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Abstract
Biological methanation (biomethanation) of syngas obtained from biomass gasification offers the opportunity to employ a low-
pressure, low-temperature process to produce storable bio-derived substitute natural gas (bSNG), although its economic viability
is limited by high energy and biomass costs. Research on syngas biomethanation techno-economic performance is limited and
novel biomass-to-biomethane process configurations are required in order to assess opportunities for the enhancement of its
efficiency and economic feasibility. In this study, we carried out the techno-economic modeling of two processes comprising
integrated biomass gasification, electrolysis, and syngas biomethanation with combined heat and power recovery in order to
assess and compare their fuel yields, energy efficiency, carbon efficiency, and bSNG minimum selling price (MSP). The first
process operates standalone biomethanation (SAB) of syngas and can produce approximately 38,000Nm3 of bSNG per day, with
a total plant efficiency of 50.6%. The second process (integrated biomethane-biomethanol, IBB) exploits the unconverted carbon
stream from the biomethanation process to recover energy and synthesize methanol via direct catalytic CO2 hydrogenation. In
addition to the same bSNG output, the IBB process can produce 10 t/day of biomethanol, at a 99% purity. The IBB process shows
little global energy efficiency gains in comparison with SAB (51.7%) due to the large increase in electrolytic hydrogen demand,
but it shows a substantial improvement in biomass-to-fuel carbon efficiency (33 vs. 26%). The SAB and IBB processes generate a
bSNG MSP of 2.38 €/Nm3 and 3.68 €/Nm3, respectively. Hydrogenation of unconverted carbon in biomass-to-biomethane
processes comes with high additional capital and operating costs due to the large-scale electrolysis plants required. Consequently,
in both processes, the market price gap of the bSNG produced is 0.13 €/kWhbSNG (SAB) and 0.25 €/kWhbSNG (IBB) even under
the most optimistic cost scenarios considered, and it is primarily influenced by the cost of surplus electricity utilized in electrol-
ysis, while the selling price of biomethanol exerts a very limited influence on process economics. Intensive subsidization would
be required in order to sustain the decentralized production of bSNG through both processes. Despite their limited economic
competitiveness, both processes have a size comparable with existing renewable gas production plants in terms of bSNG
production capacity and the IBB process is of a size adequate for the supply of biomethanol to a decentralized biorenewable
supply chain.
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Acronyms and symbols
AD Anaerobic digestion
bSNG Bio-derived substitute natural gas
bMeOH Biomethanol

CHP Combined heat and power
Cdecarb Cost of grid gas decarbonization (€/kWh)
daf Dry and ash free biomass
IBB Integrated biomethane-biomethanol
IBGEB Integrated biomass gasification-electrolysis-

biomethanation
IBGM Integrated biomass gasification-methanol

synthesis
LHVprod, i Lower heating value of product i (MJ/kg)
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LHVbiom Lower heating value of biomass (MJ/kg)
ṁprod;i Mass flow rate of product i (kg/s)
Qi Heat stream i (MWth)
Wi Work stream i (MWel)
ṅCO2;r:g: Molar flow rate of carbon dioxide in

selected reject gases (mol/s)
ṅCO2;syng Molar flow rate of carbon dioxide in

treated syngas (mol/s)
ṅH2;r:g: Molar flow rate of hydrogen in selected

reject gases (mol/s)
ṅH2;elec;MeOH Molar flow rate of hydrogen produced

by the electrolysis unit (mol/s) for
methanol synthesis

ṅH2;elec;BM Molar flow rate of hydrogen produced
by the electrolysis unit (mol/s)
for biomethanation

v̇BM Normal volume flow rate of biomethane
Pnatgas Average market price of conventional

natural gas (€/kWh)
PtG Power-to-gas
PtM Power-to-methanol
QGB Enthalpy difference in the gasification bed
QCB Enthalpy difference in the char

combustion bed
Qloss Heat losses to the surroundings
S-t-F Syngas-to-fuel
SAB Standalone biomethanation
SM Stoichiometric modulus
TDH District heat stream temperature
WGS Water-gas shift

