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Dimethyl ether (DME) is an important platform chemical and fuel that can be synthesized from
CO, and H, directly. In particular, sorption-enhanced DME synthesis (SEDMES) is a novel
process that uses the in situ removal of H,O with an adsorbent to ensure high conversion
efficiency in a single unit operation. The in situ removal of steam has been shown to enhance
catalyst lifetime and boost process efficiency. In addition, the hydrogen may be supplied
through water electrolysis using renewable energy, making it a promising example of the
(indirect) power-to-X technology. Recently, major advances have been made in SEDMES,
both experimentally and in terms of modeling and cycle design. The current work presents a
techno-economic evaluation of SEDMES using H, produced by a PEM electrolyzer. A
conceptual process design has been made for the conversion of CO, and green H, to DME,
including the purification section to meet ISO fuel standards. By means of a previously
developed dynamic cycle model for the SEDMES reactors, a DME yield per pass of 72.4 %
and a carbon selectivity of 84.7% were achieved for the studied process design after
optimization of the recycle streams. The production costs for DME by the power-to-X
technology SEDMES process at 23 kt/year scale are determined at ~€1.3 per kg. These
costs are higher than the current market price but lower than the cost of conventional DME
synthesis from CO,. Factors with the highest impact on the business cases are the electricity
and CO, cost price as well as the CAPEX of the electrolyzer, which is considered an
important component for technology development. Furthermore, as the H, cost constitutes
the largest part of the DME production cost, SEDMES is demonstrated to be a powerful
technology for efficient conversion of green H, into DME.

Keywords: sorption-enhanced reaction, dimethyl ether, electrolysis, power-to-X, electrification, industry, techno-
economic analysis
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INTRODUCTION

In the energy transition, industry plays an essential role. Industry
accounted for 37% (156 EJ) of the total global energy use in 2017,
of which around 70% originates from fossil fuels (IEA, 2019).
These are used as a fuel and feedstock, leading to concomitant
emissions of carbon dioxide. Conversely, according to the United
Nations’ 2030 Agenda for Sustainable Development (UNEFPA,
2020), industry needs to become sustainable, with increased
resource-use efficiency and greater adoption of clean and
environmentally sound technologies and industrial processes.
Indeed, with increasing shares of renewables in electricity
generation portfolios, the electrification of industrial processes
contributes to the uptake of renewable energy in industry (IEA,
2019). In addition, through the development and implementation
of circular practices including the chemical recycling of carbon
dioxide, industry will become an essential element of the carbon-
neutral economy (Centi and Perathoner, 2009; Olah et al., 2009;
Ordomsky et al., 2017; SPIRE, 2020). The conversion of carbon
dioxide into fuels and feedstock using electricity can thus
contribute to a sustainable society (Artz et al, 2018; Detz
et al., 2018; Kitelhon et al., 2019).

The conversion of carbon dioxide with electricity can be
accomplished through the so-called power-to-X (PtX)
technologies (Rego de Vasconcelos and Lavoie, 2019; Sdnchez
et al, 2019). Such PtX technologies comprise the direct
electrochemical conversion of carbon dioxide to chemicals, as
well as indirect conversion of carbon dioxide via thermochemical
conversion routes, using hydrogen produced by electrolysis. Both
approaches are currently under development in a multinational
consortium in the European Interreg project Electrons to High-
Value Chemical Products (E2C, 2020). As shown in Figure 1, the
current work focuses on the indirect conversion of carbon dioxide
with hydrogen to dimethyl ether (DME), a promising fuel and
platform chemical (Semelsberger et al., 2006; Olah et al., 2009;
Matzen and Demirel, 2016; Bongartz et al., 2018).

Although several routes exist and are currently in operation
for the industrial synthesis of DME (Miiller and Hiibsch, 2000;
Azizi et al,, 2014), separation-enhanced synthesis routes have
shown to offer major advantages in the conversion of carbon
dioxide to chemicals (van Kampen et al., 2019). In fact, sorption-
enhanced DME synthesis (SEDMES) has proven to yield a very
high single-pass carbon selectivity to DME (Iliuta et al., 2011; van
Kampen et al., 2020a; van Kampen et al., 2020b; van Kampen
etal., 2020c). In this novel technology, steam is adsorbed in situ to
overcome the thermodynamic limits of the reactions involved,
resulting in the high single-pass DME vyield. Previous research has
focused on process development, including reactor engineering
(Guffanti et al., 2020) and catalytic aspects (Boon et al., 2019;
Liuzzi et al., 2020). A techno-economic assessment (TEA) of the
SEDMES technology has not yet been published, although the
production of DME from CO, and water using renewable energy
has been studied in terms of economics (Martin, 2016) and life
cycle analysis (LCA) (Matzen and Demirel, 2016).

