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This work assesses a process for the conversion of biogas into methanol, leveraging electrified steam
methane reforming (eSMR) technology sustained by renewable electricity. This approach enables the
design of flexible and compact reactors while avoiding biogas combustion and the loss of valuable
biogenic carbon. The chemical process was simulated under both design and part-load conditions,
evaluating various operating points. These include the introduction of hydrogen to regulate syngas
composition and the utilisation of a biogas-fuelled Internal Combustion Engine (ICE) to self-generate
electricity during periods of low availability of renewable power. The chemical island was integrated with
intermittent renewable energy sources, Battery Energy Storage Systems (BESS), gas and liquid storage
units. The overall configuration was optimised through annual simulations with hourly resolution, aiming
to maximise the Net Present Value (NPV). The analysis considered two European locations, multiple
economic scenarios, and different degrees of system flexibility, while evaluating the impact of methanol
selling price and project scale on economic performance. From a technical perspective, the
electrification of the reformer increases carbon efficiency from 30-50% typical of a conventional Fired
Tubular Reformer (FTR), up to 70%. Moreover, by integrating electrolytic hydrogen, carbon efficiencies
approaching 100% can be achieved, albeit at the expense of higher capital costs and energy
consumption. Indeed, assuming an electrolyser cost of 1000-1300 € kW™, increasing the total product
yield becomes profitable only when the methanol selling price exceeds approximately 1000 € t%.

Notably, the operational flexibility of the chemical island enables a reduction in the production cost of
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Accepted 9th July 2026 up to 24% compared to an inflexible plant. Finally, transitioning to centralised biogas hubs leverages

economies of scale and reduced biogas costs, driving the specific methanol production cost down from
760-1009 € t~! for small-scale distributed plants (2.1 MW,y input) to 529-663 € t~* for large-scale
operations (21 MWy input).
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for natural gas. Global production of biogas and biomethane

1 Introduction ) )
rose from approximately 300 PJ in 2000 to nearly 1800 PJ by the

The significance of biogas as an energy carrier in the pursuit of
decarbonisation objectives is growing. Typically produced and
consumed locally, it plays a crucial role in enhancing national
energy security and offers a unique opportunity to expand
energy access. As a widely distributed resource, it contributes to
the development of rural and agricultural areas while facili-
tating waste management. Furthermore, when utilised effi-
ciently, biogas substantially reduces greenhouse gas emissions.
Considering global bioenergy production, biogas represents
a minor fraction, making up only 3% of the total modern bi-
oenergy supply, equivalent to approximately 1% of global
natural gas demand." However, interest in this sector is steadily
growing, driven by the potential to achieve negative emissions
and the strong appeal of biomethane as a “drop-in” substitute
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end of 2023 (on an LHV basis), corresponding to nearly 50
billion cubic metres of natural gas equivalent (bcme).* Europe is
the region that has most significantly expanded biogas
production and currently accounts for nearly half of the global
supply. In this region, biomethane output has increased more
than tenfold since 2011, reaching 52 TWh in 2023 across 1510
upgrading plants.> Nevertheless, a critical factor for biomethane
facilities is proximity to the natural gas grid, as connection costs
are largely determined by the distance between the plant and
the injection point. To date, 80% of global biogas supply is
combusted for power and heat generation or utilised in build-
ings for cooking. Consequently, it is crucial to evaluate alter-
native pathways for the efficient utilisation of biogas, where
biogenic carbon can be retained in the final product to displace
fossil carbon. In this context, the electrification of steam
methane reforming (eSMR) is particularly suitable, as it enables
enhanced syngas production, compact reactor designs, and
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flexible operation by avoiding combustion and the associated
equipment that limit the economic competitiveness of
conventional Fired Tubular Reformers (FTRs) at small scale.
This facilitates the development of reactors suitable for small-
scale, distributed generation, capable of flexible part-load
operation to match the intermittency of renewable energy
sources.’

The concept of electrified reforming, initially proposed by
Spagnolo et al.* and later applied to biogas by Camacho et al.,’
demonstrates a rapid thermal response that makes it highly
flexible and well-suited for integration with intermittent renew-
able energy sources. Recently, Wismann et al and Topsoe
developed the eREACT™ technology,*® currently being tested at
the Aarhus University biogas research facility pilot plant. This
represents the first application of an eSMR fed with biogas (15-27
Nm® h™) sourced from a small industrial-scale biogas produc-
tion plant. Experimental campaigns highlight the system's
design flexibility, enabling fast transient operations, high
temperatures, and heating rates of up to 330 °C h™", with a pro-
jected efficiency of 99% at the megawatt scale.® Furthermore,
advanced control systems can stabilise the oxygen-to-carbon and
hydrogen-to-carbon ratios despite fluctuations in the CH,/CO,
inlet composition, ensuring a stoichiometric syngas suitable for
methanol synthesis under industrial conditions (900-1050 °C, 6-
10 barg)." Recent pilot-scale studies have demonstrated the
ability to dynamically switch between CH,-rich and CO,-rich
feedstocks within the same electrified unit. This feed flexibility
leverages corresponding changes in net energy consumption to
balance the electrical grid, compensating for renewable inter-
mittency without sacrificing production throughput.”” Adopting
conductive structured catalysts can further intensify electrified
reforming. These configurations significantly improve reactor
compactness and operational adaptability by enhancing heat and
mass transfer, mitigating flow maldistribution, and optimising
pressure drops.”*?>°

Considering the advantages of this technology, this study
investigates bio-e-methanol production via an eSMR reactor.
Electrifying the reformer avoids feedstock combustion for
process heat, thus preserving valuable biogenic carbon and
enhancing methanol yields compared to conventional
technologies.

A primary challenge when using biogas is its inherently high
CO,, content, which generates hydrogen-deficient syngas with
a stoichiometric module (M) below the optimal target (slightly
above 2).>*>* Although the syngas composition could be regu-
lated through CO, removal,* this approach involves the loss of
biogenic carbon. Therefore, the addition of external hydrogen
offers an effective strategy to maximise the overall carbon effi-
ciency of the process.”*>*

Although some studies have investigated methanol produc-
tion from biogas via dry and steam methane reforming,”-3°
techno-economic assessments of the integrated process remain
limited. Consequently, only a few studies are available in the
literature, and none have explored the potential of electrified
reforming.

For instance, Hernandez and Martin®*' and Rinaldi et al.**
reported that 26-32% of the inlet biogas is combusted to
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sustain the endothermic reactions, capping carbon efficiencies
between 34% and 50%. Alternatively, Sheets and Shah required
an external natural gas stream equivalent to 30% of the feed-
stock energy.** Furthermore, to adjust the syngas stoichiometry,
these studies typically rely on CO, removal either upstream or
downstream of the reformer,>***** which further decreases the
overall carbon utilisation. The estimated methanol production
costs vary drastically across these conventional configurations,
ranging from 380 € t ' (assuming free biogas) to over 2100 US$
t~', heavily depending on the underlying economic assump-
tions and specific biogas pricing.***'~**

This study proposes a conversion pathway for the production
of bio-e-methanol (Fig. 1). The process entails the following
steps: (i) syngas generation via electrified reforming; (ii) meth-
anol synthesis; and (iii) methanol purification. Furthermore,
the integration of electrolytic hydrogen generation to regulate
the syngas composition is evaluated. The plant is designed for
flexible operation, as it is powered by intermittent renewable
energy sources. Consequently, this work aims to address the
existing literature gaps through:

e A comprehensive process analysis, including the study of
plant behaviour at part load and at different operating points
(i.e. with/without hydrogen addition).

e System-level integration, modelling the processes with
intermittent renewable sources, Battery Energy Storage Systems
(BESSs), gas and liquid storage units, and the possibility to
exploit a biogas-fuelled Internal Combustion Engine (ICE) to
sustain operations during periods with low availability of
renewable power.

