge gas will be recycled in large-scale designs
via a purge loop, a factor not yet included in the current
model but being implemented at the pilot scale.

Diving deeper in the effect of CO content in SEDMES
operation, the productivity-selectivity graphs for all cases at
35 bar are analysed in Fig. 3a. All curves exhibit a similar
trend: higher CO content in the feed allows for operation at
higher productivity levels without changing the M-module in
the feed. The graph indicates that curves representing higher
CO/CO, ratios are steeper and intersect those with lower CO/
CO, ratios. This happens because higher CO, content will
result in larger generation of water during the methanol

35 bar 50 bar
Case 1 Case 1
Noinert Inert  Case2 Case3 Case4 Noinert Inert  Case2 Case3 Case4
CO content in feed (mol%) 0.0 0.0 5.7 17.7 26.2 0.0 0.0 5.7 17.7 26.2
Productivity (kgpyge h™") 3.38 3.28 3.46 3.98 4.35 3.6 3.53 3.72 4.25 4.67
DME selectivity (%) 80.6 80.3 79.7 80.4 82.5 88.5 88.5 87.9 89.1 90.0
Reactant flow (mol kgpye h™')  Hy: 195 197 187 52 139 184 184 174 143 129
CO: 0 0 14 39 53 0 0 13 37 49
COy: 65 65 53 24 10 61 61 49 23 10
Cycle duration (min) 172.5 172.5 180 195 210 232.5 232.5 240 255 300
Carbon conversion to DME (%) 71 71 71 74 78 78 78 78 81 84

© 2025 The Author(s). Co-published by the Institute of Process Engineering,
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Fig. 3 Pareto plot of DME productivity vs. DME selectivity with lower DME selectivity (left side of the x-axis) corresponding to increasing cycle
duration (a); DME productivity against cycle duration showing the maximum operating points with the green line (b). Dashed lines show the
performance of case 1 in case it contained a similar level of impurities to the other cases.

synthesis step and faster hold up in the sorbent, which will
reduce the increase rate in productivity while cycle duration
increases.’” This suggests that as the CO content in the feed
increases, the DME selectivity range corresponding to
maximum  productivity (optimal operation) narrows.
Consequently, in optimal DME selectivity ranges, the
performance of the SEDMES process is more strongly
influenced by changes in cycle duration when the CO content
in the feed is higher. The maximum productivity operating
points for all cases are provided in the aforementioned
Table 1.

Cycle duration is a critical parameter for the optimal
operation of the process, influenced by both flow
composition and flow rate. As is already known, an increase
in pressure necessitates a longer cycle duration for optimal
performance.”® In the current study, increasing the CO/CO,
ratio also resulted in longer cycle durations to achieve
maximum productivity. This is attributed to the fact that
water production per mole of DME is lower when CO is used
as the carbon source, compared to CO,, which slows down
water accumulation. Consequently, and in accordance with
the findings of Guffanti et al,'” the higher water loading in
CO,rich conditions necessitates more frequent or longer
regeneration of the adsorbent material to prevent saturation.
As depicted in Fig. 3b for 35 bar pressure, the optimal
operating region — where productivity peaks are achieved -
shifts to longer cycle durations as the CO/CO, ratio increases.
The specific cycle durations corresponding to each
productivity peak are presented in Table 1, along with the
values for 50 bar, which exhibit a similar trend.

2.2 Effect of different process parameters on by-product
selectivity

2.2.1 Effect of the CO/CO, feed ratio. In the previous
chapter, we assessed all cases in terms of productivity and
selectivity to DME. The next step involves comparing them

Ind. Chem. Mater.

