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This study presents the development and optimisation of a co-production process for methanol and carbon
monoxide via methane decomposition using Aspen Plus. The process model was designed to evaluate the
system'’s energy efficiency, economic viability, and environmental impact. The overall energy efficiency of
the process was calculated to be 89.4%, demonstrating its high performance in energy utilisation. The
levelised cost of methanol production was determined to be 17.5 € per GJ, indicating competitive
economic feasibility. Furthermore, a total life cycle CO, emission of 0.5 kgco, kgproduc(1 was achieved,
highlighting the process's potential for reduced environmental impact compared to conventional
methods. The results suggest that methane decomposition for the co-production of methanol and
carbon monoxide offers a promising pathway for sustainable chemical production, combining high
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1. Introduction

Methanol, primarily produced through the steam reforming of
natural gas (NG), is a vital precursor for various chemicals and
fuels, including formaldehyde, acetic acid, and dimethyl ether.*
The increasing global demand for methanol (91 million tons in
2023%), driven by its energy and chemical synthesis applications,
necessitates a thorough understanding of the underlying
production processes, particularly those involving natural gas
cracking and syngas generation. Methanol can be synthesised
from methane via various pathways, with methane cracking
being a promising method that offers the potential for lower
carbon emissions compared to traditional reforming
processes.’ Methane cracking, or pyrolysis, involves the thermal
decomposition of methane into hydrogen and solid carbon,
thus eliminating carbon dioxide emissions associated with
conventional methods of methanol production.

The economic feasibility of methane cracking technologies
is being evaluated based on their ability to produce hydrogen at
competitive prices. Research shows that methane pyrolysis can
lower production costs considerably compared to conventional
steam methane reforming (SMR) processes,* especially when
factoring in the value of the solid carbon byproduct, which can
be applied in multiple industrial sectors.>® Pérez et al.” inves-
tigated the techno-economic feasibility of methane pyrolysis in
a molten gallium bubble reactor under different heat supply
scenarios: (1) carbon combustion with and without carbon
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energy efficiency with low carbon emissions.

capture and storage (CCS), (2) hydrogen combustion, (3) natural
gas combustion with and without CCS, and (4) electricity. The
levelised cost of hydrogen (LCOH) analysis showed that carbon
combustion (2.94 € per kgy ) and electricity-based heating (3.16
€ per kgy; ) were cost-competitive with SMR without CCS (2.86 €
per kgy ). In contrast, hydrogen combustion had the highest
LCOH (4.03 € per kgy,) due to increased NG consumption for
reactor heating. Regarding sustainability, carbon combustion
with CCS and electricity were the most environmentally
favourable options, offering lower CO, emissions and carbon
taxes while maintaining economic viability. Sensitivity analysis
highlighted that NG prices and carbon sales were key factors
influencing the economic competitiveness of methane pyrolysis
compared to conventional SMR. Kerscher et al.® and Riley et al.®
conducted techno-economic assessments of methane pyrolysis
using different reactor technologies: an electron beam plasma
reactor and a catalytic fluidised bed reactor. Their analyses
considered different energy supply scenarios in which the
required heat or electricity was sourced from hydrogen,
renewable energy, or natural gas. For electron beam plasma-
driven methane pyrolysis, the lowest levelised cost of
hydrogen was reported at 2.55 € per kgy,. However, this
remained uncompetitive compared to conventional SMR with
and without CCS, which ranged between 1.00-1.18 € per kgy,,
though it performed better than water electrolysis (4.31 € per
kgy ). The high LCOH of electrolysis was attributed to its
significantly higher energy demand for splitting water (286 kJ
per moly ) compared to methane (37.5 k] per moly ). Addi-
tionally, the study identified the high capital cost of electron
accelerators as a significant economic barrier, accounting for
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over half of the total LCOH. However, as plasma technology
advances and costs decline, the LCOH could drop below 1.5 €
per kgy,. Riley et al® estimated that methane pyrolysis in
a catalytic fluidised bed reactor had an LCOH of 2.6-2.8 € per
kgy,, assuming no financial benefit from carbon byproducts.
Tabat et al.'® introduced a mobile autothermal methane pyrol-
ysis unit designed to overcome the challenges of limited
hydrogen pipeline infrastructure while ensuring economic
viability. The study assessed the system's efficiency and
performance through energy and exergy analyses. The
economic evaluation revealed a levelised cost of hydrogen
(LCOH) between 1.1 € per kg and 1.3 € per kg, with a net
present value ranging from 3.3 to 3.8 M€, depending on engi-
neering, procurement, construction costs, and feedstock prices.
The combination of a positive net present value, competitive
LCOH, and a high methane conversion rate of 76.8% high-
lighted the profitability of the proposed system.

To the best of the authors’ knowledge, there is a significant
gap in the literature regarding comprehensive evaluations of
methane decomposition from both techno-economic and
environmental perspectives. This research aims to fill that gap
by exploring the feasibility of co-producing methanol and
carbon monoxide through methane thermal decomposition.
The process is modelled using Aspen Plus, and its technical
performance is assessed based on overall energy efficiency
(OEE). The thermodynamic results are then used to evaluate the
economic feasibility of the process. Lastly, the total life cycle
CO, emissions (TLCCE) are calculated to assess its environ-
mental impact.