The overarching objective of this study is to evaluate the
techno-economic performance of bio-e-methanol production
and to assess the economic value of flexibility in different
economic scenarios, geographical locations, plant scales, and
methanol selling prices. Furthermore, a key novelty of this work
lies in the optimisation strategy, which is designed to maximise
the Net Present Value (NPV) rather than minimising the
production cost. This approach is particularly suitable for
processes where the final product yield varies according to the
selling price and the overall capacity is constrained by a given
feedstock availability.

2 Methods

The plant considered in this study processes 5000 kg h™" (3900
Nm® h™') of cleaned biogas (which has undergone pre-
treatment to remove H,S, VOCs, and other sulphur-based
compounds, to protect the steam methane reformer cata-
lyst*!), with a molar composition of 55% CH, and 45% CO,,
corresponding to a thermal input of 21.4 MW. Such
a throughput is representative of large-scale biogas production.
The detailed process flow diagram is illustrated in Fig. 2.

2.1 Process simulation

The aforementioned bio-e-methanol system was designed and
simulated using Aspen Plus® with the Peng-Robinson ther-
modynamic model, which was re-calibrated to accurately

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Block diagram of the bio-e/MeOH process with power supply and storage systems.

predict the solubility of CO, in methanol, as described by
Rinaldi et al** The eSMR reactor is modelled at chemical
equilibrium, with the thermal duty supplied via resistive heat-
ing (Joule effect). The electrical power is adjusted under partial
load conditions to maintain an outlet temperature of 800 °C.

The methanol synthesis reactor is sized to have a Gas Hourly
Space Velocity (GHSV) of 4000 Nm® h™" kg, ' at the reactor
inlet under base load conditions and simulated as a one-
dimensional homogeneous reactor, following the method-
ology of Rinaldi et al* and employing the kinetic model
proposed by Vanden Busche and Froment.*® The reactor is
cooled by boiling water at 30 bar (234 °C), resulting in a crude
methanol outlet temperature of 240 °C.

The methanol loop recycle ratio (RR), defined as the ratio
between the molar flow rate of recirculated gases (stream #31)
and the fresh syngas feed (#23), is assumed to be 4.8 under base
load conditions and is adjusted during partial load operation to
maintain a constant molar flow rate at the reactor inlet, thereby
ensuring a constant Gas Hourly Space Velocity (GHSV). However,
when the chemical island operates in the electric neutral mode,
the GHSV tends to drop due to the reduced syngas feed rate.
Under these conditions, the recycle ratio is increased to mitigate
this reduction, thereby preventing a critical drop in heat transfer
coefficients and hot spots at partial load.

The main assumptions employed in the process simulations
are listed in Table 1, while a detailed description of the chemical
plant is provided in the SI. The methodology for modelling the
plant's partial load behaviour, such as the procedures for calcu-
lating heat transfer coefficients in the heat exchangers, was
adopted from the authors’ previous work.*® Consistently with this
approach, heat transfer coefficients are calculated to be

This journal is © The Royal Society of Chemistry 2026

proportional to the mass flow rate raised to the power of n (with n
= 0.8 for the shell & tube and n = 0.67 for plate heat exchangers).

2.2 Operating points and flexibility

The plant's inherent flexibility allows it to adapt to the inter-
mittent availability of renewable energy by shifting between
three primary operating modes:

e Base load: the entire biogas stream is processed to
produce methanol without the addition of external
hydrogen.

e Enhanced MeOH: hydrogen, either produced by the
electrolyser or drawn from storage, is used to adjust the
syngas composition to the optimal stoichiometric module
(M = 2.1). This maximises biogenic carbon conversion
and, consequently, methanol yield.

e Electric neutral: in the absence of renewable power, a -
fraction of the biogas is diverted to the internal combus-
tion engine (ICE) to generate the exact amount of
electricity required by the chemical island.

To ensure flexible operation that maximises the use of
intermittent renewable energy, the plant's design incorporates
several storage units. A biogas tank allows the syngas produc-
tion rate to be decoupled from the constant biogas supply; its
rate can be ramped up during periods of high renewable
availability by drawing from the tank or reduced by diverting
biogas to storage when power is scarce. Downstream, syngas
storage decouples the energy-intensive syngas generation
section from the methanol synthesis loop. Similarly, hydrogen
storage buffers the electrolyser's variable output, allowing
hydrogen to be produced during power peaks and consumed

Sustainable Energy Fuels
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Fig.2 Process flow diagram of the biogas to methanol plant based on electrified biogas reforming (eBGR). Syngas and hydrogen storage are only

considered in the "enhanced flexibility” scenario.

steadily to adjust the syngas stoichiometric module. Finally,
a crude methanol storage tank is used to buffer the variable
output of the synthesis section, ensuring a constant feed to the
distillation columns.

The electricity for the process is sourced from on-site
photovoltaic (PV) panels and wind turbines. To manage short-
term fluctuations and ensure a stable power supply, a lithium-
ion Battery Energy Storage System (BESS) is also considered.
The time-resolved generation profiles for the renewable sources
are used as input data for the optimisation algorithm.

To quantify the economic benefit of operational flexibility,
three distinct plant design scenarios with increasing degrees of
freedom are compared:

o Inflexible scenario: the chemical island is constrained to
operate at a constant, nominal load. The management of
REN intermittency relies solely on the Battery Energy
Storage System (BESS). The ICE (if installed) provides a firm
baseload power from biogas combustion, thus reducing the
installed capacity of renewables and batteries.

o Flexible plant: the chemical island can operate at partial
load. The biogas storage enables the modulation of the feed
rate to the syngas and synthesis sections, thus matching the
plant's power consumption with REN power generation.
Specifically, if an electrolyser is installed, the generated
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hydrogen is directly consumed by the synthesis unit without
intermediate storage. The crude methanol storage decou-
ples this operational flexibility from the purification unit,
which is operated at steady state.

e Enhanced flexibility: intermediate storage for both syngas
and hydrogen is included. This fully decouples the syngas
generation, hydrogen production, and methanol synthesis
units, providing the maximum degree of operational
flexibility.

It should be noted that the inclusion of the electrolyser and
its associated storage systems is a result of the techno-economic
optimisation; therefore, the optimal plant configuration may
not necessarily include these units. Furthermore, the hourly
optimisation model neglects potential dynamic effects,
assuming sufficient equipment flexibility to accommodate the
required process load reductions.

2.3 Economic analysis and scenarios

The economic assumptions for the power generation units, ICE,
electrolyser, and the chemical island's process equipment are
presented in Table 3. The CAPEX of conventional components
(i.e. distillation columns, heat exchangers, pumps, compres-
sors, and flash drums) was estimated using the methodology

