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Recently, several technical and political efforts targeted the reduction of COy levels in the at- mosphere,
accompanied by a strong incentivization of carbon-neutral fuel production. In this context, a methanol synthesis
plant using Hy originated from electrolysis powered with nuclear energy from fourth-generation micro-modular
reactors is proposed here. This latest generation of nuclear reactors aims to transform the energy sector by
enhancing the scalability, efficiency, safety, and sustainability of nuclear power. Prefabricated plants can be
easily transported and installed at lower costs and with more flexibility, enabling an easier integration with
chemi- cal plants. The purpose of this work is to perform an eco-techno-economic assessment of the methanol
production fueled by nuclear-power-driven electrolysis and captured CO,. The re- search involves the assessment
of the integration of the methanol plant with various technologies for capturing and utilizing CO2 (Direct Air
Capture, Carbon Capture of flue gases, or utilizing cheap CO; from companies). The analysis emphasizes the
positive impact of the coupling of electricity production, chemical synthesis and carbon capture in reducing
greenhouse gas emis- sions and improving energy efficiency. The findings indicate that the integration of
methanol synthesis with carbon capture presents considerable environmental benefits in comparison to tra-
ditional methanol plants. Significant reductions compared to state of the art in CO3 emissions were observed,
ranging from —0.94 to —1.06 kgCO,-eq/kgMeOH of the proposed technologies, in contrast to the 0.5-4.3 kgCO2-
eq/kgMeOH range for traditional plants. The economic analysis showed that the levelized cost of methanol
production is 1809$ per ton in the worst-case scenario with DAC, and 1381$ and 1283$ per ton with CCU and
benchmark technologies, respectively. These values are expected to decrease with the technological advances.
Reducing the CapEx (of the DAC unit and nuclear batteries) and incorporating additional energy optimizations
are the main drivers of the further enhancement of the economic competitiveness of the process.

1. Introduction

Methanol (CH30H) plays a vital role in industry, serving as a solvent
and raw material for the production of numerous essential chemicals
[1]. It serves as the main ingredient for the production of various
chemicals like formaldehyde, methyl tert-butyl ether, and acetic acid, as
well as being a starting point for key components in making everyday
goods [2]. Methanol is recognized as a key raw material in the petro-
chemical sector, with a worldwide demand of 98 Mt/year in 2021 [3],
projected to rise to 190 Mt/year by 2030 [4]. However, the increasing
need for methanol must be weighed against the energy sector, where
conventional sources like oil, natural gas, and coal still meet global
energy demands [5]. It is crucial to emphasize that these traditional
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resources are not renewable and contribute to the imbalance of the
carbon cycle in the atmosphere. In addition, concerns about global
warming and climate change have recently in- creased political efforts to
avoid the worst effects of excess anthropogenic CO; in the atmosphere.
Signed in 2015 by 196 countries, the Paris Agreement [6] aims to keep
the global temperature well below 2°C above the preindustrial average
level, increasing the ability to adapt to the ad- verse impacts of climate
change. To this end, carbon emissions into the atmosphere must peak as
soon as possible so that they can decrease later until a neutral balance is
achieved. To address these challenges and ensure the sustainability of
our energy and chemical production, it is important to investigate
alternative and sustainable solutions [7]. Improvements in the produc-
tion efficiency of key chemicals, even by a small percentage, can lead to
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substantial gains in profits, energy conservation, and environmental
protection. In addition, there is an increasing consideration of different
pathways for the production of methanol in a more environmentally
friendly manner, for example, using different raw materials such as
biogas and carbon dioxide [8]. However, compared to their fossil
counterparts, the overall reduction in greenhouse gas emissions from
these pathways is effective only if both the supplied energy and the
chemical reactants are characterized by a low carbon intensity.

1.1. Applications

Today, methanol is the starting material for the production of a large
number of chemical products. Several intermediate materials used in
making common household items come from methanol, such as paints,
solvents, resins, silicones, adhesives, antifreeze, plastics, detergents, and
more [9]. In addition to its role in chemical synthesis, methanol can be
utilized as a vehicle fuel alone or mixed with gasoline to create a
high-octane, high-efficiency fuel that has lower emissions than regular
gasoline [10]. The use of methanol is expected to increase in this sec- tor
because it also decreases emissions (NOy, SOy, and particulate matter)
when utilized [11]. Methanol is also a highly effective carrier of
hydrogen, storing a greater amount of hydrogen in a single alcohol
molecule compared to a molecule of methane or ammonia [12]. Since
methanol is liquid under normal conditions, it can be easily managed,
stored, and moved [13]. Methanol can release hydrogen through various
methods: by reacting with water in steam reforming, reacting with ox-
ygen in partial oxidation, or through methanol thermolysis [14]. Steam
reforming stands out because it is the only reaction among the three that
results in the production of three moles of hydrogen per mole of meth-
anol, rather than two [15].

1.2. Methanol production process

Methanol is commonly produced from syngas (COx + Hy), which can
come from different sources. In particular, natural gas is the most
commonly used feedstock for the production of methanol. However, in
recent years, alternative approaches based on renewable sources (such
as CO4 and biomass) have been developed [16]. Currently, the mixture
of Hy, CO and CO;, (syngas) is produced mainly by reforming natural gas.
It can also be synthesized by reforming or partial oxidation of different
carbon-based materials (e.g. coal, petroleum, heavy oil, etc.). Methane is
the preferred feedstock because syngas can be produced with a lower
energy consumption, capital investment and operating cost. In addition,
the resulting syngas shows low concentration in impurities [17]. The
production and purification of syngas is crucial in the methanol pro-
duction process because it represents more than half of the total in-
vestment when the feedstock is natural gas and up to 70-80 % [9] when
the raw material is coal. Methanol production from synthesis gas in-
volves the following reaction [18]:

CO hydrogenation:

CO + 2H, < CH30H AH°59g = -90.8 kJ/mol (€D)]
CO3 hydrogenation:
CO3 + 3Hy « CH30H + H30 AH°39g = -49.5 kJ/mol (2)

Water Gas Shift:
CO + H50 < CO5 + Hy AH59g = -41.2 kJ/mol 3)

Both hydrogenation reactions are exothermic and present a decrease
in the number of moles. As a consequence, the conversion is favored by
low temperatures and high pressures. In recent years, synthesis pro-
cedures have increasingly reduced pressures (from 50 to 100 bar),
preferably close to the pressure of steam reforming, to minimize the
operating cost associated with gas compression. Despite thermodynamic
limitations, methanol synthesis is conducted at approximately
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200-300°C due to the catalyst’s activity temperature range [19]. In
1923, BASF patented a methanol production process based on syngas at
very high temperatures and pressures (300-400°C and 250-350 atm). A
significant breakthrough came with the introduction of methane steam
reforming, resulting in cleaner syngas and enabling the use of a more
effective Cu/ZnO catalyst. This advancement, proposed by Imperial
Chemical Industries (ICI) in 1996, reduced process temperature and
pressure to around 300°C and 100 atm. In the following years, Lurgi
developed a process with even lower pressure and temperature re-
quirements (230-250°C and 40-50 atm). Currently, methanol selec-
tivity exceeds 99.8 % with an energy efficiency of approximately 75 %
[9].

Green chemistry aims at synthesizing methanol entirely from
renewable resources. A possible way is through the catalytic or elec-
trochemical hydrogenation of CO, [20]. Efficient Cu/ZnO/Al;O3 cata-
lysts, similar to those used in syngas-based methanol production, are
used [21]. The primary limitation of the widespread implementation of
this process is the availability of CO, and Hy [22]. While carbon dioxide
is abundant in exhaust sources (such as the flue gases of power plants
using fossil fuels and industrial plants) and in the atmosphere, hydrogen
is mainly derived from fossil sources. The main technology to produce
green hydrogen is water electrolysis, paired with renewable energy
sources (wind, solar, etc.), which, being very energy-intensive, require
large and invasive wind or solar farms [23]. Waste biomass holds
promise as a potential feedstock for methanol production [24]. Most
technologies for methanol production utilizing biomass as a feedstock
closely resemble those used when exploiting fossil fuels as raw mate-
rials. During the gasification process, oxygen combusts a portion of the
biomass to generate heat. The combustion gases (CO2 and water) react
with the remaining biomass, resulting in the production of CO and H,
[25]. The production of e-methanol is incentivized by the Renewable
Energy Directive III (RED III), which aims to promote the use of
renewable energy and reduce greenhouse gas (GHG) emissions in the
European Union by 2030. E-methanol is considered a Renewable Fuel of
Non-Biological Origin (RFNBO) [26]. This term considers all gaseous
and liquid renewable fuels that do not rely on biomass. The main
technology to produce these RFNBOs is the use of electrolysis powered
by renewable electricity to produce hydrogen. This hydrogen can be
combined with nitrogen to produce ammonia or with carbon to produce
various synthetic hydrocarbons like e-methanol. The Renewable Energy
Directive sets a binding mandate for these RFNBOs. By 2030, green
hydrogen and e-fuels need to account for 1 % of all fuels used in the
transport sector. Considering the significant amount of additional
renewable capacity required to produce RFNBOs, member states
managed to reduce the level of ambition in two ways. To partially
compensate for their higher cost compared to biofuels, each 1 MJ of
RFNBOs can be double-counted as 2 MJ towards meeting the target [27].