The Interreg E2C project has the objective to combine
hydrogen from electrolysis with an advanced SEDMES
technology leading to a versatile and powerful route from

TEA of Sorption-Enhanced DME Production
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FIGURE 1 | Fuels and chemicals from carbon dioxide via methanol/
dimethy! ether.

carbon dioxide to high-value chemical products. This includes
the construction of a containerized and highly flexible pilot
demonstrator, and the development of the business case.

This article presents the techno-economic assessment of DME
synthesis from carbon dioxide using the SEDMES technology in
the two sea areas, meaning the coastal regions along the Southern
North Sea and the Channel area in England, France, the
Netherlands, and Belgium. First, a flow sheet is developed for
the process to produce DME starting from electricity and carbon
dioxide, including downstream processing (DSP) (Figure 2).
Specific attention will be paid to the SEDMES unit, presenting
the first full design for the conversion of carbon dioxide and
hydrogen to DME. Finally, the TEA is presented, with the goal to
assess the cost of producing DME via the PtX SEDMES process
and to identify the most important cost drivers and
corresponding R&D priorities. Sensitivity analyses on these
factors are discussed. While a comparative assessment to
conventional DME synthesis is outside the scope of the
current work, the economic potential of sorption-enhanced
synthesis will be highlighted by comparison to DME synthesis
from electricity and carbon dioxide via the conventional reactor
technology.

METHODOLOGY

Process Description
The studied process of DME production from captured CO, and

H, formed in the electrolyzer powered by renewable energy is
depicted schematically in Figure 2. The process consists of three
main parts: i) a proton exchange membrane (PEM) water
electrolyzer, ii) the SEDMES unit, and iii) distillation train for
DME purification. A wind farm in the two sea areas would be a
suitable energy source for the PEM, but this is out of the scope of
this assessment. The flow sheet was designed using Aspen Plus
software version 10 (Figure 3) (Aspen Plus). The Peng-Robinson
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FIGURE 2 | Overview of the envisioned PtX process to convert CO, to dimethyl ether and scope of the techno-economic assessment.
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FIGURE 3 | Flow sheet of the power-to-X technology sorption-enhanced dimethyl ether synthesis process, including the following main equipment: 1: heat
exchanger for Ho dehumidification (cooling); 2: heat exchanger for the feed to reach operating temperature; 3: sorption-enhanced dimethyl ether synthesis columns; 4:
flash drum to remove noncondensables; 5: blower for recycling of noncondensables; 6: heat exchanger to dehumidify blowdown stream; 7: compressor for blowdown;
8: distillation column for CO, separation (DSP-1); 9: compressor for recycling of CO,; 10: distillation column for DME/MeOH + H,O separation (DSP-2); 11: heat
exchanger for purge dehumidification (cooling); 12: heat exchanger for purge stream (heating).

equation of state was selected as a property method and validated
using data on experimental results from the integrated NIST
library (Jonasson et al, 1995). For this techno-economical
evaluation, the electrolyzer was considered as a “black box”
without studies of its process parameters.

Electrolyzer

The electrolyzer supplied with electricity from renewable sources
splits water into hydrogen and oxygen streams. While hydrogen is
used as a feedstock for further DME production, oxygen acts as a
side product, which can be sold after purification. For the hydrogen

production from electricity, a PEM electrolyzer is selected. PEM
electrolysis is an upcoming technology that is currently entering
the market with systems at limited scales (Hydrogenics, 2020;
Hydron, 2020; ITM, 2020; Nel Hydrogen, 2020). Due to their
advantages in terms of high-pressure operation, high efficiencies
and hydrogen purity, it is expected that PEM will become the
preferred choice over the currently industrially used alkaline
electrolyzers, provided that the costs will be reduced (Shiva
Kumar and Himabindu, 2019). The electricity input for the
PEM electrolyzer is set to 40 MW because it is minimal
commercially available size would allow for plant-scale operation.
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TABLE 1 | ISO 16861:2015 standard for DME as a fuel (ISO, 2020).

Characteristic

TEA of Sorption-Enhanced DME Production

Category

Unit Limit
Purity mass%. minimum
Methanol mass%. maximum
Water mass%. maximum
Hydrocarbons (up to Cy) mass%. maximum
Carbon dioxide (CO,) mass%. maximum
Carbon monoxide (CO) mass%. maximum
Methyl formate mass%. maximum
Ethyl methyl ether mass%. maximum
Residue after evaporation mass%. maximum
Total sulfur mass%. maximum

Saturated hydrogen comes out of the electrolyzer at 80°C and
30 bara containing 1.5 wt% of water. It is therefore cooled to
28.2°C in order to reduce the water level to nearly 0 wt%. In the
calculation, it was assumed that cooling water is available at
temperature of 18.2°C, with a temperature difference in the gas/
liquid heat exchanger of 10°C (Anantharaman et al., 2018).
Operating pressure of the SEDMES unit is selected to be
determined by the electrolyzer so that H, would not need to
be additionally pressurized, which contributes to the savings on
a compressor installation and operation.

