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ABSTRACT

Achieving deep decarbonization in hard-to-abate sectors requires scalable low-carbon fuels derived from
biogenic or air-captured CO,. E-Methanol is a promising option, but its deployment depends on robust CO, value
chains that integrate industrial emissions, conditioning, multi-modal transport and reliable supply of power.
Despite progress in carbon capture research, integrated assessments combining real emitters, COy logistics,
storage design, downtime-driven oversizing and transport fleet operations remain unavailable, limiting accurate
levelized cost prediction of e-fuel value chain. The study proposed a unified framework to evaluate the techno-
economic feasibility of the overall CO,-to-e-methanol chain, integrating capture, liquefaction, storage, different
transport possibilities and final synthesis. Results show that CO availability strongly determines feasible plant
size, while transport mode significantly shapes logistics cost. E-methanol synthesis is the largest contributor, with
the Portuguese cement scenario yielding 1111.3 €/t. Across the analysed scenarios, maritime transport usually
delivers 51-60% lower cost than road transport. The framework supports rigorous planning of CCU-enabled e-

fuel synthesis.

1. Introduction

Methanol plays a central role in the transition toward low-carbon
energy systems as both a chemical feedstock and an energy carrier.
Conventionally, methanol is produced from fossil-based routes such as
natural gas reforming and coal gasification, which are associated with
significant carbon dioxide (CO2) emissions. In recent years, alternative
pathways including biomass gasification, waste-to-methanol conver-
sion, and CO: hydrogenation have been extensively studied from both
technical and economic perspectives. For instance, techno-economic
analyses of plasma-assisted waste gasification integrated with CO: uti-
lization demonstrate production costs in the range of 500-620 €/t,
highlighting the growing competitiveness of circular carbon pathways
[1]. Despite these advances, the economic performance of different
methanol synthesis routes remains highly sensitive to feedstock type,
hydrogen and electricity costs, and system integration.

The urgent need to mitigate climate change has accelerated the
global transition from fossil-based energy systems toward sustainable
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and renewable alternatives [2]. The industrial sector is a major
contributor to global CO, emissions, making it a key target for decar-
bonizing efforts [3]. However, reducing emissions from industry is
particularly challenging, as many industrial processes intrinsically
generate CO:z or depend on carbon-based feedstocks, limiting the effec-
tiveness of electrification-based solutions. These hard-to-abate sectors,
including cement, steel, and chemicals, require integrated mitigation
strategies beyond direct energy substitution [4].

In this context, Carbon Capture, Utilization, and Storage (CCUS) has
emerged as a key enabler for achieving deep decarbonization [4,5].
CCUS systems enable the capture of CO2 from industrial processes and its
subsequent utilization or permanent storage, thereby reducing net
emissions [6]. Recent studies highlight that CCUS deployment is
strongly influenced by spatial heterogeneity, infrastructure availability
and policy incentives [7]. For example, investment decisions for CCUS
retrofits in coal-fired power plants depend on source-sink matching and
economic uncertainties, emphasizing the importance of integrating
transport and storage considerations into system design. Similarly,
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plant-level analyses in the cement industry demonstrate that regional
differences and policy incentives significantly affect CCUS feasibility
and deployment strategies. In addition, the availability of geological CO-
storage capacity and injection rates plays a crucial role in determining
long-term system viability. Complementary integration of renewable
energy systems, such as wind-solar-hydro combinations, further sup-
ports CCUS and Power-to-X pathways by enabling a stable and
low-carbon energy supply for hydrogen production. These findings
highlight the need for region-specific, integrated techno-economic
frameworks that capture the interactions between CO: sources, trans-
port infrastructure, storage capacity, and energy systems [8].

While Carbon Capture and Storage (CCS) focuses on long-term
sequestration, Carbon Capture and Utilization (CCU) enables the con-
version of CO: into value-added products, supporting circular carbon
economy concepts and improving economic viability [8]. Conventional
approaches have largely focused on CCS technology; however, its
implementation is often constrained by geographic availability and
geological suitability and high associated cost [9]. In contrast, the CCU
pathway treats CO as a valuable carbon resource that can be reinte-
grated into the economic cycle. The CO: can be utilized through phys-
ical, chemical or biological conversion routes, enhancing market
viability and supporting long-term deployment [10].

Within this broader context, e-methanol (e-MeOH) synthesized via
hydrogenation of captured CO: has emerged as a promising pathway for
sustainable fuel synthesis [11]. Methanol is widely used in the chemical
industry and is increasingly considered as an alternative fuel for trans-
portation sectors such as shipping and aviation [12]. However, current
methanol synthesis remains predominantly fossil-based, with approxi-
mately 65% derived from natural gas and the remainder from coal, both
of which contribute significantly to global emissions [13]. Transitioning
toward renewable methanol pathways is therefore essential to reduce
lifecycle emissions and support industrial decarbonization [14,15]. The
synthesis of e-MeOH requires green hydrogen and eligible CO:z sources,
including biogenic, geogenic, and air-captured CO, in accordance with
evolving regulatory frameworks [16].

1.1. Research gaps

Despite the growing interest in CCU pathways and e-MeOH synthe-
sis, several critical gaps remain in the existing literature (see Table 1).

Table 1
State-of-the-art for techno-economic assessment of e-MeOH.
Authors and year ~ Proposed objectives Limitations
Farfan et al., Proposes a global potential No modelling of CO,

2019 [9] analysis of CCU as a possible transport infrastructure, fleet
solution for the CO, emissions size, or intermediate storage
of cement production

Salkuyeh K etal.,  Detailed process modelling of Assumes CO, availability;

2021 [12] e-MeOH transport ignored

Yang et al., 2021 Industrial CCS cost no modelling of CO- logistics
[17]1 comparison chains or utilization

Fraga et al., 2021
[18]

Sollai et al., 2023

Detailed storage and hub
design “A mixed-integer linear
programming optimisation
model has been developed for
sizing and costing
intermediate storage hubs of
COy”

Levelized cost of e-methanol

pathways.
No utilisation; no fuel
synthesis

CO,, treated as generic input

[19] (LCOeM) driven by Hy and
power
Emanuelsson EU-level CCS deployment no operational logistics
et al., 2025 analysis with aggregated modelling
[20] transport assumptions;
Noh and kang, Detailed CO, ship transport Transport-only study
2025 [21] economics; Onboard

reliquefaction

Journal of CO2 Utilization 110 (2026) 103478

Most studies treat CO:2 as a generic or constant input, neglecting the
spatial and temporal variability of industrial emissions. In addition, the
studies often neglect critical system elements such as comparing
multimodal transport networks, loop-time and fleet-size constraints, and
downtime-driven buffer storage requirements. Additionally, the opera-
tion interdependencies among capture, condition, transport and utili-
zation stages are omitted from the evaluation. Moreover, few works
benchmark tanker-based and truck-based CO: transport within the same
system boundary, and fewer quantify how these infrastructure choices
jointly influence the levelized cost of CO, and e-MeOH. These gaps limit
the reliability of techno-economic planning for large-scale e-MeOH
deployment tailored to specific industrial clusters.

1.2. Research objectives

The primary objective of this study is to develop a realistic and
comprehensive assessment of the CO2-to-e-MeOH supply chain to sup-
port large-scale industrial and maritime transportation decarbonization,
specifically by identifying the most competitive combinations of in-
dustrial COz emitters and transport configurations for supplying a
coastal power-to-liquid (PtL) e-MeOH facility. The study quantifies it by
estimating the levelized cost of CO, and e-MeOH. By focusing on in-
dustrial point sources, the work addresses a critical need for identifying
feasible CO, supply pathways capable of delivering both emissions re-
ductions and a valuable renewable fuel. To achieve this proposed
objective, the study performed an end-to-end techno-economic assess-
ment that models the full CU chain using real industrial conditions. The
methodology integrates spatially distributed emitters, capture systems,
liquefaction units, intermediate storage sizing and compares maritime
and road-based transport modes. Industrial-scale CO, flow constraints
are combined with multi-stage process modelling, enabling the evalua-
tion of feasible e-MeOH plant capacities. Furthermore, this framework
includes downtime-driven oversizing requirements and transparent
stage-wise cost allocation to assess how logistical and operational fac-
tors influence the overall economics of the e-MeOH synthesis. The
novelty of this work lies in its realistic and system-level representation of
the CO: supply chain, which goes beyond the simplified assumptions
commonly used in earlier studies.