1.3. Nuclear energy

In the search for cheap electricity source for renewable Hy produc-
tion, nuclear energy could be a solution to provide a constant and reli-
able low-carbon supply. Among the nuclear energy production
technologies, an increasing interest goes to small-scale applications such
as the Micro-Modular Reactor (MMR). The MMR battery is made
entirely of ceramic materials, with a melting temperature above 2000°C,
and over 1000°C above the maximum temperature achievable if cooling
is interrupted. These nuclear reactors are inherently stable since they
shut down automatically if cooling is interrupted. Since energy pro-
duction decreases with increasing temperature, the energy produced by
the battery is controlled by adjusting the flow of the heat extraction
medium. Cooling is commonly performed with Helium, which is
completely inert and stable. The use of a different coolant than water
makes hydrogen explosions impossible [28]. The batteries are used for
electricity production, generating heat at 600°C, in the same operating
temperature range as fossil fuel-powered generators, so they can be used
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with existing plants and turbines by replacing coal, oil, or methane
burners. These MMRs are designed to be used alone or in groups of
2-20 units to produce the energy required by the plant. MMR batteries
can also be used to produce industrial heat, which is extracted from the
nuclear citadel with a flow of molten salts, allowing convenient delivery
of heat where needed in the plant [29].

1.4. Methanol synthesis from CO2

Most of the current methanol production is based on syngas, ob-
tained through the reforming of natural gas. Various studies in the
literature [30] examine the use of CO; captured from fossil fuel power
plants for methanol synthesis. For example, Bellotti et al. (2017) [31]
conducted a feasibility study on a methanol synthesis plant that utilizes
sequestered COy and hydrogen produced through water electrolysis.
Similarly, Van-Dal and Bouallou (2013) [32] designed a process that
combines chemical capture of COy from flue gases with electrolysis
powered by low-carbon electricity, demonstrating significant energy
savings and emission reductions.

Hao et al. [33] presented a technical, economic, and environmental
analysis of methanol production through COy capture, introducing
structural optimizations in a combined cycle power plant. Cameli et al.
(2024) [34] explored methanol synthesis routes based solely on
renewable electricity, indicating that the cost of electrified methanol is
expected to remain significantly higher than that of fossil fuel-based
methanol by 2050, although the electrified process is carbon negative
[35].

However, all these studies use renewable or fossil fuel energy and do
not consider nuclear energy for methanol production. Some studies
mention the application of nuclear energy in chemistry, such as the work
by Schultz et al. (2009) [36], which explores the use of
non-carbon-based energy sources to reduce CO, emissions and produce
synthetic fuels. Additionally, Ramirez- Corredores et al. [37] analyzed
the opportunities and challenges in developing integrated energy sys-
tems to transform CO, through chemical processes, but did not focus on
specific simulations or a particular type of nuclear reactor.

This paper proposes a low-carbon emission methanol synthesis plant
configuration that employs nuclear energy from fourth-generation
micro-modular reactors. The objective is to reduce greenhouse gas
emissions by producing e-methanol through the hydrogenation of COy
exploiting only renewable energy coming from the nuclear reactor.

The hydrogen source selected for this study is water electrolysis. The
main reasons are the maturity and the scalability of this technology,
which align well with the process scale of a nuclear reactor. On the other
hand, the carbon sources considered for this study are as follows:

1. Direct air capture (DAC): extracting COy directly from the atmo-
sphere using DAC technology.

2. Flue gas capture: extracting CO; from industrial flue gases through
Carbon Capture and Utilization (CCU) system.

3. Benchmark case - no CO3 cost: acquiring CO3 at no cost from com-
panies seeking to dispose of it.

These carbon sources have different energy requirements, reflecting
varying scenarios where CO; rich streams may or may not be available.
The plant design and economic and environmental evaluation are per-
formed for each case study. This paper illustrates the energy efficiencies
of the innovative configurations compared to literature and industrial
benchmarks. Moreover, it presents a study of the economic feasibility of
the process, including a cash flow analysis. Following this, it assesses the
environmental impacts and evaluates its advantages over currently used
technologies.

2. Methods

In the following sections, the simulation of the plant using Aspen
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HYSYS V11 software will be discussed. The Peng-Robinson equation of
state was selected to properly describe the fluid mixture.

2.1. Technology identification and energy balance for plant’s feed section

Technological and economic limits restrict the utilization of DAC
technology at the industrial scale. Indeed, only a few processes for large-
scale capture of atmospheric CO, are available at relevant scales. For
this study, the reference simulated is obtained from Carbon Engineering
[38]. The authors have designed an industrial plant that captures
approximately 1Mtgoe /year through a continuous process using an
aqueous KOH sorbent coupled with a calcium caustic recovery loop.
Regarding CCU and water electrolysis technologies, the Technology
Readiness Level (TRL) is higher and numerous solutions can be found in
industrial environments [39]. Several technologies with different char-
acteristics, operating modes, costs, and energy consumption are avail-
able. Since these last two variables significantly influence the scale of
the process and the economic analysis of this work, it is crucial to choose
the most suitable and cost-effective technology. For the CC, among the
various existing technologies, the choice was primarily based on energy
requirements. Among those available in the literature, this study iden-
tified the Carbon Capture technology option with a solution of methyl
diethanolamine (MDEA) with piperazine (PZ) as a promoter as the most
suited. This carbon capture unit requires 2.24 GJ per ton of captured
CO; of thermal energy [40]. For the Hy production, an alkaline elec-
trolyzer is chosen because it is more cost-effective and has a longer
lifetime [41].

Each nuclear battery produces 3 million megawatt-hours of high-
temperature thermal energy [29]. The power released by the nuclear
battery is modular and has a maximum of 45 MW of thermal energy. For
the plant under consideration, it was decided to adopt 3 reactors in
parallel, each of them with a charge lasting 10 years. Consequently, the
nominal available power is 112.5 MWy, The electricity production is
performed with a Brayton turbine with an efficiency of 38 % [42]. As
illustrated in Table 1, the alkaline electrolyzer, the technologies for the
CO;, capture and the primary compressor are the most energy-intensive
units of the plants. Therefore, an energy balance on the feed section (Eq.
4) ensures that the overall energy required by these units corresponds to
the production of the nuclear batteries. This constraint has been coupled
with an equation that relates the flow of Hy and COs, ensuring the molar
ratio between the two reactants is respectively equal to 1:3. The energy
consumption per unit of carbon dioxide and hydrogen is listed in
Table 1.

Epattery = °COgsource ' FCO, T %el. " FHy © W compressor (€]

2.1.1. Flowsheet description

The following section describes the methanol synthesis plant layout.
Fig. 1 illustrates the Block Flow Diagram of the process from carbon
dioxide and water to the product.

COy is extracted from flue gas or atmospheric air at atmospheric
conditions and it is fed into a multi-stage compressor to raise the pres-
sure up to the electrolyzer discharge pressure, equal to 31 bar. Subse-
quently, the CO, and H; streams are further compressed, reaching the
reactor pressure (70 bara). The unreacted gases after the reactive section
are recycled back to the inlet of the first reactor, with a 5 % purge to

Table 1
Intensive energy demands.
Value Reference
Alkaline Electrolyzer [kWh/kgH,] 53.39 [43]
DAC Thermal Energy [GJ/tCO-] 5.25 [38]
DAC Electrical Energy [GJ/tCO,] 0.28 [38]
CCU DMEA/PZ Thermal Energy [GJ/tCO5] 2.74 [40]




M.M. Bozzini et al.

Journal of CO2 Utilization 101 (2025) 103186

A
Unreacted gas 1 Purge
R |
Purge < ecycled gas
€O, CO,
—_—>
Compressor
Primary v .| Synthesis .| Phase
Compressor Section Separator
0, MeOH
Distillation
Column 1
H,0 H,
—>| Electrolyser Distillation
Column 2
H,0

Fig. 1. Block Flow Diagram of the methanol synthesis plant.

remove inert components and avoid a snowball effect, as in industrial
standards. The raw methanol is sent to the purification section, where
methanol is recovered at the desired specification. The unreacted gases
are partially recycled back into the feed section to enhance overall
carbon conversion. The second purge is set equal to 5 % of the inlet
stream.

2.1.2. Synthesis and purification sections

Fig. 2 shows in detail the synthesis and purification sections of the
process. The syngas mixture (Stream 5) is first pre-heated exploiting the
heat of the product stream from the synthesis reactor. The minimum
temperature approach is equal to 20 °C to ensure enough driving force
for the heat exchange. A heater brings the mixture to the synthesis
temperature, equal to 250 °C. Afterward, the reactive mixture is sent to a
first reactor. The dimensions of the reactor are estimated by ensuring a
Gas Hourly Space Velocity (GHSV) equal to 5000 h™! to enhance carbon
conversion [44]. Due to limited conversion, the product stream is cooled
down to 40°C to separate methanol and water from the unreacted gases.
The gaseous mixture is then sent to a second reactive subsection. The
specifications do not change between the two reactive subsections. The
recycle stream is equipped with a recycle compressor to compensate for
the pressure drop of the synthesis section. The two liquid products are
combined and the mixture enters into the purification section. A first
distillation column, working at a pressure of 2 bara, separates the more

volatile products (COy, CO, and Hy) from water and methanol. The
overhead products are recycled back and mixed with the pure carbon
dioxide feed stream. The percentage of the purge is assumed to be equal
to 5 % of the inlet stream. The raw methanol from the top of the column
is fed to a second distillation column where methanol is recovered with a
commercial purity of 99.85 w/w %. The second specification of the
column is the methanol recovering from the top, fixed to be equal to
99 %. The reflux ratio of the second column and the feed tray have been
optimized to reduce the required power at the reboiler. The reactors are
packed beds containing a Cu/Zn0O/Al;03 commercial catalyst. The ki-
netic model proposed by Vanden Bussche and Froment [45] is imple-
mented to describe the mixture reactive behavior. The model assumes
that CO; is the main carbon source for the synthesis of methanol and
considers the inhibitory effect of water formed by the RWGS reaction.
The reactors are modeled as isothermal because this simplification has a
low impact on the economic estimation while reducing significantly the
computational time [46]. The Ergun equation is applied to estimate the
pressure drop. Since the reactor is assumed to be isothermal, the void
fraction is the only parameter needed to describe the reactivity and
pressure drop inside the tube bundle system. The value of the void
fraction is assumed to be equal to 0.387, retrieved from industrial
standard [47].

