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A B S T R A C T

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 CO2 sources at the chemical park of Bitterfeld- 
Wolfen (Germany), allowing for production capacities from 250 to 800 tMeOH/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 CO2 content in the atmosphere and 
leading to global climate change with numerous negative effects. With a 
share of approx. 6 % of total CO2 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 
CO2 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 CO2 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 CO2 sources is of particular interest.

For the synthesis of methanol, besides CO2, H2 is required. This could 
be produced from renewable electricity using electrolysis. The so-called 
power-to-methanol process resulting from coupling of electrolysis and 

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+2H2⇄CH3OH ΔHR = − 90.8 kJ/mol Eq. 1 

can be applied [27]. In case of the application of low-temperature 
electrolyzers only H2 and CO2 are available as feed. Therefore, a 
CO2-based methanol synthesis step with the governing reaction 

CO2 +3H2⇄CH3OH + H2O ΔHR = − 49.6 kJ/mol Eq. 2 
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needs to be applied. This is generally possible [27], but the 
CO2-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 CO2 to CO according to: 

CO2 +H2⇄CO + H2O ΔHR = 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 CO2-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 
H2 and CO, but also contains CO2 [29–32], both reactions according Eqs. 
(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 CO2-based methanol synthesis as 
mentioned above are not solely described by Eqs. (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 

overall production costs are evaluated. The study is based on available 
CO2 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 €/tMeOH with a majority of the studies reporting values in the range 
of 700–1100 €/tMeOH. The overview shows that the evaluation of SOEL 
or Co-SOEL for the production of H2 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 CO2- 
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. CO2 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- 
lysis

Basis 
year

Lifetime 
a

IRa

%
Full load hours 
h/a

Capacity Pressure 
bar

Temp. 
◦C

Electricity 
costs 
€/MWhel

H2 costs 
€/kg

CO2 cost 
€/t

Production 
costs 
€/t

Ref.

AEL 2014 10 5,25 – 97 t/d 50 235 45 0.41–3 ​ 375–984 [17]
AEL 2012 25 10 7446 50 MWth, Prod 65 250 50 3–4.56 20 913 [18]
AEL 2011 40 6 6570 120 MWel – – 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, 

AEL
– 20 10 – 1100 t/d 67–69 50–238 50 – 60 850 [16]

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 (H2 

input)
70 250 25 – ​ 720 [12]

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 MWel – – 50 – 20 674 [23]
SOEL 2014 20 10 8000 454 kg/h (H2 

input)
78 237 50 – 3–10 890–5460 [24]

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]

a Interest rate.
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in addition to renewable electric energy and water, CO2 is the main 
starting material for the process. The study therefore aimed to identify 
various CO2 sources available at the site as well as the additional pro
vision of CO2 from air. The aim was to match available CO2 sources with 
a relevant production capacity for methanol. The choice of CO2 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 CO2-neutral ‘green’ methanol can only be obtained from the 
latter two options. Independent of the origin of the CO2, it is well known 
that the energy demand and, thus, the separation cost increase with 
decreasing CO2 fraction in the considered gas stream [36].

In order to assess the local availability of CO2, 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 CO2 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 
CO2 separation. The largest point source identified was the gas and 
steam power plant. However, a more thorough assessment showed that a 
CO2 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’ CO2 sources are scarce. 
However, the studied site offers the advantage that such sources with 
reasonable CO2 output are available in comparably close proximity. The 
establishment of a CO2 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 H2 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 CO2 
capture (ηamine = 0.9) and methanol synthesis (ⴄsyn = 0.95).

3.1.2. Scaling scenarios
Conventional methanol is currently produced in world-scale plants 

with production capacities up to 10,000 tMeOH/d [27]. For the produc
tion of ‘green’ methanol smaller plants are to be expected. One reason is 

the low availability of ‘green’ point sources with adequate CO2 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 tMeOH/d [42]. Larger projects 
with capacities up to approx. 600 tMeOH/d are planned worldwide [36].

In order to evaluate a reasonable scaling of a power-to-methanol 
plant utilizing the available CO2 sources at the considered site, 
different scenarios were defined for the study (Fig. 1). The considered 
product capacities were 250, 500 and 800 tMeOH/d. Depending on the 
production capacity, different CO2 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’ CO2 in combination 
with the use of ‘green’ H2 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’ CO2 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 CO2 [43,44] that would need to be established on-site.

Choosing the CO2 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’ CO2 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’ CO2 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’ CO2 sources is decreasing due to electrification or the 
application of H2 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 tMeOH/d production 
capacity could be based on the two major ‘green’ CO2 sources given in 
Table 2, for the ‘green’ 800 tMeOH/d scenario DAC must be applied to 
substitute the ‘gray’ CO2 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 CO2-based methanol synthesis (CO2-MS) was 

Table 2 
Available CO2 sources (‘gray’, ‘green’) in the area of the chemical park Bitterfeld-Wolfen with their mass flow, CO2 content, possible contaminants and estimated 
methanol production capacity.

Source Category CO2 exhaust gas mass flow 
tCO2/d

CO2 

fraction 
Vol.-%

Potential contaminants Estimated methanol production 
tMeOH/d

Gas and steam power plant gray 883.0 3.0 H2O, NOx, SO2 550
Flat glass production gray 363.0 7.7 H2O, NOx, SO2 224
Waste incineration plant gray 96.0 ca. 10 Dust, HCl, SO2, NOx, CO, NH3, (Hg, As, Cr, 

Ni)
60

Biomass power plant (18 
km)

green 499.0 13.3 CH4, H2O, NH3, H2S, HCl 310

Bioethanol refinery (14 
km)

green 429.0 80–100 not specified 267

Biomethane plant green 16.0 15–50 CH4, H2S, NH3, HCl 10
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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 CO2- 
based methanol synthesis (CO2-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.

Fig. 1. Overview on the different scaling scenarios considered, showing the available CO2 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.)

Fig. 2. Overview of possible process routes for the electrolysis-based production of methanol.
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3.2.1. CO2 capture
The CO2 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 CO2 source chosen.

Amine scrubbing with monoethanolamine (MEA) is currently state of 
the art [48]. The CO2 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 CO2 separation for the different CO2 sources, literature data 
[50–55] was used to determine a function allowing for its calculation 
(Fig. 5).

Applying the correlation to the CO2 sources given in Table 2, this 
results, for example, in an electric energy demand of 204 kWhel/tCO2 for 
flat glass production with a CO2 content of 7.7 % and approx. 66 kWhel/ 
tCO2 for the bioethanol refinery with a CO2 content of 80 %. The thermal 
energy demand of CO2 separation is barely dependent on CO2 content. 

Values in the range of 950–1160 kWhth/tCO2 were reported in literature 
[51,52,54,55]. For the conducted calculations, an average value of 1050 
kWhth/tCO2 was assumed. In addition to the given energy demands, 
amine scrubbing has a monoethanolamine demand of approx. 1.5–4.6 
kg/tCO2 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 CO2-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 kWhel/tCO2 and around 1500 
kWhth/tCO2 [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 CO2 separation from the different sources 
applied for the calculations are given in Table 3.

Fig. 3. Flow scheme for the process route applying CO2-based methanol synthesis (CO2-MS).

Fig. 4. Flow scheme for the process route applying CO-based methanol synthesis (CO-MS).
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3.2.2. Electrolysis
The electrolysis model for the SOEL is based on the work described in 

Ref. [57]. In this work, a 0D 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-CO2 steelmaking 
applications [60]. The model allowed to calculate the cell voltage based 
on specific input data such as the flow rate of H2O, 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 Q̇L and oxygen mole fraction 
at the anode outlet xO2,out 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 H2/ 
syngas compression energy [59]. However, as the downstream 
compression of H2/syngas from near ambient pressure is technically 

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 Q̇L,SOEL. In addition, it is expected that the general heat losses Q̇L 
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 H2 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 CO2-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/ 

Fig. 5. Dependence of electric energy demand of amine scrubbing on CO2 
content of the exhaust gas (data from Refs. [50–55]).