2. Materials and methodology
2.1. E-MeOH synthesis process

Synthetic fuels such as e-MeOH hold significant potential to displace
conventional fossil fuels and thereby support a broader shift toward a
low-carbon energy system. As a result, biogenic CO: is projected to
become a valuable commodity, contributing to both circular carbon
strategies and emerging fuel markets. This growing demand creates new
opportunities for a wide range of biogenic CO:z sources, including
ethanol plants, biomass power facilities, waste-to-energy plants, cement
manufacturing, pulp and paper mills, alcohol and sugar production fa-
cilities, and biogas plants, to supply CO: for sustainable fuel synthesis.
The main reactions occurring are shown in Eqgs. 1-3 [19]:

COz + 3H2 Aad CHgoH + HzO (1)
CO,+H, < CO+ H,0 2
CO + 2H, < CH;0H 3

The process utilizes hydrogen to convert biogenic, geogenic or air
captured COy into methanol, thereby reducing emissions, promoting
resource circularity and contributing to industrial decarbonization. By
closing the carbon loop and enabling the valorisation of captured COx, e-
MeOH synthesis offers a compelling solution for sustainable industrial
transformation. Approximately 45% of the total methanol is consumed
by the chemical industry, while 11% is considered as an alternative fuel
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in the transportation sector [2]. Considering this growth of e-MeOH as
an energy carrier, it is projected in the studies that the global e-MeOH
production will surpass 120 million tonnes, due to its potential to sup-
port energy diversification and decarbonization [19]. Therefore, with
the increasing demand for e-MeOH, the improvement of
techno-economic efficiencies of this low-carbon fuel becomes critical.
This study evaluates the full CCU supply chain required to provide CO2
feedstock to an e-MeOH synthesis plant. Fig. 1 depicts the overall value
chain of this study.

2.2. Schematic model description

The schematic arrangement is structured around the sequential
stages of the CCU value chain, which include: identification of industrial
CO:2 emitters, carbon capture (CC) operations, CO2 liquefaction, loading
and intermediate storage, transportation, unloading and receiving
storage and e-MeOH production.

2.2.1. Carbon emitters

The study proposed to utilize the biogenic COs for the synthesis of e-
MeOH. The industries and the synthesis plants either exclusively emit
biogenic CO; or a combination of biogenic and geogenic CO; during
operation.

Geogenic CO; is emitted from industrial processes, specifically from
the cement sector, where it is produced during the calcination of lime-
stone [17]. Approximately two-thirds of total CO emissions in the
cement industry are geogenic emissions. The concentration of CO; in the
flue gases from calcination ranges between 15-30% [22]. In addition to
the geogenic emissions, studies indicate that biogenic sources contribute
approximately 6% of total CO: emissions in cement plants, where the
proportion of biomass relative to fossil fuels used to achieve the high
temperatures required for calcination dictates the share of biogenic CO:
emissions. Together, these sources account for nearly 72.7% of the
plant’s total CO: output [17].

Likewise, the pulp and paper industry is a major contributor to
biogenic CO: emissions [23], accounting for approximately
three-fourths of the total CO2 emissions [24]. The pulp and paper in-
dustries release COz as a component of green liquor during the com-
bustion of black liquor or other biomass streams in the recovery boiler
[24]. The underlying combustion process can be simplified as follows:

Fuel (C, H, O7 N) + Air (027 Nz) - COz + HQO + N, (4)

For pulp and paper industries, literature indicates that biogenic
streams typically contribute around 80% of overall emissions, while the
remaining 20% originate from fossil fuels. Although the exact distribu-
tion varies among facilities [24], a comparable situation is observed in
cement synthesis.

A detailed assessment of potential industrial COz emitters is per-
formed on the basis of this emission profile, to identify a potential source
to supply sufficient biogenic and geogenic CO: for large-scale e-MeOH
synthesis [22]. Although several industries emit biogenic COz, many are
excluded due to their limited annual CO: emissions. Industries like
biomass power plants and ethanol plants emit biogenic CO2, but the
average annual emissions of these two plants are approximately 400 and
200 kt, respectively [25]. This average annual output is significantly

—
k- B

CO; industrial Carbon capture CO, liquefaction
emitter plant plant

Loading CO,

intermediate storage
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lower than that of cement and pulp and paper plants, making them less
suitable as primary CO: sources. Waste-to-energy (WtE) facilities also
face similar challenges. The facility emits approximately 285 kt of CO2,
among which 60% is biogenic [26]. Due to this, it also falls below the
necessary threshold of this work. Similarly, alcohol and sugar produc-
tion plants were also excluded due to their low COz output. Only cement,
pulp and paper plants are found to consistently provide the high-volume
and reliable CO: streams for effective e-MeOH synthesis.

Both cement, pulp and paper facilities exhibit reliable emission
profiles. Pulp and paper plants offer one of the largest biogenic CO2
streams in the industrial sector. Whereas, despite the predominant
geogenic emissions, the cement plant still maintains continuous geo-
genic CO: flows, with a small but well-defined biogenic component.
Thus, this study specifically focuses on the cement, pulp and paper in-
dustries as the most suitable emitter for supplying geogenic and biogenic
CO: for large-scale e-MeOH synthesis.

2.2.2. Carbon capture plant

The suitability of carbon capture technologies varies across in-
dustries due to significant differences in CO, concentration, pressure
and flow characteristics in process off-gases and flue gases [27]. As each
industrial sector produces emissions with distinct chemical composi-
tions, this carbon capture technology must be aligned accordingly [28].

Pre-combustion capture is not compatible with cement synthesis, as
most CO: is released during calcination instead of combustion. Though
this technology performs well for fertilizer synthesis and hydrogen
generation via steam methane reforming (SMR), it suffers from high
sorbent regeneration energy requirements [29]. Oxy-combustion, while
capable of increasing CO: concentration in flue gases, is excluded for
cement, pulp and paper plants due to the high cost of oxygen synthesis
[30,31]. Furthermore, substantial retrofitting is needed for kilns and
boilers.

Amine-based post-combustion capture emerges as the most suitable
option for both cement and pulp and paper industries because it effi-
ciently handles low concentrations of CO2 [32]. It also demands low
plant modifications. Monoethanolamine (MEA) is selected as the
preferred solvent, considering its maturity, despite its considerable
steam demand for regeneration.

During estimating CO: availability, a conservative 90% capture ef-
ficiency is used and applied across scenarios to maintain modelling
consistency. This value represents a widely reported and technically
achievable performance level for amine-based post-combustion capture
systems [33,34]. The CO: availability for the selected plants are shown
in Table 2 [35].

Table 2
Annual compliant and available CO, from different industries.

Industry Company and location Compliant CO,  Available CO,
(kt) (kt)

Paper and Figueira da Foz, The Navigator ~ 731 658

Pulp Company (TNC)
Paper and Aveiro, TNC 171 154

Pulp
Cement Carboneras, Holcim 1,124 1,012
Cement Alcanar, SP, CEMEX, 1,723 1,551

CO;

CO, transportation

i 1
il =

o Unloading CO, eMethanol production
CO, transportation intermediate storage plant

Fig. 1. Schematic of the CCU value chain modelled.
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Technical sizing follows a balance-of-plant approach, assuming
electric steam generation with 98% conversion efficiency and 5% steam
losses. Requirements include MEA make-up flows of 0.5-3.1 t MEA/kt of
COg, cooling water demand of 22 tonnes for each kt of COz and auxiliary
consumption of 75 MWh/ktCO.. Continuous operation is based on 8497
yearly hours. The energy and mass requirements are summarized in
Table 3 [29,31,32].

2.2.3. Liquefaction

The scope of this work excludes detailed sizing of individual com-
ponents within the storage and liquefaction plants. Instead, the technical
sizing is performed at the overall plant level to support the economic
analysis, avoiding granular component-by-component assessments. The
liquefaction plant design draws on the CO: storage hub model developed
by Fraga et al. [18], which operates at 15 bar and includes a liquefaction
stage positioned between the carbon capture units and intermediate
storage for transport and permanent sequestration.