Egs. 5 and 6 describe the kinetic scheme proposed by Vanden Bus-
sche and Froment, where pressures and temperatures are respectively

24

21 20
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cop

MIX-103
PFR-100

K-101

9 10
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d K-102 TEE-100 Purge 2
3 -
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19 water + methanol
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Fig. 2. Process Flow Diagram of synthesis and purification section.
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expressed in bar and Kelvin. The kinetic constants follow the Arrhenius
law (Eq. 7) and its parameters are shown in Table 2. The thermodynamic
equilibrium constants (Eqgs. 8 and 9) are given by Graaf et al. (1986)
[48]. Appendix A elucidates the procedure to rearrange the kinetic
model, allowing the simulation of the reactor in Aspen HYSYS V11, and
also its new parameters.

Methanol synthesis:

k:Pco, Pr (1 o PHZOPCH3OH>
2 Hy

3
Keq1 PH2 Pco,

T'CcH30H =

mol
|:kgcat "S:| ®

3
(1 + k2% + kaPp7 + k4PHzo>

Reverse water gas shift reaction:

Ph,0Pco
ksPco, (1 - Kequcaszz

mol
TrRwGs = b {k ‘S] (6)

(1 + ko522 + ksP%S + k4PHZO) Beat

H2 2
B;
ki = Ajexp (ﬁ) @
log,,Keq1 = 3066 _ 10.592 8)
1 2073

logwﬁq2 =7 +2.029 (©)]

2.2. Economic analysis

An economic analysis of the plant is necessary to assess its feasibility
from a financial perspective. Both an estimation of capital and
manufacturing costs have been performed. The costs of the equipment
are calculated using the Module Costing Technique introduced by
Guthrie in the 1970s [49]. Most of the units must be made of stainless
steel because the mixtures contain hydrogen, which may cause embrit-
tlement. The CEPCI index is exploited to actualize the bare module cost
of the different units and it equals 800.8 [50]. It is assumed that the
steam required by the reboilers of both columns is partially produced by
cooling the reactor. The parameters assumed for the economic analysis
are reported in Table 3.

2.2.1. DAC, carbon capture system, alkaline electrolyzer and nuclear
battery cost

Regarding the MMR battery, the empty nuclear plant, including the
molten salt heat ex- changer, costs 50 million dollars, while each nuclear
fuel load of 3 million thermal MWh costs approximately 35 million
dollars. The reactor vessel is expected to have a lifespan of at least three
refueling [29]; therefore, it is not necessary to replace it in the lifespan of
the methanol plant. The CapEx of the alkaline electrolyzer is calculated
considering their modular price of 800 $/kW [51]. CapEx of the entire
DAC unit are obtained by applying the six-tenth rule (Eq. 10) to the
estimation provided by Carbon Engineering [38]

cost B (§)  (capacity B 06 10)
cost A () \capacity A
Table 2
Parameters values for the kinetic model.
ki A; B; [J/mol]
ky 1.07 40,000
ks 3453.38 -
k3 0.499 17,197
ka 6.62-107"! 124,119
ks 1.22-10'° —98,084
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Table 3

Metric used for economic analysis.
Metric Value
HP steam price (46 bar) [$/kg] 0.0155
Cooling water price [$/t] 0.0595
Operation time [h/y] 8000
Plant life [t] 30
$ value [year] 2023
Discount rate (%) 7
Methanol price [$/t] 1300
Oxygen price [$/Nm?®] 0.124

Finally, the Carbon Capture System capital cost is estimated with Eq.
(11) which is based on the plant capacity of 2808 ton/h, in terms of gas
entering the separator [52]. To consider the size effect on investment
costs, a standard factor of 0.65 is used [31].

0.65
M ) an

— . 6. _—
C=175.45-10 (2.808~105

2.3. Cash flow analysis

The cash flow analysis is conducted to estimate financial and eco-
nomic KPIs, such as the internal rate of return (IRR), the payback time,
the levelized cost of production (LCOP) and the net present value (NPV).
The analysis considers scenarios with and without an annual interest
rate and includes the potential sale of carbon credits. The assumptions
employed to carry out the cash flow analysis are listed in Table 4.

Cash flow analysis has been conducted in all three cases, both with
and without the selling of carbon credits. The annualization factor is
7 %. The grass-roots cost has been considered as the capital investment.
An annual inflation rate of 2 % was assumed increasing the methanol
prize over time. The complete cash flow analysis for all cases is provided
in the Supplementary material.

2.4. Efficiency and environmental assessment

A set of key performance indicators (KPIs) is used to assess the
economic viability of the process and the relative emissions. Energy
efficiency (Eq. 12) is the first KPI and is defined as the ratio between the
energy attainable from the produced MeOH and the energy provided to
the system

Freorn'LHVeon 12

Energy efficiency = z

Where Fyeon is the mass flow rate of the produced methanol,
LHVyeon is the lower heating value, which represents the amount of
heat released during combustion (for methanol it is equal to 19.9 MJ/
kg) and Ej, is the energy provided by nuclear batteries [53].

In this study, only direct CO2 emissions associated with the core
process steps (COz capture, hydrogen production via electrolysis, and
methanol synthesis) were considered in the life cycle assessment.
Regarding indirect emissions, only those related to electricity generation
from the nuclear power plant were included. Other indirect CO-

Table 4

Summary of assumptions and parameters.
Parameter Value/Description
Annual interest rate (i) 7 %

Periodic investment Initial at year O

Every 10 years (3 new batteries and 1 new

electrolyzer)
Plant capacity The plant runs immediately at full capacity
Plant lifetime () 30 years

Straight line
depreciation

10 years for nuclear batteries and alkaline electrolyzer.
30 years for process equipment.
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emissions, such as those related to plant construction or auxiliary pro-
cesses, were not taken into account.

Greenhouse gas (GHG) emission is the second KPI and accounts for
the entire carbon footprint of the plant. Apart from the supply of elec-
tricity, the total carbon footprint of the electrolyzer ranges between 43
and 287 gCO,, eq/kgH2. The lower end of the range relates to in-
stallations for which no electrode replacement is accounted for, while
higher numbers have multiple replacements over the 20-year lifetime.
Given that the average lifespan of an alkaline electrolyzer is 10 years, no
electrode replacement was planned, and consequently, a value of 90
gC03,eq/kgH2 was considered in this study [54]. For the DAC tech-
nology, a conservative emission value of 50 gCO2/tonCO; was consid-
ered [55]. For the MMR battery, the specified emission value is 11.5
gCO2/kWh as provided by the manufacturer [29]. Comparing these
values with the carbon footprints of various energy sources (Table 5), it
can be observed that this battery has much lower impacts compared to
other sources.

Direct GHG emissions into the atmosphere are caused by the purge
streams from the MeOH synthesis reactor. The carbon footprint of the
conventional MeOH production process is highly influenced by the
geographical location of the production site, resulting in significant
variability. Reported values in the literature range from 0.5 kgCO»-eq
kgMeOH™! [56] to 1.8 kgCOy- eq kgMeOH !, even reaching 4.3
kgCOy-eq kgMeOH L. Therefore, a conservative value of 0.7 kgCOz-eq
kgMeOH ! has been considered.

The Cost of Avoided CO5 (CCA) is the last indicator and represents
the cost of one ton of CO45 needed to balance the difference in methanol
cost between electrified (LCOP,.pmeon) and conventional (LCOPy.) pro-
cesses, based on the difference in emissions between the two processes
(GHGyef - GHGe.Meon). However, this indicator does not account for
emissions resulting from the final use of methanol (e.g., combustion if
used as a fuel), which would have the same impact on the GHG emis-
sions of the two competitive processes. The CCA can effectively be
considered a carbon penalty for the fossil-based process that economi-
cally equalizes the electrified alternative process [34]. For the calcula-
tion of this parameter, the LCOP values calculated bringing to zero the
Discounted Net Profit Value and taking into account the sale of carbon
credits has been used.

LCOPe—MeOH - LCOPref

ceA = GHGhret — GHGe_ieon a2

3. Results and discussion

In this section, the analysis of the simulation results for the methanol
synthesis process is presented. Fig. 3 shows the material flows Sankey
diagram of the entire process (DAC case). It can be observed that 93 % of
the raw COz is converted into products. The remaining 7 % of CO4 leaves
the process system as unconverted gas. The diagram also highlights the
importance of the valorization of oxygen as a by-product of the elec-
trolyzer, which represents an additional economic opportunity.

The energy Sankey Diagram in Fig. 4 illustrates the energy flow from
the nuclear reactor to the main process units. 93 % of the initial
112.5 MW of nuclear thermal power is transferred to the Brayton tur-
bine for electrical energy production. 62 % of the power at the turbine is
lost due to the power loss of the turbine during the conversion process.