reported by Turton.*” This approach accounts for materials of

This journal is © The Royal Society of Chemistry 2026
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Table 1 Summary of the process design and Aspen Plus® simulation assumptions
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Component Parameter Value Unit
Biogas Mass flow rate 5000 kg h™*
Volumetric flow rate 3900 Nm® h™!
CO, content 45 Yomol
CH, content 55 Yomol
Biogas ICE Net electric efficiency 40 %
Electrified reformer (eSMR) Calculation mode: chemical equilibrium
Outlet temperature 800 °C
Inlet pressure 8 bar
Pressure drop 1 bar
Electric efficiency 99 %
Syngas flash (F1) Adiabatic flash 30 °C
Methanol synthesis reactor: an RPLUG Reactor pressure 93 bar
reactor with a constant thermal fluid Outlet temperature 240 °C
temperature Boiling water pressure 30 bar
Boiling water temperature 234 °C
Design gas hourly space velocity (GHSV) 4000 Nm® h™' me,?
at the reactor inlet
Tube length 6 m
Tube diameter 4.2 cm
Global heat transfer coefficient 280 Wm 2K
Catalyst pellet diameter 6 mm
Density of spherical catalyst particles 1712 kg m~?
Bed void fraction 40 %
Recycle ratio at base load 4.8
Recycle ratio at part load Adjusted to keep
the GHSV
Flash separator (F2 & F3) Adiabatic flash 40 °C
First distillation column (CL1) Calculation mode: equilibrium, 7 stages plus
a partial-vapor condenser and kettle reboiler
Methanol content in the vent 0.02 molcy,on/mol
(adjusted with the reflux ratio)
CO, content in the product (adjusted with 0.0001 mol¢o,/mol
the distillate to feed ratio)
Second distillation column (CL2) Calculation mode: equilibrium, 14 stages
plus a total condenser and kettle reboiler
Methanol purity (adjusted with the reflux ratio) 0.99 molcy,on/mol
Purity of bottom water 0.99 moly o/mol
Pumps Hydraulic efficiency 70 %
Mechanical-electrical efficiency 94 %
Compressors Biogas compressor (Compr) with coolers to 120 °C
have maximum outlet temperature
Syngas/hydrogen compressor (MCompr) with 35 °C
3 stages and intercooler outlet temperatures
(the last stage is adiabatic)
Isentropic efficiency 70 %
Mechanical-electrical efficiency 92 %
Heat exchangers Gas side pressure drop % of pin
Liquid side pressure drop 5 bar
Economiser water subcooling AT 14 °C
Boiler Molar fraction of O, in flue gases 2 % mol
Heat transfer coefficients Low-pressure gas 50 Wm 2K
Compressed gas 500 Wm2K*
Biogas/syngas in the pre-heater 120° Wm 2K*
Syngas with condensing water 2500 Wm 2K "
Water (liquid) 10 000 Wm 2K
Water (evaporation) 20 000 Wm 2K

“ Values obtained with a heat exchanger simulated using Aspen EDR (simulation mode) with inputs of streams from Aspen Plus.

This journal is © The Royal Society of Chemistry 2026
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construction, pressure ratings, direct and indirect project
expenses, contingency, and contractor fees.***” The cost of the
methanol synthesis reactor was estimated using the method-
ology from Poluzzi et al.*

For the novel eSMR unit, the cost was estimated using the
model from the authors' previous work,* which quantifies the
required materials (i.e., internal conductive structure, catalyst,
electrical elements, refractory material and outer steel shell).
The total installed cost, which includes labour, installation,
indirect costs, and owner's costs and contingencies, was then
determined using the methodology reported by Riva et al.*® All
capital costs were escalated to €2023 values using the Chemical
Engineering Plant Cost Index (CEPCI).* Further details on the
economic analysis are provided in the SI.

Given that the capital costs of PV, on- and off-shore wind,
BESSs, and electrolysers are the primary drivers of the total
annual cost,*® three distinct economic scenarios were defined to
assess their impact: (i) a short-term scenario, reflecting current
technology costs;* (ii) a long-term scenario, which adopts cost
projections for 2050 sourced from the NREL Annual Technology
Baseline (ATB)** for the cost of PV, on-shore and off-shore wind
and BESSs and assuming projections for electrolyser CAPEX
based on the estimates from the U.S. Department of Energy
(DOE), McKinsey & Company and the Hydrogen Council, which
project 2050 electrolyser cost to remain in the range of 900-1200
$ kw1, (iii) a long-term visionary scenario, which adopts
optimistic cost targets found in technology-forward studies,
such as those published by IRENA and LUT,*** assuming
radical learning-curve advancements for both PV and electro-
lyser technologies, projecting 2050 electrolyser CAPEX to fall as
low as 100-400 € kW™ .

2.4 MILP optimisation

The techno-economic optimisation of the entire integrated
system was modelled using a mixed-integer linear program-
ming (MILP) framework. The model was developed and imple-
mented using GAMS and is designed to minimise the total
annual cost based on three main categories of inputs:

e Hourly time-series data for renewable electricity generation

(PV and wind).*®

e Key economic assumptions (as listed in Table 3).

e A set of mathematical correlations describing the chemical

island's performance.

Mathematical correlations of the chemical plant were
derived from Aspen Plus® simulations conducted at various
operating points and partial load. They define the relationships
between the gas/liquid flow rates feeding each plant section and
their corresponding electrical/thermal loads, production ratios,
steam consumption/production and auxiliary demands, such as
process and cooling water. The MILP framework employs binary
variables and the “big-M” method to handle key discrete deci-
sions. These are used for both investment decisions (ie.,
whether to install the ICE and the hydrogen production section)
and operational decisions (i.e., the switch on/off of these
components in each time step). For instance, the activation of
the electrolyser section triggers a change in the methanol
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synthesis equations within the model, reflecting the adjusted
syngas composition and the subsequent increase in methanol
yield.

The model is computed over one year of operation with
hourly resolution. The energy balances connecting power
generation (renewable sources with a BESS and ICE) and
consumption (chemical plant and hydrogen production) are
modelled based on the methodology described in ref. 36. This
methodology also includes the equations governing the hourly
state-of-charge (SoC) of the BESS and material storage tanks.

The algorithm's objective function is to minimise the total
annual cost, which is solved using the CPLEX solver.

Objective function:

Min (TAC) = CAPEX-CRF + fOPEX
+ vOPEX — Revenues (1)

The optimisation yields both the optimal plant design and
its year-long operating strategy. The key design variables
determined by the model include the capacities of the renew-
able power plants and BESS, the maximum throughput of the
chemical island sections and the electrolyser, and the size of all
material storage tanks. Given that the optimal solution is highly
dependent on the methanol selling price, a sensitivity analysis
was performed on this key parameter. The detailed mathe-
matical formulation of the model, including all governing
equations and constraints, is provided in the SI.

2.5 Emissions

The embodied emissions associated with the renewable tech-
nologies used to power the system are presented in Table 2. This
study considers both a low-emission and a high-emission
scenario, which are representative of the emission ranges
identified in the literature.*”~*° Furthermore, methane slip from
the biogas production and storage chain is accounted for.
Fugitive emissions can vary widely depending on the plant's
technology, its operational management, and the quantification
methodologies employed.> For instance, Hurtig et al. reported
that methane losses from most biogas plants range from 0.5%
to 6% of the methane produced.*” In this work, a methane loss
in the range of 0.5% to 2% (2.7 to 10.8 gco,/MJpiogas) Of the total
biogas produced is assumed. This range was selected to eval-
uate the sensitivity of the system's overall carbon footprint to
fugitive emissions, acknowledging that these losses are highly
variable and constitute a critical parameter affecting the final
environmental performance.

Table 2 GWP potential of REN-BESS and methane slip

Low High Ref.
PV kgco, eq/ KWei 420 1400 47 and 48
Wwind Kgco, eq/kWei 380 650 49
BESS Kgco, cq/KWhe 89 169 50
Methane slip 200,/MJbiogas 2.70 10.80 52

This journal is © The Royal Society of Chemistry 2026
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Table 3 Economic assumptions for REN sources, storages and chemical islands in different economic scenarios