The CCU chain in this model is sized to manage up to 2000 kt of CO2
per year, with an associated liquefaction energy demand of 83.1 MWh
per kt of CO.. Since the liquefaction plants operate in conjunction with
amine-based post-combustion carbon capture facilities, both systems are
assumed to share identical annual operating hours. Based on reported
availability data, a value of 8497 operating hours per year is assumed
[36].

2.2.4. Carbon transport

Transport of COz is a fundamental component for maintaining
operational continuity and economic viability in CCU value chains,
specifically for 90-1200 kt e-MeOH synthesis systems requiring
150-2050 kt of CO: annually. This demand range positions the project
between small to large-scale deployment, making the selection of an
efficient and robust logistics strategy essential. In this study, two
transport pathways, i.e., ship tankers and trucks, are evaluated as
alternative or complementary solutions for delivering CO- from indus-
trial emitters to an e-MeOH plant. The assessment aims to determine
which mode provides the most reliable, scalable, and economically
feasible option under realistic operating constraints.

Comparable large-scale experience exists in the Northern Lights
project, which offers a useful reference due to its similar CO2 throughput
and its deployment of a mature shipping architecture. Northern Lights
utilizes 7500 m*® multi-gas tankers designed under LPG industry stan-
dards to reduce infrastructure modifications and accelerate fleet
deployment. Operating at an approximate 15 barg and —26 to —35 °C,
these vessels maintain CO: in its liquid state at a density of approxi-
mately 1100 kg/m?® . With loading and unloading speeds of 800 m® /h
and a conservative estimate of 11 h per operation, coupled with an
additional 2 h for manoeuvring, the complete port cycle reaches 26 h.
Accounting for regulatory survey downtime, the tankers achieve
roughly 8234 operational hours annually while consuming around 11
MWh/h of fuel. These parameters inform the design of an optimized
tanker fleet capable of preventing port scheduling conflicts and ensuring
continuous CO:z supply for e-MeOH synthesis [33,34,36].

On the other hand, truck-based CO: transport provides comple-
mentary flexibility for short-distance routes or inland. The literature
shows that using 20-foot, 24 m® container tanks can carry up to 26.3 t of
CO: at 15 barg. Conservative assumptions integrate an average truck
speed of 80km/h, route distances oversized by 105%, diesel

Table 3
Technical specifications for capturing a kt of CO, per year.

Resource Annual consumption Unit (per year)
Amine-MEA make-up 0.003 kt

Water for cooling 0.022 kt

Auxiliary electric consumption 75 MWh

Electric reboiler 888 MWh
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consumption of 0.27 €/km and 5% downtime for refuelling and main-
tenance. Loading and unloading period takes 1.5 h each, and an addi-
tional 30-minute buffer ensures that multiple trucks can operate without
logistical overlap, requiring several parallel loadings and unloading
arms and subsystems at intermediate storage sites. According to the EU
Regulation 561,/2006 on driving hours, which governs the planning for
logistics, imposing maximum daily driving times of 9-10 h. It leads to
weekly driving hours of 56 h, followed by biweekly limits of 90 h. It is
mandatory to take breaks every 4.5 h. Short routes, i.e., routes less than
4.5 h, need to integrate breaks during the loading or unloading period,
whereas long routes require planned rest periods, approximately
14-15 h. To maximize utilisation, continuous operations are achieved
by rotating two or three drivers per truck, depending on route duration.
Trucks have a practical lifespan of approximately 5 years
(1,000,000 km), whereas tank containers exceed 20 years, enabling
long-term continuity and cost-efficient fleet renewal cycles [33,34,36].

Considering these assessments, both tankers and trucks offer distinct
advantages depending on distance, route characteristics and operational
scale. Tankers provide high-capacity, continuous transport suitable for
large-scale and long-distance CO:- transfer, while trucks offer flexibility
and adaptability for shorter or inland routes. Therefore, this study aims
to compare the two options under the described operational constraints
for selecting the most efficient and reliable CO: logistics strategy for e-
MeOH synthesis.

Transport operating expenditures were calculated by aggregating the
major cost components associated with vehicle operation, including fuel
consumption, labour, maintenance, and route-dependent charges as
defined within the overall operating cost structure (Eq. 6). These annual
transport costs were then included within the overall cost structure used
to determine the levelized cost of CO2 (LCOCO2) according to Eq. 13.

The loading and unloading durations described above were incor-
porated into the estimation of the complete transport cycle time:

Tloop:Tload + Tunload + 2Ttravel + Taux %)

Where,

— Tieop: total duration of one complete transport cycle (h)

— Tioad: time required to load CO; into the transport unit (h)

— Tunload: time required to unload CO; at the destination (h)

— Tiavel: One-way travel time between source and destination (h),
determined from route distance and transport speed

— Taux: additional operational time required for handling, manoeu-
vring, or buffering operations depending on the transport mode (h)

OPEXtransport:Cfuel + Clabour + Crmaintenance + Cmode + Ctax (6)

Where,

— OPEXjansport: total annual operating cost associated with CO,
transport

— Cyer: annual fuel or diesel consumption cost

— Clabour: annual driver or crew cost

— Chaintenance: annual maintenance cost of trucks or vessels

— Cmode: transport-mode-specific cost component, including harbour
fees for tanker transport or toll fees for truck transport

— Crax: annual vehicle or regulatory tax costs

2.2.5. Intermediate carbon storage

The assessment of CO: storage tanks is based on the intermediate CO2
storage system of the Northern Light project. The reference tanks are
vertically oriented. The pressurized units have 6.1 m diameter, 35 m of
height and 21.8 barg of pressure. The operating temperature is
approximately -46 to 50 °C. In this study, operating conditions of
13-18 barg and —30.8 to 20.8 °C temperature is considered for the
analysis. This assumption is aligned with the broader transport-storage
value chain. The terminal comprises 12 storage tanks, each with a
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capacity of approximately 760 m®. Of this, 625 m® accommodates the
CO: volume delivered by a 7500 m? ship, leaving the remaining 22% as
overcapacity. Because the logistics model employs mass units, the mass
of CO: transported varies according to density at the selected pressure
and temperature.

The overall storage system is designed to support 1.5 Mt per year of
CO: transported by ship. Assuming linearity, each tank corresponds to
approximately 125 kt of CO2 throughput. Therefore, total storage ca-
pacity must be installed in increments of 7500 m® to accommodate full
tanker offloading. At the selected 15 barg storage pressure, the gravi-
metric site capacity is 10,044 t, with 9056 t available operationally. The
system is designed for a 25-year lifetime.

Loading and unloading systems, comprising loading arms, pipelines,
pumps, heaters, coolers, compressors and valves, are treated as an in-
tegrated system sized for the full annual CO: capacity. No optimization is
applied when tankers are included, consistent with Northern Lights’
design philosophy. Equipment is assumed to have a minimum 25-year
lifetime, with 8716 annual operating hours and 0.5% unavailability.
Finally, loading and unloading systems are considered technically
equivalent, as both must accommodate identical CO: flows when
transport losses are neglected.

2.2.6. E-MeOH synthesis plant

This study designs an e-MeOH plant through a simplified balance-of-
plant methodology. This modelling approach followed a similar design
process to the carbon capture plant. The approach concentrates on the
key electricity-consuming units and their associated mass requirements
to determine the levelized cost of e-MeOH (LCOeM). While conventional
MeOH plants particularly rely on fossil or biomass combustion to supply
reboiler heat, this study considers an electric boiler. It also ensures
methodological consistency with the carbon capture plant and supports
full electrification. The electric boiler is assumed to operate with a
conversion efficiency of 98%. An additional 5% thermal loss is included
to account for steam system losses during heat distribution and opera-
tion. For more accurate and clear modelling, the study includes
hydrogen feedstock, CO: feedstock and cooling water as a mass. The
electric energy requirements comprise compression of H> and CO:
feedstocks, compression for recirculation, including pressure-drop
compensation and electricity for providing distillation heat through
the electric boiler. The applied values originate from averaged data re-
ported in different studies simulating e-MeOH or conventional MeOH
plants. These values are summarised in Table 4, which provides the
annual mass and electricity demands per 1 kt of installed e-MeOH ca-
pacity [29,31,32].