based on the selectivity to side-products, which is presented
in Fig. 4. The final product compositions across the different
cases exhibit only minor differences. The outcomes for case 2
(indirect gasification case with a lower CO amount) closely
resemble those of case 1 (natural gas cleaning without CO).
However, the influence of CO in the feed is particularly
evident in cases 3 and 4 (steel off-gas and indirect
gasification with higher CO content). There is a discernible
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Fig. 4 Comparison of by-product selectivity for all cases at 35 bar (a)
and 50 bar (b), plotted against DME selectivity.
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trade-off between CO and CO, selectivity, with a reduction in
CO selectivity and a corresponding increase in CO, selectivity
at specific DME selectivity below 90%. Case 4 demonstrates
the most pronounced trade-off, with a selectivity difference of
up to 1% compared to case 1 (which has no CO content in
the feed) at a DME selectivity of 82%. Case 3 shows a slightly
lower degree of this trade-off. MeOH selectivity increases with
lower CO content, but to a very small degree that is not
clearly visible in the diagram. The observed behaviour of by-
product selectivity with varying feed compositions is closely
linked to water accumulation and the WGS system. Despite
the active water removal from the system, WGS shift reaction
occurs and becomes more profound when sorbent saturation
is reached.”® Cases with high CO content shift the
equilibrium towards CO, formation.®'” Conversely, cases rich
in CO, promote r-WGS reaction which increases carbon
selectivity to CO. As a result, despite starting with higher
content of CO, in the feed, they result in lower CO, and
higher CO content in the product, when comparing the same
DME selectivity levels.

Higher DME selectivity, shown on the x-axis of Fig. 4a, are
achieved at shorter cycle durations, where accumulation is
minimal and the sorbent has not yet reached saturation.
Within this range, there is no significant difference in
product selectivity among the cases. However, as DME
selectivity approaches the 85% range—corresponding to the
maximum productivity range shown in Fig. 4b—the impact
of sorbent saturation becomes more pronounced.

As previously reported in the literature, the separation of
CO, from DME is the most challenging aspect of purifying
the SEMDES product, due to the high affinity between the
compounds, but its recycle is necessary to minimise losses.
In contrast, excess CO can be more easily recycled back into
the process using a flash drum.®?*®' Consequently, the
presence of CO in the feed slightly complicates the
downstream processing of DME production, as it leads to
higher CO, content in the product, thereby increasing the
energy requirements for purification. Fig. 4b further explores
this effect at 50 bar pressure, revealing similar trends across
cases 3 to 4 but with noticeable differences in by-product
selectivity compared to the 35 bar scenario. Specifically, at 50
bars, CO selectivity decreases, while MeOH selectivity clearly
increases, with the MeOH selectivity curves positioned closer
to the CO, selectivity curves. Meanwhile, the CO, selectivity
remains relatively unchanged across all This
observation might be associated with the effect of the
pressure, according to Le Chatelier's principle, on the CO
hydrogenation reaction (eqn (2)). However, a direct
comparison between the two graphs is challenging, because
50 bar operation necessitates larger cycle duration, and thus
more water accumulation to achieve comparable DME
selectivity - below its maximum productivity peak - to the 35
bar operation. Hence, the aforementioned differences in by-
product selectivity are primarily driven by the higher water
content in the reactor. For a clearer visualisation of this
effect, Fig. 3a in the Annex plots the by-product selectivity

cases.
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Fig. 5 Selectivity to by-products versus DME selectivity for case 1
across varying M-modules.

ratios for the productivity peaks of case 1 at pressures of 20,
35, and 50 bar. Between 20 and 50 bar pressure, the ratios of
MeOH/CO, MeOH/CO,, and CO/CO, increase by 3.1, 4.5 and
1.5 times, respectively. The same trend of increasing carbon-
to-methanol selectivity with increasing pressure can also be
observed in cases 2, 3, and 4, as shown before in Fig. 2.

2.2.2 Effect of the M-module. The performance of case 1
was further analysed across various M-modules, revealing a
pattern similar to the one observed when reducing CO
content in the feed. As illustrated in Fig. 5, a comparison of
M =15, M = 1.8, and M = 2 at 50 bar clearly shows that
reduced M-modules lead to significantly lower by-product
formation across the entire DME selectivity range. For
instance, at M = 1.5, CO, and MeOH selectivity decrease by
1.6% and 5.1%, respectively, while CO selectivity rises by
6.8%, compared to M = 2. These changes in by-product
selectivity are notably more pronounced than those resulting
from variations in CO content in the feed, as discussed
earlier. This difference is attributed to two factors. Firstly, the
substoichiometric operation that requires shorter cycle
durations to achieve the same DME selectivity, along with a
reduced water production rate. As a result, water
accumulation and sorbent saturation are minimised, leading
to a lower water concentration. Secondly, as demonstrated by
Jia et al,®® the higher concentrations of CO, in the feed,
which come from lowering the M-module, enhance r-WGS
reaction, leading to increased CO formation. In contrast,
inclusion of CO in the feed is expected to promote CO and
CO, hydrogenation reactions. Hence, investigating the
performance of lower M-modules in the rest of industrial
cases is recommended for future studies.