Short-term Long-term Long-term visionary units Ref.
PV (fixed-tilt) 40, 45 and 53
Inv. cost (North Italy) 800 680 306 €kw!
Inv. cost (Denmark) 1148 680 306 €kw!
Fixed O&M 15 12 6 € kw 'year !
Wind (on-shore) 40, 45 and 53
Inv. cost 1500 1210 1000 €kw?
Fixed O&M 45 36 20 € kw 'year !
Wind (off-shore) 40, 45 and 53
Inv. cost (Denmark) 2772 2600 2449 €kw
Fixed O&M 101 80 80 € kw 'year !
BESS (lithium-ion) 40, 53 and 54
charge efficiency 95% 95% 95% —
Discharge efficiency 95% 95% 95% —
Energy/power ratio 4 4 4 kWh kw ™!
Inv. cost 259 124 124 € kwh™!
Fixed O&M 6.5 3.1 2.5 € kwh 'year !
Variable O&M 0.09 0.04 0.04 € MWh™!
Electrolyser 42-45
EE to H, efficiency (LHV) 58.5% 68.0% 68.0% —
Inv. cost 1300 1100 363 €kw?
Fixed O&M 26 22.0 12.7 € kw 'year !
Variable O&M 13.3 13.3 1.0 € MWh™!
Biogas ICE 55
Inv. cost 500 € kWt
Fixed O&M 100 € kW' year !
Variable O&M 10 € MWh
H,storage 56
Inv. cost 10 € kwh!
Fixed O&M 4% CAPEX € kWh™ ' year ™’
Bio-syngas storage 57
Inv. cost 62.3 [€ m ] x V[m®] + 66 223 [€] €m>
Fixed O&M 4% CAPEX
Storage charge/discharge efficiency 100%
Chemical island 24, 25,36 and 37
eSMR reactor® 104 [€ Nm > h™'] x V[Nm® h™'] + 7492 [€]
Cooling water 1.57 x107° €kg!
Process water 1.71 x107° €kg!
eSMR catalyst 50 €kg!
Methanol synthesis catalyst 11.8 €kg!
Catalyst lifetime 4 years
Fixed O&M 4% Capex
Other process equipment See SI material
Biogas 34-54 € MWh!
Financial
Taxation rate 0 + 30% %
Discount rate 8.78% %
Plant lifetime 25 years

% eSMR reactor cost function considers the inlet volumetric flow of wet biogas.

2.6 KPIs

To assess and compare the techno-economic and environ-

Ysp =

mental performance of the different scenarios analysed, the
following Key Performance Indicators (KPIs) were defined.
2.6.1 Process. The single-pass yield (eqn (2)) quantifies the

production of methanol in the synthesis reactor relative to the

amount of CO and CO, in the reactor feed. The overall yield (eqn
(3)) considers the amount of CO and CO, in the syngas feeding

the synthesis section as the input and the methanol exiting the

synthesis section.

NMeOHput - NMeOH,in

Ncojn + Nco,,in

N MeOH

o NMeOH.#ZS - NMeOH,#24

Nco#a + Nco, 4

N meom #29

YGL =
NCO,syngas + NCOz.syngas

Ncous + Nco, 423

(3)

Alternatively, the single-pass and overall yields can be

expressed based on hydrogen as the reference reactant, noting

This journal is © The Royal Society of Chemistry 2026
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that two moles of hydrogen are required to produce one mole
of methanol (eqn (4) and (5)). This is relevant when syngas
with M lower than 2 is fed to the methanol synthesis section
and methanol yield is constrained by the availability of
hydrogen.

NMeOH,#ZS — NMeOH.#24 (4)

NH2.#24/2

o NMeOH.out — NMeOHA,in o
Yspu, = =

Nityin / 2

N MeOH

_ Nmeon#2 5)

YoLn, = — - = =
(NHz.syngas + NHz,exl) /2 NH37#23/2

The carbon efficiency represents the amount of biogenic
carbon preserved in the produced methanol, as defined in eqn (6).

o NQMeOH,prod o NC,#42
Ne= — == (6)
NC,biogas NC,#I

The methanol production energy ratio is defined in eqn (7)
and quantifies the energy of the produced methanol (on an LHV
basis) relative to the energy contained in the biogas feed.

MPER (Methanol production energy ratio)

_ myeon - LHV veon |:kchOH:|
MpG* LHVBG kwbiogas

7)

The methanol production efficiency considers both the
energy content of the biogas and the electricity consumed by the
system (eqn (8)).

Paper

P,
Eel = 1 |:

MMeOH

kWhy }

10
Kgyeon (10)

The battery equivalent cycle number (BCY) is defined as the
ratio of the total annual renewable energy charged into the
battery to its nominal capacity (eqn (11)). This parameter
provides an estimate of the equivalent charge/discharge cycles
the battery undergoes during the year.

8760
> EE gess(1)-At

BCY = =
SOChnax

[kWh} 1)

kWh

The capacity of the biogas, syngas, crude methanol, and
hydrogen storage units is expressed in storage hours (STH). This
metric is calculated as the ratio of the total tank volume to the
maximum volumetric flow rate of the corresponding stream
(eqn (12)). Therefore, it represents the time required to
completely fill or empty the tank at the maximum flow rate.

_ BGstor.mz\x

STH [h] (12)

ngl

2.6.2 Economics. The methanol production cost repre-
sents the total annualised cost of production (accounting for
both CAPEX and OPEX) relative to the amount of methanol
produced annually (eqn (13)). The capital recovery factor
(CRF) is equal to 10% and is used to annualise the CAPEX,
assuming a discount rate r of 8.78% and a plant lifetime of 25
years (eqn (14)).

LCOM
_ ( Z CAPEXplam + Z CAPEXHg‘prud. + Z CAPEXpower.gen. + Z CAPEXstorages) -CRF + Z 0& Mﬁxed + Z 0& Mvariable [€ t]
- MeOH, 00 pet
(13)
. -1
cori* LHVyeon [kWye N A1+ )
MTMeOH = n~1M oL e {kWM OH} (8) CRF = Z 7 = % (14)
mpg - LHVpG+Py input = (1+7) (I+r)" -1

The specific CO, emissions (Eco,emi) quantify the amount of
carbon dioxide emitted relative to the produced methanol (eqn (9)).

e | o)

MCo, emit
Kgneon

ECOZ emit —
MMeOH

The specific electricity consumption (E.) quantifies the net
electricity consumed by the system per unit of methanol
produced (eqn (10)).
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The Net Present Value (NPV) is calculated with eqn (15)
assuming an income tax rate between 0 and 30%. The Internal
Rate of Return (IRR) represents the discount rate that results in
a zero NPV.

It
NPV — Z (Revenues — Cost)- (1 — tax) CAPEX
— (147

(15)

The Profitability Index (PI) is defined as the ratio between the
present value of the future cash flows (NPV + CAPEX) and the

This journal is © The Royal Society of Chemistry 2026
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total system CAPEX (eqn (16)). An investment is therefore
considered profitable when the PI exceeds 1.0, as this indicates
that the present value of future cash flows is sufficient to recover
the initial capital expenditure.

NPV

PI=14 GAPEX

(16)

The LCOE calculation for PV and wind (eqn (17)) compares
the total annualised costs (encompassing both amortised
CAPEX and OPEX) against the total energy generated by the
plants annually. A separate metric, the cost of used renewable
energy (LCOE,), is defined for the energy actually consumed by
the chemical island, thereby disregarding the value of any cur-
tailed surplus electricity (eqn (18)).
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to an optimal value of 2.1. This, combined with a hydrogen-rich
recycle stream, brings the reactor inlet M to 8.50. The single-
pass yield increases tenfold to 66.8%, and the global meth-
anol yield reaches 98.0%. Conversely, the hydrogen-based yields
are lower compared to the base load operating point, indicating
that carbon acts as the limiting reactant in this operating mode.
As a result, the total carbon efficiency increases to 95.9% and
the biogenic CO, emissions reduce to 0.050 kgco,/kgmeon-

The high carbon utilization comes at the cost of significant
electricity consumption (5.46 kWh/kgyeon), primarily for the
electrolyser. This results in a methanol production efficiency of
62%, which is lower than the base load case. Finally, in the
electric neutral mode, 62% of the biogas is diverted to the ICE.
This involves a drop in the carbon efficiency to 26.5% and a rise
in specific biogenic CO, emissions to 3.737 kgco /kgmeon-

o (CAPEXPV or Wind) x CRF + fixed O& M -+ var Oo&M €
HCOFrvoring = EEry o win MWh (7)
LCOE. — (CAPEXpy + CAPEXyy + CAPEXind)-CRF 4 > fixed O& M + Y var O&M €
v 8760 MWh (18)
2 (Erena(1) + b(1))
=1
3 Results Table 5 presents a detailed breakdown of the total installed

3.1 Process analysis

Table 4 presents the main technical results for the bio-e-MeOH
plant at its three key operating points, comparing them against
a benchmark case utilising a conventional Fired Tubular
Reformer (FTR).>* The eSMR consistently achieves a high CH,
conversion of 95.8-97.3%.