Table 5

CO;, emissions per kWh for different energy sources [29].
Energy Source gCO,/kWh
Conventional nuclear 2
MMR battery 11.5
Eolic 17
Solar 34
Methane 500
Carbon 1000

Journal of CO2 Utilization 101 (2025) 103186

To adopt a conservative approach, it has been assumed that no valori-
zation of the process losses is possible. The power loss of the turbine is
the main factor limiting the overall energy efficiency of the process. The
electrolyzer uses the most significant portion of the electrical energy,
which is the most energy-intensive unit of the process.

Besides the power required to obtain Hy and CO; for the compression
to the synthesis pressure, the ancillary power required (in the synthesis
and purification section of the process) was calculated and reported in
Table 6. This power, in the DAC case, represents 2.7 % of the nuclear
batteries’ power; therefore, these contributions are almost negligible.
The heat released in the synthesis reactor is exploited as a hot utility at
the reboilers of both columns, decreasing the OpEx. The use of the re-
action heat reduces the additional power demand to 1 % of nuclear
power production. This assumption is also confirmed for the CCU and
Benchmark cases.

3.1. CapEx and OpEx estimation

Table 7 illustrates the capital expenditure for the three cases, divided
into the main contributions. The DAC case requires higher investment as
it is more expensive compared to CCU. The cost of the equipment and
electrolyzer is similar for each of the cases, respectively equal to 30 M$
and 10 M$. The three empty nuclear reactors and the three refills
represent the most significant contribution (255 M$) to the total grass-
roots cost.

Given the high grass root costs, in addition to the scenario with a
plant lifetime of 10 years, scenarios with a plant lifetime of 20 and 30
years were also considered. Since each battery lasts 10 years, a new set
of batteries will need to be purchased every 10 years, resulting in an
expense of 105 M$. Furthermore, every 10 years it will be necessary to
replace also the alkaline electrolyzer, as its lifetime is approximately
80,000 h [57]. For subsequent calculations

and the cash flow analysis, it was assumed that the price of the
electrolyzer remains constant. However, as this is an up-and-coming and
still-developing technology, it is expected that its CapEx will decrease
over time. Tables 8 and 9 illustrate respectively the utility consumptions
and OpEx costs.

A sensitivity analysis was performed on the main cost centers for the
DAC and CCU case studies. Fig. 6 illustrates the dependence of the
grassroots cost on the cost of the electrolyzer, the nuclear empty re-
actors, the nuclear charges and the DAC and CCU equipment.

3.2. Revenues

In addition to methanol, the studied plant also produces a significant
amount of oxygen, which is a valuable compound. As a result, we have
two sources of profit. Since the product is e-methanol, produced using
renewable raw materials and a renewable energy source, a price of 1300
$/tMeOH is chosen. Furthermore, an additional benefit to consider,
which partly justifies the high cost of e-methanol, is the availability of
incentives for advanced biofuels, amounting to 375 euros/CIC. One CIC
corresponds to one Ton of Oil Equivalent (TOE), equal to 11,700 thermal
kWh. In the case of e-methanol, these incentives translate into a gain of
177 euros per ton of methanol [58]. Table 10 illustrates productions and
revenues for all considered cases.

Since the early 2000s, carbon credits have been introduced. These
represent the reduction of one ton of CO; or its equivalent and can be
purchased from certified projects that reduce or avoid greenhouse gas
emissions, facilitating emission offsetting and promoting environmental
sustainability. A scenario was then considered where these credits were
sold, leading to increased profits. These carbon credits lead to an annual
gain of approximately 3 million, considering the 2023 price of 105
euros/ton of CO5 [59]. Finally, a comparison was made between the cost
of nuclear energy and electricity generated from other sources. Nuclear
energy contributes 25.5 M$ per year to the operative expenditure. On
the other hand, if traditional electricity generated from fossil fuels is
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Fig. 3. Material flows Sankey diagram of the process.
Table 8
Steam and cooling water consumption.
oroe DAC FLUE GAS Benchmark
steam
s E—101 (heater) [kt/y] 3.9 4.1 4.2
Nuclear Energy 104.86 E—104 (heater) [kt/y] 2.7 2.9 3.0
112.50 cooling water
E—102 (cooler) [kt/y] 836.6 878.5 908.9
Eloctrolyzer E—105 (cooler) [kt/y] 345.0 362.3 376.0
T 38.30 condenser 1 [kt/y] 4.2 4.2 4.5
o condenser 2 [t/y] 504.2 504.2 490.8
K-100 compressor
~0.61
_ Equipments Table 9
1.17
OpEX costs.
l Thermal Energy K-101
767 T 0.56 DAC FLUE GAS Benchmark
. DAC steam
8.00 E-101 (heater) [k$/y] 59.9 63.1 65.6
Fig. 4. Energy Sankey diagram [MW]. E_l(,M (heater) [k$/y] 42.0 44.4 46.2
cooling water
E—102 (cooler) [k$/y] 49.8 52.3 54.1
E—105 (cooler) [k$/y] 20.5 21.6 22.4
Table 6 condenser 1 [k$/y] 0.25 .25 .26
Additional power required by the plant in DAC case. condenser 2 [k$/y] 30.0 30.0 29.2
. CO,, sources OpEx [M$ /y] 0.95 1.09 -
E t P kw
quipmen ower (kW] Total utilities costs [M$ /y] 1.16 131 0.22
E-101 227.5 COM without depreciation [M$ /y] 5.95 6.19 4.88
E—104 159.6 COM with depreciation [M$ /y] 7.11 7.37 6.09
K—102 4.803
T—101 reb 271.7
T—103 reb 2358 used, the annual costs would have been 47 M$ (considering electricity
Heat reactor 1 936.5 price of equal to 11.6c€/kWh). Therefore, it can be concluded that, in
Heat reactor 2 929.5 s . .
addition to environmental benefits, nuclear energy also leads to lower
costs compared to fossil resources. In comparison with other renewable
resources, modular nuclear energy offers the advantage of a continuous
Table 7 . ot Lifeti and reliable supply at a relevant scale for methanol synthesis, without
CapEx comparison (10 years plant lifetime). being more expensive than solar or wind power [22]. Table 11 illustrates
DAC FLUE GAS Benchmark the payback period of each case in three different lifetime scenarios
3 Empty nuclear reactor [M$] 150 150 150 (considering the discount rate).
3 recharges [M$] 105 105 105 Fig. 7 illustrates the cost components contributing to the levelized
Alkaline electrolyzer [M$] 30.60 31.95 33.26 cost of methanol production, along with the positive impacts of the sale
Equipments [M$] 9.82 10.07 10.22 £ d b di h df b di
DAC [M$] 90.20 : i of oxygen and carbon credits. the revenue generated from carbon credits
CQU [MS$] } 3.79 B and oxygen sales contributes significantly, amounting to approximately
Grassroot cost [M$] 392.51 307.72 305.54 230$ per ton of methanol. Conversely, nuclear reactors and batteries

account for around 60 % of the levelized production cost. In addition,
Table 12 shows the financial metrics chosen for each case, and with and
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DAC case

Cooling Water 8.70%

”“DAC opex 82.49%

Cooling Water 7.96%
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CCS case Free CO2 case

Cooling Water 48.65%

"CCS opex 83.83%

Fig. 5. Total utilities costs comparison.
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Fig. 6. Sensitivity analysis for DAC and CCU cases.

20

Table 10
Production and revenues of DAC, FLUE GAS, and Benchmark cases.
DAC FLUE GAS Benchmark

Methanol production [kt/y] 28.1 29.4 30.5
Oxygen production [kt/y] 45.2 47.5 49.4
Methanol revenues [M$ /y] 36.5 38.2 39.6
Oxygen revenues [M$ /y] 4.1 4.4 4.5
Total revenues [M$ /y] 40.6 42.5 44.2

Table 11
Payback Times considering the sale of carbon credits.
DAC FLUE GAS Benchmark
10 years plant lifetime [year] 10.4 7.7 7.1
20 years plant lifetime [year] 14.0 10.8 10.4
30 years plant lifetime [year] 17.6 14.1 13.6

without carbon credits and oxygen selling.

Comparing the LCOP values with the equivalent for a conventional
methanol plant (402$ per ton of MeOH) and the value according to
Cameli et al. (2024) one [34] (1809$ per ton of MeOH), the nuclear
energy-based method is cost competitive with the renewable
energy-based e-MeOH but it is significantly higher than the conventional
synthesis method (from natural gas).

The cleaner production route selected for the e-MeOH plant relies on
expensive technologies that affect the selling price. This can be attrib-
uted to the high costs of batteries, direct air capture equipment, and
electrolysis, as well as the low energy efficiency of the process. The
sensitivity of the annual revenues of the DAC case on the cost of carbon
credits, methanol and oxygen is illustrated in Fig. 8. The sensitivity of
the other cases is similar to what has already been reported.

3.3. KPI

Table 13 shows the KPIs of the three cases analyzed, compared to the
conventional standards. In particular, the comparison was made with a
natural-gas-based process currently employed for large-scale production
of methanol [47] and a process that uses direct air capture as a carbon
source, a PEM electrolyzer, and renewable electricity [34]. The different
processes have different production capacities; however, the perfor-
mance indicators are normalized to the mass of the product, allowing for
a consistent comparison.

Comparing the energy efficiency values, it can be seen that the en-
ergy efficiency of the natural-gas-based process currently employed for
large-scale production is 23 % higher compared to the e-MeOH process.
The main reason is the energy efficiency of the electrolyzer (which is in
the range of 70-80). Additionally, the efficiency of the process is
affected by the thermodynamic cycle used to produce electricity from
the nuclear heat (Brayton turbine, with an efficiency of 38 %). An
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Fig. 7. Methanol levelized cost of production contributions.