The M-module is defined by eqn (14) and shows the ratio
between hydrogen and carbon in the feed. A value equal to 2
corresponds to the stoichiometric requirement of the system
for a theoretical full conversion of CO and/or CO,. Operating
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at lower M-modules reduces the formation of both CO, and
MeOH, thereby increasing the conversion to CO, whose
recycling strategy might be more interesting. Like CO,,
increasing MeOH content is associated with higher energy
requirements in the purification section. Separation of CO, is
the most difficult step in the downstream DME purification
due to the high affinity of the two components, and
proximity and shape of their vapor-liquid equilibrium curves.
In this context, the separation of CO, and DME can be
performed very efficiently using the newly developed concept
of stripping enhanced distillation (SED).°> Additionally, as
explained by Skorikova et al.,”> MeOH must be separated
from water in the final distillation column, since it exceeds
the limit of ISO standard. Further reduction of the M-module
could potentially eliminate the need for a MeOH separation
column entirely, leading to both operational and capital
savings. As discussed before, additional strategies to decrease
carbon-to-methanol selectivity include reducing the CO
content in the feed, increasing reactor temperature and
lowering the feed flow rate. An example of substantial
methanol content reduction in the product stream is
illustrated in Fig. 6, where the overall carbon selectivity at
two cycle durations (120 min and 180 min) at 35 bar is
analysed for different M-modules for case 1. Operating at M =
1 results in MeOH selectivity of 0.15% and 0.18% for the 120
min and 180 min cycles, respectively. The productivity
remains at operable levels of 1.6 kg h™ and 2.2 kg h™ for the
M = 1 cases of 120 min and 180 min, respectively, with
potential for further improvement by increasing pressure.
The presence of CO in the product stream is an important
factor to consider when optimising carbon selectivity to
DME. As shown in Fig. 4a in the annex, CO will always be
formed due to the interaction of the r-WGS.

2.2.3 Effect of feed flow. As mentioned, the flow rate used
in all the aforementioned simulations is 20 Nm® h™*, which
is considered the maximum volumetric flow that can be
supplied, by design, in the SEDMES pilot plant. In addition
to flow composition, reducing the flow rate, and hence the
gas hourly space velocity (GHSV), can also significantly
impact the performance of the process, resulting in a longer

100%
7 7 ,

8 80% é % % % Z
: 77
2 0% Z 4 MeOH
Q mCO,
“g‘ 40% »+CO
§ - DME

0%

M=2- M=15- M=1- M=2- M=15- M=1-
120 min 120 min 120 min 180 min 180 min 180 min

Fig. 6 Comparison of the performance of different M-modules for
case 1 at 35 bar for 120 and 180 min cycle durations (35 bar).
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residence time in the reactor. This longer contact time of
reactants and catalyst allows for more extensive reaction,
leading to higher conversion rates of carbon to DME.
Additionally, as observed by van Kampen et al," the lower
flow rate reduces water breakthrough and maintains the
effectiveness of adsorption enhancement throughout the
adsorption step. As depicted in Fig. 7a, at 25 bar operation of
case 1, nominal flow (13.3 Nm® h™") results in a significant
increase of DME selectivity when comparing maximum flow
(20 Nm® h™), which aligns with the results of van Kampen
et al." and Tyraskis et al.>> The maximum productivity of
DME is 2.76 kg h™', achieved at 66% selectivity for maximum
flow, whereas for nominal flow, it is 2.22 kg h™ at 84%
selectivity. The substantial increase in selectivity of nominal
flow results in only 19.5% reduction of the productivity,
despite reducing the reactants by 33.5%. These results
indicate that the SEDMES process could operate under
intermittent feed flow conditions caused by fluctuations of
renewable electricity, without compromising overall
performance. Future studies focusing on lower flows than the
nominal and dynamic operation are recommended to
thoroughly assess this capability.
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Fig. 7 Comparison of DME productivity and selectivity of case 1 for
maximum and nominal flow rates (a) and carbon selectivity to by-
products at similar carbon selectivity to DME (b). Pressure = 25 bar.
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An additional effect that has not been analysed in
previous studies is that the increased residence time favours
methanol dehydration (eqn (4)) leading to improvement in
DME selectivity and reduction of the amount in methanol in
the product stream. In order to demonstrate this effect, two
points with comparable DME selectivity at different flow rates
(maximum and nominal) are analysed for case 1 at 30 bar
operation, as shown in Fig. 7b. It is clear that the longer
residence time of nominal flow promotes methanol
dehydration, resulting in an end product of similar DME
purity, but containing 40% lower amount of methanol.