In the base load mode, the raw syngas stoichiometric
module is 1.17. Due to the CO,-rich recycle stream, the M at the
reactor inlet drops to —0.50. This hydrogen-deficient feed limits
the single-pass methanol yield to 7.0%, although the overall
global yield remains high at 71.1%. It is worth noting that the
hydrogen-based yields are significantly higher (37.0% single-
pass and 82.8% overall), confirming that hydrogen is the
limiting reactant in this scenario. Notably, the base load carbon
efficiency is 70.1%, significantly higher than the benchmark's
49.8%, which is heavily penalised by the need to combust 33.9%
of the incoming biogas in the furnace to sustain the reformer.
When accounting for its specific electricity consumption (3.25
kWh/kgyeon), the base load's overall methanol production
efficiency is 67%, with associated biogenic CO, emissions of
0.497 kgco,/kgmeon-

In the enhanced MeOH mode, hydrogen addition from the
electrolyser is used to adjust the syngas stoichiometric module

This journal is © The Royal Society of Chemistry 2026

CAPEX for the chemical island, segmented into its three main
process sections. To ensure a rigorous and fair comparison with
the benchmark FTR-based plant from ref. 24, a thorough cost
harmonisation was performed. The methanol reactor cost in ref.
24 was re-estimated using the same methodology applied in ref.
25. For all other conventional components (e.g., heat exchangers,
columns, and compressors), the cost estimations from ref. 24
were adopted and escalated to €2023 using the Chemical Engi-
neering Plant Cost Index (CEPCI).** For the eSMR, the model
described in ref. 36 has been adopted. For the benchmark FTR,
cost is estimated with the function proposed by Herz et al>®
Electrified reforming significantly simplifies the syngas genera-
tion section by eliminating the furnace and its associated flue-gas
heat recovery system. The cost of the eSMR unit is estimated to be
approximately one-third the cost of the conventional FTR. This
simplification, combined with reduced expenses for associated
heat exchangers and auxiliaries, leads to a 52% reduction in
CAPEX for the entire syngas generation section (dropping from
39% to 16% of the total plant cost). This cost advantage is
counterbalanced by the downstream process. Because the eSMR
plant processes 100% of the biogas to chemical conversion
(unlike the FTR benchmark, which combusts 34% of it), the
methanol synthesis loop must be sized to handle a larger syngas
throughput. This directly results in higher costs for the syngas

Sustainable Energy Fuels
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Table 4 Main technical results of the chemical island working in different operating points and comparison with the benchmark with a Fired

Tubular Reformer (FTR)

Bio-e-MeOH with eSMR

Operating points Benchmark with an FTR** Electric neutral Base load Enhanced MeOH
Biogas to reformer furnace % 33.9% — — —

Biogas to ICE % — 62% — —

Steam to CH,4 ratio in eSMR molcy,/moly o 3.86 3.80 4.69 4.69

CH, conversion in eSMR % 95.8% 95.8% 97.3% 97.3%
Stoichiometric module (M) — 1.35 1.16 1.17 2.11

Recycle ratio — 5.00 10.12 4.78 3.27

Syngas module after recycle — —0.39 —0.65 —0.50 8.50

CO/CO, ratio at the reactor inlet — 0.18 0.16 0.14 0.57

CH, at the reactor inlet % mol 9.6% 15.4% 10.1% 5.1%

MeOH reactor: GHSV Nm®h™?! Mear 4003 2896 4035 4001

Single pass methanol yield % 8.4% 3.5% 7.0% 66.8%

Global methanol yield % 78.1% 71.1% 71.6% 98.0%

Single pass methanol yield (H, base) % — 32.5% 37.0% 14.6%

Global methanol yield (H, base) % — 85.4% 82.8% 73.5%

Carbon efficiency % 49.8% 26.5% 70.1% 95.9%
Methanol production energy ratio % 70.0% 40.2% 106.9% 146.9%
Methanol production efficiency % 66% 40% 67% 62%

Biogenic CO, emitted kgco,/Kgmeon 1.37 3.737 0.497 0.050
Electricity consumption breakdown

Biogas compressor kWh/kgmeon 0.128 0.131 0.129 0.095

eSMR kWh/Kkgyeon — 2.400 2.454 1.793

Syngas compressor kWh/kgnmeon 0.330 0.404 0.409 0.299

Recycle compressor kWh/kgmeon 0.031 0.086 0.043 0.038

Blowers, pumps and coolers kWh/kgneon 0.062 0.009 0.013 0.008

Heat pump (COP = 3) kWh/kgmeon — 0.544 0.206 0.206

Hydrogen compressor kWh/kgmeon — — — 0.047
Electrolyser (68% efficiency) kWh/kgyeon — — — 2.975

Biogas ICE kWh/kgmeon — —3.58 — —

Total kWh/kgneon 0.551 0.000 3.253 5.460

Table 5 CAPEX breakdown and comparison with the benchmark using a Fired Tubular Reformer (FTR)

CAPEX FTR-based plant eSMR-based

breakdown k€ Unit (adapted from ref. 24) plant

Biogas compressor k€ 1238 7% 1595 8%
Syngas generation k€

Heat exchangers 2861 16% 2052 10%
Auxiliaries 665 4% 115 1%
eSMR — — 1246 6%
FTR 3614 20% — —
Total syngas generation 7140 39% 3413 16%
Methanol synthesis k€

Syngas compressor 2425 13% 3527 17%
Recycle compressor 792 4% 1052 5%
Heat exchangers 850 5% 1430 7%
MeOH reactor 4208 23% 6944 33%
Boiler — — 1818 9%
Auxiliaries 82 0% 204 1%
Total MeOH synthesis 8358 45% 14975 71%
Methanol purification k€

Heat exchangers 58 0% 48 0%
First distillation column 492 3% 340 2%
Second distillation column 1172 6% 768 4%
Total MeOH purification 1722 9% 1156 5%
Total CAPEX k€ 18458 100% 21140 100%
Specific CAPEX [€ kWycon '] 1318 1084
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compressor, recycle compressor, and the methanol reactor itself.
Furthermore, this section now includes a boiler (9% of total
CAPEX) to generate steam from purge gases. Consequently, the
total CAPEX for the methanol synthesis section increases by 80%.
Overall, these trade-offs result in a total plant CAPEX for the
eSMR system that is 15% higher than the FTR benchmark.
However, this increased investment yields a proportionally larger
methanol output. When normalized to the methanol production
capacity, the eSMR plant is 18% cheaper than the benchmark
(1084 € kWyseon ' vs. 1318 € per kWyeon ).

3.2 Optimization results

To assess the impact of different variable renewable energy
profiles, techno-economic optimisation was performed for two
locations: (i) Sicily (South Italy), representing a region with
high solar and good on-shore wind resources; and (ii) Den-
mark, representing a region dominated by high-yield off-shore
wind resources but with limited solar irradiation. The
respective capacity factors (CFs) for PV and wind in both
locations are presented in Table 6. This table also lists the
corresponding Levelised Cost of Electricity (LCOE) for each
technology under the different economic scenarios investi-
gated in this study.