Table 3 
Necessary energy demand for the considered CO2 sources.

DAC 
0.04 vol.-% CO2

Electric energy demand 500.0 kWhel/tCO2

Thermal energy demand (steama) 1500.0 kWhth/ 
tCO2

2.6 tSt/tCO2

Glass manufacturer 
7.7 vol.-% CO2

Electric energy demand 204 kWhel/tCO2

Thermal energy demand (steama) 1050.0 kWhth/ 
tCO2

1.8 tSt/tCO2

Biomass power plant 
13.3 vol.-% CO2

Electric energy demand 172 kWhel/tCO2

Thermal energy demand (steama) 1050.0 kWhth/ 
tCO2

1.8 tSt/tCO2

Bioethanol refinery 
80.0 vol.-% CO2

Electric energy demand 66 kWhel/tCO2

Thermal energy demand (steama) 1050.0 kWhth/ 
tCO2

1.8 tSt/tCO2

a Steam parameters: 150 ◦C and 4.76 bar (low pressure steam).

Table 4 
Parameters applied for SOEL modeling.

Symbol Unit H2O and Co-SOEL

Reference year RY – 2024 2030 2050
Electrolysis pressure pEL bar 1 1/10 1/20
Temperature ϑ ◦C 800
Reactant utilization RU – 0.8
Heat losses general Q̇L % 2 1 0.5
Heat losses SOEL Q̇L,SOEL W/cell 1 0.5 0.25
Oxygen mole fraction at air 

outlet
xO2,out mol/ 

mol
0.35 0.4 0.5
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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 H2 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 

electrolyzer [58].
The electrolysis capacity for the different studied scenarios depends 

on the H2 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/m3 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 CO2-MS [10,20,21,88] were reported. 
Based on this, 750 tubes were determined for CO2-MS and 400 tubes for 
CO-MS. This resulted in a conversion of approx. 46 % using conventional 
CO-MS and approx. 23 % using CO2-MS. By recycling the unreacted 
syngas, overall yields of 92.9 % (CO2-MS) and 96.1 % (CO-MS) resulted.

The syngas ratio H2 − CO2
CO+CO2 

was set to a value of 2.05 for both the CO2-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) CO2

CO+CO2 
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 

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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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 H2 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 

Table 6 
Electricity demand depending on electrolysis technology and reference year.

Parameter Electricity requirement/ Electricity requirement/ Reference

kWh/Nm3
H2 (+CO) kWh/kgH2 (+CO)

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 (H2/CO = 2/1) 3.02 2.98 2.95 8.6 8.5 8.4 calculated
Co-SOEL model with HI (H2/CO = 2/1) 2.63 2.59 2.56 7.5 7.4 7.3 calculated
Co-SOEL (H2/CO = 2/1) 3.85 3.80 3.50 8.0 7.9 7.8 [62]
Co-SOEL model without HI (H2/CO = 2.85) 3.06 3.02 2.98 10.2 10.0 9.9 calculated
Co-SOEL model with HI (H2/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.

Production capacity
Electrolysis capacity/MW

250 tMeOH/d 500 tMeOH/d 800 tMeOH/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 
Material balance of the considered process routes.

CO2-MS CO-MS

Mass flow ti/ 
tMeOH

Molar flow moli/ 
molMeOH

Mass flow ti/ 
tMeOH

Molar flow moli/ 
molMeOH

Input
H2O 1.917 3.410 1.392 2.476
CO2 1.480 1.076 1.430 1.040
Make-up gas
H2 0.192 3.044 0.139 2.210
CO2 1.480 1.076 0.285 0.207
CO – – 0.729 0.833
total 1.671 4.120 1.153 3.251
Make-up gas + H2-Recycle (PSA)
H2 0.207 3.282 0.147 2.340
CO2 1.480 1.076 0.285 0.207
CO – – 0.729 0.833
total 1.687 4.358 1.161 3.380
SN 2.05 2.05
COR 1.00 0.20

Table 9 
Summary of all important system parameters that were included in the process 
model.

Overall system
- Methanol purity (IMPCA): 99.85 vol.-%
- Purge stream: 1 %
- CO2, H2 conditions after amine scrubbing and electrolysis: 25 ◦C; pressure variable
- H2 - CO2/CO + CO2 ratio: 2.05
- Lower heating value: methanol = 5.528 kWh/kg; H2 = 33.333 kWh/kg
- H2 separation using PSA from the purge stream
- Operating hours: 8000 h/a (plant availability: 91 %)
- Plant lifetime: 20 years
Process components
Synthesis reactor
​ - Temperature = 250 ◦C (isothermal)
​ - Operating pressure = 80 bar
​ - Pressure drop MeOH synthesis = 2.5 bar
​ - Kinetic model based on LHHW kinetics
​ - Number of pipes: CO2-MS: 750; CO-MS: 400
​ - Pipe length: 12 m
​ - Pipe diameter: 0.0375 m
​ - Particle density: 2000 kg/m3

​ - 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 

(Flash)
- Pressure loss: neglected

​ - Temperature: 30 ◦C
​ - Pressure: 77.5 bar
Separator 2 

(Flash)
- Pressure loss: neglected

​ - 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: 

ACC=(FCI+WC)⋅
IR⋅(1 + IR)PL

(1 + IR)PL
− 1

−
WC
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: 

WC=
FCI
0.9

− FCI Eq. 7 

The factorial estimation method was used to determine the FCI. 
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 

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 

ECi =ECref ⋅
(

Si

Sref

)d

⋅ P⋅
(

CEPCIi

CEPCIref

)

Eq. 9 

The correlation allows to derive the actual equipment costs ECi from 
given reference values for costs ECref and size Sref 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 Si,upper 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 (ECi) 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 (€/kWMeOH). 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. Müller 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 tMeOH/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.

Table 10 
Overview on the ratio factors applied in the economic assessment [103].

Direct costs Electrochemical Main 
compressor

Thermochemical

Equipment costs (EC) 1 1 1
Equipment installation 0.17 0.17 0.47
Instrumentation and 

control
0 0 0.36

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 

supervision
0 0 0.33

Expenses for 
construction

0 0 0.41

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 

(FCI)
2.27 2.27 4.89

Working capital (WC) 0.18 0.18 0.18
Total capital investment 

(TCI)
2.67 2.67 5.75
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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 

OL= hourly wage ⋅hlabor Eq. 10 

were calculated based on the average specific labor costs in German 
industry. An hourly wage of 41.3 € was used [130]. The working hours 
were calculated as a function of the plant capacity and the number of the 
most important processing steps (here: electrolysis, methanol synthesis, 
methanol purification and BOP) according to Peters et al. [99,108]: 

hlabor

[
h

year

]

= 2.13 ⋅ plant capacity
[
kgfuel output

h

] 0.242

⋅ nproces steps⋅
hplant operation

24
Eq. 11 

For the electrolysis step, specific maintenance costs (Table 14) are 
included in the calculation. In addition, the techno-economic analysis 
refers to a plant life of 20 years. However, extensive literature research 
shows that this requirement for the service life of the electrolysis stacks 
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 CO2 
separation, water as well as electricity for electrolysis and BOP 

Table 11 
Applied data for the calculation of equipment cost 2024.