2. Process description and model
development

2.1. Process description

The process is modelled at steady state, based on a natural gas
feed rate of 50 kg s~ ' (methanol production of ~5700 t per day),
the basis for mass and energy flow analysis throughout the
system. The process commences by feeding methane at 3 bar
and 450 °C into the decomposition reactor (Stream 2), where it
undergoes thermal decomposition at 1000 °C to produce
a hydrogen-rich gaseous mixture, solid carbon (C), and uncon-
verted methane (Stream 5). After cooling to 573 °C, the product
enters a separator to separate the solid carbon (Stream 18) from
hydrogen and unconverted methane (Stream 7). This represents
an idealised, high-temperature carbon removal step. In prac-
tice, however, such a unit would likely require further cooling
(e.g., to ~350 °C) before filtration or cyclone separation, due to
material and thermal limitations. The Hydrogen-rich gas is
subjected to the Pressure Swing Adsorption (PSA) Unit. The PSA
unit helps yield the high-purity hydrogen required for methanol

TAC M€ per year
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synthesis. After the PSA, the unconverted CH4 (Stream 11) is
recycled back to the decomposition reactor to enhance the
efficiency of H, production and minimise waste. On the other
hand, pure CO, (captured CO, from any other industries)
partially reacts with solid carbon to produce carbon monoxide.
The reaction mechanism used to produce CO is known as the
Boudouard reaction (R1).

Cis) + COyg = COy, AH = 172 kJ mol ™ (R1)

The remaining pure CO, (Stream 21) is then mixed with the
hydrogen from the PSA Stream and sent to the methanol
reactor. The mixture is pressurised up to 43 bars via a multi-
stage compressor before entering the methanol production
reactor. The produced methanol is then entered into a distilla-
tion column for water separation, reaching 99% pure methanol

(Fig. 1).

2.2. Model development

The Peng-Robinson equation of state is deployed to simulate
the process in Aspen Plus software. The PSA unit is modelled
with a simple separator in Aspen Plus. The pure CO, flow rate is
calculated via Aspen (Design Specs), considering the solid
carbon flow rate. Table 1 summarises the parameters used for
other components.

Furthermore, assumptions are made to simulate the process
presented in Table 2.

The mass balance and composition for the main streams of
the process are summarised in Table 3.

3. Techno-economic and
environmental assessment indicators
3.1. Techno-economic assessment indicators

The thermodynamic performance is evaluated by overall energy
efficiency, considering the system's input/output thermal
energy and available heat.

mMeOH X LHVmeon + n.?co x LHVco

mng X LHVnG + Wiot + Oior

OEE = (1)
where 7yeon, Ming and rico represent the mass flow rate of
methanol, natural gas and CO, respectively, Similarly, LHVy eon,
LHVso and LHVyg are respective lower heating values for
methanol, CO and NG. In addition, Q. and W, correspond to
the total required heat and power for the plant operation. To
better assess the economics of the process, the levelised cost of
methanol production (LCOM, € per GJ) is introduced as the
crucial economic factors.

LCOM € per GJ =
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Fig. 1 Schematic of the MeOH and CO co-production plant.

Table 1 Aspen Plus components used in the process modelling

Unit Aspen plus ID Description

Cooler Heater

Heat exchanger(s) HeatX

Decomposition reactor RGibbs = 1000 °C**

CO reactor RStoic T = 700 °C,** C(s) conversion = 1
Methanol reactor RStoic T = 200 °C,"* H, conversion = 1 (ref. 14)

Compressor Compr,MCompr
PSA Sep

Solid carbon separator SSplit
Distillation column RadFrac

Table 2 Assumptions to simulate the process configurations

80% heat recovery
95% hydrogen recovery"®

No. stages = 30, pressure = 1 bar,'® Reboiler = kettle, condenser = total

Parameter Value Ref.
Heat exchangers: hot-inlet-cold-outlet temperature difference (°C) 50 17
Pressure drops-heat exchangers (%) 3 18
Pressure drops-reactors (%) 5 19
Isentropic efficiency of compressor (%) 85 20
Mechanical efficiency of compressors (%) 99.6 20
The total annualised cost (TAC) plays a key role in deter- ACCR r(L+r)"
mining the LCOM calculation. This parameter is calculated T (4r)r—1 (4)

based on the total plant cost (TPC), the fuel cost (Ctyel), the
energy cost (Cenergy), variable (Vogas) and fixed (Fogas) operating
and maintenance costs.

TAC M<€ per year = TPC x ACCR + Vogm + Fogm
+ Cfuel + Cenergy (3)

The annualised capital charge ratio (ACCR) is a factor that is

formulated in eqn (6), considering the project interest rate (r)
and project lifetime (7).

This journal is © The Royal Society of Chemistry 2025

The equipment purchase cost (Cg) is estimated using the
reference cost data from the literature and eqn (7), where Cy, Q,
and f represent the reference component cost, capacity and
scaling factor, respectively.

Co= Ca (%)f (5)

Sustainable Energy Fuels, 2025, 9, 4923-4932 | 4925
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Table 3 Mass flow, temperature, pressure and composition of the main streams

Streams 1 2 3 5¢ 7 10 11 13 16 18 19 22 25

P (bar) 1 3 2.9 2.7 2.6 2.5 2.5 2.5 1 2.6 1 3 2.3

T (°C) 35 131.7 450 1000 983.3 35 35 64.9 198.9 983.3 35 129.8 250
m (kg s™) 50 50 50 15.1 15.1 12.6 2.5 104.0 66.3 37.4 228.6 137.2 174.6
Composition (% mole)

H,0 — — — — — — — — — — — — —
H, — — — 97.5 97.5 100 — 75 — — — — —
C(s) — — — — — — — — — 100 — — —
CH, 100 100 100 2.5 2.5 — 100 — — — — — —
Cco — — — — — — — — — — — — 100
CO, — — — — — — — 23 — — 100 100 —
CH,;OH — — — — — — — — 100 — — — —

% Solid carbon produced in the methane cracking reactor is reported in the CISOLID substream of Stream 5. The values shown in this table for

Stream 5 reflect only the mixed substream (gas and liquid phases).