Sorption-Enhanced Dimethyl Ether Synthesis Unit
The feedstock for the DME production is captured CO, supplied
from a pipeline with a pipeline pressure of 80 bara. After CO, is
expanded to 30 bara, it is mixed with H, in stoichiometric ratio
and preheated to the SEDMES operating pressure which is
selected to be 250°C. The feed thereafter goes through the
SEDMES reactor section (three-column cycle design), which is
described in the next subchapter, to be converted into DME. The
SEDMES product is cooled and sent to a distillation train to
achieve ISO standard purity of DME product. The purge stream is
dried and reused in a recycle purge loop, and no gas losses were
considered.

Distillation Train

The goal of the SEDMES separation train is to obtain DME
with the desired specifications, denoted in Table 1. First, the
SEDMES product is cooled and sent to a flash drum to
separate the noncondensables such as unconverted H, and
the CO by-product. Depending on the temperature in the
separator, some fractions of CO, and DME are removed as gas
fractions. Therefore, sensitivity studies on the optimal
temperature in the flash column were performed. The
column is operated at the pressure of the SEDMES product
stream, which is considered to be 29 bara. Therefore, a
compact compressor is needed to recycle the
noncondensables back to the SEDMES reactor. Second, a
first distillation column (DSP-1) is used for the separation
of CO, and DME, which is expected to be the most energy-
intensive process due to similar characteristics of the

DME at the gate DME specifications for

of the manufacture end-users
99.5 98.5
0.050 0.050
0.030 0.030
0.050 0.050
0.100 0.100
0.010 0.010
0.050 0.050
0.200 0.200
0.007 0.007
3.0 3.0

TABLE 2 | Parameters used in the SEDMES modeling (MATLAB).

Model parameter of Value
a single tubular

reactor

Height (m) 7.500
Inner diameter (m) 0.037
Reactor volume (m?) 0.008
Bed voidage 0.372
Catalyst/adsorbent loading (kg) 6.044
Catalyst fraction 0.200
Process parameters Value
Operating pressure (bara) 30
Wall temperature ("C) 250
Cycle time (min) 36-72
GHSV of the feed (Meq r™" Mrsseton) 160-325
GHSV of the purge (Miurge hr™" Mrdactor) 380-600

compounds. Removed CO, with some fraction of DME is
compressed and recycled back to the SEDMES reactor to
eliminate losses of the feed or the product. Finally, DME is
separated from methanol and water fraction in the second
distillation column (DSP-2) until the desired purity is achieved,
cooled down, and stored in a tank ready for transportation.

Sorption-Enhanced Dimethyl Ether
Synthesis Modeling

SEDMES is a reactive adsorption process in which steam is
removed in situ by a sorbent. As a typical pressure swing
adsorption (PSA) system, it is operated cyclic between reactive
adsorption and sorbent regeneration. The studied case consists of
four consecutive steps presented in Figure 4: adsorption (ADS):
the feed is converted into DME on the catalyst, while steam is
removed by a zeolite adsorbent; blowdown (BD): countercurrent
depressurization of the system in order to desorb water; purge
(PURGE): countercurrent flow of dry hydrogen to remove water
from the column; repressurization (REP):
pressurization of the column with the feed stream. In order to
maintain a continuous process, one column needs to be in
adsorption mode, while another one undergoes regeneration.
Therefore, a minimum of two columns is required for an

cocurrent
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Column 3 PURGE

repressurization step.

FIGURE 4 | Three-column cycle design for the four-step SEDMES process with (ADS) adsorption step, (BD) blowdown step, (PURGE) purge step, (REP)
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FIGURE 5 | Results of the dynamic cycle modeling showing the trade-off
between carbon selectivity and productivity for the chosen three columns
SEDMES cycle design.

efficient process. However, the duration of the regeneration has a
critical effect on the process performance since a longer PURGE
step provides drier conditions. In order to design the PURGE step
to be longer than ADS, a minimum of three columns are required.
Therefore, for the first TEA, a three-column cycle design is
considered (Figure 4).

In order to design a cycle, the boundary conditions have to be
set. Since adsorption and repressurization are performed with
the same feed, it is important from a technical point of view to
maintain a continuous feed flow. Additionally, it is beneficial to
keep the REP step as short as possible to maintain production
close to continuous. Such important parameters as cycle time
and gas hourly space velocities (GHSV) of the feed and purge
streams were tuned to achieve high DME yield at high
production rate. A previously developed, verified and
validated (van Kampen et al, 2020a; van Kampen et al,
2020c) one-dimensional dynamic reactor model (MATLAB)
(van Kampen et al., 2020b) is used to study the SEDMES
cycle. Several resulting output flows are subsequently studied
in the overall process with downstream processing and recycle
loops using Aspen Plus software.

