International Journal of Hydrogen Energy 206 (2026) 153394

ELSEVIER

Contents lists available at ScienceDirect
International Journal of Hydrogen Energy

journal homepage: www.elsevier.com/locate/he

International Journal of

Check for

Techno-economic assessment of the impact of electrolysis technology on | e

power-to-methanol processes

Aniko Walther, Kai Loning, Erik Reichelt

Fraunhofer IKTS, Fraunhofer Institute for Ceramic Technologies and Systems, Winterbergstrafle 28, Dresden, 01277, Germany

ARTICLE INFO ABSTRACT

Keywords:

Methanol

Electrolysis

Solid oxide electrolysis
Co-electrolysis

Modeling
Techno-economic analysis

Power-to-methanol processes could play an important role in future production of chemicals and synthetic fuels.
Accordingly, this topic has been studied in numerous publications focusing the techno-economic assessment of
this approach. However, the available options regarding the application of different electrolysis technologies
have not been assessed comprehensively. The aim of this work is to compare power-to-methanol processes based
on alkaline, PEM and solid oxide electrolysis. In the latter case, heat integration as well as the option of co-
electrolysis are considered. The study is based on available CO; sources at the chemical park of Bitterfeld-

Wolfen (Germany), allowing for production capacities from 250 to 800 tyeon/d. The results highlight AEL-
based process routes as a reasonable option for short-to mid-term realization, while SOEL is a promising op-
tion for mid-to long-term implementation. Only slight differences regarding efficiency and economics were found
for steam and co-electrolysis-based routes.

1. Introduction

The global chemical sector is currently heavily dependent on fossil
fuels, which is steadily increasing the CO, content in the atmosphere and
leading to global climate change with numerous negative effects. With a
share of approx. 6 % of total CO; emissions in Germany [1], emissions
from the chemical industry, including the production of required energy
sources such as electricity and steam, represent a relevant fraction. The
CO, emissions are generated by a variety of thermal, chemical and
biological processes. Depending on the source, the effort as well as the
time scale required to avoid these emissions can vary considerably.
Utilizing CO2 for the production of chemical feedstocks and, thus,
reducing the demand of fossil feedstocks is one option frequently dis-
cussed in literature [2,3]. Extensive material and energy optimization of
chemical production has already taken place in the past at existing
chemical park sites. The establishment of a circular economy in which
the CO, generated in various processes is converted into products such
as methanol, could therefore immensely support the transformation of
chemical parks and close local cycles. In that context, the utilization of
renewable CO; sources is of particular interest.

For the synthesis of methanol, besides CO», Hy is required. This could
be produced from renewable electricity using electrolysis. The so-called
power-to-methanol process resulting from coupling of electrolysis and
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synthesis was studied in several publications [4]. Focus of these works
was often the techno-economic assessment of this process. Key param-
eters of the evaluation were the energetic efficiency of the process as
well as the resulting production cost of methanol. For the energetic ef-
ficiency values in the range of 40-60 % were found [5-8]. Regarding
production cost, values in a broad range were reported (Section 2). In
the course of these studies several technological options for the design of
a power-to-methanol process were proposed, e.g. several different
electrolysis technologies were applied. While PEM electrolysis (PEMEL)
[9-16] and alkaline electrolysis (AEL) [16-22] were studied quite
frequently, solid oxide electrolysis (SOEL) was subject of a smaller
number of publications [8,23-25]. The application of SOEL opens up
two possible process pathways, as not only water electrolysis can be
conducted in this electrolyzer, but also the so-called co-electrolysis
producing syngas [26]. If syngas is available, the established CO-based
methanol synthesis according to the general reaction

CO + 2H,2CH30H AHyg = —90.8 kJ/mol Eq. 1

can be applied [27]. In case of the application of low-temperature
electrolyzers only Hy and CO, are available as feed. Therefore, a
COq-based methanol synthesis step with the governing reaction

CO, + 3H,2CH30H + H,0 AHg = —49.6 kJ/mol Eq. 2
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needs to be applied. This is generally possible [27], but the
COq-based synthesis offers a lower activity and, so far, few plants have
been implemented on a large scale [28].

The production of syngas is also possible on a low-temperature
electrolysis-based route. However, it would demand an additional
reverse water-gas shift reactor converting CO5 to CO according to:

CO, +H,=2CO0 + H,0 AHg = 41.2 kJ/mol Eq. 3

The drawback in the context of the overall process is the necessity of
an additional process step with the associated cost. Therefore, most low-
temperature electrolysis-based power-to-methanol processes proposed
in literature are based on the application of a CO,-based methanol
synthesis.

It has to be mentioned that the above description is a simplification
regarding the reactions occurring in a technical reactor. The established
methanol synthesis is based on syngas. As syngas is not only consisting of
H, and CO, but also contains CO5 [29-32], both reactions according Egs.
(1) and (2) will proceed in the reactor. Both equations are coupled by the
reverse water-gas shift reaction (Eq. (3)) taking place in parallel within
the reactor. Therefore, the CO- or COz-based methanol synthesis as
mentioned above are not solely described by Egs. (1) or (2), respectively.
These equations rather describe the prevailing reactions in the respec-
tive reactors.

Another advantage of SOEL besides syngas generation is the higher
energetic efficiency in comparison to AEL and PEMEL if waste heat is
available, e.g. from the exothermal methanol synthesis step [26]. Even
though SOEL is currently still in the transition to commercialization,
first plants in the MW scale have been installed [33-35]. Therefore, a
deeper look into all technological options seems valuable in order to
identify promising future development pathways. However, even
though several studies on the techno-economic assessment of
power-to-methanol processes can be found in literature (Section 2), a
comparison of the different technological pathways based on the
respective electrolysis technology is hardly possible with the available
data. The reason is the broad variety of assumptions made by the
different authors that do not allow for a proper comparison.

Therefore, the aim of this work is to compare the different techno-
logical pathways for power-to-methanol processes that result from the
utilization of the available electrolysis technologies. In this context po-
tential heat integration and its limitations will be discussed. Further-
more, the development potential and its effects on process efficiency and
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overall production costs are evaluated. The study is based on available
CO4 sources at the chemical park of Bitterfeld-Wolfen in Germany, thus,
allowing for an evaluation in a relevant scale and integration context.

2. Literature overview on power-to-methanol process
assessment

As mentioned above, methanol synthesis based on power-to-
methanol approaches has already been examined and analyzed in a
number of studies and publications. Table 1 gives an overview on the
publications that cover technological as well as economic aspects of the
assessment.

The data highlights the diversity of the different studies. Starting
from different electrolysis technologies, the underlying assumptions —
technical as well as economic — differ considerably. This is reflected in
the wide variety of production costs calculated. These range from 375 to
5460 €/tyeon With a majority of the studies reporting values in the range
of 700-1100 €/tyeon. The overview shows that the evaluation of SOEL
or Co-SOEL for the production of H; or syngas and its heat integration
into the overall process of methanol synthesis is often given less
consideration. Of the 18 studies listed here, only four took SOEL into
account in their considerations. The focus is therefore often only on CO»-
based methanol synthesis. However, it is of interest if the application of
the state-of-the-art methanol synthesis together with co-electrolysis
yields advantages in terms of efficiency and cost.

As already outlined, the aim of this work is to build a common basis
for the assessment and the comparison of the three most important
electrolysis technologies (AEL, PEMEL, SOEL) in combination with
methanol production. The application of common assumptions for all
considered process routes is the basis of the comparison.

3. Process definition and modeling
3.1. Process scaling and scenario definition

3.1.1. CO; source

Scope of this work was to assess a power-to-methanol process in a
relevant environment. For this purpose, the chemical park of Bitterfeld-
Wolfen in Germany was chosen. The advantage of an existing chemical
park is the availability of several necessary resources as well as of po-
tential off-takers for the product. Starting on the feed side of the process,

Table 1
Literature overview on previously published economic studies on power-to-methanol processes.
Electro- Basis Lifetime IR" Fullload hours  Capacity Pressure Temp. Electricity H, costs  CO; cost Production Ref.
lysis year a % h/a bar °C costs €/kg €/t costs
€/MWhg €/t
AEL 2014 10 5,25 - 97 t/d 50 235 45 0.41-3 375-984 [17]
AEL 2012 25 10 7446 50 MW, prod 65 250 50 3-4.56 20 913 [18]
AEL 2011 40 6 6570 120 MW¢; - - 32 - 38.9 420-580 [19]
AEL 2018 30 8 8000 440 kt/a 80 250 34-70 - 716-843 [20]
AEL - - - 8000 100 MW 50 240 30-50 4-10 100-1000 800 [21]
AEL 2018 20 5 8000 300 MW 60/80 220-280 °C 34-46 3.6-4.7 70 1129-1210 [22]
PEMEL, - 20 10 - 1100 t/d 67-69 50-238 50 - 60 850 [16]
AEL
PEMEL 2014 10 6 6000 34.6 kt/a 75 - 93 3 50 980 [9]
PEMEL 25 1022 kt/a 50 210 16 USD 3.9 47.3 USD 730 USD [10]
PEMEL 2017 10 2,5 3585-8400 4.2-10 kt/a 40 - 29-50 - 0-3 610-1460 [11]
PEMEL - 20 5 - 42.5 kt/a (Hy 70 250 25 - 720 [12]
input)
PEMEL 2018 25 7 8760 1830 kt/a 50 230 4.1 25 700 [13]
PEMEL 2017 20 8 8000 434 kt/a 80 230-250 97,6 4.6 70 1050 [14]
PEMEL 2030 20 8 8000 434 kt/a 80 230-250 98 function  variable variable [15]
SOEL - 30 5 4380 50 MW¢ - - 50 - 20 674 [23]
SOEL 2014 20 10 8000 454 kg/h (Hy 78 237 50 - 3-10 890-5460 [24]
input)

SOEL 2023 25 6 1700-6800 10 t/d 56 230 - - - 399 [25]
SOEL - 25 10 1800-7200 100 kt/a 56 230 20-60 - 20-50 537 [8]

2 Interest rate.
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in addition to renewable electric energy and water, CO5 is the main
starting material for the process. The study therefore aimed to identify
various CO5 sources available at the site as well as the additional pro-
vision of CO; from air. The aim was to match available CO5 sources with
arelevant production capacity for methanol. The choice of CO; source is
of great relevance for the application of the methanol produced, as this
determines — besides the energy source - the classification of the product
into ‘green’, ‘blue’ and ‘gray’ methanol [36]. CO2 can be captured from
fossil or biogenic processes (point sources) as well as directly from air,
whereby COs-neutral ‘green’ methanol can only be obtained from the
latter two options. Independent of the origin of the CO», it is well known
that the energy demand and, thus, the separation cost increase with
decreasing CO- fraction in the considered gas stream [36].