2.2.4 Effect of temperature. Temperature can also play a
role in the optimisation of the SEDMES process. As explained
by J. van Kampen et al,” despite the fact that the
temperature for methanol dehydration is generally higher,®
direct DME synthesis is often performed at temperatures of
around 250 °C not only because methanol synthesis is
considered to be the rate determining step in direct DME
synthesis but also to prevent deactivation of the CZA catalyst
at temperatures above 300 °C.>>>*%*°¢ Therefore, the effect
of the temperature in the DME productivity and C-selectivity
towards DME is explained in Fig. 8a and b respectively,
considering the temperature range 240-280 °C.

The results show that a moderate increase in the
temperature can have a positive effect in the performance of
SEMDES. Further increase of current simulations at 250 °C to
260 °C can increase both productivity and selectivity up to
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Fig. 8 Effect of reactor temperature on the carbon selectivity towards
DME (a) and pilot design DME productivity (b).
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6%, resulting in 3.84 kg h™" productivity and 93% DME
selectivity at 50 bar. However, when the temperature is higher
than 260 °C, the performance of the process does not
improve anymore which is a result of the compromise
between the reaction rate and kinetic conversion. Between
260-280 °C, the DME productivity exhibited an insignificant
decline of <2% at 35 and 50 bar and a more noticeable drop
of 7% at 20 bar (Fig. 8a). Selectivity to DME decreased more
visibly, dropping by 5% at 35 and 50 bar and 9% at 25 bar.
Higher temperatures increase the reaction rate but reduce
equilibrium conversion, and this balance may shift slightly
under varying pressures. Additionally, since DME synthesis
benefits from the increase in pressure, at low pressure, the
competition with the r-WGS plays a more significant role
promoting more significant changes in the DME productivity
in the low pressure range. Additionally, the higher
productivity and selectivity drop at lower pressures and high
temperatures aligns with the results of Le J. et al. who
showed that increasing the pressure favours the molar
decreasing reaction of CO, hydrogenation to methanol.” In
the current study, for every pressure studied, operation at
260 °C provided the best performance. The results align with
the study of van Kampen et al.,, where the optimum DME
yield was achieved between 250 and 275 °C." An additional
point that should be taken into account when deciding an
optimum temperature is the influence of temperature
fluctuations during the reaction process considering that this
type of system is exothermic. A previous study showed that
the model is able to capture the behaviour of the temperature
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Fig. 9 Bar chart showing the carbon selectivity to DME and by-
products for different temperature levels for case 1 at 35 bars. (a)
shows a simulation at the maximum pilot design flow rate and (b) a
simulation at the nominal pilot design flow rate.
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profile across the reactor length showing a maximum AT of
20 °C."” Therefore, the selected 260 °C optimum also ensures
that the maximum temperature of 300 °C is not reached at
any point of the column preventing catalyst deactivation due
to temperature fluctuations during the reaction process.

Thus, since the feed flow has an impact in the selectivity,
the effect of the temperature was also compared for two feed
flows, maximum (20 Nm® h™") and nominal (13.3 Nm® h™") as
reflected in Fig. 9a and b, respectively. When the SEDMES
pilot plant design is operated with a nominal feed flow, the
effect of the temperature on productivity and selectivity to
DME is minimal. Notice that, in the case of nominal feed
flow MeOH and CO, impurities are absent at 250 °C, and the
carbon that is not converted into DME is mostly present,
only, as CO which could be a result of the r-WGS reaction.
On the contrary, at the maximum feed flow MeOH and CO,
by-products are present at higher concentrations and they are
minimised with the increase of temperature up to 260 °C.