Equipment Si,lower Si,upper ECref/€2024 P [99] Sref Unit d IF Reference

Water purification 50 25,000 234,000 – 25,000 l/h 0.55 5.75 [104]
Amine scrubbing – 250,000 6,677,290 – 202,000 t/a 0.67 5.75 [105,106]
CO2 compressor 75 200 1,499,197 – 30,000 kWel 0.44 2.67 [107]

200 2000 0.52
2000 30,000 0.55

H2 compressor 93 500 2,209,202 – 16,800 kWel 0.55 2.67 [107]
500 2000 0.63

2000 16,800 0.70
Methanol synthesis 200 1200 354,000 1.24 1000 m2 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 purificationa 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 m2 0.67 5.75 [104]

200 1200 309,000 1000 0.80
Raw methanol tank 100 500 130,000 – 500 m3 0.45 2.67 [104]
Methanol tank 500 25,000 311,000 – 1800 m3 0.70 2.67 [104]
Emergency generator 30 220 157,000 – 220 KVA 0.70 5.75 [104]
H2 storage tank 1 100 733,460 – 1 1/tH2 1 5.75 [109]
Wastewater treatment 10 300 27,400 – 1 m3/h 0.61 5.75 [103]

a Costs for internals and fillings added according to Ref. [104].

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

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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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 CO2 
emissions for ‘green’ electricity are 9.06 gCO2/kWh for offshore wind, 
16.74 gCO2/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 CO2 emissions of 26.69 
gCO2/kWh for ‘green’ electricity generated in Germany. In comparison, 
CO2 emissions from the German electricity mix were 363 gCO2/kWh in 
2024 141. In future (2030, 2050) a further decrease of specific CO2 
emissions is expected as also the underlying manufacturing processes 

will be converted to CO2-reduced pathways, e.g. steelmaking.
The CO2 raw material costs were calculated in dependence of the CO2 

source, the methanol production capacity and the respective reference 
year and can be taken from Table 17. These CO2 costs include the cost 
for the amine scrubbing unit (CAPEX) as well as the necessary OPEX 
(monoethanolamine (MEA) at 1.8 €/kgMEA 142,143, electricity 
(Table 16) and transportation costs). The costs for the necessary heat for 
CO2 desorption were neglected in this study. It was assumed that suffi
cient heat is available at the considered CO2 sources. This could be waste 
heat of the respective CO2 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 CO2 pipelines is comparable to natural 
gas pipelines. Especially in the USA, such pipelines are state of the art, as 
CO2 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 €/tCO2 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 CO2 via 
DAC leads to the highest costs (Table 17). Furthermore, the results 
indicate the advantage of the Bitterfeld-Wolfen site that biogenic CO2 
sources can be used to a rather great extent (>500 tMeOH/d). Due to 
higher CO2 concentrations in the exhaust gas, these entail lower sepa
ration costs – even lower than for the considered fossil-based CO2 
source. For a production capacity of 800 tMeOH/d, all locally available 
CO2 sources would need to be combined, which means that fewer op
tions are available and the effort and associated costs for the CO2 in
crease. Since the CO2-MS process requires 1.48 tons of CO2 per ton of 
methanol, while the CO-MS process requires only 1.43 tons of CO2 per 
ton of methanol, the specific CO2 costs of the CO2-MS process are 
1.5–2.2 €/t MeOH higher when using local CO2 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 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

Fig. 7. Expected development of lifetime of the different considered electrol
ysis technologies based on literature data [70,72,74,75,102,111–128].

Table 15 
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

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
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the applied electrolysis technology the water management differs 
considerably, especially regarding the necessary water quality. While 
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 €/m3 

[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 H2O to H2 but also CO2 to CO, the down
stream methanol synthesis can be operated based both on CO2 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 

ηen =
ṁMeOH⋅LHVMeOH

Pel
Eq. 12 

and the carbon efficiency 

ηC =
ṅC,MeOH

ṅC,CO2
Eq. 13 

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 CO2 separation is excluded in Tables 18 
and 19.

From the case study of the CO2-MS and CO-MS routes, it can be 
derived that the H2 mass flow required for CO-MS is around 30 % lower 
than for the CO2-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 CO2-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. CO2 capture is not considered here, as it 
was assumed in this study that the CO2 source(s) is/are not located in 
close proximity to the power-to-methanol plant. If CO2 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 
CO2 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/CO2-MS and 
Co-SOEL/CO-MS generally offer a higher energetic efficiency than the 
low-temperature electrolysis-based routes PEMEL/CO2-MS and AEL/ 

Table 17 
CO2 costs depending on the CO2 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/€/tCO2 Sum/€/tCO2 Sum CO2-MS/€/tMeOH Sum CO-MS/€/tMeOH

2024 250 t/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
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CO2-MS. This is to be expected based on the thermodynamics of high- 
temperature electrolysis. The gap in efficiency can be reduced with 
increasing operating pressures for the low-temperature electrolyzers. 
However, the high-temperature electrolysis-based routes offer the po
tential for a further increase in efficiency if waste heat from other pro
cesses within the chemical park could be utilized.

A comparison of the process routes SOEL/CO2-MS and Co-SOEL/CO- 
MS shows that the option based on steam electrolysis and CO2-based 
methanol synthesis (SOEL/CO2-MS) offers a slightly higher energetic 
efficiency. The reason is that the energy demand for the RWGS reaction 
(Eq. (3)) needs to be provided in form of electric energy within the 
electrolyzer for the Co-SOEL/CO-MS route, as outlined above. For 
SOEL/CO2-MS, this energy is provided in the synthesis reaction step. 
This leads to less heat being available for integration within the process 
(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 
(Table 8). However, the application of the HT heat pump allows to 
provide the necessary heat with a low electric energy demand. If addi
tional heat for integration is available, especially in case of full heat 
integration (w/FHI), the difference becomes more pronounced.

Looking at the future scenarios, the discussed general trends remain 
the same. However, from a current perspective, it is expected that the 
operating pressure of low-temperature electrolyzers can be increased to 
considerably higher values. Thus, the energy demand for compression 
and, therefore, the gap in efficiency is reduced.

The CO2 emissions for the different process routes can be calculated 
based on the electricity consumption of the respective process route and 
the specific CO2 emissions of the electricity used. For ‘green’ electricity 
this would result in 207–279 kgCO2/tMeOH with renewable electricity. 
The minimum is achieved for SOEL/CO2-MS and the maximum for 
PEMEL/CO2-MS. If the German electricity mix were used for methanol 
production, 2994–4041 kgCO2/tMEOH would result. This would be 
considerably higher than the conventional process with CO2 emissions 
in the range of 500–3800 kgCO2/tMeOH, depending on process and effi
ciency 149,150. For a comprehensive comparison it must also be taken 
into account that fossil-based methanol entails additional end-of-life 
emissions of about 1375 kgCO2/tMEOH 151, which do not apply in the 
case of ‘green’ methanol. It is therefore essential to use electricity 
generated from renewable sources to minimize emissions.

4.2. Economic assessment

The techno-economic model can be used to illustrate and analyze the 
contribution of different cost components. The complete data on CAPEX, 
OPEX and TPC for all considered process routes (w/oHI, w/PHI, w/FHI) 
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 
OPEX and therefore significantly influence production costs.

In Fig. 9 the results regarding OPEX are depicted in detail for the 
process routes with process heat integration (w/PHI). Depending on the 
electrolysis process, electricity costs represent the dominant share of 
total OPEX – accounting for approximately 65–86 % when excluding 
CO2 separation costs, and 60–79 % when including CO2 separation costs 
for local point sources. Due to the fact that the use of DAC currently 
results in relatively high CO2 capture costs, the use of CO2 from a DAC 
would further reduce the cost share of electricity costs for electrolysis 
which would then only amount to 45–61 %. If CO2 from the DAC would 
be used, its share of total OPEX would amount to 29–34 %, highlighting 
the challenges in applying this technology.