In order to assess the local availability of CO,, different pathways are
available. On the one hand, available data [37-39] could be used to
record, characterize and categorize local CO2 sources and to obtain an
overview. Additionally, a company survey was carried out within and
around the chemical park in order to validate the preliminary research.
After reviewing the responses, six CO, sources of a size relevant for the
technical implementation of methanol synthesis were identified and
categorized (‘green’/’gray’) (Table 2). For these point sources
state-of-the-art amine scrubbing would be the technology of choice for
CO4 separation. The largest point source identified was the gas and
steam power plant. However, a more thorough assessment showed that a
CO4, separation could not be implemented without considerable effort.
Thus, only the remaining sources were considered for the further work.
The data shows that — like in case on many potential industrial sites that
would offer valuable infrastructure for the implementation of renewable
production processes — applicable ‘green’ CO; sources are scarce.
However, the studied site offers the advantage that such sources with
reasonable CO; output are available in comparably close proximity. The
establishment of a CO, pipeline system in Germany is currently dis-
cussed [40]. However, availability of a grid connecting several sources
and sinks in Germany is not to be expected in the near-to mid-term
future. In contrast, short connection pipelines, like they would be
necessary in the case considered here, seem to be more likely. Especially
in a local environment that is used to chemical industry and the
accompanied infrastructure like  pipelines. For  example,
Bitterfeld-Wolfen is already connected via an Hj pipeline with other
chemical sites in the region [41].

Based on the available CO2 mass flows, an estimate of the potential
methanol production could be derived as a first approximation with the
help of estimate values for the efficiencies of amine scrubbing for COy
capture (Namine = 0.9) and methanol synthesis (Nsy, = 0.95).

3.1.2. Scaling scenarios

Conventional methanol is currently produced in world-scale plants
with production capacities up to 10,000 tyeon/d [27]. For the produc-
tion of ‘green’ methanol smaller plants are to be expected. One reason is

Table 2
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the low availability of ‘green’ point sources with adequate CO» output.
This is in line with the estimates given for the considered site in Table 2.
The largest power-to-methanol plant is currently operated in Iceland
with a production capacity of approx. 10 tyeon/d [42]. Larger projects
with capacities up to approx. 600 tyeon/d are planned worldwide [36].

In order to evaluate a reasonable scaling of a power-to-methanol
plant utilizing the available CO, sources at the considered site,
different scenarios were defined for the study (Fig. 1). The considered
product capacities were 250, 500 and 800 tyeon/d. Depending on the
production capacity, different COy sources needed to be combined.
Depending on the combination of sources, this results in different
‘colors’ for the produced methanol. While only the use of purely ‘green’
sources leads to ‘green’ methanol, the use of ‘gray’ CO» in combination
with the use of ‘green’ Hj results in ‘blue’ methanol [36]. In Fig. 1 it is
differentiated between options for the ‘green’ routes. Given in dark
green are process routes that are based on ‘green’ CO sources already
available at the site or close by. In light green routes based on direct air
capture (DAC) are depicted. DAC presents an interesting future option
for providing CO [43,44] that would need to be established on-site.

Choosing the CO5 source and therefore the ‘color’ of methanol comes
with several implications. It is obvious from the data presented in
Table 1 that methanol produced via a power-to-methanol process will
have significantly higher production cost than ‘gray’ methanol produced
via state-of-the-art processes based on natural gas and coal [27]. It is
expected that only ‘green’ methanol will allow to receive a relevant
price premium. However, in contrast to power-to-kerosene processes,
where the existing regulations [45] and discussed fines [46] allow to
derive an expected sales price for the ‘green’ product, the price for
‘green’ methanol is currently only subject to the willingness of potential
off takers and therefore difficult to predict. Thus, it might be a feasible
pathway to start the production utilizing ‘gray’ CO, sources if they are
easier to access. However, it is important that in the mid-term future the
demand of the plant can be covered by ‘green’ CO5 sources. That is the
case for all the scenarios defined here. This is not only important due to
sustainability and economic reasons. It is also expected that in future the
number of ‘gray’ CO, sources is decreasing due to electrification or the
application of Hy in the underlying process. Especially for glass pro-
duction, as it is considered in this study, respective developments are on
the way [47]. While the scenario with 250 and 500 tyeon/d production
capacity could be based on the two major ‘green’ CO, sources given in
Table 2, for the ‘green’ 800 tyeon/d scenario DAC must be applied to
substitute the ‘gray’ CO5 from glass production in future.

3.1.3. Considered process routes

The aim of the study was to evaluate different concepts for power-to-
methanol processes with a special focus on different electrolysis tech-
nologies. The considered cases are summarized in Fig. 2. For all avail-
able electrolysis technologies (AEL, PEMEL, SOEL), a pathway
combining this step with a CO,-based methanol synthesis (CO2-MS) was

Available CO, sources (‘gray’, ‘green’) in the area of the chemical park Bitterfeld-Wolfen with their mass flow, CO, content, possible contaminants and estimated

methanol production capacity.

Source Category ~ CO, exhaust gas mass flow CO, Potential contaminants Estimated methanol production
tcoz/d fraction tveon/d
Vol.-%
Gas and steam power plant  gray 883.0 3.0 H,0, NOx, SO, 550
Flat glass production gray 363.0 7.7 H,0, NOx, SO3 224
Waste incineration plant gray 96.0 ca. 10 Dust, HCl, SO,, NOx, CO, NHg, (Hg, As, Cr, 60
Ni)
Biomass power plant (18 green 499.0 13.3 CHy4, H,0, NH3, H,S, HCL 310
km)
Bioethanol refinery (14 green 429.0 80-100 not specified 267
km)
Biomethane plant green 16.0 15-50 CH4, HoS, NH3, HCL 10
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Fig. 1. Overview on the different scaling scenarios considered, showing the available CO, sources and the resulting ‘color’ of methanol. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

AEL/CO,-MS

Electricity

i

|HO [ AEL | H,| | CO,-based MeOH synthesis |——| Methanol
Cco,
PEMEL/CO,-MS Electricity
| H,O |—’| PEMEL I I H, I I CO,-based MeOH synthesis |—>| Methanol
Cco,
SOEL/CO,-MS
|H0 [— SOEL |[—H, | | CO,-based MeOH synthesis [——| Methanol
Cco,
Co-SOEL/CO-MS |
| H,O Co-SOEL H H,+ CO + CO, |—-| CO-based MeOH synthesis |—>| Methanol
Cco,

Fig. 2. Overview of possible process routes for the electrolysis-based production of methanol.

considered. For the SOEL also coupling of co-electrolysis (Co-SOEL) with
a conventional methanol synthesis (CO-MS) was evaluated.

The process scheme for the power-to-methanol processes with CO5-
based methanol synthesis (CO,-MS) and conventional methanol syn-
thesis (CO-MS) are given in Figs. 3 and 4, respectively.

3.2. Process modeling

Modeling of the process routes depicted in Figs. 3 and 4 and deri-
vation of the respective mass and energy balances was the basis of the
assessment under technical as well as economic aspects. Process
modeling was conducted based on an Aspen Plus model. The necessary
assumptions for the respective process steps are given below.



A. Walther et al.

International Journal of Hydrogen Energy 206 (2026) 153394

A\
~/

Recycle compressor

Exhaust gas

Renewable
energy H i l. Purge gas
- H MeOH combustion
Electrolysis H ynthesi o
H,0 (including water 2 Purge 1%
separation)
H compressor
80 bar
(including water separation)
Meth: I
CO; source CO;separation CO, ethanol
(point sourcefair) (amine scrubbing/DAC)
CO, compressor Final cooler
Off-gas 80 bar
MeOH storage
Raw MeOH storage (3 HT heat e)
pump
D
Wastewater
Fig. 3. Flow scheme for the process route applying CO,-based methanol synthesis (CO,-MS).
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Fig. 4. Flow scheme for the process route applying CO-based methanol synthesis (CO-MS).

3.2.1. CO2 capture

The CO, capture process has not been modeled in detail in Aspen
Plus. In fact, the necessary energy demand was included in the energy
balance of the overall process, depending on the CO3 source chosen.

Amine scrubbing with monoethanolamine (MEA) is currently state of
the art [48]. The CO, partial pressure in the exhaust gas stream has a
strong influence on the size of the required capture plant as well as on
the required energy demand [49]. In order to estimate the energy de-
mand for CO, separation for the different CO, sources, literature data
[50-55] was used to determine a function allowing for its calculation
(Fig. 5).

Applying the correlation to the COy sources given in Table 2, this
results, for example, in an electric energy demand of 204 kWhe/tco2 for
flat glass production with a CO, content of 7.7 % and approx. 66 kWhe)/
tcoz for the bioethanol refinery with a CO, content of 80 %. The thermal
energy demand of CO5 separation is barely dependent on CO; content.

Values in the range of 950-1160 kWhy,/tcoz were reported in literature
[51,52,54,55]. For the conducted calculations, an average value of 1050
kWhy/tcoz was assumed. In addition to the given energy demands,
amine scrubbing has a monoethanolamine demand of approx. 1.5-4.6
kg/tcoz as well as of other auxiliary materials such as NaOH, activated
carbon and water [52,54].

DAC also offers huge potential as a basis for COz-neutral products
and fuels in future, but the technology is not as mature as amine
scrubbing. The energy demand for DAC is currently very high. Also
forecasts for the future (2050: 300-500 kWhe/tco2 and around 1500
kWhy/tcoz [56]) still show comparably high values. However, the
currently high investments costs are expected to be considerably
reduced in future [56].

The energy demands for CO; separation from the different sources
applied for the calculations are given in Table 3.
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Fig. 5. Dependence of electric energy demand of amine scrubbing on CO,
content of the exhaust gas (data from Refs. [50-55]).

3.2.2. Electrolysis

The electrolysis model for the SOEL is based on the work described in
Ref. [57]. In this work, a OD SOEL model was developed based on
experimental tests with a ten-cell stack operated in a furnace with pre-
heated gases. This was later validated in a system context [58] and
applied in other works of the authors to evaluate SOEL technology in the
context of power-to-liquid concepts [59] and for low-CO steelmaking
applications [60]. The model allowed to calculate the cell voltage based
on specific input data such as the flow rate of H,O, CO2 and air, the
anode outlet temperature, the operating pressure and the set current at
the respective operating point. In addition, parameters such as reactant
utilization RU, current density i, heat losses O and oxygen mole fraction
at the anode outlet Xo2 oyt are specified.