3.2.1 Hourly behaviour of flexible systems. The hourly
energy balance for the enhanced flexibility plant is presented in
Fig. 3, showing a representative 20 day period in South Italy,
starting from January 1st. Positive areas in the top plot repre-
sent power generation (PV, wind, and BESS discharge), while
negative areas represent power consumption by the chemical
plant, electrolyser, BESS charging and energy curtailment. The
bottom plot shows the hourly state of charge of material storage
units. During periods of high renewable availability, the plant
ramps up syngas production by drawing biogas from its storage.
This is clearly visible in the biogas (light green line) and syngas
(dark green line) storage levels, which operate in inverse daily
cycles: the biogas tank empties to feed the eSMR, and the
resulting syngas surplus is stored. Conversely, when renewable
availability is scarce, syngas production is reduced (down to the
minimum load of 25% of nominal capacity), and the biogas
tank is refilled.

Table 6 Capacity factors and LCOE of PV and wind for the selected
locations in short-term and long-term scenarios

Location unit South Italy Denmark
Wind

Capacity factor % 27.3% 55.1%
LCOE wind, short-term €MWh™' 817 78.4
LCOE wind, long-term €MWh ' 658 70.4
LCOE wind, long-term visionary € MWh™' 50.3 67.3
PV

Capacity factor % 18.9% 9.9%
LCOE PV, short-term €MWh?' 573 150.2
LCOE PV, long-term € MWh™" 482 92.6
LCOE PV, long-term visionary €MWh' 221 42.3

This journal is © The Royal Society of Chemistry 2026
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Simultaneously, the hydrogen storage (red line) is filled
during peaks of renewable generation and is then drawn down
when power is scarce, ensuring a stable H, supply to the
synthesis loop. When the hydrogen storage is empty and
insufficient power is available for electrolysis, the plant reverts
to the base load operating mode. In this condition, the plant
operates without H, addition, leading to a decrease of methanol
production. In the specific timeframe considered, the ICE is
never dispatched; therefore, the plant operation alternates
between the base load and enhanced MeOH modes.

Observing the annual behaviour of the storage units in Fig. 4,
it is evident that the crude methanol tank (purple line) operates
on a different timescale than the other buffers. While it absorbs
short-term (daily and weekly) variability, its overall state of
charge follows a seasonal cycle. In the Italian case, for example,
it progressively fills during the sunniest months and is depleted
during the winter, thereby guaranteeing a constant feed to the
purification section year-round. Fig. 4 also highlights the
impact of removing the intermediate storage options. In the
“flexible” case (Fig. 4a and c), where syngas and hydrogen
buffers are excluded, the optimized system compensates with
significantly larger biogas and crude methanol storage capac-
ities. This contrasts with the “enhanced flexibility” case (Fig. 4c
and d), where the daily variability is handled by the syngas and
hydrogen tanks, allowing the seasonal methanol tank to operate
with a similar profile but at a reduced volume. In the Danish
scenario, the multi-day variability of the off-shore wind requires
larger energy reserves compared to the daily cycles of solar PV in
Italy. Consequently, the seasonal methanol storage is consis-
tently larger (7000-8000 MWh). Although the enhanced flexi-
bility configuration leads to a reduction in both methanol and
biogas storage capacities, this effect is significantly less
pronounced in Denmark than in Italy.

3.2.2 Impact of flexibility. Fig. 5 presents the annual energy
balances for the Italian and Danish systems across different
methanol selling prices under the long-term scenario. As the
methanol selling price increases, it becomes more profitable to
maximise production. Consequently, reliance on the ICE
decreases while the total electricity consumed (and therefore
the required renewable capacity) increases. Notably, the
electrolyser becomes economically viable and is installed only at
high selling prices (i.e., 1100 € t ). Furthermore, compared to
inflexible setups, operational flexibility allows the plant to
reduce the installed renewable capacity for a given energy
demand, significantly decreasing both energy curtailment and
BESS utilisation.

Fig. 6 illustrates the trade-off between methanol production
costs and carbon efficiency. Inflexible configurations consis-
tently yield the highest production costs across all scenarios
and are heavily penalised in terms of carbon efficiency. At the
lowest selling price, their efficiency drops to 26-32% due to
excessive biogas combustion for power generation, peaking at
only 62-67% even at higher prices. In contrast, in both the
“flexible” and “enhanced flexibility” configurations, as the
methanol selling price increases, the profitable integration of
the electrolyser allows these systems to substantially boost their
carbon efficiency, surging from 51-55% at 500 € t " to 87-92%
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Fig. 3 Hourly energy balance profiles for the long-term scenario in Italy, with enhanced flexibility and a methanol selling price of 1100 € t™*

(above) and state of charge of storage units (below).

at 1400 € t ™, albeit at the expense of higher specific production
costs. Notably, the differences in production cost between the
“flexible” and “enhanced flexibility” setups are minimal (up to
3%). This clearly indicates that intermediate storage for biogas
and crude methanol alone is sufficient to capture the vast
majority of the economic benefits associated with operational
flexibility. An in-depth discussion and all results concerning the
different degrees of flexibility are reported in the SI.

3.2.3 Impact of economic scenarios. This section discusses
the impact of the three economic scenarios on the optimal
system design, starting with the annual energy balances shown
in Fig. 7 for the “flexible” case. The economic assumptions
fundamentally alter the plant's design and operational strategy.
As renewable technologies become cheaper, combusting biogas
for power generation becomes uncompetitive. Consequently,
the use of the ICE (orange bars) is drastically reduced in the

Sustainable Energy Fuels

“long-term visionary” scenarios, in favour of installing larger PV
and wind capacities, along with an increased battery use.

The viability of the electrolyser (light green bars) is the most
critical difference. In the “short-term” and “long-term”
scenarios, its high CAPEX (1000-1300 € kW™ ') means it is only
installed when methanol prices are high (e.g. higher than 1000
€ t"). However, in the “long-term visionary” scenario, the
significantly lower CAPEX of electrolysis systems (360 € kW)
makes it a profitable investment at much lower prices,
appearing already at 500 € t~'. This “visionary” assumption
encourages an oversizing of renewable capacity, particularly in
the Italian case, where cheap solar (yellow bars) is scaled up
significantly. This strategy accepts high energy curtailment
(grey bars) as a trade-off for maximising methanol production
with reduced costs of renewable technologies and electrolysis
systems.

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Annual state of charge profiles of gas/liquid storage units of the bio-e-methanol process for a methanol selling price of 1100 € t™% inthe
long-term scenario: (a) flexible system in Italy; (b) enhanced flexibility system in Italy; (c) flexible system in Denmark; and (d) enhanced flexibility

system in Denmark.

The methanol production cost breakdown for each
economic scenario is presented in Fig. 8, while Fig. 9 plots the
production cost (solid lines, left axis) and annual carbon effi-
ciency (dashed lines, right axis) as a function of the methanol
selling price.

As expected, the total cost generally decreases as the
underlying renewable technology costs fall, with the “long-term
visionary” scenario (orange lines in Fig. 9) consistently
achieving the lowest production cost and the highest carbon
efficiency. In this scenario, both production cost and carbon
efficiency show a monotonic rise as the selling price increases.
In contrast, the “short-term” (blue) and “long-term” (green)
scenarios exhibit a minimum in their methanol production cost
curves.

At 1100 € t ', the production costs of the “short-term” and
“long-term” scenarios converge. At this specific price point, the
“long-term” case leverages its cheaper renewable costs to invest
more heavily in PV, wind, and electrolyser capacity (as seen in
its cost bar composition in Fig. 8) to boost the total annual
production. As a result, the “long-term” case achieves a signifi-
cantly higher carbon efficiency for essentially the same

This journal is © The Royal Society of Chemistry 2026

production cost. As the price increases further to 1400 € t ', the
“short-term” case also installs the electrolyser, causing a diver-
gence of the production cost curves.