It is concluded that increasing the operating temperature
above 250 °C, up to 260 °C, can be beneficial in cases of low
DME selectivity. However, increasing the temperature when
by-product formation is already minimised will not enhance
DME selectivity or productivity. It is important to note that
while higher temperatures increase the catalyst activity — as
long as it does not deactivate - they also limit the adsorption
capacity of the system.' Hence, the optimum operating
temperature also depends on the water hold-up and may vary
depending on other parameters. Furthermore, as reported by
Jia et al., the equilibrium conversion of CO declines gradually
with an increase in temperature because all of the involved
reactions - methanol synthesis reactions from CO
hydrogenation, the WGS reaction, and the methanol
dehydration reactions - are exothermic reactions.”> On the
other hand the CO, hydrogenation process is less exothermic
than CO hydrogenation and also involves r-WGS which is an
endothermic reaction. Hence, inclusion of CO in the feed is
expected to worsen the positive results of increasing
operating temperature above 250 °C. Further research of the
phenomenon for case 2, 3 and 4 is proposed for future
development.

3 Conclusions

In this study, four industrial use cases of SEDMES process
application were analysed, featuring progressively higher CO/
CO, ratios in the feed. A clear relationship between the CO/
CO, ratio in the feed and the SEDMES performance was
established. Increasing the CO content resulted in an almost
linear increase in DME productivity. Case 4 (indirect biomass
gasification with higher CO content) achieved a productivity
of 4.67 kg h™ at 50 bars - an improvement of 32% compared
to the CO-free case 1 (natural gas cleaning), which reached
3.53 kg h™'. Although DME selectivity near the maximum
productivity points was not significantly influenced, minor
improvements were observed with increased CO content in
the feed, such as a 1.7% increase for case 4. Despite these
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advantages, higher CO content consistently led to higher CO,
levels in the product, which are challenging to recycle and
require additional energy for purification. On the other hand,
selectivity toward MeOH, which also increases purification
requirements, was slightly reduced in higher-CO cases
(indirect gasification and steel off-gases), particularly at 50
bars. In the cases with more CO content in the feed (indirect
biomass gasification and steel off-gas), SEDMES performance
is enhanced in terms of DME selectivity and productivity
while requiring up to 30% less H, in the feed, improving the
overall efficiency of the process.

The M-module influenced carbon selectivity toward by-
products. Lowering the M-module led to increased CO
selectivity and reduced CO, selectivity at comparable DME
selectivity levels. Additionally, methanol selectivity was
further reduced, potentially eliminating the need for a
methanol separation column in downstream processing.
Water hold-up was the main driver for both the CO/CO, ratio
and M-module effects on by-product formation. The study
also demonstrated that the SEDMES process could operate
effectively under intermittent feed flow conditions caused by
fluctuations in renewable electricity supply. A 66% reduction
in feed flow for case 1 (natural gas cleaning) at 25 bars
increased DME selectivity by 18%, without compromising
overall performance. This reduction also lowered the
methanol content in the product by 60%. Finally, an increase
in operating temperature from 250 °C to 260 °C enhanced
system performance for cases with unconverted carbon,
improving both DME productivity and carbon selectivity up
to 6%.

The SEDMES design study has thus shown the inherent
flexibility in the process to adapt to various feed conditions
and to allow for optimisation towards various design targets,
while maintaining an attractive high DME yield. The
resilience of the SEDMES process under lower feed flow

conditions potentially caused by renewable electricity
fluctuations has to be demonstrated experimentally.
Additionally, further studies should be focused on

minimising the residual CO content in the system to improve
the single-pass carbon conversion. An interesting research
line for this topic would be testing new catalysts that inhibit
or reduce the formation of CO via the r-WGS reaction.