It is to be expected that some of these parameters will change in
future, as the technology will mature in the upcoming years. One
important parameter in that context is the pressure. Currently, SOEL is
mainly operated at ambient pressure. The operation of SOEL at elevated
pressures is more challenging in comparison to low-temperature elec-
trolyzers, as the electrolytes and glass sealings cannot withstand high
pressure differences. Therefore, pressure chambers including the stacks
are necessary for operation at elevated pressures. The cost for these
chambers can significantly reduce or exceed the cost savings for Hy/
syngas compression energy [59]. However, as the downstream
compression of Hy/syngas from near ambient pressure is technically

Table 3
Necessary energy demand for the considered CO, sources.
DAC Electric energy demand 500.0 kWhey/tcoo
0.04 vol.-% CO, Thermal energy demand (steam®) 1500.0 kWhgy,/
tcoz
2.6 tst/tcoz
Glass manufacturer Electric energy demand 204 kWhei/tcoz
7.7 vol.-% CO, Thermal energy demand (steam”)  1050.0  kWhy,/
tcoz
1.8 tse/tcoz
Biomass power plant  Electric energy demand 172 kWhey/tco2
13.3 vol.-% CO, Thermal energy demand (steam®) 1050.0 kWhy,/
tcoz
1.8 tse/tcoz
Bioethanol refinery Electric energy demand 66 kWhe/tcoz
80.0 vol.-% CO, Thermal energy demand (steam®) 1050.0 kWhgy,/
tcoz
1.8 tst/tcoz

# Steam parameters: 150 °C and 4.76 bar (low pressure steam).
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challenging, operation of the SOEL at elevated pressures might yield
advantages in the overall system context. Among the established man-
ufacturers of SOEL, Bloom Energy and Sunfire are operating their elec-
trolyzers at ambient pressure [61,62]. Topsoe has demonstrated
pressurized operation [63] and the current concept of Ceres is also
focused on operation at elevated pressures of up to 10 bar [64]. How-
ever, so far only atmospheric concepts have been realized on a relevant
scale [33-35]. Therefore, this was considered as the current state of the
art. For 2030 an operation at pressures in the range of 1-10 bar was
assumed based on the current development efforts. As an upper limit for
2050 an operation at 20 bar was considered [65]. The calculations for
2030 and 2050 were also conducted for atmospheric pressure in order to
provide insights into the effect of elevated operating pressures.

Another important factor is the heat loss. As the scale of SOEL is
expected to increase in future, the surface-to-volume ratio of the
respective modules is expected to decrease, leading to reduced heat
losses QL,SOEL. In addition, it is expected that the general heat losses oL
in heat exchangers and pipes will be lower in larger systems than in
smaller ones. At the operating conditions of the SOEL, high oxygen
fractions on the anode side are challenging not only for the anode ma-
terial but also for the high-temperature steel applied in piping and pe-
ripheral components [66]. However, it is expected that the oxygen
fraction at the anode outlet can be increased in future, leading to a
decreased demand for flushing air on the anode side. The input pa-
rameters applied in this work for the different reference years are
summarized in Table 4.

SOEL technology allows for a considerable reduction in electric en-
ergy demand in comparison to other electrolyzers. This is due to the fact
that the phase transition from liquid water to gaseous Hy can be
decoupled from the reduction step. Thus, the necessary energy demand
for evaporation of water does not have to be provided in the electrolysis
step in form of electric energy but can be provided in form of heat in a
separate process step. Therefore, heat integration of the electrolyzer
within the process is of crucial importance. It is state of the art to utilize
the waste heat of the methanol synthesis reactor for the distillation step
[67]. This was also done in this work. In case of CO,-MS, the waste heat
was not sufficient to provide enough energy for the distillation step. In
this case, a high-temperature heat pump was applied to provide the heat
for distillation (Figs. 3 and 4). For CO-MS, surplus waste heat was
available that could be used for steam generation for the SOEL.

In order to assess heat integration of the SOEL, three cases were
considered. The first one is the case ‘without heat integration” (w/oHI).
This means that the heat required to evaporate and superheat the sup-
plied water to 150 °C is not provided by waste heat (for CO2-MS and CO-
MS) and must be supplied entirely via electric energy. In this case, a
high-temperature heat pump was considered to provide the necessary
thermal energy. Strictly speaking, the application of a high-temperature
heat pump is also a means of heat integration, as waste heat on a tem-
perature level <100 °C is necessary. However, heat on such a temper-
ature level is frequently available within the process as well as the
chemical park. Thus, direct electric evaporation of cold water as a kind
of worst-case scenario is not a meaningful option to be considered.

In the second case, referred to as ‘with process heat integration’ (w/

Table 4
Parameters applied for SOEL modeling.

Symbol  Unit H,0 and Co-SOEL

Reference year RY - 2024 2030 2050

Electrolysis pressure PEL bar 1 1/10  1/20

Temperature 9 °C 800

Reactant utilization RU - 0.8

Heat losses general oL % 2 1 0.5

Heat losses SOEL QL soEL W/cell 1 0.5 0.25

Oxygen mole fraction at air X02,0ut mol/ 0.35 0.4 0.5
outlet mol
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PHI) available heat from the process, i.e. the waste heat of the synthesis
reactor is used for steam generation if it is not entirely used for the
distillation step. Additionally, heat from the anode off-gas is utilized in
that case. The oxygen-enriched air leaves the outlet of the anode-side
heat exchanger [66] with temperatures in the range of 330-445 °C.
Thus, part of the thermal enthalpy stream can be used for steam gen-
eration. Missing heat for complete evaporation of the feed water is
provided by a high-temperature heat pump. Other potential heat sources
were not considered for heat integration in the scenario w/PHI. In some
cases (condensation of water in cathode product stream, multi-stage
compressor) defined cooling with cooling water is necessary. Other
heat flows within the process have too low temperature levels for direct
heat utilization. In case of the afterburner high temperatures of >900 °C
are reached. However, the generated heat flow is small due to the low
purge gas ratio. Thus, heat integration via an additional heat exchanger
was considered not to be economically meaningful.

As the power-to-methanol plant is to be erected in a chemical park, a
higher degree of heat integration is possible. Within a chemical park
waste heat could be supplied to a steam network that allows for utili-
zation of the steam/heat in other processes. In such an integrated sys-
tem, it might be possible to provide all the necessary heat for the low-
temperature processes of water evaporation and distillation from
waste heat. This case is referred to as ‘with full heat integration” (w/FHI)
throughout the study. Here, no high-temperature heat pump is consid-
ered but ‘free’ heat from other processes of the chemical park. This
represents an optimum case and will not be possible to full extent in a
technical application, but the case allows to assess the upper boundary
of heat integration and, thus, process efficiency.

In general, pressurized operation of the electrolysis step is advanta-
geous as the necessary compression energy of water is negligible in
comparison to the compression energy that is needed to compress the
produced H; or syngas. While AEL and PEMEL can already be operated
at elevated pressures, SOEL is currently mainly operated at atmospheric
pressure, as mentioned above. The two low-temperature electrolysis
technologies are currently offered with operating pressures of up to
30-40 bar [68,69]. A further increase is expected in the future [70]. An
overview on the pressure levels chosen in this study for the different
reference years is given in Table 5. For the year 2024, a pressurized and
an atmospheric case were considered for the AEL in order to allow for a
better data comparison with regard to the influence of pressure and as
not all alkaline electrolyzers are currently operated under pressure [71].
As outlined above, in future pressurized operation of the SOEL might be
a viable technological option. Thus, pressurized and ambient operation
are assumed for the 2030 and 2050 scenarios.

Electrolysis processes are often not implemented with detailed
models but rather by specifying the electric energy demand or their
efficiency. This approach was also adopted in this study for the low-
temperature electrolysis technologies. The chosen assumptions are
given in Table 6. The values given for SOEL and Co-SOEL were calcu-
lated with the aforementioned model for the respective cases. Literature
values are given for comparison. The data highlight the well-known
higher energetic efficiency of SOEL in comparison to low-temperature
electrolyzers [26]. The volume-specific values given in Table 6 for the
co-electrolysis case show that the energy demand is slightly higher than
for the steam electrolysis case. This is due to the energy demand of the
reverse water-gas shift reaction occurring on the cathode side of the

Table 5
Overview on the assumptions regarding pressure level for the considered elec-
trolysis technologies [70-74].

Electrolysis technology Pressure in bar

2024 2030 2050
AEL 1/30 50 70
PEMEL 30 50 80
SOEL/Co-SOEL 1 1/10 1/20
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electrolyzer [58].
The electrolysis capacity for the different studied scenarios depends
on the Hj or syngas demand of the process and is given in Table 7.

3.2.3. Methanol synthesis

The methanol reactor was implemented in Aspen Plus with a kinetic
model. From the broad variety of kinetic models proposed in literature
[77-83], the approach of Vanden Bussche and Froment [78] was chosen,
as it describes the technical synthesis well and can also be easily
implemented within the applied modeling framework [84]. The imple-
mentation was based on approaches from Luyben and Al-Malah [85,86].

The reactor temperature was set to 250 °C (isothermal). The oper-
ating pressure was 80 bar, with a pressure drop of 2.5 bar across the
reactor being assumed. The reactor tubes had a length of 12 m and a
diameter of 0.0375 m. For the catalyst bed, a particle density of 2000
kg/m?® and a void fraction of 0.5 were taken into account [85,86].

The number of tubes was determined using reactor simulation. In
literature, single-pass conversions of 30-50 % for conventional CO-MS
[17,18,87] and 15-25 % for CO,-MS [10,20,21,88] were reported.
Based on this, 750 tubes were determined for CO5-MS and 400 tubes for
CO-MS. This resulted in a conversion of approx. 46 % using conventional
CO-MS and approx. 23 % using CO,-MS. By recycling the unreacted
syngas, overall yields of 92.9 % (CO»-MS) and 96.1 % (CO-MS) resulted.

The syngas ratio {30 was set to a value of 2.05 for both the CO-MS
process and the CO-MS process. This value showed optimal results
during the study and is also in line with literature [89-92]. For CO-MS,

also the carbon-to-oxygen ratio (COR) co‘féoz is important. In literature

[93], values in the range of COR ~ 0.08-0.20 were reported to be
beneficial in terms of yield. For the syngas derived from co-electrolysis
without an additional shift step, a value of COR = 0.20 was achieved.
The material balances for CO2-MS and CO-MS are given in Table 8.