Table 4 Scaling parameters for the component purchase cost®

Component Scaling factor Cy (M€) Qa f Ref.
Reactors CO, utilisation Outlet flow rate (tonne per h) 12.5 42 0.65 16
Reactor decomp Inlet volume flow (cum per h) 2.7 37000 0.65 21
Distillation column Methanol flow rate (tonne per h) 18.9 162 0.7 16
Compressor Power (MW) 0.44 0.41 0.67 17
Heat exchanger Heat duty (MW) 6.1 828 0.67 17
PSA unit Flow rate (kmol h™") 34.3 17 000 0.6 22

¢ “M” denotes million.

The summation of all the individual equipment purchase
costs will result in the total equipment cost (TEC) illustrated in
eqn (8). The scaling factor (f), reference component cost (C,),
and capacity factor (Q,) of different plant components are pre-
sented in Table 4.

TEC = Z C; (6)

The total direct purchase cost (TDPC) is the total of TEC and
the total installation cost (TIC), as shown in eqn (9).

TDPC = TEC + TIC 7)

Table 5 Assumptions for the economic analysis

The TPC is calculated from the summation of TDPC, engi-
neering procurement and construction cost Cgpc, the contingencies
cost (Coo) and the owner's cost (Coc), as demonstrated in eqn (10).
The Cgpc is equal to 15% of the TDPC and Cco the and the Coc are
respectively 10% and 5% of the TDPC and Cgpc Summation.

TPC = TDPC + Cgpc + Ceo + Coc (8)

Assumptions for the calculation of the TAC are illustrated in
Table 5.

3.2. Environmental assessment indicators

From the environmental perspective, LCA determines the
environmental impact of the process during its lifetime. This

Parameter Value Ref.
Installation cost as a fraction of total purchase cost (%) 400 23
Variable operating cost (VOM) as a fraction of total capital cost (%) 2.0 24
Fixed operating cost (FOM) as a fraction of total capital cost (%) 1.0 24
Plant lifetime (7) (years) 30 25
Project interest rate () (%) 12 24
Capacity factor (CF) (%) 85 26
Fuel price” (€ per GJ) 5 17
Average CO market price (€ per t) 50 27
Average CO, market price (€ per t) 30 28

“ The heat and electricity prices for the economic assessment are assumed to be 55% and 400% of the NG price, respectively.
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study determined the total life cycle of CO, emissions per kg of
product (kgco, kgproduct_l), methanol and CO. The scope is
established as cradle-to-gate, and the functional unit (FU) is
defined as 1 kg of methanol produced. TLCCE is calculated
using eqn (9), which ignores CO, released from equipment and
infrastructure construction.?® The CO, emission factors are
illustrated in Table 6, which includes resource extraction,
transport, etc.

" CE, + >.CE,
i=1 j=1
total no. of h per year x product (kg)

TLCCE = 9
where CE; and CE; are the CO, emissions of iy, sub-process in
the supply chain and jy, sub-process in CO, compression,
transport, and storage. It is assumed that natural gas, after
extraction and sweetening in Alberta, is transported via a high-
pressure pipeline to a liquified natural gas (LNG) export
terminal (Goldboro LNG) located in Nova Scotia (4600 km east
of Alberta). At the terminal, natural gas is liquified by cooling it
to —162 °C, reducing its volume for shipping. LNG is assumed
to be shipped to South Hook terminals in Wales (4800 km
directly across the Atlantic). It is believed that the plant will be
50 km from the port, and therefore, the natural gas, after
evaporation, is transported through a low-pressure pipeline to
the plant.

3.3. Key assumptions and practical considerations

While the Aspen Plus simulations in this study assume pure
methane and carbon dioxide as feedstocks to establish an ide-
alised performance baseline, the TLCCE is based on natural gas,
not pure CH,. As shown in Table 6, the environmental impact
accounts for upstream emissions from extraction, sweetening,
liquefaction, and natural gas transport, thereby reflecting the
realistic burden associated with gas purification. In practical
applications, natural gas may contain various impurities such
as hydrogen sulfide (H,S), N,, and heavier hydrocarbons (C,.).
These components can introduce operational challenges,
including catalyst poisoning, coke formation, or altered reac-
tion kinetics. For instance, H,S can poison metal catalysts used

Table 6 CO, Emission data for LCA
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in methane cracking and methanol synthesis, while C,.
compounds can degrade at high temperatures and contribute to
fouling or carbon deposition in reactors.'* Likewise, CO, feed-
stocks, particularly those derived from flue gas, fermentation,
or syngas streams, may contain trace amounts of oxygen, sulfur
compounds (SO,, H,S), NO,, or volatile organic compounds.
These can affect the Boudouard and methanol synthesis steps
by degrading catalysts or introducing corrosive species.**
Commercial processes address these issues through estab-
lished purification technologies, including amine scrubbing,
PSA, and membrane separation, which can deliver high-purity
CO, (>99%). While these units increase capital and opera-
tional expenditure, their impact is generally moderate and
would not drastically alter the process efficiency or environ-
mental trends demonstrated in this study. Future work could
incorporate impurity sensitivity analyses and model the inte-
gration of gas purification systems. It is worth mentioning that
we assumed 100% hydrogen conversion in the methanol reactor
and complete carbon conversion in the CO reactor to establish
a theoretical performance baseline. This allowed us to evaluate
methanol's best-case energy efficiency and levelised cost.
However, lower conversion rates in either reactor would lead to
reduced productyield per unit of feedstock, increased recycle or
purge requirements, and greater energy consumption per unit
of methanol produced. These effects would collectively lower
overall energy efficiency and increase LCOM. In this study,
a single distillation column was modelled to separate methanol
and water. This simplification is justified by the assumption of
ideal methanol synthesis, where no byproducts (e.g., DME,
higher alcohols, or unreacted gases) are formed. While real-
world methanol plants typically employ multiple distillation
columns to handle such byproducts, this study focuses on early-
stage conceptual analysis. Similar simplifications have been
used in previous process modelling work®® to isolate the core
performance of the system. In industrial implementation,
additional separation units would be necessary to meet product
purity requirements and manage non-condensable species.
Moreover, a CO,: H, molar ratio of ~1:3 was assumed for
simplicity, in line with previous conceptual modelling studies