4 Methodology

To evaluate the flexibility of the SEDMES process, different
industrial use cases are compared in this work. The SEDMES
results are obtained by modelling the process using a one-
dimensional pseudo-homogeneous dynamic reactor model
developed in a previous study." For the description of the
fluid flow and mass transfer, the 1D non-steady differential
mass and momentum balances are solved. The total mass,
momentum, component and overall energy balances are
collected in Table 2. Reaction kinetics were determined for
the catalysts by fitting the parameters in the models of Graaf
et al. (1988) and Ber¢i¢ et al (1992) for the methanol
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Table 2 Reactor model equations
Continuity/overall mass balance (o) oy 1-g 5
uity/ov % _ _opv _ bapZMiNi (5)
ot 0z
Momentum balance dpv  dpv* 3P plulu (6)
o oz dp
Species mass balance pw; opvw; 0 ow; 1-¢ 7
P L:_ p z+_ sz_z _ bapM,'N,' ()
ot 0z 0z 0z &b
Overall energy balance ( Cp+ (1-e5)p.C >aT . ubT+ b ibT (8)
eppLp &)ppCPyp )5, = TPLPU - F o\ 4,
4U(Ty - T) ‘ o7;
+T+(1_5b)/)p Z_AHr.iri‘f'z_AHads,ia_tl
Equation of state PM = pRT 9)

synthesis and methanol dehydration, respectively, and are
shown in Table 3.°”7%° The steam adsorption isotherm of the
LTA zeolite adsorbent was determined under the high
pressure and temperature working conditions of the SEDMES
process. A Sips isotherm best describes the experimental
data, in accordance with the available literature at lower
temperature and pressure conditions.”””" The resulting set of
partial differential equations for the column was solved by an
in-house developed code using the method of lines, and
MATLAB (release 2023b) built-in variable order solver
‘ode15s’ that was able to deal with the stiffness of the system
due to sharp concentration gradients appearing in the
convection-reaction-adsorption system. Using an in-house
developed routine, the column model was used to simulate
individually the consecutive steps of the SEDMES cycle:
adsorption (ADS), blowdown (BD), purge (P), and re-
pressurisation (REP), discussed below. For each of the steps,
the final state of the column in the preceding step was taken
as the initial state of the column. Specifically for the
momentum balance, the code was stabilised by a smoothed
transition (0.1 s) from the preceding pressure-flow
distribution to the new state. With the routine, the
discontinuous inlet and outlet streams were added to arrive
at the predicted behaviour of the ensemble of three columns.
Full details of the different aspects of the model can be
found in a previous study.!

The SEDMES model is based on a complex set of
equations with numerous parameter estimates which have
a pronounced impact on the model results. Model
validation has been done previously in order to confirm
the accuracy. Reaction kinetics were evaluated on the
basis of more critical breakthrough experiments," and the
kinetic parameters for these equations were refitted based
on a dedicated kinetic study.>' Specifically for the
adsorption isotherm and kinetics for steam adsorption on
zeolite 3A, systematic experiments have been performed
under non-reactive conditions, which led to the derivation
of a validated adsorption isotherm and linear driving
force mass transfer relation valid under SEDMES
conditions.”” Finally, experimental validation of system
performance is currently underway in the 3-column pilot
reactor.

The cases analysed in this study are based on three
industrial use cases: natural gas cleaning, indirect biomass
gasification and steel off-gas, and were chosen to represent a
gradual increase in the CO/CO, ratio, ranging from 0 to 3.24.
The cases are:

- Case 1: upstream natural gas processing with preliminary
CO, capture.

- Case 2: indirect biomass gasification product 1 (CO,-rich
syngas).

- Case 3: steel off-gas without preliminary CO, capture.

Table 3 Reaction rate equations for methanol synthesis and methanol dehydration. Reaction conditions for the methanol synthesis are P = 15-51 bar
and T = 180-280 °C using a commercial CuZnAl catalyst. Reaction conditions for the methanol dehydration are atmospheric pressure in a temperature

range of 290-360 °C using a commercial y-Al,O3 catalyst

Methanol synthesis from CO®® kKo |:¢C0¢il/2 ~vomon/ ((/,]1{/2 Kp 1)} (10)
2 3 2
T'cH,0H,1 = 12 12
(1+ Kcopco + Kco,co,) [(/’H2 + <KHZO/KH2 )(/’Hzo}
Water gas shift®® - kKo, [pco, P, ~ Pu,09c0/Kpz) (11)
o = 2 2
(14 Kco@co + Kco,vco,) {?’11-1/2 + (KHZO/KII-I/Z )¢’H20]
Methanol synthesis from CO, (ref. 68) ksKco, [‘/’coz (0;/22 - PemonPiof ((p?{/zz Kps)] (12)
T'CcH,0H2 = 7 12
(1+ Kcopco + Kco,co,) [(/’HZ + (KHZO/KHZ )(/’Hzo}
Methanol dehydration®® 13
ethanol dehydration k4K(2]H3OH [C(ZZHgoH _CHZOCDME/I<1)4} (13)
'pME =
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Table 4 Feed composition of the four industrial cases