The process performance was evaluated using carbon
selectivity toward DME, carbon selectivity toward CO,, and
the productivity as key parameters. The carbon selectivities
were calculated as molar concentration-based selectivity for
each of the carbon containing species, y(x):

2y (DME)

C-DME =
y(CO) + y(CO,) + 2y (DME) + y (MeOH)

(1)

y(COy,)

€-C0: = ¥(CO) + y(CO,) + 2y (DME) + y (MeOH)

2

Productivity P presented in Figure 5 (kg/hr) is defined as the
mass of DME m collected during the adsorption step over the
duration of this step = per 1 reactor tube:

m (DME)

P - DME (kg/hr) = (ADS) 3)

Downstream Processing Modeling
The first step of the DSP is a flash drum, which was optimized

with respect to the fraction of CO; slip to the liquid product (<6%
mol.) in order to reduce the condenser duty from the next
purification step. The pressure was maintained the same as the
outlet stream of the reactor to reduce the electrical duty required
for recompression of the recycle stream.

The liquid product of the flash drum is sent to the first
distillation column. In this column, the separation of DME
and CO, takes place which is recognized as the most energy-
intensive process in the DSP block. The resulting bottom product
(DME) contains a level of methanol exceeding the limit of the ISO
standard, and therefore, a second distillation column is required
to separate the small fraction of methanol. For optimization of the
distillation columns, the shortcut method (DSTWU) was used by
which, a specified reflux ratio and the minimal number of stages
were calculated. These results were then used as the input for
simulation of RadFrac columns. The distillate/feed (D/F) ratio
was varied in order to meet the following product specifications:
I column: CO, < 0.1% wt; 2™ column: methanol <0.05% wt.

The cold gas efficiency is a measure of the feedstock
conversion into a product, accounting for the energy preserved
in the gas phase. Here, the low heating value (LHV) of the
components was used for the calculations. Since the LHV of
CO, is zero, CGE reflects the H, conversion into DME product:

LH VDME,out

H2,in

Economic Evaluation
Economic evaluation of the DME production cost was performed

using relevant starting points listed in Table 3: Summary of the
assumed key economic parameter indicators and assumptions for
the PtX SEDMES process base case. For the CAPEX evaluation of
the flash and distillation columns as well as tubular reactors of the
SEDMES unit, Aspen APEA vr 10 software was used. The reactor
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was considered as a shell-and-tube heat exchanger, in order to
enable heat management (Guffanti, 2020). Heuristics for design
of the flash and distillation columns were used (ISO, 2020). The
equipment costs were determined by the column diameters
which are calculated for the given liquid (flash) and vapor
(distillation column) flows. The height of the distillation
columns was determined by the amount of stages and a
typical height equivalent to a theoretical plate (HETP) for
the packed bed columns. For the flash columns, a liquid
residence time of 5min was assumed. The costs for
compressors were evaluated using data on electrical duty
based on Aspen Plus simulations and Matche website
(Matche, 2020). Installation factors for the compressors were
taken from the literature (Humphreys & English, 1993). Finally,
a sensitivity study on the prices of the main cost contributors on
the DME production was performed. However, after the first
cost estimated, the utilities and CAPEX contribution of the
downstream processing to the total PtX SEDMES process were
found to have a low impact on the DME production cost.
Therefore, further optimizations of the DSP unit were left
out of the scope of this study.

The installation cost for the PEM electrolyzer is assumed to
be 950 €/kW (Table 3) (IRENA, 2018), which is on the low side
of reported ranges in the literature (Schmidt et al., 2017). The
electrolyzer is assumed to use 49 kWh per 1 kg of H, (efficiency
of 68% LHV) (Martin, 2016). The cost of CO, varies
significantly depending on the capture technology and
source used (Armstrong et al., 2019; Della Vigna et al,
2019). We assumed a relatively optimistic CO, price of
70 €/t CO, based on the estimated average CO, abatement
costs of current technologies for the industry and power sector
(Della Vigna et al., 2019), and study a range from 50 to 250 €
per ton in our sensitivity analysis. Similarly, energy prices are
dependent on many factors in the (future) energy market, and
the impact on the PtX SEDMES process for a broad range of
energy prices is studied. For the base case, we adopt a value of
50 €/ MWh based on the Dutch Climate and Energy Outlook
2019 (Schoots & Hammingh, 2019).