The electricity demand of the BOP components clearly shows the 
positive cost impact of water compression upstream of the electrolysis. 
However, the effect on cost is negligible in comparison to the decrease in 
energy cost due to the higher efficiency of SOEL technology. The data 
presented in Fig. 9 refers to the integration of process heat (w/PHI). The 
OPEX could be reduced by including additional waste heat from the 
chemical park (Tables 20 and 21). However, the ‘free’ utilization of Ta
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e 
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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 

costs for provision of this gas.
The CAPEX values are presented in Fig. 10. CO2 separation tech

nologies (amine scrubbing, DAC) are not included, as the investment 
costs of the scrubbing units are accounted for within the CO2 cost esti
mates. As expected, CAPEX are the highest in 2024 and range from 353 
€/tMeOH (AEL/CO2-MS) to 519 €/tMeOH (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 

Table 19 
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
10 1

20

Heat integration w/oHI w/ 
PHI

w/ 
FHI

w/oHI w/ 
PHI

w/ 
FHI

w/oHI w/ 
PHI

w/ 
FHI

w/oHI w/ 
PHI

w/ 
FHI

w/oHI w/ 
PHI

w/ 
FHI

Electric power demand/kWhel/tMeOH

Pel,EL 7590.8 7471.0
7381.6

Pel,syngas comp 505.5 225.6
505.5

147.9 ​ ​

Pel,rec comp 14.1 ​ ​ ​ ​ ​ ​
Pel,heat 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/kWhth/tMeOH

Q̇reactor, useable 

(>110 ◦C)
− 437.2

Q̇dist 370.7

Q̇ev 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

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

A. Walther et al.                                                                                                                                                                                                                                International Journal of Hydrogen Energy 206 (2026) 153394 

14 



Ta
bl

e 
20

 
O

ve
rv

ie
w

 o
n 

CA
PE

X,
 O

PE
X 

an
d 

to
ta

l c
os

ts
 in

cl
ud

in
g 

th
e 

co
nt

ri
bu

tio
n 

of
 C

O
2 

se
pa

ra
tio

n:
 C

O
2-

M
S 

pr
oc

es
s 

ro
ut

es
.

Sy
nt

he
si

s
CO

2-
M

S

El
ec

tr
ol

ys
is

A
EL

PE
M

SO
EL

Re
fe

re
nc

e 
ye

ar
20

24
20

30
20

50
20

24
20

30
20

50
20

24
20

30
20

50
Pr

es
su

re
/b

ar
1

30
50

70
30

50
80

1
1

10
1

20
ad

di
tio

na
l v

ar
ia

tio
n

​
​

​
​

​
​

​
w

/o
H

I
w

/P
H

I
w

/F
H

I
w

/o
H

I
w

/P
H

I
w

/F
H

I
w

/o
H

I
w

/P
H

I
w

/F
H

I
w

/o
H

I
w

/P
H

I
w

/F
H

I
w

/o
H

I
w

/P
H

I
w

/F
H

I
CA

PE
X-

O
PE

X
​

​
​

​
​

​
​

​
​

​
​

​
​

​
​

​
​

​
​

​
​

​
CA

PE
X/

€/
t M

eO
H

35
7.

5
35

3.
6

30
4.

3
19

4.
1

47
2.

5
38

3.
2

19
8.

6
50

1.
9

50
4.

9
50

1.
9

38
7.

0
39

0.
1

38
7.

0
38

5.
8

38
8.

9
38

5.
8

18
5.

7
18

8.
9

18
5.

7
16

6.
1

16
9.

3
16

6.
1

O
PE

X 
- d

ir
ec

t c
os

ts
/ €

/t
M

eO
H

73
6.

8
70

8.
8

70
0.

8
59

2.
1

75
1.

7
74

7.
2

62
3.

3
59

6.
1

58
7.

9
55

8.
0

60
3.

3
59

5.
6

56
4.

1
58

3.
3

57
5.

6
54

4.
1

54
5.

7
53

9.
5

50
9.

9
52

2.
4

51
6.

1
48

6.
6

O
PE

X 
- i

nd
ir

ec
t c

os
ts

/€
/t

M
eO

H
10

9.
6

10
8.

8
10

6.
6

82
.4

13
2.

9
12

9.
7

76
.1

18
6.

1
18

6.
1

18
6.

1
15

5.
8

15
5.

8
15

5.
8

15
5.

3
15

5.
3

15
5.

3
69

.9
69

.9
69

.9
61

.8
61

.8
61

.8
Su

m
/ €

/t
M

eO
H

12
03

.8
11

71
.2

11
11

.7
86

8.
6

13
57

.1
12

60
.1

89
7.

9
12

84
.1

12
78

.9
12

45
.9

11
46

.1
11

41
.6

11
06

.9
11

24
.4

11
19

.9
10

85
.2

80
1.

4
79

8.
3

76
5.

6
75

0.
3

74
7.

2
71

4.
5

w
ith

 lo
w

 c
os

t C
O

2/
€/

t M
eO

H
12

62
.7

12
30

.1
11

70
.8

92
7.

1
14

16
.0

13
19

.2
95

6.
4

13
43

.0
13

37
.8

13
04

.8
12

05
.2

12
00

.7
11

66
.0

11
83

.5
11

79
.0

11
44

.3
85

9.
9

85
6.

8
82

4.
1

80
8.

8
80

5.
7

77
3.

0
w

ith
 h

ig
h 

co
st

 C
O

2/
€/

t M
eO

H
12

83
.8

12
51

.2
11

92
.3

94
7.

3
14

37
.1

13
40

.7
97

6.
6

13
64

.1
13

58
.9

13
25

.9
12

26
.7

12
22

.2
11

87
.5

12
05

.0
12

00
.5

11
65

.8
88

0.
1

87
7.

0
84

4.
3

82
9.

0
82

5.
9

79
3.

2
w

ith
 D

A
C-

CO
2/

€/
t M

eO
H

​
​

15
55

.7
12

38
.6

​
17

04
.1

12
67

.9
​

​
​

15
90

.1
15

85
.6

15
50

.9
15

68
.4

15
63

.9
15

29
.2

11
71

.4
11

68
.3

11
35

.6
11

20
.3

11
17

.2
10

84
.5

Ta
bl

e 
21

 
O

ve
rv

ie
w

 o
n 

CA
PE

X,
 O

PE
X 

an
d 

to
ta

l c
os

ts
 in

cl
ud

in
g 

th
e 

co
nt

ri
bu

tio
n 

of
 C

O
2 

se
pa

ra
tio

n:
 C

O
-M

S 
pr

oc
es

s 
ro

ut
es

.

Sy
nt

he
si

s
CO

-M
S

El
ec

tr
ol

ys
is

Co
-S

O
EC

Re
fe

re
nc

e 
ye

ar
20

24
20

30
20

50
Pr

es
su

re
/b

ar
1

1
10

1
20

ad
di

tio
na

l v
ar

ia
tio

n
w

/o
H

I
w

/P
H

I
w

/F
H

I
w

/o
H

I
w

/P
H

I
w

/F
H

I
w

/o
H

I
w

/P
H

I
w

/F
H

I
w

/o
H

I
w

/P
H

I
w

/F
H

I
w

/o
H

I
w

/P
H

I
w

/F
H

I
CA

PE
X-

O
PE

X
​

​
​

​
​

​
​

​
​

​
​

​
​

​
​

CA
PE

X/
€/

t M
eO

H
51

9.
0

52
0.

5
51

9.
0

39
6.

6
39

8.
2

39
6.

6
39

5.
3

39
7.

0
39

5.
3

18
1.

7
18

3.
4

18
1.

7
18

0.
3

18
2.

0
18

0.
3

O
PE

X 
- d

ir
ec

t c
os

ts
/ €

/t
M

eO
H

60
4.

4
59

5.
9

58
0.

5
61

3.
1

60
5.

2
58

8.
7

59
2.