3.2.4. Methanol treatment

The distillation was carried out in Aspen Plus as a single-stage
separator (RadFrac). However, the later calculations for CAPEX and
OPEX assumed a two-stage column as this is the state of the art. Since no
by-products such as methyl formate, higher alcohols and acetone were
considered in the reactor model, one column was sufficient for purifi-
cation in the simulation. However, additional by-products occur in real
operation, making a second column necessary to yield the desired pu-
rity. The pressure loss was neglected. The column had 28 trays, a
reboiler temperature of 98.9 °C and a reflux ratio of 0.8. The target
product was methanol with a purity according to IMPCA with a meth-
anol content of 99.85 % by volume.

3.2.5. High-temperature heat pump

High-temperature heat pumps can efficiently provide process heat in
the range of 100-200 °C and, in particular, upgrade available low-
temperature waste heat to a useable temperature level by using
renewable energy [94-96]. Therefore, this technology is promising for
future applications, especially for steam generation in industry [97]. An
important characteristic of a heat pump is the COP (coefficient of per-
formance). The COP depends on the temperature difference between the
heat source and the flow temperature. The smaller the temperature
difference, the higher the COP [94]. Typical values for COP are in the
range 2.0-4.5 [95,96,98]. In the study considered here, COP was set to
3.5.

3.2.6. Further process steps

The pressure loss was neglected for all heat exchangers considered
and a minimum temperature difference of 10 K was applied. The com-
pressors in Aspen Plus were designed as multistage compressors with
five compression stages and intermediate cooling (stages 1-4) to 25 °C.
In all cases considered, the compressed gas leaves the last compressor
stage at 120 °C. The isentropic efficiency was set to 72 % and the
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Table 6
Electricity demand depending on electrolysis technology and reference year.
Parameter Electricity requirement/ Electricity requirement/ Reference
kWh/Nm{; (;coy kWh/kgna (1 coy
Reference year 2024 2030 2050 2024 2030 2050
AEL 4.57 4.32 3.99 50.8 48 44.4 [70,75]
PEM 4.8 4.61 4.22 53.4 51.3 46.9 [70,75]
SOEL model without HI 4.09 4.04 3.99 45.5 44.9 44.4 calculated
SOEL model with HI 3.34 3.28 3.24 37.1 36.5 36.0 calculated
SOEL 3.57 3.49 3.44 39.7 38.8 38.3 [76]
Co-SOEL model without HI (H,/CO = 2/1) 3.02 2.98 2.95 8.6 8.5 8.4 calculated
Co-SOEL model with HI (H/CO = 2/1) 2.63 2.59 2.56 7.5 7.4 7.3 calculated
Co-SOEL (H/CO = 2/1) 3.85 3.80 3.50 8.0 7.9 7.8 [62]
Co-SOEL model without HI (H,/CO = 2.85) 3.06 3.02 2.98 10.2 10.0 9.9 calculated
Co-SOEL model with HI (Hy/CO = 2.85) 2.63 2.59 2.56 8.7 8.6 8.5 calculated
Table 7
Electrolysis capacity in dependence of electrolysis technology, production capacity and respective reference year.
Electrolysis capacity/MW
Production capacity 250 tueony/d 500 tueony/d 800 tueony/d
Reference year 2024 2030 2050 2024 2030 2050 2024 2030 2050
AEL 99.1 95.9 88.7 198.2 191.8 177.4 317.1 306.9 283.8
PEMEL 105.3 102.4 93.7 210.6 204.8 187.4 337.0 327.7 299.8
SOEL 74.1 72.9 72.0 148.2 145.8 144.0 237.1 233.2 230.3
Co-SOEL 79.1 77.8 76.9 158.1 155.6 153.8 253.0 249.0 246.1
Table 8 Table 9
Material balance of the considered process routes. Summary of all important system parameters that were included in the process
CO,-MS CO-MS model.
Mass flow t;/ Molar flow mol;/ Mass flow t;/ Molar flow mol;/ Overall system'
- Methanol purity (IMPCA): 99.85 vol.-%
tMeoH molyeon tmeon molveon
- Purge stream: 1 %
Input - CO., H; conditions after amine scrubbing and electrolysis: 25 °C; pressure variable
H,0 1.917 3.410 1.392 2.476 - Hy - CO,/CO + CO, ratio: 2.05
CO, 1.480 1.076 1.430 1.040 - Lower heating value: methanol = 5.528 kWh/kg; Hy = 33.333 kWh/kg
Make-up gas - H, separation using PSA from the purge stream
H, 0.192 3.044 0.139 2.210 - Operating hours: 8000 h/a (plant availability: 91 %)
CO, 1.480 1.076 0.285 0.207 - Plant lifetime: 20 years
Cco - - 0.729 0.833 Process components
total  1.671 4.120 1.153 3.251 Synthesis reactor
Make-up gas + Hp-Recycle (PSA) - Temperature = 250 °C (isothermal)
Hy 0.207 3.282 0.147 2.340 - Operating pressure = 80 bar
CO, 1.480 1.076 0.285 0.207 - Pressure drop MeOH synthesis = 2.5 bar
co - - 0.729 0.833 - Kinetic model based on LHHW Kkinetics
total 1.687 4.358 1.161 3.380 - Number of pipes: CO,-MS: 750; CO-MS: 400
SN 2.05 2.05 - Pipe length: 12 m
COR  1.00 0.20 - Pipe diameter: 0.0375 m

mechanical efficiency to 100 %.

As no full conversion can be reached within the methanol reactor,
unreacted syngas can be recycled to increase overall conversion. How-
ever, due to the potential accumulation of impurities from the feed
gases, part of the unreacted syngas needs to be purged. A purge gas flow
of 1 % of unreacted gases was assumed in this study. The purge stream
was routed to a PSA. Separated Hy was recycled to the reactor inlet. The
remaining exhaust gas was completely oxidized with air in a combustion
step (RStoic).

Table 9 summarizes all important boundary conditions and param-
eters chosen for the following considerations.

3.3. Economic modeling

The basis for the economic evaluation of the various considered
power-to-methanol routes is the calculation of the total production costs
(TPC) of methanol. Based on the mass and energy balance of the studied
process routes derived from the Aspen Plus model, capital expenditures
(CAPEX) and operating expenditures (OPEX) were determined using an
economic assessment model. The methodology applied for this purpose

- Particle density: 2000 kg/m>
- Bed voidage: 0.5
Separation unit
Column - 1-stage in simulation, 2-stage in CAPEX calculation
- Pressure loss per stage: neglected
- Number of trays: 28
- Inlet bottom: 23
- Reboiler temp.: 98.9 °C
Separator 1 - Pressure loss: neglected
(Flash)
- Temperature: 30 °C
- Pressure: 77.5 bar
Separator 2 - Pressure loss: neglected
(Flash)
- Temperature: 30 °C
- Pressure: 1.0 bar
Heat exchanger
- Pressure loss neglected
- Minimal temperature difference = 10 K
Compressor
- Isentropic efficiency = 72 %
- Mechanical efficiency = 100 %
- Multi-stage compression with five stages (after stages 1-4:
cooling to 25 °C, after stage 5: 120 °C)
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followed the approach of Peters et al. [99]. According to the AACE
classification system an accuracy of around —30 to +50 % is expected
[100]. The TPC were calculated via

TPC = ACC + OPEX Eq. 4

with the annualized capital costs ACC being derived from the esti-
mated capital expenditures as described below.

3.3.1. Capital expenditures (CAPEX)

CAPEX represent one-time investment costs. To facilitate comparison
with ongoing operational expenses, they are converted into equivalent
annualized capital costs (ACC) using the annuity method. This approach
incorporates financing costs. Interest rate (IR) and plant lifetime (PL)
were assumed to be 8 % and 20 years, respectively [14,15,101].

The ACC can be calculated via:

IR-(1+1R)™ WC

ACC = (FCI+ WC)—— 52— — —~
( ) 1+mR)™ -1 PL

Eq. 5

The fixed capital investment (FCI) is the amount of capital required
for the physical completion of the plant. The working capital (WC),
required for commissioning and initial operation of the plant, is assumed
to be fully recovered at the end of the project's lifetime. During the
project duration, only interest payments on the WC are considered. The
WC were assumed to be 10 % of the total capital investment

TCI=FCI+ WC Eq. 6

according to Refs. [59,99,102], and can be calculated from the FCI as
follows:
_FCI

WC=_— —FCI

Eq. 7
09 4

The factorial estimation method was used to determine the FCIL.
Based on the equipment costs (EC), the additional costs incurred for the
construction of the plant are calculated by multiplying the EC with
certain ratio factors (RF):

FCI=EC -RF Eq. 8

The applied values for the ratio factors are listed in Table 10.
Accordingly, the calculation of CAPEX requires reliable cost esti-
mates for all major apparatuses, scaled appropriately for the specific

Table 10
Overview on the ratio factors applied in the economic assessment [103].
Direct costs Electrochemical =~ Main Thermochemical
compressor

Equipment costs (EC) 1 1 1

Equipment installation 0.17 0.17 0.47

Instrumentation and 0 0 0.36
control

Piping 0 0 0.68

Electric installation 0 0 0.11

Building 0.30 0.30 0.18

Yard improvements 0.10 0.10 0.10

Service facilities 0 0 0.55

Indirect costs

Engineering and 0 0 0.33
supervision

Expenses for 0 0 0.41
construction

Legal expenses 0.04 0.04 0.04

Contractors fee 0.22 0.22 0.22

Contingency 0.44 0.44 0.44

Sum

Fixed capital investment 2.27 2.27 4.89
(FCD)

Working capital (WC) 0.18 0.18 0.18

Total capital investment 2.67 2.67 5.75

(TCD
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process route under investigation. The basis of the estimation of the
equipment cost is most often literature data. The specified scale of the
apparatuses does not necessarily correspond to the requirements of the
case under investigation. Therefore, the equipment costs are adjusted
according to

S\ CEPCJ,
ror (&) (20 fa.o

The correlation allows to derive the actual equipment costs EC; from
given reference values for costs EC,ef and size S;er from the literature.
Increasing equipment size leads to reduced specific equipment costs as a
result of economies of scale. This effect is taken into account by the
scaling factor d. The scaling of the appliance size has certain upper limits
and cannot be applied to every order of magnitude. Most often a
maximum scale S ypper is defined to account for that. Pressure-specific
correction factors (P) were used to estimate the costs for pressurize
equipment, reflecting the cost increase due to increased wall thicknesses
and necessary structural reinforcements as a result of higher operating
pressures. Pressure factors were applied for the tubular heat exchanger,
the multitubular synthesis reactor as well as for first separator [99].