The operational expenditure (OPEX) drivers relevant to e-MeOH
synthesis are consequently identified and quantified in this study.
Furthermore, the catalyst consumption rates range from 92.7-101.1 kg
per kt of e-MeOH [29,31,32]. Accordingly, it is assumed that the average
catalyst consumption is 96.9 kg/year/kt to produce e-MeOH. Finally,
based on literature [18], the plant is modelled with a 20-year opera-
tional lifetime and 8090 annual operating hours, consistent with typical
industrial practice and with published simulations [30].

Table 4
Mass and required electricity demand per 1 kt of installed e-MeOH capacity.

Magnitude Quantity Unit (year)
Hy 0.2 kt

CO, 1.5 kt

Catalyst 0.1 t

H,O for cooling 4.8 kt
Compression Hy 70 MWh
Compression COy 99 MWh
Compression recirculation 69 MWh

Electric Reboiler 448 MWh
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2.3. Assessment criteria

According to the objective of this study, the research aims to develop
integrated calculations for each stage of the process and combine their
results to determine the total cost for a selected pathway to produce e-
MeOH. In this study, the LCOeM is estimated. For this purpose, the
LCOeM is broken down into different stages through the levelized cost of
carbon dioxide (LCOCO5).

The levelized cost of energy (LCOE) is the unit cost of energy pro-
duced throughout the economic life of a project. There are two primary
methods present to calculate the levelized cost, i.e., the annuitizing
method and the discounting method. The annuitizing method is devel-
oped by the US National Renewable Energy Laboratory (NREL) [37],
whereas the discounting method is proposed by the UK Government
Department for Business, Energy & Industrial Strategy (BEIS) [38]. This
study considered the BEIS method due to its comprehensive approach
with an upfront approach for the fuel and the capital costs.

The LCOeM adopts the LCOE metric and is calculated by using Eq. 7.

PLC €

LCOeM = —— —— —
¢ LPoon  kt eMeOH

7

The PLC denotes the Project Lifecycle Cost in euros (€) and the LP,.
Meon denotes the Lifetime Production of e-MeOH in kt. The PLCs are
typically categorized into four main types, i.e., development expendi-
ture (DEVEX), capital expenditure (CAPEX), OPEX and decommission-
ing or site restoration expenditure.

DEVEX includes the early project development costs, starting from
initial planning to the Final Investment Decision (FID). These costs
incorporate feasibility assessments, permitting activities and early en-
gineering work. CAPEX covers the expenses required to construct and
commission the facility, while OPEX represents the recurring costs of
operating it. This includes materials, labour, maintenance and utilities.
Decommissioning costs arise at the end of the asset’s life for dismantling
and site restoration. In this study, only CAPEX and OPEX are considered
in the levelized cost analysis, excluding DEVEX, decommissioning costs.
The study also assumed OPEX to be constant to simplify the evaluation
and align with common practices.

The study evaluated both costs and synthesis volumes in Net Present
Value (NPV) terms. It ensures the future expenditure and outputs are
appropriately discounted to their present value for accurate comparison
with recent economic output. NPV is estimated as Eq. 8.

N CAPEX;+OPEX;
NPV¢ost _ t=1 (1+d)"

= _ 8
NPVeveon SN, eMeo::,gmy[ ®

LCOeM =

Where N is the plant operating lifetime in years, t is the specific year, i is
the inflation rate and d is the discount rate. In this study, nominal dis-
count rate and inflation rate are considered to be 2.21% and 8%,
respectively [21]. The study used Eq. 9 to calculate the real discount
rate, which is approximately 5.66%.

d:1+¢

Tri 1 ©)

If the discount rate is similar to the Internal Rate of Return (IRR),
then the NPV of the project is zero. Therefore, based on this, the LCOeM
is estimated as Eq. 10.

NPVproject = NPVieyenues — NPV osis = 0 (10)
NPV evenues
LCOeM = ———— a1
NPVeMeOH capacity

In this study, this LCOeM can be segmented into different stages as
shown in Eq. 12.
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LCOeM = LCOCO, Capture 1 LCOCO, Liquefaction
+ LCOCOZ Loading intermediate storage + LCOEMCOZ Transport
+ LCOCOZ Unloading intermediate storage + Lcoe'MeOHProduca’on (12)

Where LCOCO2 cgpure is the capturing cost of CO2 from the source,
LCOCO; riquefaction is the liquefying cost of CO- throughput from the
carbon capture plant, LCOCO2 transport is the liquid CO- transport cost,
LCOCO; loading intermediate storage and LCOCO; unloading intermediate storage Ar€ the
liquid CO: loading and unloading costs, respectively, LCOe-
MeOHpyoduction is the e-MeOH synthesis cost that includes Hy and CO»
feedstock acquiring cost.
The LCOCO, for each step is evaluated by Eq. 13.
Total annualized CAPEX + OPEX L+ O
LCOCO, = . =
Annual CO, supplied or processed (t per year) Cgir)[f

13

Where I; is the CAPEX in year t, O; is the OPEX in year t, COo, ; is the
amount of CO; supplied or processed in this year, r and t are the discount
rate year Index.

The CAPEX is estimated by Eq. 14.

CAPEX, = C
2

CAPEX, (&) (14
Where CAPEX, and CAPEX; are the capital costs at the desired capacity
level of C, and C;, respectively. This equation follows the power-law
scaling relationship with a=0.6 and is known as the 0.6 rule.

In a real scenario, the actual CO, handled is less than the theoretical
maximum due to downtime, maintenance or inefficiencies.

The actual CO, is estimated by Eq. 15.

COF™ = COy™  x AF @1s)

The AF is the annualized factor or the capacity factor. It is estimated
by Eq. 16.

Actual CO, handled or plant running time
Theoritical maximum CO, handling if plant run for 24/7

o+ N -1
a r(1+n)" (16)

AF =

Where r and n are the discount rate and project lifetime in years.

This study assumed for simplicity that CAPEX for all assets within the
project’s value chain is incurred entirely in the year prior to the start of
operations, even though acquisition timelines may differ and could
realistically span more or less than a single year.

2.4. Scenario selection and techno-economic specifications

To select the scenarios for simulation, it is essential to establish in-
dustrial cases that are both realistic and technically feasible. The study
focuses on the availability of biogenic and geogenic COz for e-MeOH
synthesis. This work proposes to compare two different transport modes,
i.e., tanker and truck, in this CCU value chain. Thus, it is essential that
eligible COz-emitting industries are located within 15 km of a port
equipped with liquid cargo infrastructure, eliminating the need to model
CO: transport between the emission source and the harbour. Within the
Iberian Peninsula, selected as the geographical area for this study, the
major ports include Algeciras, Aveiro, Barcelona, Bilbao, Lisbon, Sines,
Tarragona, and Valencia.

A systematic selection method is applied to identify eligible CO2
sources for the targeted scale e-MeOH synthesis. The initial dataset in-
cludes all industrial COz emitters in Spain and Portugal. While all tar-
geted industrial sectors, specifically cement, pulp and paper, are present
across both countries, plant size emerged as a key determinant. Small-
scale emitters are excluded to ensure sufficient feedstock availability.
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Existing literature shows that large European cement and pulp and
paper plants operate within a total yearly CO: emission range of
600-740 kt, but the share of renewable fuels of Non-Biological origin
(RFBNO)-compliant emissions varies by sector. It is observed that
cement industries emit approximately 66.7% of geogenic COz, i.e., two-
thirds of total emissions, while biogenic emissions contribute around 6%
in RFBNO-compliant CO2. Whereas in Pulp and Paper manufacturing,
both process-related emissions and emissions from biomass combustion
are biogenic, making roughly 80% of total plant emissions RFBNO-
compliant. These distinctions are incorporated into the selection pro-
cess to ensure accurate feedstock estimation.

To quantify the CO: available for e-MeOH synthesis, sector-specific
emissions factors are applied, 0.595t of CO, per ton product for
cement and 0.667 t of CO; per ton for the pulp and paper industry [39,
40]. The selection result shows that Iberian plants provide an average of
1032 kt of CO2, which is above the typical European average. Further-
more, the CIMPOR Alhandra cement site stands out with a capacity of
2248 kt. Therefore, all selected scenarios represent large-scale, high--
potential emitters suitable for CCU integration.