6
58

4.
7

56
8.

2
55

4.
5

54
8.

0
53

2.
1

53
0.

5
52

4.
0

50
8.

2
O

PE
X 

- i
nd

ir
ec

t c
os

ts
/€

/t
M

eO
H

19
0.

0
19

0.
0

19
0.

0
15

7.
8

15
7.

8
15

7.
8

15
7.

3
15

7.
3

15
7.

3
66

.1
66

.1
66

.1
65

.5
65

.5
65

.5
Su

m
/ €

/t
M

eO
H

13
13

.3
13

06
.4

12
89

.5
11

67
.5

11
61

.2
11

43
.0

11
45

.2
11

39
.0

11
20

.8
80

2.
2

79
7.

4
77

9.
9

77
6.

2
77

1.
5

75
3.

9
w

ith
 lo

w
 c

os
t C

O
2/

€/
t M

eO
H

13
70

.2
13

63
.3

13
46

.4
12

24
.6

12
18

.3
12

00
.1

12
02

.3
11

96
.1

11
77

.9
85

8.
7

85
3.

9
83

6.
4

83
2.

7
82

8.
0

81
0.

4
w

ith
 h

ig
h 

co
st

 C
O

2/
€/

t M
eO

H
13

90
.6

13
83

.7
13

66
.8

12
45

.4
12

39
.1

12
20

.9
12

23
.1

12
16

.9
11

98
.7

87
8.

2
87

3.
4

85
5.

9
85

2.
2

84
7.

5
82

9.
9

w
ith

 D
A

C-
CO

2/
€/

t M
eO

H
​

​
​

15
96

.4
9

15
90

.2
5

15
72

.0
4

15
74

.2
2

15
67

.9
7

15
49

.7
6

11
59

.7
1

11
54

.9
5

11
37

.3
6

11
33

.7
3

11
28

.9
6

11
11

.3
8

A. Walther et al.                                                                                                                                                                                                                                International Journal of Hydrogen Energy 206 (2026) 153394 

15 



show that electrolysis costs will continue to have a decisive influence on 
the CAPEX of power-to-methanol processes in the future, even though 
the costs are expected to decrease considerably. Other major cost factors 
are the H2 storage, compressors, heat exchangers and methanol 

synthesis.
A comparison of Co-SOEL/CO-MS and SOEL/CO2-MS process routes 

reveals that the CAPEX of the electrolysis will have the dominant in
fluence on the total costs in all the reference years considered. Since Co- 

Fig. 9. Overview on the OPEX of the various process routes including the contribution of CO2 separation (w/PHI, 250 tMeOH/d).

Fig. 10. Overview of the CAPEX of the various process routes considered (w/PHI, 250 tMeOH/d).
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SOEL requires a higher installed capacity to provide syngas instead of 
pure H2, 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 tMeOH/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 €/tMeOH. Accord
ingly, the CAPEX of the AEL without electrolysis could be reduced from 
72 €/tMeOH for a plant size of 250 t/d to 56 €/tMeOH for a plant size of 
500 t/d and to approx. 49 €/tMeOH 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 €/tMeOH. While the TPC of 
the PEMEL/CO2-MS process are close to those of the SOEL/CO2-MS and 
Co-SOEL/CO-MS pathways, it remains the most cost-intensive route at 
1357 €/tMeOH. A comparison of the SOEL/CO2-MS and the Co-SOEL/CO- 
MS process routes shows lower costs for the SOEL/CO2-MS route in 2024 

due to the lower electrolyzer and electricity costs.
In 2030 the AEL/CO2-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 CO2 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/CO2-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/CO2-MS route is given. As shown, cost variations 

Fig. 11. Overview of the total production costs of the various process routes considered (w/PHI, 250 tMeOH/d).
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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 €/tMeOH. According to Ref. [155], there could be a 
higher willingness to pay for ‘green’ products in the future. But even 

assuming that industry and customers would accept around 20 % higher 
costs (474 €/tMeOH), 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/CO2-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/CO2-MS and AEL/CO2-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 H2 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 CO2 sources 
were analyzed for the Bitterfeld-Wolfen region. The study shows that a 
methanol plant capacity of up to 800 tMeOH/d could be realized at this 
location with local point sources, whereby both ‘green’ and ‘gray’ CO2 
sources must be included. Purely ‘green’ methanol production with the 
use of ‘green’ CO2 would be possible with a plant capacity of 500 tMeOH/ 
d. For higher production capacities DAC would need to be considered.

Fig. 12. Comparison of the energetic efficiency and methanol production costs 
of all process concepts considered in the study (w/PHI, 250 tMeOH/d, without 
CO2 costs).

Fig. 13. Sensitivity analysis for the SOEL/CO2-MS route (10 bar, 2030, w/PHI, 
250 tMeOH/d, CO2 source: Bioethanol refinery).
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The techno-economic comparison of the electrolysis technologies 
shows that the energetic efficiency of the SOEL/CO2-MS route is 
currently 11.3–11.8 % higher than for the AEL/CO2-MS route if process 
heat is integrated. The PEMEL/CO2-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/CO2-MS route currently has the 
highest methanol production costs and this trend will persist until 2050. 
Although the AEL/CO2-MS route will still have the lowest methanol 
production costs in 2030, by then the SOEL/CO2-MS route will already 
be achieving 119–140 €/tMeOH lower costs than the PEMEL/CO2-MS 
route. The most cost-effective methanol production route for 2050 is the 
SOEL/CO2-MS route with pressurized electrolysis and full waste heat 
utilization, reaching TPC of 745 €/tMeOH.

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 CO2 emissions would be necessary to become competitive.
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List of symbols

I Current A
i Current density mA/cm2

p Pressure bar
P Power kW
Q̇ Heat flow kWhth/tMeOH
RU Reactant utilization -
RY Reference year -
T Temperature ◦C
U Voltage V
X Mole fraction -

Fig. 14. Influence of electricity prices on total methanol production costs.

A. Walther et al.                                                                                                                                                                                                                                International Journal of Hydrogen Energy 206 (2026) 153394 

19 



Greek symbols
η Efficiency -
ϑ 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
max Maximum
MEA Monoethanolamin
MeOH Methanol
nom Nominal
out Outlet
reactor Synthesis reactor
rec Recycle
ref Reference
st Steam
syn Synthesis
th Thermal
total Total
upper Upper

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
I&T Insurance and taxes
LC Laboratory charges
LHHW Langmuir-Hinshelwood-Hougen-Watson
LHV Lower heating value
MEA Monoethanolamine
MFC Mass flow controller
ML Maintenance labor
MS Methanol synthesis
MM Maintenance material
OL Operating labor
OPEX Operating expenditure
OS Operations supervision
PEMEL Proton exchange membrane electrolysis
PL Plant lifetime
PSA Pressure swing adsorption
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RF Ratio factor
RU Reactant utilization
rWGS Reverse water-gas shift
S Size of equipment
SOEL Solid oxide electrolysis
TCI Total capital investment
TPC Total production cost
TRL Technology readiness level
WC Working capital
w/FHI With full heat integration
w/oHI Without heat integration
w/PHI With process heat integration
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Verkehr, Strom und Wärme. 2018. https://www.now-gmbh.de/wp-content/up 
loads/2020/09/indwede-studie_v04.1.pdf.

[71] ThyssenKrupp Nucera. Industrial-Scale Water Electrolysis for Green Hydrogen 
Production; 2024.Add link: https://www.thyssenkrupp-nucera.com/wp-conten 
t/uploads/2024/10/thyssenkrupp-nucera_green-hydrogen_broshure_A4_24102 
9_RZ_WEB.pdf.

[72] IEA. The future of hydrogen. 2019. https://iea.blob.core.windows.net/assets 
/9e3a3493-b9a6-4b7d-b499-7ca48e357561/The_Future_of_Hydrogen.pdf.