Generally, also the cost of the applied material needs to be consid-
ered, as depending on the operating conditions higher-value materials
need to be applied. In this work no material-specific correction factors
were applied. The equipment costs for the respective apparatuses were
taken directly from the DACE Price Book [104], whose cost data already
takes into account the respective material selection and the associated
additional costs. Values for high-grade steel (316L) were assumed. The
respective data for all apparatuses is given in Table 11.

In order to adjust the equipment costs (EC;) to continuously rising
inflation rates and wage levels, historical cost data can be updated by
applying the Chemical Plant Cost Index (CEPCI). The costs in this study
are based on the year 2024, using a CEPCI of 796.2 for 2024.

In literature, the investment costs for methanol synthesis are often
given in lump specific values (€/kWyeon). Since it is often not entirely
clear which components (reactor, purification, compressor, heat
exchanger) are included in these values, for the work presented here all
components were considered separately. Miiller et al. [110] reported
costs of approx. 700-950 €/kW for the synthesis process. Based on the
correlations given in Table 11, total costs for synthesis reactor, distil-
lation, compressor and heat exchanger of approx. 700 €/kW result for a
production capacity of 250 tyeon/d.

In case that the heat supply from methanol synthesis is not sufficient
to provide the necessary heat for distillation and steam generation for
high-temperature electrolysis, a high-temperature heat pump was inte-
grated as described above. Expected costs are in the range of 375-700
€/kW [94,95,97]. A value of 600 €/kW was applied in this study.

As electrolysis is not yet as established as other components of the
process, the method presented above could not be applied to electrol-
ysis. Due to an increase in production quantities and the associated
degree of automation as well as because of higher achievable current
densities, it is expected that costs decrease in future. As the available
electrolysis technologies currently have different levels of maturity, it is
important to consider the future potential for an objective assessment.
For this reason, in this study the assumed electrolysis system costs (EC)
were based on an extensive literature study. The summary of the data is
shown in Fig. 6. The values for the individual reference years were
determined from the data for the respective electrolysis and are listed in
Table 12. The literature data generally does not consider the pressure
level of the electrolyzers. Therefore, it was assumed that the costs given
in Table 12 apply for the pressure levels given in Table 5. In case of
SOEL, the same costs were assumed for the considered atmospheric and
pressurized case. Therefore, the results for the two pressure levels
represent a worst and a best case, respectively.
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Table 11
Applied data for the calculation of equipment cost 2024.
Equipment Si,lower Si,upper ECret/€2024 P [99] Sref Unit d IF Reference
Water purification 50 25,000 234,000 - 25,000 I/h 0.55 5.75 [104]
Amine scrubbing - 250,000 6,677,290 - 202,000 t/a 0.67 5.75 [105,106]
CO, compressor 75 200 1,499,197 - 30,000 kWe 0.44 2.67 [107]
200 2000 0.52
2000 30,000 0.55
H, compressor 93 500 2,209,202 - 16,800 kWe 0.55 2.67 [107]
500 2000 0.63
2000 16,800 0.70
Methanol synthesis 200 1200 354,000 1.24 1000 m? 0.77 5.75 [104]
Separator 1 10 60 74,700 5.4 40 m3 0.4 5.75 [104]
Separator 2 -
PSA - - 8,140,285 - 0.294 kmol/s 0.74 5.75 [108]
Methanol purification” 1 4 770,000 - 4 m 0.47 5.75 [104]
Afterburner - - 4,017,710 - 20 MW 0.83 5.75 [99]
Heat exchangers 50 200 66,000 1.24 100 m? 0.67 5.75 [104]
200 1200 309,000 1000 0.80
Raw methanol tank 100 500 130,000 - 500 m? 0.45 2.67 [104]
Methanol tank 500 25,000 311,000 - 1800 m? 0.70 2.67 [104]
Emergency generator 30 220 157,000 — 220 KVA 0.70 5.75 [104]
gency g
H, storage tank 1 100 733,460 - 1 1/tyo 1 5.75 [109]
Wastewater treatment 10 300 27,400 - 1 m®/h 0.61 5.75 [103]
# Costs for internals and fillings added according to Ref. [104].
4500
;E | - OL = hourly wage -higpor Eq. 10
4000 - . :
A\;\r‘ | were calculated based on the average specific labor costs in German
o 3500 4 industry. An hourly wage of 41.3 € was used [130]. The working hours
| . .
& 1" were calculated as a function of the plant capacity and the number of the
@ 3000 \!l ] most important processing steps (here: electrolysis, methanol synthesis,
o \ e .
€ ] AN \- methanol purification and BOP) according to Peters et al. [99,108]:
@ 2500
..(7; ] \ 0.242
2 h . 1 h i
o 2000 - - - Rigbor [y—} =2.13- plant capacity {Lf“ - prw} * Tproces steps ok
2 ] . ear h 24
> 1 A 0 Eq. 11
S 15004 a’dg a - m q.
© 1 — 2 »n T . - .
% 1000 4 “\ﬁ\.\f For the electrolysis step, specific maintenance costs (Table 14) are
Q ] : A = included in the calculation. In addition, the techno-economic analysis
S 500 A | refers to a plant life of 20 years. However, extensive literature research
& 1 A shows that this requirement for the service life of the electrolysis stacks
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Fig. 6. Expected development of specific electrolysis system costs (EC) of the
different considered electrolysis technologies based on literature data [70,
72-75,102,111-128].

Table 12
Estimated equipment costs (EC) for electrolysis systems in dependence of the
considered reference year.

Electrolysis Specific electrolysis system costs (system)/€/kW
Reference year 2024 2030 2050
AEL 1008 861 508
PEMEL 1327 1058 498
SOEL 2022 1518 583

3.3.2. Operational expenditures (OPEX)

The OPEX represent the costs incurred by operating the plant, which,
in addition to direct costs such as raw material and energy costs, also
include overhead costs like maintenance costs, operational supervision
etc. While the direct costs can be determined using simulation-based
results and the respective raw material and energy prices, the over-
head costs are often estimated based on experience from existing
chemical plants. An overview of the applied assumptions is given in
Table 13.

The annual costs for operating labor

10

cannot be met (Fig. 7 and Table 15). Therefore, depending on the stack
lifespan, stack replacement is included in the annual operating costs.
Regarding the expected increase in lifetime of the different electrolysis
technologies, an asymptotic behavior would need to be expected.
However, due to the large scatter in data between 2015 and 2030 as well
as the lack of data between 2030 and 2050, the expected development
was approximated by a linear function.

From literature research also the cost share of stacks among the total
costs of electrolyzer systems were derived. The data are summarized in
Table 15 together with the assumed lifetime of the stacks. These data are
incorporated into the OPEX calculation.

The direct operating costs include the raw material costs for CO4
separation, water as well as electricity for electrolysis and BOP

Table 13
Ratio factors for estimating indirect OPEX [99,108,129].

Cost item Basis/Reference Ratio factor
Insurance and taxes (I&T) FCI 0.02
Administrative costs (AC) OL + OS + ML 0.15
Operating labor (OL) Eq. 10

Operations supervision (OS) OL 0.15
Maintenance labor (ML) FCI (without EL) 0.01
Maintenance material (MM) FCI (without EL) 0.01
Maintenance costs electrolysis Installed electrolysis power

Stack replacement Installed electrolysis power

Laboratory charges (LC) OL 0.20
Operating supplies (OS) ML + MM 0.15
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Table 14
Overview of electrolysis maintenance costs [70].

Electrolysis Maintenance costs electrolysis/€/(kW a)
Reference year 2024 2030 2050
AEL 18 18 18
PEMEL 12.5 12 10
SOEL 52 20 10
160,000
140,000

120,000

100,000 -+

Lifetime electrolysis stacks / h
3
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Fig. 7. Expected development of lifetime of the different considered electrol-
ysis technologies based on literature data [70,72,74,75,102,111-128].

components. The electricity price was determined by averaging as-
sumptions from several studies as shown in Table 16. In order to produce
‘green’ methanol, renewable energy would need to be applied. The
fluctuating nature of renewable energy makes a constant electricity
supply challenging. Besides the implementation of energy storage also
the dynamic operation of power-to-methanol plants was studied
[133-135]. However, as the main focus of this work is the comparison of
the impact of the different electrolysis technologies, a detailed assess-
ment of the options for supply with renewable energy in islanded grids
was not conducted. In contrast, it was assumed that electricity is pro-
cured using Guarantees of Origin (GO). The average price of GO
amounted to approximately 5-6 €/MWh in 2023 and declined to <2
€/MWh in 2024 [136]. In order to ensure a conservative assessment, a
price premium of 10 % on industrial electricity costs was applied for
electricity certified as renewable.

According to the German Federal Environment Agency, specific COy
emissions for ‘green’ electricity are 9.06 gco2/kWh for offshore wind,
16.74 gcoz2/kWh for onshore wind, and 52.27 gco2/kWh for photovol-
taics 139. In 2023, offshore wind, onshore wind, and photovoltaics
accounted for 5, 22, and 12 % of German electricity production,
respectively 140. This results in average CO; emissions of 26.69
gco2/kWh for ‘green’ electricity generated in Germany. In comparison,
CO; emissions from the German electricity mix were 363 gco2/kWh in
2024 141. In future (2030, 2050) a further decrease of specific CO5
emissions is expected as also the underlying manufacturing processes

Table 15
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will be converted to COo-reduced pathways, e.g. steelmaking.

The CO, raw material costs were calculated in dependence of the CO5
source, the methanol production capacity and the respective reference
year and can be taken from Table 17. These CO; costs include the cost
for the amine scrubbing unit (CAPEX) as well as the necessary OPEX
(monoethanolamine (MEA) at 1.8 €/kgyea 142,143, electricity
(Table 16) and transportation costs). The costs for the necessary heat for
CO4 desorption were neglected in this study. It was assumed that suffi-
cient heat is available at the considered CO, sources. This could be waste
heat of the respective COy emitting process or waste heat from the
chemical park. Other operating resources such as activated carbon and
NaOH are neglected due to their low impact.

Construction and operation of CO5 pipelines is comparable to natural
gas pipelines. Especially in the USA, such pipelines are state of the art, as
CO4 is used to extract crude oil 145. The transportation costs are re-
ported to be around 1-10 $/tco2 per 100 km 146-148. For the following
considerations, transportation costs of 10 €/tcoz per 100 km were
assumed. With the exception of electricity-related operating costs, all
other OPEX items are assumed to remain constant until 2050.