Parameter Value Unit Ref.
Methane

Extraction and drying 0.0023 kgco, Mlcu, " 29
Sweetening 0.0059 kgco, MJcu, 29
Liquefaction 0.0055 kgco, Mlcu, 29
Transport 0.0068 kgco, Mlcu, 29
Evaporation 0.0024 kgco, MJcn, 29
NG distribution at high pressure to the consumer 0.00041 kgco, MJcu, 29
NG distribution at low pressure to the consumer 0.00018 kgco, MJCHf1 29
Electricity

Natural gas combined cycle 425 gco, kWh™! 30
Heat

Natural gas boilers 293 gco, kWh™! 31

This journal is © The Royal Society of Chemistry 2025
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on CO, hydrogenation to methanol,* where side reactions and
recycle complexity are not explicitly considered.

4. Results and discussion

The technical performance of the plant is presented in Table 7.
It reveals that the proposed system's methanol and CO
production rate is 66.4 kg s~ ' and 174.6, respectively, resulting
in a thermal output of 3151.2 MW,. The power and heat
requirement for plant operation is 144.8 MW, (11.6 MW, for
methane compression, 19.3 MW, for captured CO, compres-
sion and 113.8 MW, for the mixture compression before the
methanol reactor). On the other hand, the heat requirement of
the plant is 879.2 MWy,. It is worth mentioning that the heat
requirement for the methanol distillation, CO production and
methane cracking process is 287.3 MWy,, 600 MWy, and 317.3
MWy, respectively, while 325.3 MWy, is recovered from the
methanol reactor. Finally, the calculated overall energy effi-
ciency from the abovementioned parameters is 89.4%, while the
process CO, emission is —228.6 kg s, representing the total
captured CO, flow rate needed for CO and methanol produc-
tion. It is worth mentioning that there is no CO, emission from
the process since all the carbon in the methane is used for CO
production.

Table 8 provides a detailed overview of the capital invest-
ment, operational expenditures, and revenue streams associ-
ated with the CO and methanol co-production plant. The
economic breakdown highlights the key cost drivers and
performance indicators, offering insight into the plant's finan-
cial feasibility. The total plant cost (TPC) is estimated at
€1489.3 million, encompassing significant investments in
critical equipment and installation. Installation expenses
dominate the capital outlay, with the total installation cost (TIC)
amounting to €900.9 million. Among the components, the CO
reactor (€72.6 million) and methanol reactor (€51.8 million)
represent the most critical cost centres, reflecting their pivotal
roles in product synthesis. Other necessary equipment includes
the methane cracking reactor (€10.7 million) and the PSA unit
(€41.1 million), essential for feedstock conversion and gas
separation. The largest share of operational expenditure is
attributed to fuel costs (€335.1 million per year), underscoring

Table 7 Technical performance summary

Parameter Unit Value
NG flow rate kg s™'] 50
LHVyg M] kg™ '] 50
Thermal input [MW] 2500
Methanol production [kg s 66.4
LHVethanol [M] kg '] 20.9
CO production [kg s 174.6
LHVco MJ kg™ 10.1
Thermal output [MWe] 3151.2
Heat required MW 879.2
Power required [MW,] 144.8
Direct CO, emission kg s™] —228.6
Overall energy efficiency [%] 89.4

4928 | Sustainable Energy Fuels, 2025, 9, 4923-4932
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Table 8 Economic performance summary of the proposed plant

Parameters Unit Value
PSA [M€] 411
Heat exchangers [M€] 1.9
Compressors [M€] 22.3
Methanol reactor [M€] 51.8
Distillation unit [M€] 24.8
CO reactor [M€] 72.6
Methane cracking reactor [M€] 10.7
Total equipment cost (TEC) [M€] 225.2
Total installation cost (TIC) [M€] 900.9
Total direct plant cost (TDPC) [M€] 1126.1
Total plant cost (TPC) [M<€] 1489.3
Annualised plant cost [M€ per year] 184.2
Fuel cost [M€ per year] 335.1
Heat cost [M<€ per year] 58.3
Electricity cost [M€ per year] 79.9
CO, purchase cost [M<£ per year] 183.8
CO selling revenue [M<€ per year] 234.2
Variable O&M [M<€ per year] 14.9
Fixed O&M [M€ per year] 29.8
Total annualised cost [M<€ per year] 651.8
LCOM [€ per G]] 17.5

the energy-intensive nature of the process. Utility costs for
electricity (€79.9 million per year) and heat supply (€58.3
million per year) further contribute to the plant’'s high energy
demand. Additionally, the purchase of CO, feedstock accounts
for €183.8 million annually. Operational and maintenance
costs, including variable (€14.9 million per year) and fixed
(€29.8 million per year) components, are relatively modest but
critical for maintaining consistent plant performance. Revenue
from CO sales is projected at €234.2 million per year, providing
a significant offset to the plant's operating costs. However, with
total annualised expenses reaching €651.8 million, the finan-
cial sustainability of the plant is highly dependent on optimis-
ing feedstock and utility costs. The levelised cost of methanol
(LCOM) is calculated at €17.5 G] ", serving as a critical metric
for benchmarking the plant’'s production cost against market
prices and alternative production methods.