[73] International Renewable Energy Agency. Making the breakthrough: green 
hydrogen policies and technology costs. https://www.irena.org/-/media/Fil 
es/IRENA/Agency/Publication/2020/Nov/IRENA_Green_Hydrogen_breakthr 
ough_2021.pdf.

[74] Holst, et al. Cost forecast for low-temperature electrolysis - technology driven 
bottom-up prognosis for PEM and alkaline water electrolysis systems. 2021. https 
://www.ise.fraunhofer.de/content/dam/ise/de/documents/publications/studies 
/cost-forecast-for-low-temperature-electrolysis.pdf.

[75] Pichlmaier S. Elektrolyse – Die Schlüsseltechnologie für Power-to-X - FfE [May 
06, 2024]; Available from: https://www.ffe.de/veroeffentlichungen/elektrolyse 
-die-schluesseltechnologie-fuer-power-to-x/.

[76] Sunfire. Renewable hydrogen project "MultiPLHY": world's largest high- 
temperature electrolyzer from Sunfire successfully installed [August 02, 2024]; 
Available from: https://www.sunfire.de/en/news/detail/renewable-hydrogen- 
project-multiplhy-worlds-largest-high-temperature-electrolyzer-from-sunfire-s 
uccessfully-installed.

[77] Graaf G, Stamhuis EJ, Beenackers A. Kinetics of low-pressure methanol synthesis. 
Chem Eng Sci 1988;43(12):3185–95. https://doi.org/10.1016/0009-2509(88) 
85127-3.

[78] Bussche KMV, Froment GF. A steady-state kinetic model for methanol synthesis 
and the water gas shift reaction on a commercial Cu/ZnO/Al2O3 catalyst. J Catal 
1996;161:1–10. https://doi.org/10.1006/jcat.1996.0156.

[79] Seidel C, Jörke A, Vollbrecht B, Seidel-Morgenstern A, Kienle A. Kinetic modeling 
of methanol synthesis from renewable resources. Chem Eng Sci 2018;175:130–8. 
https://doi.org/10.1016/j.ces.2017.09.043.

[80] Ma H, Ying W, Fang D. Study on methanol synthesis from coal-based syngas. 
J Coal Sci Eng China 2009;15(1):98–103. https://doi.org/10.1007/s12404-009- 
0120-y.

[81] Villa P, Forzatti P, Buzzi-Ferraris G, Garone G, Pasquon I. Synthesis of alcohols 
from carbon oxides and hydrogen. 1. Kinetics of the low-pressure methanol 
synthesis. Ind Eng Chem Process Des Dev 1985;24(1):12–9. https://doi.org/ 
10.1021/i200028a003.

[82] Wilkinson SK, van de Water L, Miller B, Simmons M, Stitt EH, Watson MJ. 
Understanding the generation of methanol synthesis and water gas shift activity 
over copper-based catalysts – a spatially resolved experimental kinetic study 
using steady and non-steady state operation under CO/CO2/H2 feeds. J Catal 
2016;337:208–20. https://doi.org/10.1016/j.jcat.2016.01.025.

[83] Peter M, Fichtl MB, Ruland H, Kaluza S, Muhler M, Hinrichsen O. Detailed kinetic 
modeling of methanol synthesis over a ternary copper catalyst. Chem Eng J 2012; 
203:480–91. https://doi.org/10.1016/j.cej.2012.06.066.

[84] Slotboom Y, Bos MJ, Pieper J, Vrieswijk V, Likozar B, Kersten S, et al. Critical 
assessment of steady-state kinetic models for the synthesis of methanol over an 
industrial Cu/ZnO/Al2O3 catalyst. Chem Eng J 2020;389:124181. https://doi. 
org/10.1016/j.cej.2020.124181.

[85] Al-Malah KI. Aspen Plus®. Wiley; 2016.
[86] Luyben WL. Principles and case studies of simultaneous design. Wiley; 2011.
[87] Ott J, Gronemann V, Pontzen F, Fiedler E, Grossmann G, Kersebohm DB, et al. 

Methanol. In: Ullmann's encyclopedia of industrial chemistry. Wiley; 2003.
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[119] Götz M, Lefebvre J, Mörs F, McDaniel Koch A, Graf F, Bajohr S, et al. Renewable 
Power-to-Gas: a technological and economic review. Renew Energy 2016;85: 
1371–90. https://doi.org/10.1016/j.renene.2015.07.066.

[120] Saba SM, Müller M, Robinius M, Stolten D. The investment costs of electrolysis – a 
comparison of cost studies from the past 30 years. Int J Hydrogen Energy 2018;43 
(3):1209–23. https://doi.org/10.1016/j.ijhydene.2017.11.115.

[121] Schmidt O, Gambhir A, Staffell I, Hawkes A, Nelson J, Few S. Future cost and 
performance of water electrolysis: an expert elicitation study. Int J Hydrogen 
Energy 2017;42(52):30470–92. https://doi.org/10.1016/j. 
ijhydene.2017.10.045.

[122] Steinmüller, et al. Endbericht - Power to Gas - eine Systemanalyse. 2014.
[123] Mathiesen BV, Ridjan I, Connolly D, Nielsen MP, Vang Hendriksen P, Bjerg 

Mogensen M, et al. Technology data for high temperature solid oxide electrolyser 
cells, alkali and PEM electrolysers. https://vbn.aau.dk/ws/files/80222058/Tech 
nology_data_for_SOEC_alkali_and_PEM_electrolysers.pdf.
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[142] Salman M, Beguin B, Nyssen T, Léonard G. Techno-economic analysis of AMP/PZ 
solvent for CO2 capture in a biomass CHP plant: towards net negative emissions. 
Front Energy Res 2024;12. https://doi.org/10.3389/fenrg.2024.1325212.

[143] JOQORA. Monoethanolamin 99 % | IBC-container | 4260452041068. Available 
from: https://www.joqora.de/monoethanolamin-99/4260452041068. [Accessed 
25 April 2024].

[144] Aigner M, Aliabadi DE, Amri-Henkel A, Anderson J, Becker L, Bergfeld M, et al. 
Roadmap für strombasierte Kraftstoffe: Gesamtbericht zur Begleitforschung 
Energiewende im Verkehr (BEniVer). 2023. https://elib.dlr.de/200260/1/Forsch 
ungsinitiative%20EiV_BEniVer_Roadmap%20f%C3%BCr%20strombasierte%20 
Kraftstoffe.pdf.

A. Walther et al.                                                                                                                                                                                                                                International Journal of Hydrogen Energy 206 (2026) 153394 