The possibility of DAC was included for the years 2030 and 2050, as
it is assumed that this technology will be further developed in the
coming years and could then represent a possible alternative to
concentrated point sources. As expected, the full provision of CO5 via
DAC leads to the highest costs (Table 17). Furthermore, the results
indicate the advantage of the Bitterfeld-Wolfen site that biogenic CO5
sources can be used to a rather great extent (>500 tyeon/d). Due to
higher CO5 concentrations in the exhaust gas, these entail lower sepa-
ration costs — even lower than for the considered fossil-based CO5
source. For a production capacity of 800 tyeon/d, all locally available
CO4 sources would need to be combined, which means that fewer op-
tions are available and the effort and associated costs for the CO; in-
crease. Since the CO2-MS process requires 1.48 tons of CO; per ton of
methanol, while the CO-MS process requires only 1.43 tons of CO5 per
ton of methanol, the specific CO, costs of the CO2-MS process are
1.5-2.2 €/t MeOH higher when using local CO5 sources. If direct air
capture (DAC) technology is also included, the cost difference increases
to 12.5-15.0 €/t MeOH.

In the context of the operation of power-to-liquid processes water
recirculation is crucial. Besides the wastewater produced in the meth-
anol synthesis, unconverted water needs to be separated downstream of
the electrolyzer. Additional water might be separated in the compres-
sion step of hydrogen/syngas. With regards to the environmental foot-
print of such a plant, it is of huge importance to recycle as much of the
water towards hydrogen generation as possible. However, depending on

Table 16
Electricity price applied in this study.
Reference year 2024 2030 2050 Reference
Electricity price/€/MWh 50.00 50.00 [113]
97.60 97.60 97.60 [14]
66.00 51.00 [59]
77.00 54.00 [59]
61.00 64.00 137
38.00 55.00 41.00 138
64.93 66.65 60.90 Average

Renewable electricity/€/MWh 71.43 73.32 66.99 +10 % for GO

Overview of the share of stack costs [70,72,73,111,121,124,125,131,132] among electrolysis system costs as well as the lifetime of the electrolysis stacks for the

considered reference years.

Electrolysis Cost share of stacks/% Stack costs/€/kW Electrolysis lifetime/a

Reference year 2024 2030 2050 2024 2030 2050 2024 2030 2050
AEL 43 43 41 433 370 208 10.0 10.6 12.5
PEMEL 50 49 45 663 518 224 8.1 9.2 13.0
SOEL 47 44 33 950 668 192 4.8 6.4 11.7
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Table 17
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CO,, costs depending on the CO, source (with FGP for flat glass production, BMPP for biomass power plant, BER for bioethanol refinery and DAC for direct air capture),
the methanol production capacity and the reference year. For DAC, literature values from Ref. 144 were applied.

Reference year Scenario Source 1 Source 2 Source 3 Total OPEX/€/tco2 CAPEX/€/tcoz Sum/€/tcoz Sum CO,-MS/€/tveon Sum CO-MS/€/tyeon
2024 250t/d  FGP 22.97 31.10 54.07 80.03 77.33
BMPP 17.92 31.10 49.02 72.55 70.10
BER 8.69 31.10 39.79 58.89 56.90
500 t/d 60 % BMPP 40 % FGP 19.94 24.80 44.74 66.22 63.98
55 % BER 45 % FGP 15.12 24.80 39.92 59.08 57.08
50 % BMPP 50 % BER 13.31 24.80 38.11 56.40 54.49
800 t/d 39 % BMPP 33 % BER 28 % FGP 16.29 21.20 37.49 55.49 53.61
2030 250 t/d FGP 23.36 31.10 54.46 80.60 77.88
BMPP 18.25 31.10 49.35 73.03 70.56
BER 8.81 31.10 39.91 59.07 57.08
DAC 300.00 444.00 429.00
500 t/d 60 % BMPP 40 % FGP 20.29 24.80 45.09 66.73 64.48
55 % BER 45 % FGP 15.36 24.80 40.16 59.44 57.43
50 % BMPP 50 % BER 12.99 24.80 37.79 55.93 54.04
DAC 300.00 444.00 429.00
800 t/d 39 % BMPP 33 % BER 28 % FGP 19.49 21.20 40.69 60.22 58.18
39 % BMPP 33 % BER 28 % DAC 10.00 24.07 118.07 174.74 168.84
DAC 300.00 444.00 429.00
2050 250 t/d FGP 22.07 31.10 53.17 78.69 76.03
BMPP 17.16 31.10 48.26 71.43 69.02
BER 8.40 31.10 39.50 58.47 56.49
DAC 250.00 370.00 357.50
500 t/d 60 % BMPP 40 % FGP 19.12 24.80 43.92 65.01 62.81
55 % BER 45 % FGP 14.55 24.80 39.35 58.24 56.27
50 % BMPP 50 % BER 12.78 24.80 37.58 55.62 53.74
DAC 250.00 370.00 357.50
800 t/d 39 % BMPP 33 % BER 28 % FGP 15.65 21.20 36.85 54.53 52.69
39%BMPP  33%BER 28 %DAC  12.30 24.07 106.37 157.43 152.11
DAC - - 250.00 370.00 357.50
the applied electrolysis technology the water management differs .
considerably, especially regarding the necessary water quality. While o= ’Z'Mie‘m Eq. 13
C,CO2

the purification of the methanol synthesis wastewater to a quality
allowing for feeding it into a PEMEL would be complex, in case of SOEL
light-boiling oxygenates in the wastewater might simply be evaporated
with the water and sent to the electrolyzer to be internally reformed. As
it was beyond the scope of the paper to consider the water management
for the different process options in depth, for the economic assessment a
simplified conservative approach was chosen: No water recirculation
was considered in terms of costs. The complete water demand was
covered by fresh water with the associated OPEX assumed to be 2 €/m>
[59]. The CAPEX for water purification and wastewater treatment were
scaled to treat the complete input and output water streams.

4. Results and discussion
4.1. Energetic assessment

Aim of this work is the comparison of the available electrolysis
technologies in a power-to-methanol process context with a focus on
SOEL, its possible mode of operation and its heat integration. Since the
SOEL can not only convert H>O to Hy but also CO3 to CO, the down-
stream methanol synthesis can be operated based both on CO, or CO.
Thus, it is of interest to study, under which conditions steam electrolysis
or co-electrolysis might be beneficial in a system context. In addition, an
evaluation of the influence of pressurized operation of the different
electrolyzers will be conducted.

The mass and energy flows resulting from the Aspen Plus simulations
are summarized in Table 18 and Table 19. Two characteristic effi-
ciencies were calculated from the data, the energetic efficiency

_ mMeOH‘LHVMeOH

= Eq. 12
Nen P q

and the carbon efficiency

12

It should be noted that all mass and energy flows refer to one ton of
methanol. The values are therefore independent of the chosen scaling
scenario. The energy demand for CO; separation is excluded in Tables 18
and 19.

From the case study of the CO»-MS and CO-MS routes, it can be
derived that the Hy mass flow required for CO-MS is around 30 % lower
than for the CO,-MS process (Table 8). However, in the CO-MS process,
CO must also be produced by means of electrolysis. This means the
necessary energy for the reverse water-gas shift reaction (Eq. (3)) must
be provided within the electrolyzer [58]. Therefore, the electric energy
demand per ton of methanol is higher for the co-electrolysis routes than
for the steam electrolysis routes. In the CO,-MS case, the reverse
water-gas shift reaction can occur within the synthesis reactor. In this
case, the energy demand is covered by the exothermal methanol syn-
thesis reaction (Eq. (2)). However, as the CO-MS is more exothermic
than the CO2-MS, surplus heat from the synthesis is available for the
evaporation of water. In addition, it can be seen from the energy flows in
Tables 18 and 19 that the majority (85-93 %) of the electric energy
demand within the process route is attributable to electrolysis.

The resulting energetic efficiencies for all processes considered in
this study are given in Fig. 8. COy capture is not considered here, as it
was assumed in this study that the CO, source(s) is/are not located in
close proximity to the power-to-methanol plant. If CO5 capture were to
be included in the consideration of energetic efficiency, this would result
in a loss in efficiency of around 0.2 to 1.8 %-points for the different point
sources. If a DAC is included, a decrease in the range of 3.0-4.5 %-points
would result. These figures only consider the electric energy demand of
CO; capture. If the thermal energy demand also had to be covered by a
high-temperature heat pump, the efficiency loss would amount to
2.7-3.1 %-points and 4.3-4.7 %-points, respectively.