Below is a sensitivity analysis of the levelised cost of Meth-
anol (LCOM, € per GJ) to variations in fuel price, carbon dioxide
market price, and interest rate. Fig. 2 shows a strong linear
relationship between the fuel price and the LCOM. As the fuel
price increases from 3 € per GJ to 10 € per GJ, the LCOM rises
proportionally from approximately 12.4 € per GJ to 30.1 € per
G]J. This result highlights that fuel cost, a key operational
expense, is a dominant factor influencing methanol production
costs. Such sensitivity is particularly critical for feedstock-
dependent production pathways, where fluctuations in fuel
markets can substantially impact economic performance.

Fig. 3 illustrates the impact of carbon dioxide market price
(€ per t) on the LCOM. A linear increase in LCOM is observed,
ranging from approximately 17.5 € per GJ at a CO, price of 30 €
per t to 61.8 € per GJ at 300 € per t. This sensitivity underscores
the influence of CO, pricing policies, particularly for processes
involving carbon capture and utilisation (CCU). The steep slope
of the trendline indicates that high CO, market prices can

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Fuel price impact on the levelised cost of methanol production.
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Fig. 3 Carbon dioxide market price on the levelised cost of methanol production.

significantly increase production costs, potentially affecting the
competitiveness of methanol as a sustainable energy carrier.

Fig. 4 examines the sensitivity of LCOM to variations in
interest rate, which applies to loans taken to finance the project.
The results show a moderate, linear increase in LCOM as the
interest rate rises from 3% to 15%, with LCOM increasing from
approximately 13.8 € per GJ to 18.7 € per GJ. While less
sensitive than fuel or CO, prices, this relationship reflects the
influence of borrowing costs on overall production economics.
For projects heavily reliant on external financing, higher
interest rates can marginally increase LCOM, impacting finan-
cial viability. This effect is critical for investors and policy-
makers, especially in regions with varying lending rates.

The CO, emissions associated with the methanol and CO
production were analysed and categorised into three key stages:
(1) methane extraction, drying and sweetening; (2) methane
transportation; and (3) plant energy consumption. The results
(Fig. 5), expressed as kgco, K€product '), highlight the primary

This journal is © The Royal Society of Chemistry 2025

emission sources in the process chain. Methane extraction,
drying, and sweetening contribute 0.09 kgco, kgproduct’l. This
stage involves upstream processing of natural gas, including
removing impurities such as water, sulfur compounds, and
CO,, and accounts for emissions generated from energy-
intensive operations and chemical treatments. Methane trans-
portation results in 0.08 kgco, kgpmducfl, encompassing the
emissions associated with delivering methane to the produc-
tion plant. These emissions are attributed to energy consump-
tion during pipeline compression, liquefaction, or other
logistics-related activities. Energy consumption within the
production plant is the most significant contributor, with
emissions reaching 0.3 kgco, kgpmduct’l. This reflects the reli-
ance on carbon-intensive energy sources for process operations
such as heating, compression, and reactor performance. It is
worth mentioning that a TLCCE of 0.5 kgco, kgpmducf1 does not
reflect the complete LCA of the process, as emissions related to
plant construction were not considered. The positive effect of

Sustainable Energy Fuels, 2025, 9, 4923-4932 | 4929


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5se00165j

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 01 Agosti 2025. Downloaded on 28/10/2025 23:43:39.

(cc)

Sustainable Energy & Fuels

19

18

LCOM (€/G))
= [ [o
wv (o)} ~

[
>

View Article Online

Paper

13
0% 2% 4% 6%

8% 10% 12% 14% 16%

Interest rate (%)

Fig. 4 Interest rate impact on levelised cost of methanol production.

0.40

©c ©
w w
S

©
)
«

o
=y
[0,]

CO, emission (kgcoa/k8product)
o o
[ )
o o

0.05

0.00

Methane extraction,
drying and Sweetening

Fig. 5 CO, emission of the proposed process.

utilising captured CO, was not factored into the LCA calcula-
tion. By preventing CO, from being released into the atmo-
sphere, this approach effectively turns a waste product into
a valuable feedstock, supporting a circular carbon economy.

The economic and environmental implications of the eval-
uated plant, which operates at 17.5 € per GJmethanol (367 € per
tymeon) and emits 0.5 kgco, kgpmducfl, can be critically assessed
against recent advancements in production technologies. A
recent study by Peng et al.*® evaluated the renewable methanol
production from municipal solid waste and achieved 495-511 €
per tyeon and a CO, emission of 0.8 kgco, kgmeon - Further-
more, methanol production cost with natural gas-based state-
of-the-art technology was reported to be 268.5 € per tyeon.>®
Moreover, the TLCCE of methanol production through steam
methane reforming and partial oxidation is reported to be 0.94
kgco, kgom,on ' and 0.81 kgco, kgou,on ', respectively.’”? It is
found that the proposed cycle is competitive with the state-of-
the-art methanol production plant.

4930 | Sustainable Energy Fuels, 2025, 9, 4923-4932

Methane transportation

Energy

It is worth mentioning that we assumed 100% hydrogen
conversion in the methanol reactor and complete carbon
conversion in the CO reactor to establish a theoretical perfor-
mance baseline. This allowed us to evaluate methanol's best-
case energy efficiency and levelised cost. However, Lower
conversion rates in either reactor would lead to reduced product
yield per unit of feedstock, increased recycle or purge require-
ments, and greater energy consumption per unit of methanol
produced. These effects would collectively lower overall energy
efficiency and increase LCOM. Based on the economic structure
presented in this study, we estimate that the process would
become economically uncompetitive if effective hydrogen
conversion drops below approximately 75%, assuming no
additional recycling or heat recovery measures are imple-
mented. Below this threshold, the reduced methanol output
and higher specific energy and capital costs would likely
increase LCOM above 24 € per GJ, which exceeds typical
methanol market prices.