Table 12 Table 13
Financial metrics for different CO, sources. Comparison of Key Performance Indicators for different technologies.
DAC FLUE Benchmark Energy CO, Levelized Cost of CO,
GAS Efficiency Emissions Cost of Avoided
Product
IRR [%] 3.26 5.33 6.18 Y =
kgCO: t "MeOH tCO:
IRR [%] with credits 3.63 6.27 7.14 (kgCO2 eq ($"MeOH)  ($1C0z)
kgMeOH )
LCOP (NPV) [$ /tMeOH] 852 722 648
LCOP (DNPV) [$ /tMeOH] 1914 1509 1400 DAC 0.18 —0.94 1809 860
LCOP (NPV) [$ /tMeOH] without 1000 870 796 CCU Flue Gas 0.19 —1.06 1392 563
selling O, Benchmark 0.19 -1.06 1283 506
LCOP (DNPV) [$ /tMeOH] without 2062 1657 1549 e-MeOH 0.42 -0.61 1809 1071
selling Oy (Cameli)
LCOP (NPV) [$ /tMeOH] with credits 747 605 541 Conventional 0.65 0.5-4.3 (0.7 402
LCOP (DNPV) [$ /tMeOH] with credits 1809 1392 1283 median)
DAC Revenues gy
52 r - r T T T T
=——©— Carbon Credits 2
50 F ~—6— Methanol price ]
Oxygen price
Losses
48} d Nuclear::vzv'esr e 86.9
o 104.9
&
=l ]
§ ?I;r;;rdyur
& 44t o 7 o
> hd Compressors
& [« Heat T2
= 8 =30
© 4
=} 42 MeOH Synthesis I:mum
= 28.1
<
40 7
Fig. 9. Energy Sankey diagram (DAC case).
38 -
energy balance of the designed methanol plant is reported in the Sankey
36" : : : : diagram in Figs. 9 and 10.
-20 -15 -10 -5 0 5 10 15 20

Parameter variation (%)

Fig. 8. Sensitivity analysis of the revenues for DAC case.

When comparing the GHG values, it is evident that facilities working
with direct air capture, CCU and cheap CO, show a negative value,
highlighting that the carbon dioxide emitted for methanol production is
less than what is stored in the product. This presents an advantage from
both environmental and economic points of view, allowing companies to
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Fig. 10. Energy Sankey diagram (CCU case).

obtain additional benefits from carbon credits. Lastly, the cost per ton of
CO avoided by the simulated plant in all three cases is lower than that
of the e-MeOH plant. This shows that despite suboptimal energy effi-
ciency and high production costs, the processes are highly effective in
reducing CO, emissions, making them more cost-effective in terms of
CO5, reduction.

4. Conclusions

This study explores a sustainable process for the synthesis of meth-
anol using low-carbon technologies, including direct air capture (DAC)
and carbon capture systems (CCU) for CO, extraction, electrolysis for Hy
production, and batteries as an energy source. The techno-economic
analysis, accounting for CapEx and OpEx, highlights Hy production via
alkaline electrolysis as the main electricity demand, while thermal en-
ergy losses occur due to Brayton turbine inefficiencies. The DAC unit

Appendix A. Supporting information
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dominates CapEx, followed by electrolyzer costs, while methanol plant
equipment has minimal economic impact. Despite high costs and sub-
optimal energy efficiency, the plant significantly reduces CO5 emissions
compared to traditional methods, supporting cli- mate goals. The
carbon-negative route achieves —0.94 to —1.6 kgCO,-eq/kgMeOH
emissions, substantially lower than conventional methods
(0.5-4.3 kgCO2-eq/kgMeOH). The Levelized Cost of Production (LCOP)
is estimated at $ 1809 per ton of MeOH in the DAC scenario, decreasing
with CCU and Benchmark cases. Lowering DAC CapEx is crucial to
achieving competitive LCOP. Economic feasibility and process efficiency
could be improved by optimizing energy use, reducing costs in DAC,
electrolyzers, and nuclear batteries, and encouraging policy support.
These improvements can make methanol production economically and
environmentally sustainable, advancing global emission reduction ef-
forts and promoting a low-carbon economy.
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Aspen HYSIS V11 does not support the direct implementation of Egs. (5) and (6) because it only accepts specific types of kinetic models.

To develop a kinetic model that is compatible, the thermodynamic equilibrium equations were integrated into the kinetic constants and the
equation units were adjusted to meet the de- mands of Aspen Plus. The modified kinetic model is displayed in Equations.

Table A.14 displays the model parameters for Eq. A.1, A.2 and A.3, with pressure in bar and temperature in K.

Methanol synthesis:
klpcoszg - k6PHzoPCH30HP;IZZ {
3
(1 + KaPrg Pyl + KsPS + KaPry )

TcHyoy =

kmol
kgcat S

Reverse water gas shift reaction:

ksPco, — k7Py,, PCOP;I; {kmol }
TRwGs =

1+ k2PHzoPﬁ3 + k3P2[25 + k4PHzo kgcat's

Table A.14

(A1)

(A.2)

Parameters of the rearranged kinetic model

i A; E;
Kk 7,138 —36, 696
ko 3453.6 0

ks 0.499 ~17, 197
ks 6.62E — 11 —1.24E+5
ks 8.14E + 3 94, 765

ke 2.79E + 14 21, 999

ks 7.61E + 11 55, 080

Temperature dependence of rate constants

10
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A;-exp ( - R£'1")
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Data availability

Data will be made available on request.

References

[1]

[2]

[3

—

[4

=

[5

o)

[6

iy

[7

—

[8]

[91

[10]

[11]

[12]

[13]
[14]

[15]

[16]

[17]

[18]

[19]

L. Chen, Q. Jiang, Z. Song, D. Posarac, Optimization of methanol yield from a lurgi
reactor, Chem. Eng. Technol. 34 (5) (2011) 817-822. (https://onlinelibrary.wiley.
com/doi/pdf/10.1002/ceat.201000282) (eprint).

G.A. Olah, A. Goeppert, G.K.S. Prakash, Beyond Oil And Gas: The Methanol
Economy, John Wiley & Sons, 2018.

Innovation Outlook: Renewable Methanol (Jan. 2021).URL (https://www.irena.or
g/publications/2021/Jan/Innovation-Outlook-Renewable-Methanol).

P. Battaglia, G. Buffo, D. Ferrero, M. Santarelli, A. Lanzini, Methanol synthesis
through CO2 capture and hydro- genation: thermal integration, energy
performance and techno-economic assessment, J. CO2 Util. 44 (2021) 101407,
https://doi.org/10.1016/j.jcou.2020.101407.URL. (https://www.sciencedirect.
com/science/article/pii/$2212982020310374).

T. Blumberg, G. Tsatsaronis, T. Morosuk, On the economics of methanol production
from natural gas, Fuel 256 (2019) 115824, https://doi.org/10.1016/j.
fuel.2019.115824.URL. (https://www.sciencedirect.com/science/article/pii/S001
6236119311767).

The Paris Agreement | UNFCCC.URL (https://unfccc.int/process-and-meetings/th
e-paris-agreement).

L.T. Horvath, Introduction: sustainable chemistry, Chem. Rev. 118 (2) (2018)
369-371, https://doi.org/10.1021/acs.chemrev.7b00721. (https://doi.org/10.102
1/acs.chemrev.7b00721).

R.O. d Santos, L. d S. Santos, D.M. Prata, Simulation and optimization of a
methanol synthesis process from different biogas sources, J. Clean. Prod. 186
(2018) 821-830, https://doi.org/10.1016/j.jclepro.2018.03.108.URL. (htt
ps://www.sciencedirect.com/science/article/pii/S0959652618307698).

G. Bozzano, F. Manenti, Efficient methanol synthesis: perspectives, technologies
and optimization strategies, Prog. Energy Combust. Sci. 56 (2016) 71-105, https://
doi.org/10.1016/j.pecs.2016.06.001.URL. (https://www.sciencedirect.com/scien
ce/article/pii/S0360128515300484).

S. Verhelst, J.W. Turner, L. Sileghem, J. Vancoillie, Methanol as a fuel for internal
combustion engines, Prog. Energy Combust. Sci. 70 (2019) 43-88, https://doi.org/
10.1016/j.pecs.2018.10.001.URL. (https://www.sciencedirect.com/science/art
icle/pii/S036012851830042X).

P. Geng, C. Yao, L. Wei, J. Liu, Q. Wang, W. Pan, J. Wang, Reduction of PM
emissions from a heavy-duty diesel engine with diesel/methanol dual fuel, Fuel
123 (2014) 1-11, https://doi.org/10.1016/j.fuel.2014.01.056.URL. (https://www.
sciencedirect.com/science/article/pii/S0016236114000660).

E.C. Blanco, A. Sanchez, M. Martin, P. Vega, Methanol and ammonia as emerging
Green fuels: Evalua- tion of a new power generation paradigm, Renew. Sustain.
Energy Rev. 175 (2023) 113195, https://doi.org/10.1016/j.rser.2023.113195.
URL. (https://www.sciencedirect.com/science/article/pii/S1364032123000515).
Fuel Cells.URL (https://www.methanol.org/fuel-cells/).

G. Garcia, E. Arriola, W.-H. Chen, M.D. De Luna, A comprehensive review of
hydrogen production from methanol thermochemical conversion for sustainability,
Energy 217 (2021) 119384, https://doi.org/10.1016/j.energy.2020.119384.URL.
(https://www.sciencedirect.com/science/article/pii/S0360544220324919).