DME production costs were calculated using following
equation:

€ A lized CAPEX + OPEX
DME costs (—) _ Annuanze (5)

kg DME production

Annualized CAPEX is calculated using following equation,
where n is the lifetime plant and i is the interest rate:

i

Annualized CAPEX (€/year) = —as)
- i

(6)

When performing the sensitivity analysis, one of the studied
parameters is the total annual production of DME using the PtX
SEDMES process. The annual capacity influences the annualized
CAPEX per ton DME, coming from the economy of the scale
effect: for higher throughput, the capital expenses become smaller
per kilogram product.

TEA of Sorption-Enhanced DME Production

TABLE 3 | Summary of the assumed key economic parameter indicators and
assumptions for the power-to-X technology SEDMES process base case.

Lifetime plant (years) 20
System lifetime of electrolyzer (years) (IRENA, 2018) 20
Lifetime of electrolyzer stack (h) (IRENA, 2018) 60,000
Catalyst lifetime (years) 5
Operating hours/year (h) 8,000
Assumed nr operators/shift 1
Number of shifts 3
Salary operator (€/year) 60,000
Electricity costs (€/MWh) 50
CO, price (€/1) 70
Gas costs (€/GJ) 6
Cooling tower water ($/GJ) (Turton et al., 2003) 0.354
Chiling water 5-15°C ($/GJ) (Turton et al., 2003) 4.43
Catalyst cost (€/kg) (Alfa Aesar, 2020) 124.4
Adsorbent cost (€/1) 63
Electrolyzer cost (€/kW) (Schmidt et al., 2017; IRENA, 2018) 950
OPEX for electrolyzer (% of CAPEX) (IRENA, 2018) 2%
CAPEX stack replacement (€/kW) (IRENA, 2018) 420
Interest rate 8%
Dollar to euro (2020) 1.18
Contigency (% installed CAPEX + general utilities) (AMACE, 1991) 15%
General facilities (installed CAPEX) (AACE, 1991) 10%
Indirect costs (installed CAPEX) (AACE, 1991) 15%
Pre-paid roallites (installed CAPEX) (AACE, 1991) 0.50%
Start-up costs (total plant costs) (AACE, 1991) 2%
Working capital (total capital requirements) (AACE, 1991) 15%
Spare parts (total plant costs) (AACE, 1991) 0.50%
Scale-up factor CAPEX PEM (—) (Smolinka, 2015) 0.83
Max capacity PEM for scale-up factor (MWel) (Reutemann & 100
Kieczka, 2000)

Scale-up factor CAPEX SEDMES (—) 0.59
Max capacity SEDMES for scale-up factor (kt DME/year) 47
Scale-up factor distillation train and vessel (—) (NREL, 2006) 0.62
Scale-up factor compressor (centrifugal) (—) 0.62

TABLE 4 | Parameters used for tuning of the SEDMES cycle parameters.

Case Cycle time Feed GHSV Purge GHSV
number (min) (mafeed h71 miareactor) (mspurge h71 misreactor)
1 36 160 380

2 36 240 600

3 48 160 380

4 36 240 380

5 36 325 380

6 48 240 380

7 72 240 380

The estimation of the CAPEX for the SEDMES unit, the PEM
electrolyzer, and the distillation columns depending on the
annual production is done as follows, where Cu,, is the
capacity (in (kt/annum) or (MW,;)) at which the CAPEX will
be estimated, and Cg,s (in (kt/annum) or (MW,)) is the capacity
at which the reference CAPEX, CAPEX (Cre), is based on:

C ew y
CAPEX (€) = CAPEX(CRef)~< cN ) )
Ref

It must be noted that when the new capacity Cye,, exceeds the
max capacity (listed in Table 3 for SEDMES, PEM, and distillation
column), then the CAPEX value, CAPEX (Cyey) (€/tDME), must
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TABLE 5 | Conditions and compositions of the inlet and outlet streams simulated using the dynamic cycle model for a single 0.008 m (Olah et al., 2009) reactor tube.

Inlet streams

Process step ADS PURGE REP
Duration (min) 12 28 4
Temperature 250 250 250
(C)

Pressure (bara) 30 1.2 1.2
Flow rate (kg/h) 0.72 0.27 0.73
Total mass (kg) 0.18 0.16 0.06
Composition (%emol.)

Ho 75.03 99.99 75.03
DME 0.00 0.00 0.00
CO 0.00 0.00 0.00
CO, 24.97 0.00 24.97
MeOH 0.00 0.00 0.00
H,O 0.00 0.01 0.00

be taken at the upper bound capacity, that is, above the referred
maximum capacity, there is no more economy of the scale effect
that can lower down the CAPEX.