Finally, Fig. 10 illustrates the project's economic viability,
plotting the Profitability Index (PI) and Internal Rate of Return
(IRR) for the three economic scenarios as a function of meth-
anol selling price (within a 0-30% taxation range). At a low
selling price of 500 € t™, all configurations are economically
unviable (PI < 1), which is consistent with the finding that their
production costs are well above this selling price. The “long-
term visionary” scenario (orange lines) shows the most
dramatic response to price. In Italy (Fig. 10a), the low assumed
costs for PV and electrolysers enable a steep increase in profit-
ability, with the PI rising from 1.4-1.9 (at 800 € t ') to 2.5-3.6
(at 1400 € t'). This potential is constrained in Denmark
(Fig. 10c), where the higher cost of off-shore wind limits the
maximum PI to a lower 2.0-2.8 range.

In contrast, the “short-term” scenario in Italy (blue lines in
Fig. 10a) exhibits a critical trend: the PI increases as the price
rises to 1100 € t !, where it peaks, but then slightly declines at
1400 € t~'. This is because the increase in the NPV (higher
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Fig. 5 Annual energy balance of the bio-e-MeOH system for different degrees of flexibility, in Italy and Denmark, for different methanol selling

prices, in the long-term scenario.

production of methanol sold at a higher price) is more than
offset by the sharp rise in the investment costs, driven by the
installation of the electrolysis system and the related increase in
installed renewable capacity. This flattening effect, which limits
profitability, is not observed in the “long-term” scenarios where
electrolysis is much cheaper.

The main optimisation results across the different economic
scenarios are presented in Table 7 for the “flexible” case, at
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varying methanol selling prices in South Italy (an equivalent table
for Denmark is included in the SI). The reduced cost of renewable
technologies in the long-term scenarios makes it profitable to
install significantly more capacity. For example, with a methanol
selling price of 800 € t', the optimal installed PV capacity
increases from 22 MW in the “short-term” scenario to 89 MW in
the “long-term visionary” scenario. A 26 MW electrolysis system
is also installed, which in turn boosts the relative size of the
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Fig. 6 Methanol production cost and carbon efficiency as a function of methanol selling price in Italy (a) and Denmark (b), in the long-term

scenario.
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methanol selling prices.

syngas generation section (from 145% to 165%) and drives a 50%
increase in annual methanol production (from 29.0 kt year " to
43.7 kt year ') and carbon efficiency (from 60% to 90%).

3.2.4 Comparison between eSMR and FTR. Fig. 11 presents
the results of the comparative analysis between the flexible bio-e-
methanol process, across the various investigated economic
scenarios, and the FTR benchmark. For the benchmark case, an
electricity cost range of 100-200 € MWh " is considered (repre-
sented by the light blue shaded area). To ensure a fair comparison
between the two technologies, the NPV and IRR for the eSMR
configuration were calculated by exclusively considering the CAPEX
of the chemical island and the storage units. In this evaluation, the
cost of electricity is accounted for as an OPEX, charged at a price
equivalent to the LCOE, previously derived from the optimisation
model. The economic results in this case exclude taxation.

Regarding the NPV, the competitiveness of the eSMR-based
process is strictly linked to the methanol selling price. In the
“long-term” scenario, the eSMR configuration yields a higher
NPV than the FTR benchmark when methanol prices exceed
approximately 800 € t™'. In the “long-term visionary” scenario,
this break-even threshold decreases to roughly 550 € t .
Conversely, in terms of IRR, the FTR benchmark exhibits
superior performance. This disparity arises from the opera-
tional strategy of the electrified systems: as the methanol selling
price increases, the optimisation framework drives higher

This journal is © The Royal Society of Chemistry 2026

investments in renewable energy generation and electrolysis to
maximise production. In contrast, the benchmark production
capacity remains constant; consequently, its IRR increases
linearly with the rising methanol market value. It is worth
noting that the strong economic competitiveness of the FTR
benchmark is primarily driven by the assumed cost of biogas
(34 € MWh ™), which is significantly lower than the LCOE, of
the renewable plants with BESSs, ranging from approximately
45 € MWh " in the long-term visionary scenarios to about 85 €
MWh ! in the short-term scenarios.

3.2.5 Project scale and electricity price. The previous
sections analysed a large-scale system processing 21 MW (3915
Nm® h™') of biogas, highlighting how the biogas cost signifi-
cantly impacts the overall economics. However, typical anaer-
obic digesters could operate at much smaller capacities. As
emphasised by the Biomethane Industrial Partnership©, while
large-scale plants may incur higher transport costs due to
longer collection distances, this is more than offset by the
economies of scale associated with the capital investment,
ultimately leading to a lower production cost.* In this study,
a biogas production cost of 34 € MWh ™" was assumed for the
large-scale reference plant.® To model the impact of scaling, the
“two-thirds power law” was applied to the chemical island
CAPEX. For the biogas production cost, the exponential scaling
law was applied exclusively to the 50% CAPEX-dependent
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fraction, leaving the remaining scale-independent 50%
constant.”® This results in a biogas cost varying from 34 €
MWh ™" at large scale to 54 € MWh ™" at small scale, consistent
with IEA data."*® Conversely, no economies of scale were
assumed for the modular renewable technologies. Fig. 12
presents the results of this analysis for the optimal “flexible”
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configuration in Italy, with a methanol selling price of 800 €
t~'. The impact of economies of scale is substantial: the
methanol production cost rises sharply from 529-663 €t~ for
large-scale plants to 760-1009 € t ' for small-scale plants (2.1
MW, or 391 Nm® h™ "), which are representative of agricultural
biodigesters in Italy. Consequently, to bridge the cost gap with
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Fig.9 Methanol production cost and carbon efficiency as a function of methanol selling price in Italy (a) and Denmark (b), for the “flexible” plant.
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fossil-based methanol (100-500 € t'),*»** investing in cen-
tralised, large-scale systems is essential. The figure also
includes a comparison (light blue area) with benchmark bio-
methanol production via a conventional Fired Tubular
Reformer (FTR). The FTR route generally yields a lower
production cost and significantly lower electricity consumption,
which is primarily limited to reactant compression.

Evaluated on an energy basis, the production cost of bio-e-
methanol thus varies between 91-114 € MWh ™' at large scale
and 130-174 € MWh ™" at small scale. These values are notably
higher than those of bio-methane, which has an average
production cost in Europe ranging between 55 and 91 €
MWh 1.5 Consequently, the competitiveness of bio-e-methanol
is highly context-dependent and relies on a higher selling price

This journal is © The Royal Society of Chemistry 2026

that recognises the higher value of methanol compared to
methane.

3.2.6 Emissions. The environmental performance of the
optimal system configurations is analysed in Fig. 13, which
plots the specific equivalent CO, emissions per MJ of meth-
anol produced (LHV basis) for the “flexible” case in South Italy,
under long-term economic assumptions. As detailed in the
Methodology section, the analysis considers two boundary
scenarios: a “low emission scenario” (optimistic assumptions
for embodied emissions and 0.5% methane slip) and a “high
emission scenario” (conservative assumptions and 2%
methane slip). The breakdown identifies methane slip (orange
area) as the dominant contributor to the total carbon foot-
print, particularly in the high emission scenario.
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Impact of economies of scale on methanol production cost in different economic scenarios and comparison with fossil methanol and

bio-methanol with an FTR-based plant (benchmark). Shaded area for the benchmark considering electricity prices of 50-150 € MWh™™.,

The increased methanol production at a higher methanol
selling price involves a reduction of the impact of the methane
slip, as these fixed upstream emissions are distributed over
a larger amount of methanol. Overall, specific emissions remain
rather stable, as the benefit of the augmented methanol yield is
offset by the additional embodied emissions associated with the
expanded renewable capacity. Overall, the total specific emis-
sions are between 5 gco, eq/MJ1uv (low emission scenario) and
18 gco,,eq/MJLuv (high emission scenario). For comparison, the
bio-methanol production via FTR results in specific emissions
related to biomethane slip ranging between 3 and 13 ggo, eq/
M]nv and a total emission of circa 3.6-14.2 gco, eq/MJLuv-