J. Andersson, S. Gronkvist, Large-scale storage of hydrogen, Int. J. Hydrog. Energy
44 (23) (2019) 11901-11919, https://doi.org/10.1016/j.ijhydene.2019.03.063.
URL. (https://www.sciencedirect.com/science/article/pii/S0360319919310195).
Z. Sun, M. Aziz, Comparative thermodynamic and techno-economic assessment of
Green methanol production from biomass through direct chemical looping
processes, J. Clean. Prod. 321 (2021) 129023, https://doi.org/10.1016/j.
jclepro.2021.129023.URL. (https://www.sciencedirect.com/science/article/pii/
S50959652621032133).

K. Aasberg-Petersen, 1. Dybkjar, C.V. Ovesen, N.C. Schjgdt, J. Sehested, S.

G. Thomsen, Natural gas to synthesis gas — catalysts and catalytic processes, J. Nat.
Gas. Sci. Eng. 3 (2) (2011) 423-459, https://doi.org/10.1016/j.jngse.2011.03.004.
URL. (https://www.sciencedirect.com/science/article/pii/S1875510011000242).
F. Bisotti, M. Fedeli, K. Prifti, A. Galeazzi, A. Dell’Angelo, F. Manenti, Impact of
kinetic models on methanol synthesis reactor predictions: in silico assessment and
comparison with industrial data, in: Indus- trial & Engineering Chemistry
Research, 61, American Chemical Society, 2022, pp. 2206-2226, https://doi.org/
10.1021/acs.iecr.1c04476.

W.X. Pan, R. Cao, D.L. Roberts, G.L. Griffin, Methanol synthesis activity of CuZnO
catalysts, J. Catal. 114 (2) (1988) 440-446, https://doi.org/10.1016/0021-9517

11

[20]

[21]

[22]

[23]

[24]

[25]

[26]
[27]

[28]

[29]
[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

Journal of CO2 Utilization 101 (2025) 103186

(A.3)

Supplementary data associated with this article can be found in the online version at doi:10.1016/j.jcou.2025.103186.

(88)90047-4.URL. (https://www.sciencedirect.com/science/article/pii/00219
51788900474).

S. Dang, H. Yang, P. Gao, H. Wang, X. Li, W. Wei, Y. Sun, A review of research
progress on heteroge- neous catalysts for methanol synthesis from carbon dioxide
hydrogenation, Catal. Today 330 (2019) 61-75, https://doi.org/10.1016/j.
cattod.2018.04.021.URL. (https://www.sciencedirect.com/science/article/pii/
$0920586118304231).

T. Kamsuwan, C. Krutpijit, S. Praserthdam, S. Phatanasri, B. Jongsomyjit,

P. Praserthdam, Comparative study on the effect of different copper loading on
catalytic behaviors and activity of Cu/ZnO/Al203 catalysts toward CO and CO2
hydrogenation, in: Heliyon, 7, Elsevier, Jul. 2021, https://doi.org/10.1016/j.
heliyon.2021.e07682.URL.

E. Moioli, Process intensification and energy transition: a necessary coupling?
Chem. Eng. Pro cessing Process Intensif. 179 (2022) 109097 https://doi.org/
10.1016/j.cep.2022.109097. (https://www.sciencedirect.com/science/article/pii/
$025527012200304X).

R. Hren, A. Vujanovic, Y. Van Fan, J.J. Klemes, D. Krajnc, L.C. ucek, Hydrogen
production, storage and transport for renewable energy and chemicals: an
environmental footprint assessment, Renew. Sustain. Energy Rev. 173 (2023)
113113, https://doi.org/10.1016/j.rser.2022.113113.URL. (https://www.scien
cedirect.com/science/article/pii/S1364032122009947).

A. AlNouss, M. Shahbaz, G. Mckay, T. Al-Ansari, Bio-methanol production from
palm wastes steam gasification with application of CaO for CO2 capture: techno-
economic-environmental analysis, J. Clean. Prod. 341 (2022) 130849, https://doi.
0rg/10.1016/j.jclepro.2022.130849.URL. (https://www.sciencedirect.com/scien
ce/article/pii/S0959652622004875).

S. Yang, B. Li, J. Zheng, R.K. Kankala, Biomass-to-methanol by dual-stage entrained
flow gasification: design and techno-economic analysis based on system modeling,
J. Clean. Prod. 205 (2018) 364-374, https://doi.org/10.1016/j.
jclepro.2018.09.043.URL. (https://www.sciencedirect.com/science/article/pii/
$0959652618327574).

M. Schroer. RENBOs under FuelEU Maritime, Jun. 2024. (https://www.bettersea.
tech/post/rfnbos-under-fueleu-maritime).

2023 Renewable Energy Directive fact sheet (Oct. 2024).URL (https://www.tran
sportenvironment.org/articles/2023-renewable-energy-directive-fact-sheet).

R. Gharari, H. Kazeminejad, N. Mataji Kojouri, A. Hedayat, A review on hydrogen
generation, explosion, and mitigation during severe accidents in light water
nuclear reactors, Int. J. Hydrog. Energy 43 (4) (2018) 1939-1965, https://doi.org/
10.1016/j.ijhydene.2017.11.174.URL. (https://www.sciencedirect.com/science/
article/pii/S0360319917346372).

Ultra Safe Nuclear (Mar. 2023).URL (https://www.usnc.com/).

M. Asif, X. Gao, H. Lv, X. Xi, P. Dong, Catalytic hydrogenation of CO2 from 600
MW supercritical coal power plant to produce methanol: a techno-economic
analysis, Int. J. Hydrog. Energy 43 (5) (2018) 27262741, https://doi.org/
10.1016/j.ijhydene.2017.12.086. (https://www.sciencedirect.com/science/art
icle/pii/S0360319917347997).

D. Bellotti, M. Rivarolo, L. Magistri, A.F. Massardo, Feasibility study of methanol
production plant from hydrogen and captured carbon dioxide, J. CO2 Util. 21
(2017) 132-138, https://doi.org/10.1016/j.jcou.2017.07.001.URL. (https://www.
sciencedirect.com/science/article/pii/$2212982017302007).

E.S. Van-Dal, C. Bouallou, Design and simulation of a methanol production plant
from CO2 hydrogenation, J. Clean. Prod. 57 (2013) 38-45, https://doi.org/
10.1016/j.jclepro.2013.06.008.URL. (https://www.sciencedirect.com/science/art
icle/pii/S0959652613003892).

H. Qi, X. Wu, H. Huan, Simulation and comprehensive technical, economic, and
environmental assessments of carbon dioxide capture for methanol production
through flue gas of a combined cycle power plant, Int. J. Energy Environ. Eng. 14
(3) (2023) 405-429, https://doi.org/10.1007/s40095-022-00518-0.URL. (https
://doi.org/10.1007/s40095-022-00518-0).

F. Cameli, E. Delikonstantis, A. Kourou, V. Rosa, K.M. Van Geem, G.D. Stefanidis,
Conceptual process design and technoeconomic analysis of an e-Methanol plant
with direct Air-Captured CO2 and electrolytic H2, in: Energy & Fuels, 38, American
Chemical Society, 2024, pp. 3251-3261, https://doi.org/10.1021/acs.
energyfuels.3c04147.URL.

E. Moioli, A. Wotzel, T. Schildhauer, Feasibility assessment of small-scale methanol
production via power-to-X, J. Clean. Prod. 359 (2022) 132071, https://doi.org/
10.1016/j.jclepro.2022.132071. (https://www.sciencedirect.com/science/article/
pii/S095965262201678X).

K. Schultz, S.L. Bogart, R.P. Noceti, A.V. Cugini, Synthesis of hydrocarbon fuels
using Renew-able and nuclear energy, in: Nuclear Technology, 166, Taylor &
Francis, 2009, pp. 56-63, https://doi.org/10.13182/NT09-A6968.URL.

M.M. Ramirez-Corredores, L.A. Diaz, A.M. Gaffney, C.A. Zarzana, Identification of
opportunities for integrating chemical processes for carbon (dioxide) utilization to