RESULTS AND DISCUSSION

Sorption-Enhanced Dimethyl Ether

Synthesis Modeling
For the first PtX SEDMES production cost estimate, a simple
tuning of the SEDMES cycle design parameters was performed,
varying the cycle times and flows (Table 4). The results in terms
of productivity and carbon selectivity toward DME of this
dynamic cycle modeling are given in Figure 5. As is typical
for sorption-enhanced processes, there is a trade-off between
carbon selectivity and productivity observed for the SEDMES
process. The potential benefit of high carbon selectivity toward
DME (C-DME) > 80% and low carbon selectivity toward CO,
(C-CO,) < 5% includes reduced duties for the distillation train,
lower volume of recycles, and thus potentially higher resource
efficiency. As case #3 exhibits the highest C-DME (84.7%) among
the studied cases and a reasonably high productivity (higher than
the case #1), this case was selected for further simulations and
techno-economical evaluations, which are discussed below.
The conditions and compositions of the inlet and outlet
streams for the selected case are listed in Table 5. The yield
per pass for SEDMES under these conditions is 65%, which is 57%
points more than the conversion without sorption enhancement
(maximum 8% for conventional DME synthesis). The BD stream
for this case is considerably large (10 vs 7.5 kg/mf’eactor during
adsorption mode) and contains valuable components (8.2 mol%
DME product and 79.1 mol% unconverted feed). It is thus
essential to further process and recycle the BD product. There
are two options for this: 1) recycling the BD product directly to
the feed stream or 2) sending the BD product to the distillation
train. Since the BD stream is one-third of the feed (30 kg/ Mactor):
consisting of 8.2 mol% of DME, it will keep on changing the feed
composition due to accumulation of DME if option 1 is adopted.
We anticipate that this will increase C-DME, while decreasing the
conversion per pass. Sending the BD product to the distillation

Outlet streams

Process step ADS PURGE BD
Duration (min) 12 28 4
Temperature 255 246 256
(C)

Pressure (bara) 30 1.2 1.2
Flow rate (kg/h) 0.26 0.43 0.95
Total mass (kg) 0.06 0.25 0.08
Composition (%emol.)

Ho 36.99 93.72 63.02
DME 48.84 0.00 8.15
CO 10.25 0.01 7.30
CO, 2.77 0.05 16.07
MeOH 0.94 0.00 1.00
H>O 0.21 6.23 4.45

train allows collecting additional DME as a product and,
therefore, removing undesired product recycling. Therefore,
the BD stream will be sent to the DSP as well (option 2).

The data on the inlet and outlet streams generated by means of
the dynamic cycle model (MATLAB) were used as an input for
the flow sheet simulations in the Aspen Plus environment to
provide the new feed composition after purification and
recycling. This new feed composition was used in the cycle
model to simulate the process after the iteration, and new
mass flows were generated that are listed in Table 6. It can be
observed that the feed composition after the chosen recycling
routes does not noticeably deviate from the original feed
composition, and it introduces 1.43 mol% DME. Therefore, for
the first DME production, cost evaluation for one iteration of
recycling seems to be sufficient. The yield per pass with the
recycle increased to 72.4%. After performing all the recycling
processes, it was calculated that 5966 reactor tubes of 0.008 m®
per reactor column are required to process the fixed H, feed.

Economic Evaluation

The first techno-economical evaluation of PtX DME production
from CO, and green H, by means of the SEDMES technology was
performed, and the main cost contributors are listed in Table 7.
The total investment cost for envisioned plant is 48 M€. The
contribution of the operational costs (OPEX) exceeds the
capital cost (CAPEX) contribution 2.75 times. The OPEX
mainly comprises electricity (72%) and CO, cost (14%).
Since the electricity usage is mainly related to H,
production (99.2%) in the PEM electrolyzer, it is evident
that the cost of H, is the cost-driving factor for the DME
production in the studied scenario with a hydrogen production
cost of ~€3.8 per kg of H,. Therefore, it is important to design a
process with maximum H, conversion into DME. This is also
supported by the impact of electrolyzer cost on the total
installation cost, where hydrogen production makes up 78%
of the installation cost contribution.

In order to reach this high H, conversion, all hydrogen
losses, mostly in the vent streams, should be minimized. This
can be achieved by reducing the size of recycle streams which is
strongly related to the DME yield per pass. As discussed
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TABLE 6 | Mass flows and composition of the input and output streams for the power-to-X technology SEDMES process simulated using ASPEN.

Inlet streams

TEA of Sorption-Enhanced DME Production

Outlet streams

H, CO, Purge IN DME MeOH/
H.O
Mass flows (kg/h) 920.8 5899.5 2519.9 2929.5 102.0
Ha 810.5 0.0 2519.9 0.0 0.0
DME 0.0 0.0 0.0 2925.2 25
CO 0.0 0.0 0.0 0.0 0.0
CO, 0.0 5899.5 0.0 2.6 0.0
MeOH 0.0 0.0 0.0 1.4 94.8
H>0O 110.3 0.0 0.0 0.2 4.7