23 

https://doi.org/10.1021/ie9806848
https://doi.org/10.1021/ie9806848
https://doi.org/10.1016/j.enconman.2024.119150
https://doi.org/10.1016/j.enconman.2024.119150
https://doi.org/10.1016/j.energy.2024.133832
https://doi.org/10.1016/j.spc.2023.06.016
https://doi.org/10.1016/j.spc.2023.06.016
https://www.ost.ch/fileadmin/dateiliste/3_forschung_dienstleistung/institute/ies/projekte/projekte_tes/91_sccer-eip/literaturstudie_hochtemperatur_waermepumpen.pdf
https://www.ost.ch/fileadmin/dateiliste/3_forschung_dienstleistung/institute/ies/projekte/projekte_tes/91_sccer-eip/literaturstudie_hochtemperatur_waermepumpen.pdf
https://www.ost.ch/fileadmin/dateiliste/3_forschung_dienstleistung/institute/ies/projekte/projekte_tes/91_sccer-eip/literaturstudie_hochtemperatur_waermepumpen.pdf
http://refhub.elsevier.com/S0360-3199(26)00031-5/sref99
http://refhub.elsevier.com/S0360-3199(26)00031-5/sref99
https://doi.org/10.1016/j.apenergy.2015.07.067
https://doi.org/10.1016/j.apenergy.2015.07.067
https://doi.org/10.1016/j.jclepro.2021.129502
https://doi.org/10.1016/j.jclepro.2021.129502
https://doi.org/10.1016/j.enconman.2023.117483
https://doi.org/10.1016/j.enconman.2023.117483
http://refhub.elsevier.com/S0360-3199(26)00031-5/sref104
http://refhub.elsevier.com/S0360-3199(26)00031-5/sref104
https://www.umweltbundesamt.de/publikationen/systemvergleich-speicherbarer-energietraeger-aus
https://www.umweltbundesamt.de/publikationen/systemvergleich-speicherbarer-energietraeger-aus
https://doi.org/10.1016/j.pecs.2011.05.001
http://refhub.elsevier.com/S0360-3199(26)00031-5/sref107
http://refhub.elsevier.com/S0360-3199(26)00031-5/sref107
https://doi.org/10.1016/j.fuel.2016.12.003
http://refhub.elsevier.com/S0360-3199(26)00031-5/sref109
http://refhub.elsevier.com/S0360-3199(26)00031-5/sref109
http://refhub.elsevier.com/S0360-3199(26)00031-5/sref109
https://doi.org/10.1016/j.jcou.2025.103019
https://doi.org/10.1016/j.ijhydene.2018.08.161
https://epub.wupperinst.org/files/7058/7058_Power-to-gas.pdf
https://epub.wupperinst.org/files/7058/7058_Power-to-gas.pdf
https://doi.org/10.1016/j.rser.2017.05.288
https://doi.org/10.1016/j.ijhydene.2018.05.169
https://www.clean-hydrogen.europa.eu/media/publications/development-water-electrolysis-european-union_en
https://www.clean-hydrogen.europa.eu/media/publications/development-water-electrolysis-european-union_en
https://www.clean-hydrogen.europa.eu/media/publications/development-water-electrolysis-european-union_en
https://doi.org/10.1016/j.rser.2017.09.003
https://doi.org/10.1016/j.rser.2017.09.003
https://doi.org/10.1149/07801.2885ecst
https://doi.org/10.1149/07801.2885ecst
https://doi.org/10.1039/c0ee00092b
https://doi.org/10.1016/j.renene.2015.07.066
https://doi.org/10.1016/j.ijhydene.2017.11.115
https://doi.org/10.1016/j.ijhydene.2017.10.045
https://doi.org/10.1016/j.ijhydene.2017.10.045
http://refhub.elsevier.com/S0360-3199(26)00031-5/sref122
https://vbn.aau.dk/ws/files/80222058/Technology_data_for_SOEC_alkali_and_PEM_electrolysers.pdf
https://vbn.aau.dk/ws/files/80222058/Technology_data_for_SOEC_alkali_and_PEM_electrolysers.pdf
https://doi.org/10.1016/j.apenergy.2020.114780
https://www.oxfordenergy.org/wpcms/wp-content/uploads/2022/01/Cost-competitive-green-hydrogen-how-to-lower-the-cost-of-electrolysers-EL47.pdf
https://www.oxfordenergy.org/wpcms/wp-content/uploads/2022/01/Cost-competitive-green-hydrogen-how-to-lower-the-cost-of-electrolysers-EL47.pdf
https://www.oxfordenergy.org/wpcms/wp-content/uploads/2022/01/Cost-competitive-green-hydrogen-how-to-lower-the-cost-of-electrolysers-EL47.pdf
https://ammoniaenergy.org/wp-content/uploads/2023/01/AEA-slides-bloom-and-LSB-Rick-and-Jakob-combined.pdf
https://ammoniaenergy.org/wp-content/uploads/2023/01/AEA-slides-bloom-and-LSB-Rick-and-Jakob-combined.pdf
https://ammoniaenergy.org/wp-content/uploads/2023/01/AEA-slides-bloom-and-LSB-Rick-and-Jakob-combined.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2020/Dec/IRENA_Green_hydrogen_cost_2020.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2020/Dec/IRENA_Green_hydrogen_cost_2020.pdf
https://www.clean-hydrogen.europa.eu/knowledge-management/strategy-map-and-key-performance-indicators/fch-2-ju-mawp-key-performance-indicators-kpis_en
https://www.clean-hydrogen.europa.eu/knowledge-management/strategy-map-and-key-performance-indicators/fch-2-ju-mawp-key-performance-indicators-kpis_en
https://www.clean-hydrogen.europa.eu/knowledge-management/strategy-map-and-key-performance-indicators/fch-2-ju-mawp-key-performance-indicators-kpis_en
http://refhub.elsevier.com/S0360-3199(26)00031-5/sref130
https://www.destatis.de/Europa/DE/Thema/Bevoelkerung-Arbeit-Soziales/Arbeitsmarkt/EU_HoeheArbeitskosten.html
https://www.destatis.de/Europa/DE/Thema/Bevoelkerung-Arbeit-Soziales/Arbeitsmarkt/EU_HoeheArbeitskosten.html
https://www.dena.de/fileadmin/dena/Publikationen/PDFs/2021/211005_DLS_Gutachten_Prognos_final.pdf
https://www.dena.de/fileadmin/dena/Publikationen/PDFs/2021/211005_DLS_Gutachten_Prognos_final.pdf
https://doi.org/10.1016/j.joule.2019.07.018.Whiston
https://doi.org/10.1016/j.joule.2019.07.018.Whiston
https://doi.org/10.1016/j.fuel.2021.121924
https://doi.org/10.1016/j.enconman.2023.117573
https://doi.org/10.1016/j.enconman.2023.117573
https://doi.org/10.1039/D3EE00568B
https://doi.org/10.1039/D3EE00568B
https://www.bundeswirtschaftsministerium.de/Redaktion/DE/Publikationen/Energie/monitoring-der-direktvermarktung-jahresbericht-24.pdf?__blob=publicationFile&amp;v=6
https://www.bundeswirtschaftsministerium.de/Redaktion/DE/Publikationen/Energie/monitoring-der-direktvermarktung-jahresbericht-24.pdf?__blob=publicationFile&amp;v=6
https://www.bundeswirtschaftsministerium.de/Redaktion/DE/Publikationen/Energie/monitoring-der-direktvermarktung-jahresbericht-24.pdf?__blob=publicationFile&amp;v=6
https://web-assets.bcg.com/58/57/2042392542079ff8c9ee2cb74278/klimapfade-study-german.pdf
https://web-assets.bcg.com/58/57/2042392542079ff8c9ee2cb74278/klimapfade-study-german.pdf
https://www.ewi.uni-koeln.de/cms/wp-content/uploads/2021/10/211005_EWI-Zusammenfassung_dena-Leitstudie-Aufbruch-Klimaneutralitaet.pdf
https://www.ewi.uni-koeln.de/cms/wp-content/uploads/2021/10/211005_EWI-Zusammenfassung_dena-Leitstudie-Aufbruch-Klimaneutralitaet.pdf
https://www.ewi.uni-koeln.de/cms/wp-content/uploads/2021/10/211005_EWI-Zusammenfassung_dena-Leitstudie-Aufbruch-Klimaneutralitaet.pdf
https://doi.org/10.60810/OPENUMWELT-7687
https://www.bundeswirtschaftsministerium.de/Redaktion/DE/Publikationen/Energie/20241129-erneuerbare-energien-in-zahlen-2023.pdf?__blob=publicationFile&amp;v=8
https://www.bundeswirtschaftsministerium.de/Redaktion/DE/Publikationen/Energie/20241129-erneuerbare-energien-in-zahlen-2023.pdf?__blob=publicationFile&amp;v=8
https://www.bundeswirtschaftsministerium.de/Redaktion/DE/Publikationen/Energie/20241129-erneuerbare-energien-in-zahlen-2023.pdf?__blob=publicationFile&amp;v=8
https://www.umweltbundesamt.de/sites/default/files/medien/11850/publikationen/13_2025_cc.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/11850/publikationen/13_2025_cc.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/11850/publikationen/13_2025_cc.pdf
https://doi.org/10.3389/fenrg.2024.1325212
https://www.joqora.de/monoethanolamin-99/4260452041068
https://elib.dlr.de/200260/1/Forschungsinitiative%20EiV_BEniVer_Roadmap%20f%C3%BCr%20strombasierte%20Kraftstoffe.pdf
https://elib.dlr.de/200260/1/Forschungsinitiative%20EiV_BEniVer_Roadmap%20f%C3%BCr%20strombasierte%20Kraftstoffe.pdf
https://elib.dlr.de/200260/1/Forschungsinitiative%20EiV_BEniVer_Roadmap%20f%C3%BCr%20strombasierte%20Kraftstoffe.pdf