The selected five scenarios are defined, each linking one industrial
CO:z resource to the e-MeOH plant (which is assumed to be located at the
Port of Sines, Portugal) via tanker or truck. The selected scenarios are
shown in Table 5 with a detailed dataset [41,42]. The annual CO,
available at the considered industrial emitter and the corresponding
e-MeOH production is listed in Table 6. The distance of the route with
different transport mediums in km are also included in this table.

The other techno-economic specifications of this overall value chain
for estimating the levelized cost of e-MeOH are discussed in Table 7 [7,
17-19,43,44-54]. This study excluded the pipeline required for trans-
porting CO: from the e-MeOH plant to the receiving intermediate stor-
age site. Similarly, this exclusion applies to interconnections between
the carbon capture plant and the liquefaction plant, as well as between
the liquefaction plant and the origin intermediate storage site.

The relatively high reported CCU-related cost components arise
primarily from conservative system configuration and boundary as-
sumptions. The process design adopts electrically driven steam genera-
tion for solvent regeneration and applies fixed energy requirements
without explicit heat integration or process optimization. These
modelling choices are intended to provide consistent performance esti-
mates but may result in higher levelized costs compared with highly
optimized or site-specific integrated systems reported in the literature.

2.5. Methodology

To estimate the cost, the analysis begins by identifying and charac-
terizing potential industrial CO2 sources capable of supplying the
required feedstock for e-MeOH synthesis. Based on these sources,
techno-economic specifications of the carbon capture plant are estab-
lished to define capture performance and cost parameters. Subsequent
steps assess the feasibility and design of a CO:z liquefaction unit, followed
by the evaluation of an intermediate storage facility to enable efficient
loading for transport. Logistics optimization is then carried out for the
transportation stage, focusing particularly on the configuration and
sizing of a truck and tanker fleet capable of reliably meeting the plant’s
CO:2 demand. After transport, the receiving intermediate storage system
at the e-MeOH site is analysed and dimensioned to ensure an uninter-
rupted CO: supply during operation. Finally, the e-MeOH plant itself is
sized to determine its precise CO2 consumption rate. This final step es-
tablishes the required CO: throughput for the entire supply chain and
directly links upstream supply design to the targeted e-MeOH synthesis
capacity.

The techno-economic parameters applied in this study represent
base-case assumptions rather than worst-case conditions. Standard en-
gineering relationships, including the use of a CAPEX scaling exponent
(@ = 0.6), are adopted to approximate typical industrial cost behaviour,
consistent with established cost estimation practices and commonly
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Table 5
Capacity, production and emission factor for all the scenarios [41,42].
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Scenario Origin Industry Company  Total production capacity per Emission Total CO, capacity per RFBNO-compliant CO, per
year (Mt) factor year (kt) year (kt)
Scenario Figueira da Paper and TNC 1,370 0.667 914 731
1 Foz Pulp
Scenario Aveiro Paper and TNC 320 0.667 213 171
2 Pulp
Scenario Carboneras Cement Holcim 2,600 0.595 1,547 1,124
3
Scenario Alcanar Cement CEMEX 3,985 0.595 2,371 1,723
4
Table 6

Transport distances and e-MeOH synthesis capacities for the selected scenarios.

Scenario Industry Company and Origin Distance (km) Available CO; per year (kt) e-MeOH synthesis capacity CO, per year (kt)
Truck Tanker

Scenario 1 Paper and Pulp TNC, Figueira, PT 360 321 658 390

Scenario 2 Paper and Pulp TNC, Aveiro 438 400 154 90

Scenario 3 Cement Holcim, Carboneras 836 878 1,012 600

Scenario 4 Cement CEMEX, Alcanar 1,250 1,203 1,551 920

applied ranges reported in techno-economic assessments of CCU systems
[31,55].

2.5.1. Sensitivity analysis

The sensitivity analysis is conducted by varying hydrogen prices
across three scenarios (2, 6, and 8 €/kg) while keeping all other input
parameters constant. For each price level, LCOeM and LCOCO: are
recalculated for all scenarios and transport modes. This approach iso-
lates the impact of hydrogen cost on overall system economics. The
results enable comparison of cost responsiveness and identification of
the most economically robust transport configurations.

3. Results and discussions

The following section presents and discusses the LCOeM and LCOCO:
results obtained for the four defined scenarios. The results are based on
the integrated CCU value chain model. These results compare different
industrial CO: emitters, supply characteristics and transport mode and
identify the most influential factors that affect the overall economics of
e-MeOH synthesis. The LCOeM and LCOCO: values derived from each
scenario are also discussed below.

3.1. Levelized cost of e-MeOH simulation

The levelized costs for e-MeOH of different scenarios under two
separate transport modes are shown in Fig. 2.

Fig. 2 reports the LCOeM for four scenarios, comparing CO; delivery
by truck with respect to tanker. The results fall in a relatively narrow
band (approximately 1102-1278 €/t e-MeOH). This indicates that while
CO:2 delivery affects the total cost, large parts of LCOeM are driven by
upstream conditions, e-MeOH synthesis and plant economics, specif-
ically hydrogen supply and power price assumptions.

A key insight is the interaction between CO: throughput and logistics
distance. Scenario 2 shows the highest LCOeM, which is about 1.25-1.25
k€/t, despite not having the longest route. This is because the available
CO:2 is comparatively low (154 kt), which limits the e-MeOH synthesis
capacity at 90 kt and reduces utilization of fixed capital assets across the
chain. This includes capture, liquefaction, intermediate storage and
loading/unloading infrastructure. In such low-throughput cases, cost
components that scale weakly with flow become dominant, pushing up
the levelized cost even when transport distances are moderate.

Scenario 1 achieves the lowest levelized cost for both the transport
modes because of shorter transport distance and comparatively higher

CO: availability of 658 kt. This enables better utilization of logistics
assets and downstream synthesis capacity. This result highlights that
viable CO: sources for e-MeOH are not only those with favourable
emissions factors, but also those that can deliver stable, high-volume
CO:2 streams that pay off fixed costs.

For the cement-based scenarios (scenarios 3 and 4), the levelized cost
is lower than that of scenario 1 for the tanker-based transport mode.
Even for truck transport, the LCOeM of these scenarios are close to
scenario 1. This suggests that larger CO: availability and higher poten-
tial e-MeOH synthesis volumes partially offset the distance penalty
through scale effects. This indicates that longer routes can be econom-
ically feasible when they reveal larger, more concentrated industrial CO:
streams that improve utilization of capture, liquefaction, and storage
systems. However, under current EU RFNBO regulations, industrial CO,
sources such as cement plants are permitted only as transitional sources
until 2041, after which stricter eligibility criteria are expected to limit
the use of non-compliant stream [56]. Consequently, the effective
availability of RFNBO-compliant COy from cement facilities would
decline substantially, which would reduce achievable e-MeOH synthesis
capacity and consequently increase the resulting LCOeM.

Transport mode effects are scenario -dependent. Tanker and truck
outcomes differ modestly in scenarios 1 and 2, implying that in shorter-
to-moderate corridors, the total LCOeM is less sensitive to the transport
mode and more governed by the broader economic structure. However,
the gap widens in longer-distance cases, where tanker transport becomes
relatively more competitive. This is consistent with higher payload and
better tkm efficiency of maritime transport. This can reduce variable
logistics cost per unit CO: delivered when distances are high, and vol-
umes are sufficient to utilize vessel capacity.

Overall, the result highlights that optimal levelized cost is both scale
and distance-aware. High throughput, long-distance corridors support
maritime solutions, while decentralized or moderate-scale facilities
support flexible road transport. To better interpret these scenario-
dependent variations, the overall LCOeM must be decomposed into its
constituent process steps, revealing the relative contribution of capture,
conditioning, transport, storage, and synthesis.