WKO-1 WKO-2 WKO-3 Al V2 Purge
ouT

108.0 141.8 3183.8 215 38.7 2814.9

0.0 0.0 0.0 1.0 1.9 2534.3
0.0 0.0 0.0 1.2 1.8 0.0
0.0 0.0 0.0 3.4 18.9 14.6
0.0 0.0 0.0 156.9 6.1 65.2
0.0 0.0 0.0 0.0 0.0 0.7
108.0 141.8 3183.8 0.0 0.0 200.0

earlier, the single-pass DME yield for the SEDMES process
under these conditions is over 72%, while for the conventional
indirect DME production process, the yield would only be 19%
at more severe conditions (100 bara standard operation)
(Martin Mendez, 2016). The high single-pass conversion
and high selectivity to DME make SEDMES technology
more efficient in converting the valuable H, and reducing
its loss, which is crucial due to the major impact of the
hydrogen production on the total cost. Moreover, during
the SEDMES process, high amounts of steam are produced,
which can be purified and reused to produce H, in the PEM
electrolyzer.

The cold gas efficiency (CGE) reflects the conversion of H, to
DME based on their lower heating value (LHV). For the overall
SEDMES process (after purification), the CGE is already 90%,
while the theoretical maximum for the conversion of CO, and H,
to DME is 92%. The losses consist of MeOH by-product
formation (1.98%) and losses in recycle vents (up to 0.02%).
Hence, the CGE could be optimized further by minimizing by-
product formation and/or recycling. Noteworthy, the overall
efficiency of 90% exceeds the theoretical maximum CGE of
88% for the conversion of CO, and H, to methanol,
indicating that PtX SEDMES is inherently more efficient.

The results indicate that the installation cost for the SEDMES
unit is 19% of the total installation cost (6.3% per reactor
column); thus, further studies on the effect of the number of
SEDMES reactor columns on the production cost would be of
interest. More SEDMES reactor columns would allow different
cycle designs, including pressure equalization, to improve the
carbon selectivity toward DME, DME yield, and/or production
rate, whereas two columns would potentially allow to reduce
installation costs.

For the studied case, a DME production rate of 23 kt/year is
achieved, which corresponds to a production cost of 1.30 €/kgpe
(Figure 6). Currently, the DME market price is around €0.56
per kg of DME (Hepburn et al., 2019), and the production cost of
PtX DME thus exceeds the market price of fossil-based DME.
However, the costs lie well below those found as the average cost
of producing DME from CO, according to Hepburn et al. (2019)
(2.74 $/kg). Furthermore, the reported production cost is in the
same range as evaluated by Martin for conventional DME
synthesis combined with water electrolysis (1.43 €/kg),
although his assessment has the benefit of scale (197 versus
23 kt/year) and includes revenues of O, sales (Martin, 2016).

This similar cost could be expected, whereas it is shown that the
hydrogen production is the major determining factor. However,
besides the technical benefits of the SEDMES technology, the
results for relatively small-scale DME production reported here
also indicate that the SEDMES technology is not more expensive
than the conventional technology and even has the potential of
reducing the cost over the conventional route.

The results of the sensitivity analysis on the cost contributors
to PtX SEDMES process are depicted in Figure 7. The central
value of around 1,300 €/tpyg represents our base case. The DME
production costs are notably dominated by the PEM
electrolyzer at a given efficiency, and the electricity cost has
the largest impact on the fuel production costs. Therefore,
improving the electrolyzer efficiency is one possibility to
achieve a lower DME production cost. By increasing the
efficiency to 75% the cost drops to below 1,200 €/tpyE.
Another promising development to cut CAPEX costs of the
electrolyzer is replacement of the PEM electrolyzer with its less
expensive anion exchange membrane (AEM) alternative
(Vincent and Bessarabov, 2018). However, this should not
come with a high loss in efficiency. In the E2C project,
AEM electrolyzers with non-noble metal catalysts are
already being developed to reduce the electrolyzer costs (Loh
et al., 2020; Ullah et al., 2020).

The sensitivity analysis indicates that the reduction in the
electricity price has the highest potential to bring down the
production cost. Regions with high wind and solar availability,
such as coastal areas, will probably have high supplies of
renewable electricity in the future, leading to significantly
reduced price and, even to grid balancing problems. If the
PtX SEDMES process is compatible with the intermittency of
energy, this provides the process with the opportunity to use
the power excess for the production of DME. Therefore, the
compatibility of the PtX SEDMES process with intermittent
electricity is an interesting research direction, which will be
investigated in the E2C project.

Like other processes, the costs of PtX technologies are
known to be reduced by economies of scale (Schmidt et al.,
2017). Therefore, production scale of DME with the PtX
SEDMES process was also investigated in the sensitivity
analysis. As can be discerned from Figure 7, the increase
from 23 to 200 kt DME/year (production scale from Martin
(2016)) brings the DME cost below 1,300€/t DME,
outperforming the conventional DME synthesis route even
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TABLE 7 | Breakdown of the costs contributors of the power-to-X technology DME production using SEDMES in euro per ton of DME.