This journal is © The Royal Society of Chemistry 2025
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5. Conclusion

This study developed and analysed a novel process for the co-
production of methanol and carbon monoxide via methane
decomposition, focusing on energy efficiency, economic feasi-
bility, and environmental impact. The TLCCE was calculated to
be 0.5 kgco, kgpmduct_l, with methane extraction contributing
0.09 kgco, kgpmducfl, methane transportation accounting for
0.08 kgco, kgpmducfl, and the remaining emissions attributed
to energy supply. The process demonstrated a high overall
energy efficiency of 89.4%, supporting its potential for
sustainable methanol and CO production. Economic analysis
revealed that the total plant cost amounts to 1489.3 M€, with
fuel costs being the most significant annual expense at 335.1
M€ per year. The total annualised cost was determined to be
651.8 M€, while revenue from CO sales reached 234.2 M€ per
year. These findings indicate that methane decomposition-
based methanol and CO co-production present a promising
low-carbon alternative to conventional production pathways,
offering competitive energy efficiency and reduced emissions.
However, process economics remain sensitive to fuel prices and
CO market value, necessitating further optimisation and
potential integration with renewable energy sources to enhance
long-term viability.

Data availability

All the original data generated in this study are included in the
manuscript.

Conflicts of interest

There are no conflicts to declare.

References

1 IRENA. Innovation Outlook Renewable
International Renewable Energy Agency, 2021.
Methanex, Annual Report, 2023.

N. Sanchez-Bastardo, R. Schlogl and H. Ruland, Methane

Pyrolysis for Zero-Emission Hydrogen Production: A

Potential Bridge Technology from Fossil Fuels to

a Renewable and Sustainable Hydrogen Economy, Ind. Eng.

Chem. Res., 2021, 60, 11855-11881, DOIL 10.1021/

acs.iecr.1c01679.

4 A. Celik, I. Ben Othman, Y. Neudeck, O. Deutschmann and
P. Lott, A techno-economic assessment of pyrolysis
processes for carbon capture, hydrogen and syngas
production from variable methane sources: Comparison
with steam reforming, electrolysis, and coal
gasification, Energy Convers. Manage., 2025, 326, DOIL
10.1016/j.enconman.2024.119414.

5 W. Zhou, W. Zhou, H. Qiu, D. Li, Y. Zhang, M. S. Ahmad,
et al, Tuning the reactivity of Ni/MoS, membrane for
efficient methane pyrolysis and hydrogen production: A
multi-scale study, Energy Convers. Manage., 2023, 293, DOI:
10.1016/j.enconman.2023.117476.

Methanol,

w N

water

This journal is © The Royal Society of Chemistry 2025

View Article Online

Sustainable Energy & Fuels

6 A. R. Razmi, A. R. Hanifi and M. Shahbakhti, Techno-
economic analysis of a novel concept for the combination
of methane pyrolysis in molten salt with heliostat solar
field, Energy, 2024, 301, DOI: 10.1016/j.energy.2024.131644.

7 B. J. Leal Pérez, J. A. Medrano Jiménez, R. Bhardwaj,
E. Goetheer, M. van Sint Annaland and F. Gallucci,
Methane pyrolysis in a molten gallium bubble column
reactor for sustainable hydrogen production: Proof of
concept & techno-economic assessment, Int. J. Hydrogen
Energy, 2021, 46, 4917-4935, DOL  10.1016/
j.ijhydene.2020.11.079.

8 F. Kerscher, A. Stary, S. Gleis, A. Ulrich, H. Klein and
H. Spliethoff, Low-carbon hydrogen production via electron
beam plasma methane pyrolysis: Techno-economic
analysis and carbon footprint assessment, Int. J. Hydrogen
Energy, 2021, 46, 19897-19912, DOIL  10.1016/
j.ijhydene.2021.03.114.

9]. Riley, C. Atallah, R. Siriwardane and R. Stevens,
Technoeconomic analysis for hydrogen and carbon Co-
Production via catalytic pyrolysis of methane, Int. J.
Hydrogen Energy, 2021, 46, 20338-20358, DOI: 10.1016/
j.ijhydene.2021.03.151.

10 M. E. Tabat, F. O. Omoarukhe, F. Giilec, D. E. Adeniyi,
A. Mukherjee, P. U. Okoye, et al., Process design, exergy,
and economic assessment of a conceptual mobile
autothermal methane pyrolysis unit for onsite hydrogen
production, Energy Convers. Manage., 2023, 278, DOI:
10.1016/j.enconman.2023.116707.

11 N. Sanchez-Bastardo, R. Schlégl and H. Ruland, Methane
Pyrolysis for Zero-Emission Hydrogen Production: A
Potential Bridge Technology from Fossil Fuels to
a Renewable and Sustainable Hydrogen Economy, Ind. Eng.
Chem. Res., 2021, 60, 11855-11881, DOI: 10.1021/
acs.iecr.1¢01679.

12 A. M. Alsawadi, R. Marsh, J. M. Steer and D. Morgan, A study
of the mechanisms associated with CO, utilisation via the
reverse Boudouard reaction, Fuel, 2025, 381, DOI: 10.1016/
j-fuel.2024.133448.

13 M. Ren, Y. Zhang, X. Wang and H. Qiu, Catalytic
Hydrogenation of CO, to Methanol: A Review, Catalysts,
2022, 12, DOI: 10.3390/catal12040403.