https://doi.org/10.1016/j.jcou.2025.103186
https://onlinelibrary.wiley.com/doi/pdf/10.1002/ceat.201000282
https://onlinelibrary.wiley.com/doi/pdf/10.1002/ceat.201000282
http://refhub.elsevier.com/S2212-9820(25)00170-2/sbref2
http://refhub.elsevier.com/S2212-9820(25)00170-2/sbref2
https://www.irena.org/publications/2021/Jan/Innovation-Outlook-Renewable-Methanol
https://www.irena.org/publications/2021/Jan/Innovation-Outlook-Renewable-Methanol
https://doi.org/10.1016/j.jcou.2020.101407.URL
https://www.sciencedirect.com/science/article/pii/S2212982020310374
https://www.sciencedirect.com/science/article/pii/S2212982020310374
https://doi.org/10.1016/j.fuel.2019.115824.URL
https://doi.org/10.1016/j.fuel.2019.115824.URL
https://www.sciencedirect.com/science/article/pii/S0016236119311767
https://www.sciencedirect.com/science/article/pii/S0016236119311767
https://unfccc.int/process-and-meetings/the-paris-agreement
https://unfccc.int/process-and-meetings/the-paris-agreement
https://doi.org/10.1021/acs.chemrev.7b00721
https://doi.org/10.1021/acs.chemrev.7b00721
https://doi.org/10.1021/acs.chemrev.7b00721
https://doi.org/10.1016/j.jclepro.2018.03.108.URL
https://www.sciencedirect.com/science/article/pii/S0959652618307698
https://www.sciencedirect.com/science/article/pii/S0959652618307698
https://doi.org/10.1016/j.pecs.2016.06.001.URL
https://doi.org/10.1016/j.pecs.2016.06.001.URL
https://www.sciencedirect.com/science/article/pii/S0360128515300484
https://www.sciencedirect.com/science/article/pii/S0360128515300484
https://doi.org/10.1016/j.pecs.2018.10.001.URL
https://doi.org/10.1016/j.pecs.2018.10.001.URL
https://www.sciencedirect.com/science/article/pii/S036012851830042X
https://www.sciencedirect.com/science/article/pii/S036012851830042X
https://doi.org/10.1016/j.fuel.2014.01.056.URL
https://www.sciencedirect.com/science/article/pii/S0016236114000660
https://www.sciencedirect.com/science/article/pii/S0016236114000660
https://doi.org/10.1016/j.rser.2023.113195.URL
https://doi.org/10.1016/j.rser.2023.113195.URL
https://www.sciencedirect.com/science/article/pii/S1364032123000515
https://www.methanol.org/fuel-cells/
https://doi.org/10.1016/j.energy.2020.119384.URL
https://www.sciencedirect.com/science/article/pii/S0360544220324919
https://doi.org/10.1016/j.ijhydene.2019.03.063.URL
https://doi.org/10.1016/j.ijhydene.2019.03.063.URL
https://www.sciencedirect.com/science/article/pii/S0360319919310195
https://doi.org/10.1016/j.jclepro.2021.129023.URL
https://doi.org/10.1016/j.jclepro.2021.129023.URL
https://www.sciencedirect.com/science/article/pii/S0959652621032133
https://www.sciencedirect.com/science/article/pii/S0959652621032133
https://doi.org/10.1016/j.jngse.2011.03.004.URL
https://doi.org/10.1016/j.jngse.2011.03.004.URL
https://www.sciencedirect.com/science/article/pii/S1875510011000242
https://doi.org/10.1021/acs.iecr.1c04476
https://doi.org/10.1021/acs.iecr.1c04476
https://doi.org/10.1016/0021-9517(88)90047-4.URL
https://doi.org/10.1016/0021-9517(88)90047-4.URL
https://www.sciencedirect.com/science/article/pii/0021951788900474
https://www.sciencedirect.com/science/article/pii/0021951788900474
https://doi.org/10.1016/j.cattod.2018.04.021.URL
https://doi.org/10.1016/j.cattod.2018.04.021.URL
https://www.sciencedirect.com/science/article/pii/S0920586118304231
https://www.sciencedirect.com/science/article/pii/S0920586118304231
https://doi.org/10.1016/j.heliyon.2021.e07682.URL
https://doi.org/10.1016/j.heliyon.2021.e07682.URL
https://doi.org/10.1016/j.cep.2022.109097
https://doi.org/10.1016/j.cep.2022.109097
https://www.sciencedirect.com/science/article/pii/S025527012200304X
https://www.sciencedirect.com/science/article/pii/S025527012200304X
https://doi.org/10.1016/j.rser.2022.113113.URL
https://www.sciencedirect.com/science/article/pii/S1364032122009947
https://www.sciencedirect.com/science/article/pii/S1364032122009947
https://doi.org/10.1016/j.jclepro.2022.130849.URL
https://doi.org/10.1016/j.jclepro.2022.130849.URL
https://www.sciencedirect.com/science/article/pii/S0959652622004875
https://www.sciencedirect.com/science/article/pii/S0959652622004875
https://doi.org/10.1016/j.jclepro.2018.09.043.URL
https://doi.org/10.1016/j.jclepro.2018.09.043.URL
https://www.sciencedirect.com/science/article/pii/S0959652618327574
https://www.sciencedirect.com/science/article/pii/S0959652618327574
http://refhub.elsevier.com/S2212-9820(25)00170-2/sbref23
http://refhub.elsevier.com/S2212-9820(25)00170-2/sbref23
https://www.transportenvironment.org/articles/2023-renewable-energy-directive-fact-sheet
https://www.transportenvironment.org/articles/2023-renewable-energy-directive-fact-sheet
https://doi.org/10.1016/j.ijhydene.2017.11.174.URL
https://doi.org/10.1016/j.ijhydene.2017.11.174.URL
https://www.sciencedirect.com/science/article/pii/S0360319917346372
https://www.sciencedirect.com/science/article/pii/S0360319917346372
https://www.usnc.com/
https://doi.org/10.1016/j.ijhydene.2017.12.086
https://doi.org/10.1016/j.ijhydene.2017.12.086
https://www.sciencedirect.com/science/article/pii/S0360319917347997
https://www.sciencedirect.com/science/article/pii/S0360319917347997
https://doi.org/10.1016/j.jcou.2017.07.001.URL
https://www.sciencedirect.com/science/article/pii/S2212982017302007
https://www.sciencedirect.com/science/article/pii/S2212982017302007
https://doi.org/10.1016/j.jclepro.2013.06.008.URL
https://doi.org/10.1016/j.jclepro.2013.06.008.URL
https://www.sciencedirect.com/science/article/pii/S0959652613003892
https://www.sciencedirect.com/science/article/pii/S0959652613003892
https://doi.org/10.1007/s40095-022-00518-0.URL
https://doi.org/10.1007/s40095-022-00518-0
https://doi.org/10.1007/s40095-022-00518-0
https://doi.org/10.1021/acs.energyfuels.3c04147.URL
https://doi.org/10.1021/acs.energyfuels.3c04147.URL
https://doi.org/10.1016/j.jclepro.2022.132071
https://doi.org/10.1016/j.jclepro.2022.132071
https://www.sciencedirect.com/science/article/pii/S095965262201678X
https://www.sciencedirect.com/science/article/pii/S095965262201678X
https://doi.org/10.13182/NT09-A6968.URL

M.M.

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

Bozzini et al.

nuclear power plants, Renew. Sustain. Energy Rev. 150 (2021) 111450, https://
doi.org/10.1016/j.rser.2021.111450.URL. (https://www.sciencedirect.com/scien
ce/article/pii/S1364032121007334).

D.W. Keith, G. Holmes, D.St Angelo, K. Heidel, A process for capturing CO2 from
the atmosphere, Joule 2 (8) (2018) 1573-1594, https://doi.org/10.1016/j.
joule.2018.05.006. (https://www.sciencedirect.com/science/article/pii/
$2542435118302253).

M. Rizwan, V. Alstad, J. Jaschke, Design considerations for industrial water
electrolyzer plants, Int. J. Hydrog. Energy 46 (75) (2021) 37120-37136, https://
doi.org/10.1016/j.ijhydene.2021.09.018.URL. (https://www.sciencedirect.com/
science/article/pii/S0360319921034984).

B. Zhao, F. Liu, Z. Cui, C. Liu, H. Yue, S. Tang, Y. Liu, H. Lu, B. Liang, Enhancing the
energetic efficiency of MDEA/PZ-based CO2 capture technology for a 650 MW
power plant: process improvement, Appl. Energy 185 (2017) 362-375, https://doi.
org/10.1016/j.apenergy.2016.11.009.URL. (https://www.sciencedirect.com/scien
ce/article/pii/S0306261916315951).

S.W. Sharshir, A. Joseph, M.M. Elsayad, A.A. Tareemi, A.W. Kandeal, M.

R. Elkadeem, A review of recent advances in alkaline electrolyzer for Green
hydrogen production: performance improvement and applications, Ternational J.
Hydrog. Energy 49 (2024) 458-488, https://doi.org/10.1016/j.
ijhydene.2023.08.107.URL. (https://www.sciencedirect.com/science/article/pii/
$0360319923040879).

A. Gad-Briggs, P. Pilidis, T. Nikolaidis, A review of the turbine cooling fraction for
very high turbine entry temperature helium gas turbine cycles for generation IV
reactor power plants, J. Nucl. Eng. Radiat. Sci. 3 (021007) (Mar. 2017), https://
doi.org/10.1115/1.4035332. (https://doi.org/10.1115/1.4035332).

M. David, C. Ocampo-Martinez, R. Sanchez-Pefia, Advances in alkaline water
electrolyzers: a review, J. Energy Storage 23 (2019) 392-403, https://doi.org/
10.1016/j.est.2019.03.001. (https://linkinghub.elsevier.com/retrieve/pii/$23521
52X18306558).

S. Arab, J.-M. Commenge, J.-F. Portha, L. Falk, Methanol synthesis from CO2 and
H2 in multi-tubular fixed-bed reactor and multi-tubular reactor filled with
monoliths, Chem. Eng. Res. Des. 92 (11) (2014) 2598-2608, https://doi.org/
10.1016/j.cherd.2014.03.009. (https://www.sciencedirect.com/science/article/
Ppii/S0263876214001324).

K.M.V. Bussche, G.F. Froment, A Steady-State kinetic model for methanol synthesis
and the Wa- ter gas shift reaction on a commercial Cu/ZnO/A1203Catalyst,

J. Catal. 161 (1) (1996) 1-10, https://doi.org/10.1006/jcat.1996.0156.URL. (htt
ps://www.sciencedirect.com/science/article/pii/S0021951796901566).

C. Arnaiz del Pozo, S. Cloete, Jiménez Alvaro, Techno-economic assessment of
long-term methanol production from natural gas and renewables, Energy Convers.
Manag. 266 (2022) 115785, https://doi.org/10.1016/j.enconman.2022.115785.
URL. (https://www.sciencedirect.com/science/article/pii/S0196890422005817).