[145] Davoodi S, Al-Shargabi M, Wood DA, Mehrad M, Rukavishnikov VS. Carbon 
dioxide sequestration through enhanced oil recovery: a review of storage 
mechanisms and technological applications. Fuel 2024;366:131313. https://doi. 
org/10.1016/j.fuel.2024.131313.

[146] Smith EE. The cost of CO2 transport and storage in global integrated assessment 
modeling [Master thesis]. Massachusetts Institute of Technology; 2021. https 
://dspace.mit.edu/bitstream/handle/1721.1/139188/smith-smithe-sm-tpp-2021 
-thesis.pdf?sequence=1&isAllowed=y.

[147] Santos S. CO2 transport via pipeline and ship. 2012. https://publications.ieaghg. 
org/docs/General_Docs/IEAGHG_Presentations/3._CO2_Transport_Overview_-_S. 
_Santos_IEAGHG.pdf.

[148] Breyer C, Fasihi M, Bajamundi C, Creutzig F. Direct air capture of CO2: a key 
technology for ambitious climate change mitigation. Joule 2019;3(9):2053–7. 
https://doi.org/10.1016/j.joule.2019.08.010.

[149] Gielen D, Dolan G, Kang S, Boshell F, Goeppert A, Prakash SG, et al. Innovation 
outlook: renewable methanol. Abu Dhabi: International Renewable Energy 
Agency; 2021. https://www.irena.org/-/media/Files/IRENA/Agency/Publicatio 
n/2021/Jan/IRENA_Innovation_Renewable_Methanol_2021.pdf.

[150] Umweltbundesamt. Chem-Org\Methanol-Stoff-DE-2020: Herstellung von 
chemischen Erzeugnissen/Herstellung von chemischen Grundstoffen. 2020. https: 
//data.probas.umweltbundesamt.de/datasetdetail/process.xhtml?uuid=4ca 
58466-6b8e-4df3-870c-4da1d4ec4ec6.

[151] Methanol Institute. Carbon footprint of methanol. 2022. https://methanol.org/ 
wp-content/uploads/2022/01/CARBON-FOOTPRINT-OF-METHANOL-PAPER_1- 
31-22.pdf.

[152] Ince AC, Serincan MF, Colpan CO, Pasaogullari U. A mini review on mathematical 
modeling of co-electrolysis at cell, stack and system levels. Fuel Process Technol 
2023;244:107724. https://doi.org/10.1016/j.fuproc.2023.107724.

[153] Aubin P, Wang L, van herle J. Power-to-methane via co-electrolysis of H2O and 
CO2: reactor operation and system simulation. Energy Convers Manag 2023;294: 
117520. https://doi.org/10.1016/j.enconman.2023.117520.

[154] Methanex. Pricing. [January 05, 2026]; Available from: https://www.methanex. 
com/about-methanol/pricing/.

[155] World Economic Forum. Winning in green markets: scaling products for a. Net 
Zero World 2023. https://www3.weforum.org/docs/WEF_Winning_in_Green_Mar 
kets_2023.pdf.

A. Walther et al.                                                                                                                                                                                                                                International Journal of Hydrogen Energy 206 (2026) 153394 

24 

https://doi.org/10.1016/j.fuel.2024.131313
https://doi.org/10.1016/j.fuel.2024.131313
https://dspace.mit.edu/bitstream/handle/1721.1/139188/smith-smithe-sm-tpp-2021-thesis.pdf?sequence=1&amp;isAllowed=y
https://dspace.mit.edu/bitstream/handle/1721.1/139188/smith-smithe-sm-tpp-2021-thesis.pdf?sequence=1&amp;isAllowed=y
https://dspace.mit.edu/bitstream/handle/1721.1/139188/smith-smithe-sm-tpp-2021-thesis.pdf?sequence=1&amp;isAllowed=y
https://publications.ieaghg.org/docs/General_Docs/IEAGHG_Presentations/3._CO2_Transport_Overview_-_S._Santos_IEAGHG.pdf
https://publications.ieaghg.org/docs/General_Docs/IEAGHG_Presentations/3._CO2_Transport_Overview_-_S._Santos_IEAGHG.pdf
https://publications.ieaghg.org/docs/General_Docs/IEAGHG_Presentations/3._CO2_Transport_Overview_-_S._Santos_IEAGHG.pdf
https://doi.org/10.1016/j.joule.2019.08.010
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2021/Jan/IRENA_Innovation_Renewable_Methanol_2021.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2021/Jan/IRENA_Innovation_Renewable_Methanol_2021.pdf
https://data.probas.umweltbundesamt.de/datasetdetail/process.xhtml?uuid=4ca58466-6b8e-4df3-870c-4da1d4ec4ec6
https://data.probas.umweltbundesamt.de/datasetdetail/process.xhtml?uuid=4ca58466-6b8e-4df3-870c-4da1d4ec4ec6
https://data.probas.umweltbundesamt.de/datasetdetail/process.xhtml?uuid=4ca58466-6b8e-4df3-870c-4da1d4ec4ec6
https://methanol.org/wp-content/uploads/2022/01/CARBON-FOOTPRINT-OF-METHANOL-PAPER_1-31-22.pdf
https://methanol.org/wp-content/uploads/2022/01/CARBON-FOOTPRINT-OF-METHANOL-PAPER_1-31-22.pdf
https://methanol.org/wp-content/uploads/2022/01/CARBON-FOOTPRINT-OF-METHANOL-PAPER_1-31-22.pdf
https://doi.org/10.1016/j.fuproc.2023.107724
https://doi.org/10.1016/j.enconman.2023.117520
https://www.methanex.com/about-methanol/pricing/
https://www.methanex.com/about-methanol/pricing/
https://www3.weforum.org/docs/WEF_Winning_in_Green_Markets_2023.pdf
https://www3.weforum.org/docs/WEF_Winning_in_Green_Markets_2023.pdf

	Techno-economic assessment of the impact of electrolysis technology on power-to-methanol processes
	1 Introduction
	2 Literature overview on power-to-methanol process assessment
	3 Process definition and modeling
	3.1 Process scaling and scenario definition
	3.1.1 CO2 source
	3.1.2 Scaling scenarios
	3.1.3 Considered process routes

	3.2 Process modeling
	3.2.1 CO2 capture
	3.2.2 Electrolysis
	3.2.3 Methanol synthesis
	3.2.4 Methanol treatment
	3.2.5 High-temperature heat pump
	3.2.6 Further process steps

	3.3 Economic modeling
	3.3.1 Capital expenditures (CAPEX)
	3.3.2 Operational expenditures (OPEX)


	4 Results and discussion
	4.1 Energetic assessment
	4.2 Economic assessment

	5 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	List of symbols
	References