The stage-wise averages summarized in Table 8 clarify the structural
origin of LCOeM differences between tanker and truck transport. In both
configurations, the dominant contribution arises from the methanol
synthesis, which remains identical at 960.63 €/t and accounts for
approximately four-fifths of the total costs. This indicates that hydrogen
supply, electricity consumption and synthesis CAPEX are the primary
cost drivers of the overall system. Carbon capture represents the second



J. Vendrell-Granero et al.

Table 7
Techno-economic specifications for estimating the levelized cost of e-MeOH.
Category / Parameter / Value / Assumption  References
Component Criterion / Equation* o
General Economic Base year 2024 [7,17,18]
Assumptions Discount rate 8%
Inflation 2.21%
Project lifetime 20
Electricity price 40 €/MWh
CO: Capture (MEA CO: concentration Cement: 20-25% vol; [19,43-46]
Post- Pulp/Paper: 12-14%
combustion) vol
Capture efficiency ~ 90%
CO: purity output 98-99%
Compression 150 kWh/tCO-
energy
CAPEX 200,850 €/ktCO-
MEA makeup 1.77 €/kg
Cooling water 0.051 €/m?
Process water 0.243 €/m®
Liquefaction Electric 100-130 kWh/tCO= [44,45,47]
consumption
CAPEX ratio 21,319 €/ktCO2
OPEX 10% of CAPEX
Truck Transport Truck + ISO tank 260,000 € [45,48-51]
CAPEX
Payload 26.3 tCO2/trip
Diesel price 1.668 €/L
Driver cost 24.8 €/h
Maintenance 0.138 €/km
CO: tax 100.57 €/yr
Vehicle tax 390.08 €/yr
Toll fees Route-dependent
Tanker Transport Vessel CAPEX 8,164 €/m® [18,44]
Cargo tank 7,500 m®
capacity
Fuel cost 49.77 €/MWh
Fuel consumption 12,729 €/day
Crew size / cost 20 people / 772,339
€/yr
Harbour fee 11,446 €
Maintenance 2% of CAPEX
Intermediate CO2 Tank farm CAPEX 2,506 €/m*
Storage Capacity 9,150 m*
Residence time 2-3 days
Loading/ 1,977 €/tCO2/yr
unloading system
CAPEX
Tank farm OPEX 7% of tank farm
CAPEX
Loading/ 3% of loading/
unloading system unloading system
OPEX CAPEX
E-MeOH Plant CAPEX (per year) 554,537 €/kt (avg.) [51,52]
Reference plant 440 kt; 277,965,651
(per year) €
H: price 4 €/kg
Catalyst price 35.62 €/kg
Stoichiometry COz + 3Hz —
CHsOH + H20
Hz consumption 0.19 t H2 / t MeOH
CO2 consumption 1.375 tCOz / t MeOH
Conversion 70-75%
efficiency
Heat integration Assumed, reduces net
energy by 8-12%
CO:z Acquisition & CO: feedstock cost 100 €/tCO= [51-53]

Market
Assumptions

EUA price
EUA forecast

55-105 €/tCO-
83-149 €/tCO2

* Parameter ranges are reported as given in the cited sources for traceability.
For model calculations, the average value within each reported range was used.
" Some data were gathered through personal communications with industry

experts.
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Fig. 2. LCOeM for different scenarios.

Table 8
Comparison of the averaged levelized costs.

Component Average per stage for Tanker Average per stage for Truck
Synthesis 960.6 960.6

Transport 46.9 99.3

Storage 29.9 29.9

Liquefaction 11.9 11.7

Capture 100.3 99.3

LCOeM 1149.6 €/t e-MeOH 1200.8 €/t e-MeOH

largest share, while liquefaction and storage contribute comparatively
minor increments, suggesting limited sensitivity of the total LCOeM to
improvements in these conditioning stages. The principal divergence
between the two pathways is observed in the transport cost, which in-
creases from 46.9 €/t for tanker delivery to 99.3 €/t for truck delivery,
approximately twice. This results in a corresponding increase in total
LCOeM from 1149.7 to 1200.8 €/t e-MeOH. The analysis demonstrates
that, although logistics is not the largest absolute contributor, it is the
most influential variable component distinguishing the scenarios, with
marine transport benefiting from higher payloads and lower specific tkm
costs.

The overall assessment indicates that Scenario 4 is economically
favourable when CO: is transported by tanker. In contrast, truck trans-
port for the same scenario results in significantly higher costs as
compared with the other scenarios. To better understand these differ-
ences, the contribution of each process stage to the total levelized cost is
further analysed, as illustrated in Fig. 3.

Fig. 3 compares the stage-wise LCOeM for scenario 1 under tanker
and truck transport modes, clearly indicating the influence of logistics
on overall system economy. Tanker transport yields a lower LCOeM of
1111.3 €/t e-MeOH, whereas truck delivery increases the cost to 1133.5
€/t, representing an increment of more than 2.3%. While the synthesis
stage remains the dominant contributor in both cases, the transport
component exhibits the largest deviation, rising from 24.4 €/t for tanker
to 47.7 €/t for truck, reflecting the higher specific tkm costs and reduced
payload efficiency of road-based logistics. In contrast, capture, lique-
faction and storage costs remain nearly unchanged, indicating that the
observed economic gap is primarily driven by transport-related expen-
ditures rather than upstream processing. These findings justify the
preference for tanker-based CO: delivery in long-distance, high-volume
scenarios and demonstrate the strong sensitivity of LCOeM to logistics
choices. Therefore, a dedicated levelized cost of CO2 assessment is
necessary to isolate and quantify the contribution of each conditioning
and transport stage within the value chain.

3.2. Levelized cost of carbon di-oxide analysis

The study simultaneously assessed the levelized cost of COy by
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Fig. 3. LCOeM for scenario 1 under different transport modes.

excluding e-MeOH synthesis stage from the CCU value chain model. This
LCOCO;, is evaluated for the stages of carbon capture, loading and
unloading intermediate storage, liquefaction and transport.

3.2.1. Maritime and road transport

The LCOCO; results for each of the CCU value chain stages under two
different transport modes are shown in Fig. 4.

The figure illustrates the relative contributions of transport, storage,
liquefaction, and capture to the LCOCO: across four transport scenarios,
each evaluated for tanker and truck modes. The exact numerical
breakdown of each component is provided in Table 9.

Across all configurations, capture constitutes the dominant and
nearly constant cost component, remaining around 65 €/t, and therefore
establishes a consistent baseline contribution to total system cost.
Similarly, liquefaction varies only marginally, indicating that these two
stages contribute little to cost differentiation among scenarios. As a
result, the variability in total LCOCO: observed in the stacked bars is
primarily governed by changes in transport and storage costs rather than
processing operations. The minor decimal differences reported in
Table 9 arise from the different annual operating hours considered for
tanker and truck fleets. Due to longer maintenance-related downtime,
tanker operation presents lower effective utilisation, which in turn af-
fects the amount of CO2 handled across the linked value-chain stages,

resulting in slight variations in the corresponding unit costs visible only
at thesecond or third decimal place.

Storage costs show notable scenario dependence, with scenario 2
exhibiting substantially higher values (52.1 €/t for both tanker and
truck) compared to scenarios 1, 3, and 4, where storage ranges from 5.5
to 12.4 €/t. This elevated storage cost significantly increases the overall
costs of scenario 2, contributing to the highest tanker total (181.9 €/t)
and a comparably high truck total (163.3 €/t). This outcome is driven by
the assumption of fixed storage capacity across scenarios. As a result, the
lower CO; throughput in scenario 2 limits the benefits of economies of
scale and increases the unit cost of intermediate storage. In contrast, the
relatively high CO, throughput of the other scenarios moderate their
total LCOCO: even when transport costs increase. These findings indi-
cate that intermediate storage can strongly influence overall economic
performance and should be considered alongside transport decisions.