Wt% H, CcO CO, H,O0 N, CH,
Case 1 12.1 — 87.9 — — —
Case 2 11.6 12.4 71.0 1.5 2.3 1.3
Case 3 11.8 42.3 41.6 0.8 2.2 1.2
Case 4 11.9 63.2 19.5 1.6 2.5 1.4
Case 1-imp 11.5 — 83.5 1.3 2.4 1.3

- Case 4: indirect biomass gasification product 2 (CO-rich
syngas).

The levels of inert gases and water are nearly identical in
each case, ensuring that these factors do not significantly
impact the assessment. Four cases are studied whose
composition is shown in Table 4. Cases 2, 3, and 4 exhibit
similar levels of inert gases and water content, ranging from
4.2 to 5.5 wt%. In contrast, case 1 has no impurities in the
feed stream, which is expected to enhance its performance.
This study seeks to compare real industrial cases; however, to
allow a fair comparison of the effect of the CO/CO, ratio on
performance, it is crucial to account for the influence of
small amounts of inert gases.”> Therefore, case 1 was also
simulated with the inclusion of 5 wt% inerts, with the precise
composition detailed in Table 4, case1l-imp. While the actual
industrial case 1 is utilised throughout the paper, the
adjusted version with impurities is referenced where
appropriate to highlight the subtle impact of the absence of
inert gases. The operation conditions are 250 °C, P in the
range 20-50 bar and cycle times 75-330 min. These
conditions are considered representative in view of the
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previous experimental results.*®>* The Pareto plots are built
scanning different cycle times (the lower the carbon
selectivity the higher the cycle time).

SEDMES is a reactive adsorption process in which steam
is removed in situ by an adsorbent and as a typical pressure
swing adsorption (PSA) system, it is operated in cycles. Each
cycle has four consecutive steps: adsorption (ADS) is the step
in which DME is produced with in situ water removal under
the selected pressure; blowdown (BD) is the depressurisation
of the system in order to prepare the system for the pressure
swing regeneration; purge (P) is the step in which the water
adsorbent is regenerated using H, as purge gas at ambient
pressure and finally, re-pressurisation (REP) is when the
column is re-pressurised in order to be ready for the next
ADS step (Fig. 10a). H, is used for the re-pressurisation step
unless otherwise specified. In this work, the largest dedicated
SEDMES installation built at TNO Petten, The Netherlands, is
used as reference for the cycle design (Fig. 10b). Note that
the pilot plant has been used here as a reference in terms of
reactor size and operation window. Future work will present
operational data from the pilot plant, which are currently
being collected, to allow for experimental validation of the
conclusions in this work. The SEDMES pilot plant is
equipped with three reactor columns, working as a shell and
tube heat exchanger reactor. Inside each reactor there are 19
tubes of 7.6 m height and 36.6 mm internal diameter.
Copper-based methanol synthesis and gamma alumina
dehydration catalysts are present in the reactors, as well as a
zeolite 3A for in situ water removal.”>”* The catalyst fraction
is 0.2. Heat management, consisting of cooling the heat of

a Sorbent bed regeneration

ADSORPTION
DEPRESSURIZATION

DME

20-50 bara

Blowdown
product

Hy+ Feed
H0 or
H,

Y

PURGE
PRESSURIZATION

H, sto-rlow

1-3 bara

Column 1

Cycle time =t

Fig. 10 Steps of the SEDMES process operating as a pressure swing regeneration unit - PSA (a); SEDMES pilot plant at TNO, Petten, The
Netherlands, designed to produce 3 kgpme h™* (b) and cycle design operating in the pilot plant (c).
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reaction and the heat of adsorption, and supplying the heat
for the endothermic water desorption, is done by thermal oil
in the reactors shell.® The three reactors are producing DME
continuously by going through the various steps according to
the cycle design shown in Fig. 10c.