14 D. Wang, J. Li, W. Meng, Z. Liao, S. Yang, X. Hong, et al., A
near-zero carbon emission methanol production through
CO, hydrogenation integrated with renewable hydrogen:
Process analysis, modification and evaluation, J. Cleaner
Prod., 2023, 412, DOI: 10.1016/j.jclepro.2023.137388.

15 Y. Yan, V. Manovic, E. J. Anthony and P. T. Clough, Techno-
economic analysis of low-carbon hydrogen production by
sorption enhanced steam methane reforming (SE-SMR)
processes, Energy Convers. Manage., 2020, 226, DOI:
10.1016/j.enconman.2020.113530.

16 C. Choe, M. Byun, H. Lee and H. Lim, Techno-economic and
environmental assessments for sustainable bio-methanol
production as landfill gas valorization, Waste Manage.,
2022, 150, 90-97, DOIL: 10.1016/j.wasman.2022.06.040.

17 N. Khallaghi, S. Ghiami, H. Jeswani, S. A. Nabavi and
E. J. Anthony, Blue Hydrogen Production Through Partial

Sustainable Energy Fuels, 2025, 9, 4923-4932 | 4931


https://doi.org/10.1021/acs.iecr.1c01679
https://doi.org/10.1021/acs.iecr.1c01679
https://doi.org/10.1016/j.enconman.2024.119414
https://doi.org/10.1016/j.enconman.2023.117476
https://doi.org/10.1016/j.energy.2024.131644
https://doi.org/10.1016/j.ijhydene.2020.11.079
https://doi.org/10.1016/j.ijhydene.2020.11.079
https://doi.org/10.1016/j.ijhydene.2021.03.114
https://doi.org/10.1016/j.ijhydene.2021.03.114
https://doi.org/10.1016/j.ijhydene.2021.03.151
https://doi.org/10.1016/j.ijhydene.2021.03.151
https://doi.org/10.1016/j.enconman.2023.116707
https://doi.org/10.1021/acs.iecr.1c01679
https://doi.org/10.1021/acs.iecr.1c01679
https://doi.org/10.1016/j.fuel.2024.133448
https://doi.org/10.1016/j.fuel.2024.133448
https://doi.org/10.3390/catal12040403
https://doi.org/10.1016/j.jclepro.2023.137388
https://doi.org/10.1016/j.enconman.2020.113530
https://doi.org/10.1016/j.wasman.2022.06.040
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5se00165j

Open Access Article. Published on 01 Agosti 2025. Downloaded on 28/10/2025 23:43:39.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Sustainable Energy & Fuels

Oxidation: A Techno-Economic and Life Cycle Assessment,
Int. J. Energy Res., 2024, 2024, DOI: 10.1155/er/3249514.

18 N. Khallaghi, V. Spallina, G. Manzolini and E. D. Coninck,
Advanced Carbon Capture For Steel Industries Integrated
Inccus Clusters- Report On Assumptions, Base Case
Technology And Methodology For The Co, Capture Integration
In The Considered Industrial Application Work, 2021.

19 N. Khallaghi, H. Jeswani, D. P. Hanak and V. Manovic,
Techno-economic-environmental assessment of biomass
oxy-gasification staged oxy-combustion for negative
emission combined heat and power, Appl. Therm. Eng.,
2021, 196, 117254, DOI: 10.1016/
j-applthermaleng.2021.117254.

20 N. Khallaghi, D. P. Hanak and V. Manovic, Gas-fired
chemical looping combustion with supercritical CO, cycle,
Appl.  Energy, 2019, 249, 237-244, DOIL 10.1016/
j-apenergy.2019.04.096.

21 A. Celik, I. Ben Othman, Y. Neudeck, O. Deutschmann and
P. Lott, A techno-economic assessment of pyrolysis
processes for carbon capture, hydrogen and syngas
production from variable methane sources: Comparison
with steam reforming, water electrolysis, and coal
gasification, Energy Convers. Manage., 2025, 326, DOI:
10.1016/j.enconman.2024.119414.

22 DOE/NETL, Assessment Of Hydrogen Production With Co,
Capture Volume 1: Baseline State-Of- The-Art Plants, 2010.

23 Y. A. Wain, Updating The Lang Factor And Testing Its Accuracy,
Reliability And Precision As A Stochastic Cost Estimating
Method, vol. 3, 2014.

24 D. P. Hanak, B. G. Jenkins, T. Kruger and V. Manovic, High-
efficiency negative-carbon emission power generation from
integrated solid-oxide fuel cell and calciner, Appl. Energy,
2017, 205, 1189-1201, DOI: 10.1016/j.apenergy.2017.08.090.

25 N. Khallaghi, D. P. Hanak and V. Manovic, Staged oxy-fuel
natural gas combined cycle, Appl. Therm. Eng., 2019, 153,
DOL: 10.1016/j.applthermaleng.2019.03.033.

26 Y. Yan, V. Manovic, E. J. Anthony and P. T. Clough, Techno-
economic analysis of low-carbon hydrogen production by
sorption enhanced steam methane reforming (SE-SMR)
processes, Energy Convers. Manage., 2020, 226, DOI:
10.1016/j.enconman.2020.113530.

27 M. Jouny, W. Luc and F. Jiao, General Techno-Economic
Analysis of CO, Electrolysis Systems, Ind. Eng. Chem. Res.,
2018, 57, 2165-2177, DOL: 10.1021/acs.iecr.7b03514.

28 N. Kjetil, M. Mansouri and H. E. Hernes, Feasibility Study Of
Green Methanol Production In The Port Of Egersund, 2024.

4932 | Sustainable Energy Fuels, 2025, 9, 4923-4932

View Article Online

Paper

29 S. Ghiami, N. Khallaghi and T. N. Borhani, Techno-
economic and environmental assessment of staged oxy-co-
firing of biomass-derived syngas and natural gas, Energy
Convers. Manage., 2021, 243, 114410, DOI: 10.1016/
J.ENCONMAN.2021.114410.