Transport, however, remains the most influential and variable cost
driver between modes. Tanker transport costs range from 16 to 56.4 €/t,
resulting in comparatively moderate totals of 101.8, 181.9, 104.5, and
106.5 €/t across the four scenarios. Truck transport exhibits much
greater dispersion, increasing from 31.2 to as high as 109.1 €/t, which
correspondingly elevates total LCOCO:zto 116.3, 163.3, 161.7 and 187.4
€/t. Particularly for scenarios 3 and 4, the sharp rise in road transport
costs produces substantial increases in total system cost, as reflected by
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Fig. 4. LCOCO: with different transport under different unit.
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Table 9
LCOCO, breakdown by value-chain stage across scenarios.
Scenario 1 Scenario 2 Scenario 3 Scenario 4
Tanker Truck Tanker Truck Tanker Truck Tanker Truck
Transport 16 31.2 56.4 38.8 22.8 80.7 27.6 109.1
Storage 12.4 12.4 52.1 52.1 8.2 8.2 5.5 5.5
Liquefaction 7.8 7.7 7.8 7.7 7.8 7.7 7.8 7.7
Capture 65.6 65 65.6 65 65.6 65 65.6 65
LCOCO: (€/t) 101.8 116.3 181.9 163.3 104.5 161.7 106.5 187.4

the noticeably taller stacked bars. Overall, tanker-based transport
demonstrates lower and more stable cost performance, while road
transport introduces greater sensitivity to route length and logistical
constraints. These results suggest that optimization of transport mode
selection offers the most effective pathway for minimizing total CO:
management costs.

The cost breakdown reported in Table 9 further substantiates the
trends observed in the figure by quantifying the relative contribution of
each process step to the overall LCOCO.. Capture consistently dominates
the cost structure, accounting for roughly 35-65% of total cost
depending on the scenario and transport mode, with the highest shares
observed where transport and storage costs are low. Liquefaction con-
tributes only a minor fraction (typically below 8%), confirming its
limited influence on overall variability. In contrast, transport exhibits
the largest proportional fluctuations, representing less than 20% of total
cost for some tanker cases but increasing to more than half of the total in
long-distance or truck-based scenarios, thereby driving the pronounced
rise in system cost. Storage costs also become significant in specific
scenarios, where it can approach one-third of the overall expenditure
and substantially elevate totals even when transport remains moderate.
Collectively, these proportional differences indicate that while pro-
cessing costs remain relatively stable, logistical factors—particularly
transport mode and scenario-dependent storage cost govern most of the
economic divergence between scenarios, reinforcing the importance of
transport mode selection based on transport distance and CO2
throughput to achieve lower overall CO> management costs. The overall
assessment demonstrates that the economies of scale, driven by CO:
availability and industry type, have strong influence on the levelized
cost distribution. Though transport distance plays a secondary role, it
has a meaningful impact. Scenarios with high CO: supply and moderate
distance perform better than others.

Building on the scenario-specific and percentage-based comparisons
discussed above, the averaged values are presented to consolidate these
route-level variations into a representative mode-wise cost structure.
Table 10 provides an average analysis and thereby smoothing individual
fluctuations and enabling a clearer assessment of the contribution of
each stage to the overall LCOCO: for maritime and road transport
systems.

The averaged results confirm that capture remains the dominant cost
element for both transport modes, contributing more than half of the
total cost under maritime conditions and slightly over two-fifths under
road transport. In contrast, liquefaction exhibits the smallest

Table 10
Average LCOCO: for each stage.

Stages Average cost Contribution Average cost Contribution
under in (%) under road in (%)
maritime transport (€/t
transport (€/t of CO2)
of CO:)

Transport 30.7 24.8 64.9 41.3

Storage 19.5 15.8 19.5 12.4

Liquefaction 7.8 6.31 7.7 4.9

Capture 65.6 53.1 65 41.3

LCOCO: 123.6 157.2

10

contribution in both cases, accounting for less than 7% of the total,
reinforcing its minimal influence on overall economic variability. Stor-
age shows a moderate and nearly identical absolute contribution for
both modes, though its relative share is slightly reduced for road
transport. These observations indicate that processing-related costs
remain comparatively stable regardless of the selected transport
pathway.

The primary distinction between the two modes arises from transport
expenditure, which increases substantially under road-based systems
and becomes the largest proportional contributor, exceeding two-fifths
of the total LCOCO:. Under maritime transport, however, the transport
share remains considerably lower, accounting for approximately one-
quarter of the total cost. This marked difference explains the higher
overall average LCOCO: observed for road transport compared with
maritime alternatives. Collectively, the results emphasize that while
capture establishes a consistent baseline cost, logistical considerations,
particularly the choice of transport mode govern the overall economic
performance, further supporting the preference for maritime transport
as a more cost-effective option for large-scale CO> movement.

Overall, the integrated analysis demonstrates that the economics of
the CCU value chain are governed primarily by scale-dependent pro-
duction and capture costs, while transport logistics act as the key
differentiating factor between pathways. Maritime transport consis-
tently offers lower and more stable costs for high-volume, long-distance
corridors, whereas road transport becomes progressively less competi-
tive as distance and throughput increase. These findings underscore the
importance of aligning CO: source selection, infrastructure planning,
and transport mode with system scale to achieve minimum levelized
costs and maximize the economic viability of e-MeOH synthesis.

A benchmarking comparison with recent literature is added using
current 2024-2026 studies that are directly relevant to renewable
methanol and COs-based fuel supply chains (see Table 11). The selected
studies represent different geographic regions, scales of deployment,
and energy system assumptions. These parameters are explicitly
included in Table 11 to highlight how cost variations arise from location-
specific factors such as renewable resource availability, hydrogen price
and infrastructure scale. This enables a consistent interpretation of the
present results relative to both European and global benchmarks.

The LCOeM values obtained in this study (1111.3-1278 €/t) fall
within the range of reported European studies, though generally toward
the upper bound. This is consistent with industrial-scale assessments
such as Omar and Widgren [41] and Hank et al. [42], where costs
remain high due to strong dependence on hydrogen and electricity
prices. In contrast, studies considering favourable trade conditions, such
as Galimova et al. [36] and reports by the International Renewable
Energy Agency [42], indicate lower cost ranges, highlighting the influ-
ence of access to low-cost renewable energy and advantageous
geographic conditions. For the CO2 value chain, the LCOCO: values in
this work (101.8-187.4 €/t) are higher than those reported in large-scale
CCUS projects in China, such as Liu et al. [44], where costs are reduced
due to short transport distances, pipeline-based systems, and integration
with EOR.

These differences underline that cost variations are primarily driven
by geography, scale and energy prices. In particular, European cases
typically involve higher electricity and hydrogen costs and more
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Table 11
Cost benchmark against selected literature
Reference / Project Region System / Scope Reported Cost Range Key Notes
This proposed work Iberia Integrated CO2-to-e-methanol (capture + liquefaction + LCOeM:1111.3-1278  Full-chain modelling including

(Spain-Portugal, EU)

Galimova et al., 2025 Spain National-scale supply chains
[36]

Omar and Widgren, Sweden Industrial scale
2024 [41]

IRENA Renewable Global Techno-economic outlook
Methanol, 2021[57]

Hank et al., 2018 [42] Germany Industrial scale

Lin et al., 2026 [58] China 1358 t of methanol

Liu et al., 2022 [43] China Capture + transport + EOR

storage + transport + synthesis)

€/t

LCOCO::
101.8-187.4 €/t
614-1072 €/t e-
MeOH

1394 €/t e-MeOH

logistics and operational constraints

Geography and trade strongly
influence cost
Hz: 5.72 €/kg; Hz contributes 60% of

cost
~800-1600 USD/t e- H:z dominates cost
MeOH
608-1453 €/t e- Electricity & Hz cost dominant
MeOH

1028-1067 €/t
1200-2400 USD/t
823-1020 US$/t Water electrolysis and wind farm
dominates the cost

~15-20 €/tCO: Short distance (30-100 km)
Transport: 10-30 €/t

/100 km

Storage: 5-15 €/t

complex logistics, while Asian systems often benefit from integrated
infrastructure and lower operational costs. Therefore, the results of this
study are consistent with the literature when these contextual factors are
considered. Importantly, the contribution of this work lies in its inte-
grated methodological framework, which explicitly incorporates CO:
supply chain, e-MeOH production, and their associated operational
constraints, and the presented case should be interpreted as location-
specific, with results expected to vary under different regional
conditions.

To further contextualize the results and enhance industrial rele-
vance, e-methanol is compared with other major Power-to-X (P2X)
products, including hydrogen, ammonia, and synthetic fuels, in terms of
cost, key drivers, and end-use sectors as shown in Table 12.