Cost contributor (€/t DME)

Annualized CAPEX

Annualized installed equipment costs 240.8
Electrolyzer 190.2
SEDMES reactors 45.3
Distillation train 5.3

Other costs (e.g., contingency and start-up costs) 107.2

Total annualized CAPEX 348.0

DME production costs (€/t DME)

OPEX

Electricity 689.5
CO, 134.8
Stack replacement 71.8
Catalyst and adsorbent 0.2
Other costs (e.g., utilities and 56.0
labor costs)
Total OPEX 952.3

1300.2

560 €/t DME

600 €/t DME

400 €/t DME

200 €/t DME

O €/t DME e RN BRI -----veoveevemssssssssssoes e e eesmmsmsssssssses e mssmesssesss e s e

-690 €/t DME

-200 €/t DME
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FIGURE 6 | Waterfall chart showing the main cost contributions to the
production cost for a ton of DME using the power-to-X technology SEDMES
process.

further (Martin, 2016). Additionally, the SEDMES PtX technology
allows DME production at very small scale envisioned for the
decentralized PtX technology. An annual production of 5 kt/year
only increases CAPEX by ca. 150 €/t DME. This is an additional
advantage of a sorption-enhanced technology over the
conventional DME production, which is unattractive for small-
scale production (Detz et al., 2018).

The costs of the PtX SEDMES process are also sensitive to the
cost of CO,. The CO, price constitutes 14% of total OPEX and 10%
of the total production cost. The break-even cost for CO,, which is
required to make the process economically viable, is —0.31 €/kgcop,
meaning that incentives for CO, utilization and/or costs for
emission should amount to this value. Although it is foreseen
that policy changes in CO, emission will have a high impact on the
price formation, 310 €/tco, is significantly more than any
suggested carbon dioxide tax so far (Hepburn et al., 2019).

The impact of the CAPEX of the SEDMES unit was also
investigated. As can be seen from Figure 7, reducing the capital
costs of this installation has a limited effect on the DME production
price. Another option to make the PtX SEDMES process more
attractive is to sell the produced oxygen (credit 0.05 €/kg) from the
PEM electrolyzer as a product. As can be seen from Figure 7, this
would lower the DME production price with around 10 cents.

Ccoz 0.05 €/kg CO; _ 0.25 €/kg CO;
700.00 €/kW, - 1,200.00 €/kWe;
4.90 M€ . 19.60 M€
|
1

Ann. Prod.

Effeen

CAPEXpey

CAPEXsepmes

0.05 €/kg O2

0, Sales 0.00 €/kg Oz

800 1000 1200 1400 1600 1800
Total Production Costs [€-t DME™*]

FIGURE 7 | Sensitivity analysis on the main cost contributing factors to the
power-to-X technology SEDMES process. Hs is produced by PEM electrolysis
and reacts with captured CO, to produce DME. Ann Prod, annual production
scale; Ccop, carbon dioxide cost; Cg, electricity cost; Effpen, efficiency of

the PEM electrolyzer; CAPEXpgy, capital costs electrolyzer; CAPEXsepmes,
capital costs SEDMES unit. Blue and green bar indicate lower and higher values
compared to the base case, respectively.

CONCLUSION

In this article, the techno-economic assessment of the PtX
SEDMES process, producing fuel-grade DME from carbon
dioxide and green H,, is presented. By means of a previously
developed dynamic cycle model for the SEDMES reactors, a
DME yield per pass of 72.4% and a carbon selectivity toward
DME of 84.7% were achieved for the studied process design
after optimization of the recycles streams. The production
cost for DME was found to be ~€1.3 per kg for a relatively
small-scale production plant of 23 kt/year. Although the
production cost is higher than the current market price for
fossil-based DME, the results are more promising than other
studies on DME production from CO, by conventional DME
synthesis processes. The environmental impact of the
proposed PtX SEDMES process should be analyzed in the
follow-up work.

The main cost contributing factors within the PtX process
are related to the H, production by the PEM electrolyzer. The
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energy costs have the largest impact on the production price
followed by the CAPEX of the PEM electrolyzer. The
sensitivity analysis indicates that also the CO, price has an
impact on the production cost. A break-even cost, which is
required to make the process economically viable, for this
feedstock is =310 €/tco,. Since the main cost drivers of the PtX
SEDMES process are related to the PEM electrolyzer, research
directions should be geared toward reducing electrolyzer costs
by enhancing efficiencies and the use of less expensive
materials. Moreover, SEDMES is demonstrated to be a
powerful technology for efficient conversion of green H,
into DME, which is an essential benefit due to the
determining role of the hydrogen cost in the total
production cost.
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