In all the scenarios unless otherwise specified, the
M-module (eqn (14)) is equal to 2 and maximum feasible
flow of the pilot plant has been assumed for the
adsorption, purge and re-pressurisation steps (20, 25 and
34 Nm® h™, respectively). The influence of the CO/CO,
ratio was previously examined by Guffanti et al,"” though
without specific optimisation of the cycle design. In this
study, we identify the optimal operating conditions for each
case and further investigate the potential of various feed
compositions. In order to find the region of optimal
operation for the different case studies and pressures,
different cycle times were simulated for six different
pressures (20, 25, 30, 35, 40 and 50 bar), and the
temperature has been fixed to 250 °C. The performance
was evaluated by analysing the Pareto plots showing the
DME productivity and carbon selectivity curves at the
different operating pressures. This was achieved by
changing the duration of each step of the cycle while
keeping the ratio of step time over total cycle time constant
to ensure continuous operation.

H, (mol%) - CO, (mol%)
CO (mol%) + CO, (mol%)

M-module = (14)

Case 1 has been subjected to the highest number of
simulations and it has been primarily used to evaluate the
process's performance and draw conclusions about its
efficiency in a previous study.>®> The effects of operating
pressure, cycle duration, amount of inert gases, tube
geometry and feed flow rate were analysed and it was
shown that an increased operating pressure led to
increased carbon selectivity and productivity at the expense
of a higher DME loss in the pressure swing operation. In
the current study, its performance was compared to that of
other cases, each featuring different feed compositions, to
determine the effect of CO/CO, concentrations in the
performance and operation of the SEDMES process.
Furthermore, case 1 was utilised to gain further insights
into the effect of feed composition by varying the
M-module, and examine the impact of operating
temperature. The main key performance indicators (KPIs)
in this work are the SEDMES pilot plant DME productivity
and the carbon selectivity towards DME (S(DME)) and other
products (7)) such as MeOH, CO, or CO. These KPIs are
calculated using eqn (15)-(17), respectively. The carbon
selectivity is calculated as molar concentration-based
selectivity for each of the carbon containing species y(i).

. - DME production (kg)
DME productivity (kgpyy h™') = Cycle time (h)

(15)
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S(DME) = 2)(DME) (16)
¥(CO) +y(CO,) +y(MeOH) + 2y(DME)
S(i) = ) (17)
Y(CO) +y(CO,) +y(MeOH) + 2y(DME)
Carbon conversion to DME (%) = % <100 (18)
CO,,in
Nomenclature
AH?  Standard enthalpy of reaction
ap Particle interface are (m”> m™)
Ci Concentration of component 7 (mol m™)
Cp  Gas thermal conductivity (J kg™ K)
Cp, Particle thermal conductivity (J kg ' K ')
d. Crystal diameter (m)
d, Particle diameter (m)
D, Micropore diffusion coefficient (m* s™)
Dy Knudsen diffusion coefficient (m* s™)
D,  Molecular diffusion coefficient (m? s™)
D,  Macropore diffusion coefficient (m*s™")
D, Axial dispersion coefficient (m? s™)
G Ergun constant (—)
AH,qs Adsorption enthalpy (J mol™)
AH,; Reaction enthalpy (J mol™)
k Reaction rate constant (mol s kg ™" bar™") or
(kmol kg™ h™)
K; Adsorption equilibrium constant of component i
(bar™) or (m® kmol™)
Kp Equilibrium constant (based on partial pressure) (—)
M; Molecular weight of component i (kg mol ™)
N; Molar flux of component 7 (mol m™> s™")
P Reactor pressure (bara)
P; Partial pressure of component 7 (bara)
q: Adsorbent loading (mol kg™)
7 Reaction rate of component i (mol m™ s™*) or
(mol kg™* s7") or (kmol kg™ h™)
R Ideal gas constant (J mol ™" K™)
t Time (s)
T Temperature (K)
u Superficial gas velocity (m s™")
U Overall heat transfer coefficient (W m™> K™)
v Interstitial gas velocity (m s™)
z Axial coordinate (m)

Greek letters

&, Bed voidage (—)

& Particle porosity (—)

/. Axial thermal conductivity (W m™ K )
Density (kg m™)

pp Particle density (kg m™)

¢; Partial fugacity of component i (bara)

o; Weight fraction of component i (—)
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