Hydrogen requires dedicated infrastructure, while downstream
products such as ammonia and e-methanol offer advantages in storage
and transport. Among these, e-methanol occupies an intermediate cost
position and benefits from compatibility with existing fuel infrastruc-
ture, making it particularly attractive for maritime transport and
chemical applications. In contrast, synthetic hydrocarbons such as e-
diesel and sustainable aviation fuels exhibit higher costs due to addi-
tional conversion steps and efficiency losses. Across all P2X pathways,
hydrogen and electricity prices remain the dominant cost drivers,
explaining much of the variability observed in the literature.

Table 12
Comparative overview of major P2X products.

P2X Product Typical Cost Key Cost Drivers Suitable End-Use
Range Sectors
Hydrogen (Hz) 3000-6000 Electricity price, Industry, refining,
[45,46] €/t electrolyser CAPEX, heavy-duty

capacity factor transport

Ammonia (NHs) 600-1200 €/t  Hydrogen cost, Shipping,
synthesis efficiency, fertilizers, energy
storage storage

E-meOH [42,45] 800-1400 €/t  Hydrogen cost, CO2 Shipping,

supply, electricity chemicals, fuels

E-fuels (e-diesel/ 1500-3000 Hydrogen cost, COz, Aviation, heavy
SAF) [47] €/t conversion losses transport
Conventional 250-500 €/t Natural gas price Chemicals, fuels
methanol [45,
47]
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3.3. Sensitivity to the hydrogen price

In addition to the scenario-specific comparisons discussed above, this
section isolates the effect of hydrogen price on the levelized costs.
Table 13 shows how variations in hydrogen price affect the LCOeM and
CO: costs across different transport routes and modes.

As the hydrogen price increases from 2 €/kg to 8 €/kg, the LCOeM
rises significantly across all scenarios, indicating that hydrogen cost is
the dominant driver of overall production cost. Scenarios 1 and 3
consistently exhibit lower LCOeM values compared to scenario 2 , sug-
gesting better cost efficiency across the tested conditions. The difference
between tanker and truck transport is relatively moderate but consis-
tent, with tanker options generally yielding slightly lower costs in most
cases. In contrast, the LCOCO: remains unchanged across all scenarios,
as COz-related costs are independent of hydrogen price variations in this
analysis. Overall, the results confirm a strong sensitivity of e-MeOH
economics to hydrogen pricing, while transport mode and scenario se-
lection play a secondary but still relevant role.

4. Limitation and future scope

While comprehensive in scope, the present study has several limi-
tations that provide directions for future research. Each scenario con-
siders a single CO: emitter; incorporating multi-emitter aggregation
could better balance supply variability, improve infrastructure utiliza-
tion, and further reduce levelized costs through enhanced economies of
scale. The transport assessment was restricted to road and maritime
modes, excluding rail and pipeline alternatives that may become
competitive over specific distances or flow rates. In addition, fleet size
and intermediate storage capacities were not explicitly optimized,
which may lead to mismatches between emission profiles and transport
cycles; future work should therefore integrate dynamic fleet scheduling
and storage sizing to improve cost accuracy. Capture and liquefaction
costs were assumed to scale with capacity, whereas incorporating real-
istic scaling laws would better reflect economies of scale at larger
throughputs.

Furthermore, the e-MeOH synthesis facility was fixed at a single
location, limiting the ability to evaluate spatial optimization of the
overall value chain. Future studies could assess alternative plant siting
strategies or distributed production hubs to minimize upstream CO:
logistics while also accounting for downstream fuel distribution. Finally,
integrating low-carbon or renewable transport fuels for logistics oper-
ations would strengthen alignment with decarbonization objectives.
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Table 13
Sensitivity analysis.
Hydrogen price Scenario 1 Scenario 2 Scenario 3 Scenario 4
Tanker Truck Tanker Truck Tanker Truck Tanker Truck
2 €/kg LCOeM (€/t of eMeOH) 686.8 709.0 853.7 825.7 682.1 769.4 677.8 801.3
LCO CO., (€/t of CO2) 101.8 116.3 181.9 163.6 104.5 161.7 106.5 187.4
6 €/kg LCOeM (€/t of eMeOH) 1535.7 1557.9 1702.7 1674.7 1531 1618.4 1526.8 1650.3
LCO CO;, (€/t of CO3) 101.8 116.3 181.9 163.6 104.5 161.7 106.5 187.4
8 €/kg LCOeM (€/t of eMeOH) 1960.2 1982.4 2127.2 2099.2 1955.5 2042.9 1951.3 2074.8
LCO CO., (€/t of CO2) 101.8 116.3 181.9 163.6 104.5 161.7 106.5 187.4

Despite these limitations, the study provides a systematic techno-
economic framework that highlights the critical role of CO- availabil-
ity, scale, and transport configuration in determining CCU-based e-
MeOH competitiveness, thereby establishing a robust foundation for
subsequent optimization and system-integration analyses.

Another limitation is the treatment of carbon pricing mechanisms.
Although EUA carbon price ranges are included in the economic as-
sumptions, avoided emissions costs associated with captured CO, were
not credited in the LCOeM calculation. Under higher carbon price sce-
narios, such avoided costs could partially offset capture-related expen-
ditures and reduce the effective net LCOeM. In addition, policy
frameworks such as RED III and FuelEU Maritime are expected to
strengthen demand for renewable fuels, which may further improve the
economic outlook of e-MeOH systems.

5. Conclusions

Despite growing interest in CCU-based e-fuels, previous studies often
rely on simplified assumptions such as constant CO: availability, generic
feedstock inputs, and limited consideration of transport logistics, stor-
age dynamics, and operational interdependencies. These limitations
restrict the reliability of techno-economic assessments for real-world
deployment. The aim of this work is to develop a comprehensive tool
to quantify the overall levelized cost of e-MeOH synthesis from indus-
trial COz emitters through a full CCU value chain. The objective is
twofold: to calculate the LCOCO: delivered to the plant and the LCOeM
across realistic industrial scenarios; to identify the key parameters that
determine the economic feasibility of linking hard-to-abate COz-emit-
ting sectors with an e-MeOH synthesis facility. To achieve the objective,
this methodology integrates a detailed process of CO: capture, lique-
faction, transport, storage, and e-MeOH synthesis, combined with
scenario-based logistics modelling to evaluate techno-economic feasi-
bility, infrastructure requirements, and overall system performance. The
study considered the cement, pulp and paper industries of Spain and
Portugal as the real industrial emitters. Unlike prior studies, this
framework explicitly incorporates CO: availability constraints, multi-
modal transport configurations, downtime-driven storage requirements
(including loading and unloading operations), together with e-MeOH
production, enabling a system-level evaluation of infrastructure utili-
zation and cost interactions across the value chain.

The results indicate that e-MeOH synthesis dominates the overall
project economics, contributing more than 80% of the total LCOeM,
while CO:z capture accounts for roughly 8-10%, and the remaining
conditioning and logistics stages represent comparatively minor shares.
Across all scenarios, LCOeM ranges between approximately 1100 and
1280 €/t, with the lowest value (approximately 1102.3 €/t) achieved in
high-throughput cement scenarios using tanker transport. These results
show that variations in LCOeM are primarily driven by CO: availability
and transport intensity rather than processing costs. High and stable CO:
supply (greater than 1000 kt) enables better utilization of fixed infra-
structure and reduces levelized costs, whereas low-volume cases, such as
approximately 150 kt, lead to underutilization and higher costs. Trans-
port emerges as the most critical variable cost component, with tanker
systems reducing logistics costs by up to 50-60% compared to road
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transport in long-distance scenarios. These findings highlight that pre-
vious studies underestimate the combined impact of CO: availability and
logistics configuration on system economics. Overall, the analysis
demonstrates that CO2 source capacity, scale effects, and logistics design
are the primary determinants of economic competitiveness. Therefore,
feedstock availability and transport architecture must be treated as
central design parameters in techno-economic assessments of CCU-
based e-MeOH systems, providing a more robust basis for future
research and policy development.

Overall, the results indicate that e-MeOH becomes increasingly
competitive relative to fossil-derived alternatives under conditions of
high carbon prices, strong low-carbon fuel mandates, and reduced
hydrogen and electricity costs.
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