The results in Fig. 8 show that currently (2024), SOEL/CO5-MS and
Co-SOEL/CO-MS generally offer a higher energetic efficiency than the
low-temperature electrolysis-based routes PEMEL/CO>-MS and AEL/
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CO9-MS. This is to be expected based on the thermodynamics of high-
- “E E temperature electrolysis. The gap in efficiency can be reduced with
E 3 k= e ° S increasing operating pressures for the low-temperature electrolyzers.
go E © 2 = However, the high-temperature electrolysis-based routes offer the po-
g 3 g ] 5 tential for a further increase in efficiency if waste heat from other pro-
E = “ - N cesses within the chemical park could be utilized.
2 ° § g ;Y § R A comparison of the process routes SOEL/CO,-MS and Co-SOEL/CO-
E o - ° - ° MS shows that the option based on steam electrolysis and CO»-based
5 ~ E methanol synthesis (SOEL/CO,-MS) offers a slightly higher energetic
o= ~ . o . s
2 5 E ° o o efficiency. The reason is that the energy demand for the RWGS reaction
E = ©° L, (Eq. (3)) needs to be provided in form of electric energy within the
N g § 5 § electrolyzer for the Co-SOEL/CO-MS route, as outlined above. For
& . ~ SOEL/CO-MS, this energy is provided in the synthesis reaction step.
o 3
=] 2 5 s 2 o g R This leads to less heat being available for integration within the process
] 1<) S 8 & > 3 ¢ g g .
o N o~ E CHE 0 - © (Eq. (1) and Eq. (2)). In contrast, the Co-SOEL/CO-MS route requires less
£ _ < thermal energy for steam generation, due to the lower water demand
g & o o S (Table 8). However, the application of the HT heat pump allows to
; = - o o provide the necessary heat with a low electric energy demand. If addi-
g g g g R tional heat for integration is available, especially in case of full heat
a N : © integration (w/FHI), the difference becomes more pronounced.
k= z i h ] 3 Looking at the future scenarios, the discussed general trends remain
,E, S Q B 2 S the same. However, from a current perspective, it is expected that the
% = operating pressure of low-temperature electrolyzers can be increased to
= S E ° o 3 considerably higher values. Thus, the energy demand for compression
g = o and, therefore, the gap in efficiency is reduced.
s & $ ﬁ 5 The CO; emissions for the different process routes can be calculated
53 = N - e based on the electricity consumption of the respective process route and
é 3 % E T § ) the specific CO2 emissions of the electricity used. For ‘green’ electricity
g 8 - 3 3 b - this would result in 207-279 kgcoz/tmeon With renewable electricity.
E < The minimum is achieved for SOEL/CO2-MS and the maximum for
k= 3 E - - § PEMEL/CO,-MS. If the German electricity mix were used for methanol
E _ o production, 2994-4041 kgcoz/tmeon would result. This would be
T g e 5 § considerably higher than the conventional process with CO2 emissions
E 2 ¥ = in the range of 500-3800 kgcoz2/tmeon, depending on process and effi-
0 3 T T n <« 5 o ciency 149,150. For a comprehensive comparison it must also be taken
= =N Q E N < & 8 . . . i .
o glg - > S g a s 8 into account that fossil-based methanol entails additional end-of-life
S ~ emissions of about 1375 kgcoa/tmeon 151, which do not apply in the
.o (=)} N . ..
2 o o o2 o case of ‘green’ methanol. It is therefore essential to use electricity
§ g “ N generated from renewable sources to minimize emissions.
g ” .
E Q o ® 4.2. Economic assessment
£l | |z s : 8 :
ko) >
g o - The techno-economic model can be used to illustrate and analyze the
e . n = ) contribution of different cost components. The complete data on CAPEX,
-
4 g § ] = 8 ° OPEX and TPC for all considered process routes (w/oHI, w/PHI, w/FHI)
2 &l = are given in Table 20 and Table 21. As reported in numerous publica-
§ § tions on the subject, electricity costs account for the largest share of the
[ce} o
5 g © = @ S OPEX and therefore significantly influence production costs.
8 5 3 In Fig. 9 the results regarding OPEX are depicted in detail for the
g © process routes with process heat integration (w/PHI). Depending on the
Y . L. .
! g g g % i electrolysis process, electricity costs represent the dominant share of
E 53 g total OPEX - accounting for approximately 65-86 % when excluding
= s CO4 separation costs, and 60-79 % when including CO5 separation costs
w
5 o @ &2 for local point sources. Due to the fact that the use of DAC currently
] « = results in relatively high CO5 capture costs, the use of CO, from a DAC
-
= 2 z 3 would further reduce the cost share of electricity costs for electrolysis
5 20 n a O © M N O n o
gl dldls ~ Zd 5 ¥RR dgS SS9 which would then only amount to 45-61 %. If CO, from the DAC would
£1°' <8 é” & ¥ - Gy be used, its share of total OPEX would amount to 29-34 %, highlighting
g = £G the challenges in applying this technology.
=] )
) g s 5 The electricity demand of the BOP components clearly shows the
=% < i . . .
9 o § _\é:‘ % positive cost impact of water compression upstream of the electrolysis.
< g S B z % However, the effect on cost is negligible in comparison to the decrease in
%) [ =1 © = = 7 g g P
2l .1%ls & & B s Faf2 % 3 energy cost due to the higher efficiency of SOEL technology. The data
w2 |E| S8 2 £ 2 e S5EE 2 :
~2|2|%¢ @ 5 8 £ LS e tgE g 8 presented in Fig. 9 refers to the integration of process heat (w/PHI). The
L& Elglg & § g8 T SEZg g 8 . : i
= E Slglg 2 2 25 3 FRFESS8E s OPEX. could be reduced by including additional waste hea.t.fro.m the
= i chemical park (Tables 20 and 21). However, the ‘free’ utilization of
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Table 19
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Energy flows and performance characteristics of the investigated power-to-methanol concepts: CO-MS (w/oHI: without heat integration; w/PHI: with process heat

integration; w/FHI: with full heat integration)

Synthesis CO-MS
Electrolysis Co-SOEL
Reference year 2024 2030
2050
Pressure/bar 1 1 20
10 1
Heat integration w/oHI w/ w/ w/oHI w/ w/ w/oHI w/ w/ w/oHI w/ w/ w/oHI w/ w/
PHI FHI PHI FHI PHI FHI PHI FHI PHI FHI
Electric power demand/kWhey/tyeon
PepL 7590.8 7471.0
7381.6
Petsyngas comp 505.5 225.6 147.9
505.5
Pel,rec comp 14.1
Pelheat pump 333.6 215.1 0 333.6 225.9 0 333.6 225.9 0 333.6 236.8 0 333.6 236.8 0
Heat flows/kWh,/tyeon
Qreactor, useable —437.2
(>110°C)
Qdist 370.7
Qev 1234.8 820.0 0 1234.8 858.0 0 1234.8 857.8 0 1234.8 895.8 0 1234.8 895.8 0
Efficiencies
Nen 0.655 0.664 0.682 0.664 0.673 0.692 0.687 0.697 0.717 0.671 0.679 0.700 0.702 0.711 0.732
nc 0.961
AEL(1 bar)/CO,-MS
< AEL(30 bar)/CO,-MS
§ PEMEL(30 bar)/CO,-MS
SOEL(1 bar)/CO,-MS
Co-SOEL(1 bar)/CO-MS
AEL(50 bar)/CO,-MS
PEMEL(50 bar)/CO,-MS
§ SOEL(1 bar)/CO,-MS 0714 |
N SOEL(10 bar)/CO,-MS | 0.740
Co-SOEL(1 bar)/CO-MS I 50.692
Co-SOEL(10 bar)/CO-MS [[] o717
AEL(70 bar)/CO,-MS
PEMEL(80 bar)/CO,-MS
§ SOEL(1 bar)/CO,-MS 0723
N SOEL(20 bar)/CO,-MS 0.757
Co-SOEL(1 bar)/CO-MS 0700 !
Co-SOEL(20 bar)/CO-MS 0.732%

0.3
Energetic efficiency

0.4 0.5 0.8

Fig. 8. Energetic efficiency depending on electrolysis technology, reference year, pressure and heat integration.

waste heat from other processes is more of an optimum that cannot be
reached.

In general, in future reduced costs are expected due to increased
maturity of the technologies. Besides reduced electricity costs, the re-
sults in Fig. 9 show that especially the costs for stack replacement will
decrease with increasing lifetime. Regarding the comparison of SOEL/
CO2-MS and Co-SOEL/CO-MS, there is only a small difference between
both routes. The higher energy demand for Co-SOEL/CO-MS is coun-
terbalanced by a reduced energy demand for compression and recircu-
lation of syngas. Additionally, the reduced CO2 demand leads to lower

14

costs for provision of this gas.

The CAPEX values are presented in Fig. 10. CO4y separation tech-
nologies (amine scrubbing, DAC) are not included, as the investment
costs of the scrubbing units are accounted for within the CO; cost esti-
mates. As expected, CAPEX are the highest in 2024 and range from 353
€/tmeon (AEL/CO2-MS) to 519 €/tyeon (Co-SOEL/CO-MS). As can be
seen in Fig. 10, these costs are also dominated by the investment costs of
the electrolysis. Electrolysis currently accounts for 82-90 % of the
CAPEX (2030: 80-88 % and 2050: 66-74 %). Due to the currently high
costs of SOEL, the share for this technology is the highest. The results
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Co-SOEL(1 bar)/CO-MS T ||| ‘ | [ Operating labor
Il Operational supervision
AEL(S0 bar)/CO,MS . . . . : : : : [ Maintenance cost
PEMEL(50 bar)/CO,-MS ] ] i i
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Fig. 9. Overview on the OPEX of the various process routes including the contribution of CO, separation (w/PHI, 250 tyeon/d).

[ Electrolysis
AEL(1 bar)/CO,-MS Y )
] Methanol synthesis
S, AEL(30 bar)/CO,-MS I Methanol processing
S PEMEL(30 bar)/CO,-MS [, storage
SOEL(1 bar)/CO,-MS 7] Heat exchangers
Co-SOEL(1 bar)/CO-MS Hl PsA
[ Emergency generator
AEL(50 bar)/CO,-MS I HT heat pump
PEMEL(50 bar)/CO,-MS [ H, compressor
Q  SOEL(1 bar)/CO,-MS [] co, compressor
=
N SOEL(10 bar)/CO,-MS Il Separator 1 + 2
Co-SOEL(1 bar)/CO-MS [ wastewater treatment
Co-SOEL(10 bar)/CO-MS I WV ater purification
[ Afterburner
AEL(70 bar)/CO,-MS [ Methanol tank
PEMEL(80 bar)/CO,-MS [ Crude methanol tank
UO) SOEL(1 bar)/CO,-MS 123
&  SOEL(20 bar)/CO,-MS 123
Co-SOEL(1 bar)/CO-MS 131 |
Co-SOEL(20 bar)/CO-MS 131 |
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CAPEX / €/tye0n
Fig. 10. Overview of the CAPEX of the various process routes considered (w/PHI, 250 tyeon/d).
show that electrolysis costs will continue to have a decisive influence on synthesis.
the CAPEX of power-to-methanol processes in the future, even though A comparison of Co-SOEL/CO-MS and SOEL/CO,-MS process routes
the costs are expected to decrease considerably. Other major cost factors reveals that the CAPEX of the electrolysis will have the dominant in-
are the Hj storage, compressors, heat exchangers and methanol fluence on the total costs in all the reference years considered. Since Co-
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SOEL requires a higher installed capacity to provide syngas instead of
pure Hj, the associated capital costs for the electrolyzer are corre-
spondingly higher in all reference years. However, for Co-SOEL/CO-MS
reduced CAPEX for central plant units such as the synthesis reactor, heat
exchangers, pressure swing adsorption (PSA), compressors and heat
pump result. Therefore, the Co-SOEL/CO-MS process route can offset the
initially higher total capital costs compared to the SOEL/CO2-MS route
from as early as 2030 and even achieve lower total CAPEX until 2050.

When evaluating the scaling effects based on the previously dis-
cussed plant sizes of 250, 500, and 800 tMeOH/d, potential CAPEX re-
ductions can be achieved with larger plant capacities. However, the
smallest plant size considered, 250 tyeon/d, already corresponds to an
electrolysis capacity in the range of 72-105 MW. Currently, consider-
able scaling effects for the electrolysis are only discussed in the range
below 50 MW and are assumed to be negligible above [124]. Conse-
quently, a scaling factor of 1 was assumed for electrolysis in this study.
As electrolyzer costs represent the dominant share of CAPEX, the overall
impact of scaling within the considered capacity range remains limited.
The resulting cost reduction is in the range of 47-73 €/tyeon. Accord-
ingly, the CAPEX of the AEL without electrolysis could be reduced from
72 €/tmeon for a plant size of 250 t/d to 56 €/tyeon for a plant size of
500 t/d and to approx. 49 €/tyeon for a plant size of 800 t/d.