12

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

Journal of CO2 Utilization 101 (2025) 103186

F. Manenti, S. Cieri, M. Restelli, Considerations on the steady-state modeling of
methanol synthesis fixed-bed reactor, Chem. Eng. Sci. 66 (2) (2011) 152-162,
https://doi.org/10.1016/j.ces.2010.09.036.URL. (https://www.sciencedirect.
com/science/article/pii/S0009250910005749).

G.H. Graaf, P.J.J.M. Sijtsema, E.J. Stamhuis, G.E.H. Joosten, Chemical equilibria in
methanol synthesis, Chem. Eng. Sci. 41 (11) (1986) 2883-2890, https://doi.org/
10.1016/0009-2509(86)80019-7.URL. (https://www.sciencedirect.com/science
/article/pii/0009250986800197).

R. Turton, J. Shaeiwitz, D. Bhattacharyya, W. Whiting, Analysis. Synthesis, and
Design of Chemical Processes, 5th Edition, Pearson, Boston, 2018.

The Chemical Engineering Plant Cost Index ® (Nov. 2014).URL (https://www.
chemengonline.com/pci-home/).

Electrolyzer prices — what to expect (Mar. 2024).URL (https://www.pv-magazine.
com/2024/03/21/electrolyzer-prices-what-to-expect/).

M.R.M. Abu-Zahra, J.P.M. Niederer, P.H.M. Feron, G.F. Versteeg, CO2 capture
from power plants, Int. J. Greenh. Gas. Control 1 (2) (2007) 135-142, https://doi.
org/10.1016/51750-5836(07)00032-1.URL. (https://www.sciencedirect.com/
science/article/pii/S1750583607000321).

B. Anicic, P. Trop, D. Goricanec, Comparison between two methods of methanol
production from carbon dioxide, Energy 77 (2014) 279-289, https://doi.org/
10.1016/j.energy.2014.09.069.URL. (https://www.sciencedirect.com/science/art
icle/pii/S036054421401127X).

S. Krishnan, B. Corona, G.J. Kramer, M. Junginger, V. Koning, Prospective LCA of
alkaline and PEM electrolyser systems, Int. J. Hydrog. Energy 55 (2024) 26-41,
https://doi.org/10.1016/j.ijhydene.2023.10.192.URL. (https://www.sciencedirect
.com/science/article/pii/S0360319923053405).

J. Wang, S. Li, S. Deng, X. Zeng, K. Li, J. Liu, J. Yan, L. Lei, Energetic and life cycle
assessment of direct air capture: a review, Sustain. Prod. Consum. 36 (2023) 1-16,
https://doi.org/10.1016/j.spc.2022.12.017.URL. (https://www.sciencedirect.
com/science/article/pii/S2352550922003384).

G. Wernet, C. Bauer, B. Steubing, J. Reinhard, E. Moreno-Ruiz, B. Weidema, The
ecoinvent database version 3 (part I): overview and methodology, Int. J. Life Cycle
Assess. 21 (9) (2016) 1218-1230, https://doi.org/10.1007/511367-016-1087-8.
(https://doi.org/10.1007 /s11367-016-1087-8).

H. Lee, J. Gu, B. Lee, H.-S. Cho, H. Lim, Prognostics and health management of
alkaline water elec- trolyzer: Techno-economic analysis considering replacement
moment, Energy Al 13 (2023) 100251, https://doi.org/10.1016/j.
egyai.2023.100251.URL. (https://www.sciencedirect.com/science/article/pii/S2
66654682300023X).

Incentivi.URL (https://www.gse.it/servizi-per-te/rinnovabili-per-i-trasporti/bio
carburanti/incentivi).

Crisi nel mercato dei crediti di carbonio: dubbi sulla trasparenza delle
compensazioni Blog | Archita Engineering. URL (http://www.architaengineering.it
/blog/crediti-di-carbonio).


https://doi.org/10.1016/j.rser.2021.111450.URL
https://doi.org/10.1016/j.rser.2021.111450.URL
https://www.sciencedirect.com/science/article/pii/S1364032121007334
https://www.sciencedirect.com/science/article/pii/S1364032121007334
https://doi.org/10.1016/j.joule.2018.05.006
https://doi.org/10.1016/j.joule.2018.05.006
https://www.sciencedirect.com/science/article/pii/S2542435118302253
https://www.sciencedirect.com/science/article/pii/S2542435118302253
https://doi.org/10.1016/j.ijhydene.2021.09.018.URL
https://doi.org/10.1016/j.ijhydene.2021.09.018.URL
https://www.sciencedirect.com/science/article/pii/S0360319921034984
https://www.sciencedirect.com/science/article/pii/S0360319921034984
https://doi.org/10.1016/j.apenergy.2016.11.009.URL
https://doi.org/10.1016/j.apenergy.2016.11.009.URL
https://www.sciencedirect.com/science/article/pii/S0306261916315951
https://www.sciencedirect.com/science/article/pii/S0306261916315951
https://doi.org/10.1016/j.ijhydene.2023.08.107.URL
https://doi.org/10.1016/j.ijhydene.2023.08.107.URL
https://www.sciencedirect.com/science/article/pii/S0360319923040879
https://www.sciencedirect.com/science/article/pii/S0360319923040879
https://doi.org/10.1115/1.4035332
https://doi.org/10.1115/1.4035332
https://doi.org/10.1115/1.4035332
https://doi.org/10.1016/j.est.2019.03.001
https://doi.org/10.1016/j.est.2019.03.001
https://linkinghub.elsevier.com/retrieve/pii/S2352152X18306558
https://linkinghub.elsevier.com/retrieve/pii/S2352152X18306558
https://doi.org/10.1016/j.cherd.2014.03.009
https://doi.org/10.1016/j.cherd.2014.03.009
https://www.sciencedirect.com/science/article/pii/S0263876214001324
https://www.sciencedirect.com/science/article/pii/S0263876214001324
https://doi.org/10.1006/jcat.1996.0156.URL
https://www.sciencedirect.com/science/article/pii/S0021951796901566
https://www.sciencedirect.com/science/article/pii/S0021951796901566
https://doi.org/10.1016/j.enconman.2022.115785.URL
https://doi.org/10.1016/j.enconman.2022.115785.URL
https://www.sciencedirect.com/science/article/pii/S0196890422005817
https://doi.org/10.1016/j.ces.2010.09.036.URL
https://www.sciencedirect.com/science/article/pii/S0009250910005749
https://www.sciencedirect.com/science/article/pii/S0009250910005749
https://doi.org/10.1016/0009-2509(86)80019-7.URL
https://doi.org/10.1016/0009-2509(86)80019-7.URL
https://www.sciencedirect.com/science/article/pii/0009250986800197
https://www.sciencedirect.com/science/article/pii/0009250986800197
http://refhub.elsevier.com/S2212-9820(25)00170-2/sbref44
http://refhub.elsevier.com/S2212-9820(25)00170-2/sbref44
https://www.chemengonline.com/pci-home/
https://www.chemengonline.com/pci-home/
https://www.pv-magazine.com/2024/03/21/electrolyzer-prices-what-to-expect/
https://www.pv-magazine.com/2024/03/21/electrolyzer-prices-what-to-expect/
https://doi.org/10.1016/S1750-5836(07)00032-1.URL
https://doi.org/10.1016/S1750-5836(07)00032-1.URL
https://www.sciencedirect.com/science/article/pii/S1750583607000321
https://www.sciencedirect.com/science/article/pii/S1750583607000321
https://doi.org/10.1016/j.energy.2014.09.069.URL
https://doi.org/10.1016/j.energy.2014.09.069.URL
https://www.sciencedirect.com/science/article/pii/S036054421401127X
https://www.sciencedirect.com/science/article/pii/S036054421401127X
https://doi.org/10.1016/j.ijhydene.2023.10.192.URL
https://www.sciencedirect.com/science/article/pii/S0360319923053405
https://www.sciencedirect.com/science/article/pii/S0360319923053405
https://doi.org/10.1016/j.spc.2022.12.017.URL
https://www.sciencedirect.com/science/article/pii/S2352550922003384
https://www.sciencedirect.com/science/article/pii/S2352550922003384
https://doi.org/10.1007/s11367-016-1087-8
https://doi.org/10.1007/s11367-016-1087-8
https://doi.org/10.1016/j.egyai.2023.100251.URL
https://doi.org/10.1016/j.egyai.2023.100251.URL
https://www.sciencedirect.com/science/article/pii/S266654682300023X
https://www.sciencedirect.com/science/article/pii/S266654682300023X
https://www.gse.it/servizi-per-te/rinnovabili-per-i-trasporti/biocarburanti/incentivi
https://www.gse.it/servizi-per-te/rinnovabili-per-i-trasporti/biocarburanti/incentivi
http://www.architaengineering.it/blog/crediti-di-carbonio
http://www.architaengineering.it/blog/crediti-di-carbonio

	Techno-economic-assessment of the methanol synthesis from captured CO2 and modular nuclear power-based electrolysis
	1 Introduction
	1.1 Applications
	1.2 Methanol production process
	1.3 Nuclear energy
	1.4 Methanol synthesis from CO2

	2 Methods
	2.1 Technology identification and energy balance for plant’s feed section
	2.1.1 Flowsheet description
	2.1.2 Synthesis and purification sections

	2.2 Economic analysis
	2.2.1 DAC, carbon capture system, alkaline electrolyzer and nuclear battery cost

	2.3 Cash flow analysis
	2.4 Efficiency and environmental assessment

	3 Results and discussion
	3.1 CapEx and OpEx estimation
	3.2 Revenues
	3.3 KPI

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Appendix A Supporting information
	Appendix B Supporting information
	Data availability
	References