This journal is © The Royal Society of Chemistry 2026

Methanol production from natural gas with end-of-life
combustion entails emissions of about 110 gco,eq/MJLuv-*
This value comprises supply chain emissions (gas production
and transport, intermediate processing and transport, produc-
tion and methanol transport) of roughly 40 gco,eq/MJLuv and
end-of-life emissions equal to 69 gco, cq/MJLuv- In contrast to
production from natural gas, when methanol is produced from
biogenic carbon, end-use emissions are considered climate
neutral.®® While the specific emissions of the eSMR process
(evaluated as gco, eq/MJ1uv of methanol) are slightly higher than
those of the FTR configuration, evaluating the emission
reduction against fossil methanol per unit of consumed biogas

Sustainable Energy Fuels
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reveals a different perspective. Due to its higher carbon effi-
ciency, the emission reduction achieved by the bio-e-methanol
pathway can be significantly greater, ranging from approxi-
mately 70 to 140 gco,eq/MJbiogas- In contrast, the avoided
emissions for the FTR case are limited to between 77 and 86
2co,,cq/MJbiogas- Therefore, bio-e-methanol yields higher overall
emission reductions when the system operates at high carbon
efficiency (e.g., by restricting ICE usage and integrating
hydrogen into the process). In comparison, when substituting
fossil natural gas with bio-methane, the avoided emissions are
lower, amounting to approximately 58-64 gco, cq/MJbiogas- This
calculation is based on natural gas emission data from ref. 63,
assuming methane leakage rates between 0.2% and 3.5%.

4 Conclusions

This study presented a comprehensive techno-economic opti-
misation of a flexible bio-e-methanol plant, integrating biogas
reforming via electrified Steam Methane Reforming (eSMR) and
external electrolytic hydrogen. The eSMR process demonstrates
superior resource utilisation compared to conventional fired
tubular reforming (FTR), boosting carbon efficiency from ~50%
to 70% in the base load configuration and up to 96% in the
enhanced MeOH mode via hydrogen injection. However, higher
carbon recovery involves higher electricity consumption,
reaching 3.25 kWh/kgyeon at base load and 5.46 kWh/kgyeom
in enhanced methanol mode (i.e. when methanol yield is
boosted by the addition of hydrogen from water electrolysis),
compared to 0.55 kWh/kgyeon for a conventional FTR-based
plant.

The system was integrated with renewable solar and wind
power generation with a BESS, a biogas Internal Combustion
Engine for power self-generation during periods of low renewable
availability, and intermediate gas/liquid buffers to unlock the
operational flexibility of the chemical island. The system was
optimised with hourly resolution over a full year, evaluating: (i)
different degrees of flexibility; (ii) two distinct European loca-
tions; (iii) the sensitivity to methanol selling price; (iv) various
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economic scenarios regarding the costs of renewable technolo-
gies, batteries, and electrolysers; and (v) the impact of economies
of scale (from 390 Nm® h™" to 3900 Nm® h™" of biogas).

The analysis demonstrates that the flexibility of syngas
generation and methanol synthesis, combined with biogas and
methanol storage, enables the capture of the majority of the
load-following economic benefits. This strategy -effectively
reduces electricity curtailment and lowers the specific methanol
production cost by up to 24%. However, the advantages asso-
ciated with flexibility diminish in the long term scenario as
a result of the decreasing costs of renewable technologies and
batteries. Moving to an “enhanced flexibility” configuration,
including hydrogen and syngas storage and load decoupling
between syngas generation and methanol synthesis units, yields
only marginal improvements, increasing the NPV by only 2-7%
and the internal rate of return by less than 1 percentage point.
Across the analysed frameworks, the flexible plant achieves
profitability at methanol selling prices between 600 and 800 €
t~', with IRR values reaching up to 15-30% at a methanol
selling price of 1100 € t ™.

The eSMR process entails lower specific plant costs
compared to the conventional FTR-based process, thanks to the
higher compactness of the reformer and to the higher methanol
production capacity. Ultimately, the competitiveness between
the two technologies is largely influenced by the relative cost of
biogas compared to electricity: if biogas is cheaper than elec-
tricity, burning part of the feedstock to fire the FTR furnace is
economically more competitive than electrifying the reformer in
most scenarios. Nevertheless, the increased methanol yield of
the eSMR process allows it to become economically viable at
high methanol selling prices. In this study, given the higher cost
of electricity compared to biogas, the augmented production of
the eSMR configuration makes the process competitive
(vielding a higher NPV) for methanol prices exceeding 1100 €
t~" in the short-term scenario and for values greater than 550-
800 € t~" in the long-term scenarios.

Installing an electrolyser remains economically challenging:
under standard cost projections, hydrogen addition only becomes
viable at methanol prices exceeding 1000 € t ™!, whereas a “long-
term visionary” reduction in electrolyser CAPEX (363 € kW) is
required to unlock its potential at lower market prices.

The inherent complexity and capital intensity of this inte-
grated process suggest that it is best suited for large-scale
applications. Transitioning from small, distributed plants to
large, centralised plants collecting biogas from multiple sources
leverages significant economies of scale, driving the specific
methanol production cost down from 760-1009 € t~* for 390
Nm® h™" (2.1 MW, yy) plants to 529-663 € t * for 3900 Nm® h™*
(21 MWy y) plants. Furthermore, environmental analysis high-
lights that while the specific emissions per unit of methanol are
slightly higher for the eSMR process when accounting for the
embedded emissions of REN/BESS, the eSMR pathway offers
a greater reduction in avoided CO, emissions per unit of utilised
biogas. Provided that the system's carbon efficiency is effectively
maximised, the eSMR configuration can reach up to 140 gco, eq/
MJpiogas Of avoided emissions, compared to approximately 80
2co,,eq/MJbiogas for bio-methanol from the FTR-based process and

This journal is © The Royal Society of Chemistry 2026



Paper

60 Zco, eq/MJbiogas fOr the substitution of fossil methane with bio-
methane.

Author contributions

Andrea Nava: writing - original draft, visualisation, software,
methodology, investigation, formal analysis, and
ceptualisation. Matteo C. Romano: writing - review and editing,
validation, supervision, methodology, and conceptualisation.

con-

Conflicts of interest

There are no conflicts of interest to declare.

Abbreviations

BCM Billion cubic metres

BCY Battery equivalent cycle number
BESS Battery energy storage system
CAPEX CAPital EXpenditure

CF Capacity factor

CRF Capital recovery factor

eSMR Electrified steam methane reformer
EE Electric energy

FTR Fired tubular reformer

GHSV Gas hourly space velocity

ICE Internal combustion engine

IRR Internal rate of return

KPIs Key performance indicators

LCOE Levelised cost of electricity

LCOM Levelised cost of methanol

LHV Lower heating value

M Stoichiometric module of the syngas
MILP Mixed integer linear programming
Mt Million tonnes

NPV Net present value

OPEX OPerative EXpenditure

PI Profitability index

REN Renewable energy

SMR Steam methane reforming
SoC State of charge

STH Storage hours

TAC Total annual cost

Data availability

The data supporting the findings of this study, including all
assumptions, methodologies used to simulate the plants on
Aspen and GAMS, and all results, are provided in the main paper
and the supplementary information (SI). Supplementary infor-
mation: detailed process flow diagrams and comprehensive
stream tables detailing properties and compositions across
different operating points; methanol reactor performance data,
including its response to varying recycle ratios with and without
hydrogen addition, alongside specific equipment cost estima-
tions; the complete mathematical formulation of the
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optimisation model, including all governing equations and
constraints; granular cost breakdowns and specific capital
expenditure estimations for all chemical island components; and
comprehensive tables detailing the optimisation results,
including renewable and storage unit capacities, the Levelised
Cost of Energy (LCOEren), capacity factors, and key economic
indices across all evaluated scenarios and varying methanol
selling prices. See DOIL: https://doi.org/10.1039/d6se00355a.
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