The resulting TPC are summarized in Fig. 11. They are mainly driven
by two cost components: first, direct OPEX, which are dominated by
electricity costs and are particularly important given the high level of
German electricity prices; and second, the CAPEX associated with
electrolysis. These findings are consistent with numerous previous
studies.

Currently, AEL has a cost advantage over PEMEL and SOEL due to its
maturity and resulting lower investment costs. The total costs for
methanol production amount to 1171-1203 €/tyeoy. While the TPC of
the PEMEL/CO»-MS process are close to those of the SOEL/CO»-MS and
Co-SOEL/CO-MS pathways, it remains the most cost-intensive route at
1357 €/tyeon- A comparison of the SOEL/CO»-MS and the Co-SOEL/CO-
MS process routes shows lower costs for the SOEL/CO-MS route in 2024

International Journal of Hydrogen Energy 206 (2026) 153394

due to the lower electrolyzer and electricity costs.

In 2030 the AEL/CO3-MS route is still expected to have the lowest
TPC, but the increasing maturity of the other technologies allows to
close the gap between the different concepts. By 2050 the Co-SOEL/CO-
MS route offers the lowest TPC. The decreasing investment costs for
solid oxide electrolyzers allow to exploit the advantages with regards to
efficiency and, therefore, OPEX over other technologies. In comparison
to the SOEL/CO2-MS route, the reduced CAPEX for important other
process steps like synthesis reactor, compression and heat pump lead to
slight advantages for the Co-SOEL/CO-MS route.

In summary, all process routes are compared in terms of their ener-
getic efficiency and total production costs (excluding COy costs) in
Fig. 12. The depiction gives an overview on the expected learning curves
for the different technologies and the achievable energetic efficiencies
and total production costs. Especially, the potential of the SOEL/CO2-MS
and Co-SOEL/CO-MS routes is highlighted. By 2050, this technology
could enable the most cost-efficient methanol production with the
highest overall plant efficiency. For all considered years SOEL/CO»-MS
and Co-SOEL/CO-MS route offer quite similar efficiencies and TPC.
Keeping the uncertainties of the conducted evaluation in mind, a clear
decision on the preferred route is difficult. With increasing maturity of
the technologies and a higher certainty in cost estimation, accuracy of
the assessment could be increased. However, from the current
perspective, in the mid-term the SOEL/CO2-MS synthesis route is to be
preferred. Regarding the long-term perspective, also additional factors
like the risk of carbon formation in co-electrolysis systems 152,153 have
to be considered when deciding for the applied technology.

Since certain parameters such as electricity price, interest rates and
CAPEX included in the techno-economic considerations are subject to
uncertainties and fluctuations, sensitivity analyzes are often applied to
give an indication on the influence of such variations. Sensitivity anal-
ysis is also a valuable tool to identify which parameters need to be
addressed from a technical or regulatory point of view to improve eco-
nomic feasibility. In Fig. 13 the parameter variation for a sensitivity
analysis for the SOEL/CO,-MS route is given. As shown, cost variations
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Fig. 11. Overview of the total production costs of the various process routes considered (w/PHI, 250 tyeon/d).
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Fig. 12. Comparison of the energetic efficiency and methanol production costs
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of £100 % were considered. The results clearly indicate that electricity
prices and electrolyzer costs have the highest impact on costs. As
mentioned above, dynamic operation of power-to-methanol plants is
discussed in literature. Even though this is not the focus of this publi-
cation, the variation in plant availability (full-load hours) in Fig. 13
highlights the challenges of such an approach.

Achieving production costs for renewable methanol that are com-
parable to those of conventionally produced methanol remains a sig-
nificant challenge. The current market price is between 250 and 570 €/t
for conventionally produced methanol (average price 2023 for Europe:
434 €/t [154]). However, it must be noted that this already includes
profit margins. Assuming an average profit margin of 10 % (within an
estimated range of 5-15 %), this would correspond to production costs
of approximately 400 €/tyeon. According to Ref. [155], there could be a
higher willingness to pay for ‘green’ products in the future. But even

2000
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Fig. 13. Sensitivity analysis for the SOEL/CO5-MS route (10 bar, 2030, w/PHI,
250 tyveon/d, CO, source: Bioethanol refinery).
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assuming that industry and customers would accept around 20 % higher
costs (474 €/tveon), there is still a considerable gap.

Fig. 14 shows a comparison of methanol production costs depending
on the electrolysis technology, the reference year for a variation of
electricity costs. In 2024 and 2030, even with an electricity price of 0 €/
MWh, production costs similar to those for conventionally produced
methanol cannot be achieved. A positive trend is emerging for 2050, as
the CAPEX for electrolysis technologies are expected to decline. As a
result, overall production costs could decrease. For electricity prices
below 22 €/MWh, the SOEL/CO,-MS process could achieve cost parity
with conventionally produced methanol. In comparison, low-
temperature electrolysis processes require electricity costs of less than
14 €/MWh for PEMEL/CO»-MS and AEL/CO,-MS. However, it must be
noted that prices for renewable electricity at such low levels appear
unlikely.

The results of this study indicate that ‘green’ methanol is unlikely to
become cost-competitive with fossil-based methanol in the long term.
Without regulatory measures ‘green’ methanol would only gain a sig-
nificant market share if technological progress drives production costs
well below current projections. Therefore, in order to align with the
required emission reduction pathways, regulatory measures must be
implemented to actively support the deployment of ‘green’ methanol.

A variety of subsidy and market-shaping instruments could be used
to achieve this. On the supply side, producers could be supported by
direct investment grants, targeted tax incentives and measures to reduce
the effective electricity price for electrolysis-based production. Addi-
tionally, introducing stricter carbon pricing for the production of fossil-
based methanol would narrow the cost gap with ‘green’ methanol by
raising the cost of the carbon-intensive production method. On the de-
mand side, a quota system for ‘green’ methanol could be implemented,
analogous to the ReFuelEU aviation initiative for sustainable aviation
fuels. However, since methanol is primarily used as an intermediate
product with a wide variety of downstream applications, designing and
implementing an economy-wide quota would be more challenging. A
more feasible approach would be to introduce quota obligations in
specific sectors, such as maritime transport.

The successful market introduction of ‘green’ methanol ultimately
depends on technology, policy and coordinated action across the value
chain. Fuel producers, downstream users, infrastructure providers and
policymakers will need to agree on long-term supply arrangements and
standards. A willingness to pay more for low-carbon fuels, at least in the
early stages of high-value niche markets, will also be essential to over-
come remaining cost barriers.

5. Conclusion

Renewable methanol will play a key role in the future energy system
due to its versatility in the chemical industry, but also as a H; storage
medium or fuel. The production of renewable methanol by means of
electrolysis has already been analyzed in a large number of studies. In
most cases, only one electrolysis technology was evaluated, or the heat
integration of SOEL was not comprehensively examined. The aim of the
study was therefore to provide a comprehensive analysis of the influence
of electrolysis technologies with regard to the technical and economic
conditions at a chemical site in Germany. The focus was specifically on
the application and different means of heat integration of high-
temperature electrolysis, which is currently the least considered elec-
trolysis technology for that purpose. In addition, available CO4 sources
were analyzed for the Bitterfeld-Wolfen region. The study shows that a
methanol plant capacity of up to 800 tyeon/d could be realized at this
location with local point sources, whereby both ‘green’ and ‘gray’ CO5
sources must be included. Purely ‘green’ methanol production with the
use of ‘green’ CO, would be possible with a plant capacity of 500 tyeon/
d. For higher production capacities DAC would need to be considered.
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Fig. 14. Influence of electricity prices on total methanol production costs.

The techno-economic comparison of the electrolysis technologies
shows that the energetic efficiency of the SOEL/CO,-MS route is
currently 11.3-11.8 % higher than for the AEL/CO»-MS route if process
heat is integrated. The PEMEL/CO»-MS route currently offers the lowest
energetic efficiency. If further waste heat sources are available, the
advantage of high-temperature electrolysis can be further increased.

When analyzing TPC, the PEMEL/CO,-MS route currently has the
highest methanol production costs and this trend will persist until 2050.
Although the AEL/CO»-MS route will still have the lowest methanol
production costs in 2030, by then the SOEL/CO,-MS route will already
be achieving 119-140 €/tyeon lower costs than the PEMEL/CO2-MS
route. The most cost-effective methanol production route for 2050 is the
SOEL/CO,-MS route with pressurized electrolysis and full waste heat
utilization, reaching TPC of 745 €/tyeon-

The current results show methanol production costs that cannot
economically compete with conventionally produced methanol. A
reduction in electricity costs, an increase in the achievable market price
for methanol from renewable energy sources and an increase in the price
of CO, emissions would be necessary to become competitive.
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Greek symbols

n Efficiency -

9 Temperature °C
Subscripts

amine  Amine scrubber
C Carbon

ch Chemical
co-el Co-electrolysis
comp Compressor
dist Distillation

EL Electrolysis

el Electric

en Energetic

ev Evaporation
FC Final cooler
heat pump Heat pump
I Index

in Inlet

L Losses

lower Lower
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MEA Monoethanolamin
MeOH  Methanol
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reactor Synthesis reactor
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th Thermal

total Total
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Abbreviations

AACE  Association for the Advancement of Cost Engineering
AC Administrative costs

ACC Annual capital costs

AEL Alkaline electrolysis

CAPEX Capital expenditure

CEPCI  Chemical Engineering Plant Cost Index

COR Carbon-to-oxide ratio

DAC Direct air capture

EC Equipment costs

FCI Fixed capital investment
GO Guarantees of Origin

HHV Higher heating value
IMPCA International Methanol Producers and Consumers Association

IR Interest rate

1&T Insurance and taxes

LC Laboratory charges

LHHW  Langmuir-Hinshelwood-Hougen-Watson
LHV Lower heating value

MEA Monoethanolamine

MEFC Mass flow controller

ML Maintenance labor

MS Methanol synthesis

MM Maintenance material

OL Operating labor

OPEX Operating expenditure

(0] Operations supervision

PEMEL Proton exchange membrane electrolysis
PL Plant lifetime

PSA Pressure swing adsorption
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RF
RU

rWGS

SOEL

TCI
TPC
TRL
wC

w/FHI
w/oHI
w/PHI

Ratio factor

Reactant utilization
Reverse water-gas shift
Size of equipment

Solid oxide electrolysis
Total capital investment
Total production cost
Technology readiness level
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