30 B. Singh, A. H. Strgmman and E. Hertwich, Life cycle
assessment of natural gas combined cycle power plant
with post-combustion carbon capture, transport and
storage, Int. J. Greenhouse Gas Control, 2011, 5, 457-466,
DOLI: 10.1016/J.IJGGC.2010.03.006.

31 H. Lin, J. Clavreul, C. Jeandaux, J. Crawley and I. Butnar,
Environmental life cycle assessment of heating systems in
the UK: Comparative assessment of hybrid heat pumps vs.
condensing gas boilers, Energy Build., 2021, 240, 110865,
DOI: 10.1016/J.ENBUILD.2021.110865.

32 F. Hong, Y. Qi, Z. Yang, L. Yu, X. Guan, J. Diao, et al., Recent
advances of CO, hydrogenation to methanol, DeCarbon,
2025, 8, DOIL: 10.1016/j.decarb.2025.100111.

33 Y. Han, Y. Liao, X. Ma and X. Guo, Simulation study of
a novel methanol production process based on an off-grid
Wind/Solar/Oxy-fuel power generation system, Energy
Convers. Manage., 2024, 314, DOI: 10.1016/
j-enconman.2024.118672.

34 A. A. Kiss, J. J. Pragt, H. J. Vos, G. Bargeman and M. T. de
Groot, Novel efficient process for methanol synthesis by
CO, hydrogenation, Chem. Eng. J., 2016, 284, 260-269, DOL:
10.1016/j.cej.2015.08.101.

35 S. Peng, Y. Tang, J. Tang, J. Deng, X. Wang, X. Liang, et al.,
Techno-economic analysis and life cycle assessment of
renewable methanol production from MSW integrated with
oxy-fuel combustion and solid oxide electrolysis cell, Int. J.
Hydrogen Energy, 2025, 99, 872-887, DOI: 10.1016/
j.ijhydene.2024.12.232.

36 C. Arnaiz del Pozo, S. Cloete and A. Jiménez Alvaro, Techno-
economic assessment of long-term methanol production
from natural gas and renewables, Energy Convers. Manage.,
2022, 266, DOI: 10.1016/j.enconman.2022.115785.

37 T. T. H. Nguyen, T. Yamaki, S. Taniguchi, A. Endo and
S. Kataoka, Integrating life cycle assessment for design and
optimization of methanol production from combining
methane dry reforming and partial oxidation, J. Cleaner
Prod., 2021, 292, DOI: 10.1016/j.jclepro.2021.125970.

38 N. Badger, R. Boyluy, V. Ilojianya, M. Erguvan and S. Amini, A
cradle-to-gate life cycle assessment of green methanol
production using direct air capture, Energy Adv., 2024, 3,
2311-2327, DOIL: 10.1039/d4ya00316k.

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1155/er/3249514
https://doi.org/10.1016/j.applthermaleng.2021.117254
https://doi.org/10.1016/j.applthermaleng.2021.117254
https://doi.org/10.1016/j.apenergy.2019.04.096
https://doi.org/10.1016/j.apenergy.2019.04.096
https://doi.org/10.1016/j.enconman.2024.119414
https://doi.org/10.1016/j.apenergy.2017.08.090
https://doi.org/10.1016/j.applthermaleng.2019.03.033
https://doi.org/10.1016/j.enconman.2020.113530
https://doi.org/10.1021/acs.iecr.7b03514
https://doi.org/10.1016/J.ENCONMAN.2021.114410
https://doi.org/10.1016/J.ENCONMAN.2021.114410
https://doi.org/10.1016/J.IJGGC.2010.03.006
https://doi.org/10.1016/J.ENBUILD.2021.110865
https://doi.org/10.1016/j.decarb.2025.100111
https://doi.org/10.1016/j.enconman.2024.118672
https://doi.org/10.1016/j.enconman.2024.118672
https://doi.org/10.1016/j.cej.2015.08.101
https://doi.org/10.1016/j.ijhydene.2024.12.232
https://doi.org/10.1016/j.ijhydene.2024.12.232
https://doi.org/10.1016/j.enconman.2022.115785
https://doi.org/10.1016/j.jclepro.2021.125970
https://doi.org/10.1039/d4ya00316k
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5se00165j

	Methanol and carbon monoxide co-production via methane decomposition: techno-economic and environmental analysis
	Methanol and carbon monoxide co-production via methane decomposition: techno-economic and environmental analysis
	Methanol and carbon monoxide co-production via methane decomposition: techno-economic and environmental analysis
	Methanol and carbon monoxide co-production via methane decomposition: techno-economic and environmental analysis
	Methanol and carbon monoxide co-production via methane decomposition: techno-economic and environmental analysis

	Methanol and carbon monoxide co-production via methane decomposition: techno-economic and environmental analysis
	Methanol and carbon monoxide co-production via methane decomposition: techno-economic and environmental analysis
	Methanol and carbon monoxide co-production via methane decomposition: techno-economic and environmental analysis
	Methanol and carbon monoxide co-production via methane decomposition: techno-economic and environmental analysis

	Methanol and carbon monoxide co-production via methane decomposition: techno-economic and environmental analysis
	Methanol and carbon monoxide co-production via methane decomposition: techno-economic and environmental analysis
	Methanol and carbon monoxide co-production via methane decomposition: techno-economic and environmental analysis
	Methanol and carbon monoxide co-production via methane decomposition: techno-economic and environmental analysis
	Methanol and carbon monoxide co-production via methane decomposition: techno-economic and environmental analysis