1 Introduction

The implementation of advanced bioeconomies relies on the
efficient conversion of renewable carbon stocks into versatile
fuels and chemical feedstocks. Biomass gasification has been
identified as a promising technology for the thermochemical
conversion of renewable biomass into a synthetic gas mixture
(syngas) that can serve as a precursor to produce renewable
biofuels and biochemicals [1]. Such products are the result of
conversion processes operated downstream of biomass gasifi-
cation and include commodities such as Fischer-Tropsch prod-
ucts, methanol, dimethyl ether, hydrogen, biodiesel, and
biomethane in the form of bio-derived substitute natural gas
(bSNG) [2]. Syngas upgrading to bSNG via methanation has
attracted much attention in recent years [3], partly because of
the versatility of methane as a low-emissions energy carrier that
makes it a suitable fuel for the transition to a fully renewable
energy system [4]. Methanation processes offer the possibility
to be integrated in so-called power-to-gas (PtG) systems. In
these systems, water electrolysis, powered by surplus renew-
able electricity, is used to produce hydrogen, which reacts with

carbon dioxide to synthesize grid-quality bSNG [5], either via
catalytic [6] or via biological conversion processes [7]. PtG
processes offer several opportunities for future energy systems,
enabling energy storage and grid stabilization while producing
renewable methane [8]. Biomass gasification can thus be inte-
grated with methanation and water electrolysis in PtG systems,
with the potential to address fuel-type diversification and stor-
age needs. Integrated biomass gasification and catalytic metha-
nation systems have been widely studied from a modeling and
system performance point of view [9], while only few studies
so far have addressed the performance of integrated biomass
gasification-biomethanation systems [10–12].

Among the products of syngas conversion, methanol is a
fundamental platform chemical for the production of a variety
of compounds in the contemporary chemical industry, such as
formaldehyde, methyl tert-butyl ether, and acetic acid [13] and
the production of bio-derived methanol could play an impor-
tant role in future biorenewable supply chains. Methanol has
also been identified as a promising transition fuel and energy
carrier to lead the transportation sector towards complete
decarbonization [14]. Therefore, the development of
biomass-to-methanol technologies and the techno-economic
analysis of related full-scale processes have recently attracted
considerable attention [15]. An integrated biomass
gasification-methanol synthesis (IBGM) scheme comprises
biomass gasification to syngas and the subsequent catalytic
synthesis of methanol via CO conversion to CO2 and subse-
quent hydrogenation (the CAMERE process), or via direct
CO2 hydrogenation. Catalytic methanol synthesis from direct
CO2 hydrogenation can serve as a carbon utilization process
[16, 17] that allows the fixation of CO2 from a variety of
sources into a useful product, and it can be integrated into
power-to-methanol (PtM) systems, where renewable electric-
ity is exploited to produce electrolytic hydrogen for use in
methanol synthesis [18]. When large quantities of renewable
hydrogen are available, CO2 hydrogenation to methanol rep-
resents an option for the valorization of renewable carbon
derived from other processes via carbon utilization, according
to the poly-generation needs of future bioeconomies and the
biorefinery concept [19]. Moreover, the conversion of CO2

and H2 to methanol through the PtM concept allows overcom-
ing the limitations related to the handling of pure hydrogen, by
producing a versatile liquid fuel that is more easily exploitable
in the existing distribution infrastructure [20]. Moioli et al.
[21] demonstrated that CO2-to-methanol requires an overall
lower energy input per unit mass of fuel produced than CO2-
to-methane, due to the lower stoichiometric hydrogen require-
ments of methanol synthesis, and that it delivers a higher
energy storage efficiency when normalized for electrolysis
efficiencies. For this reason, CO2-to-methanol may represent
a better option than CO2-to-methane when small-scale appli-
cations are considered, due to the lower investment required
by smaller electrolysis sizes.
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Biological methanation (biomethanation) of biogas pro-
duced through anaerobic digestion has seen successful lab-
scale demonstration [22–24] and pilot projects [25], and its
use in PtG schemes has been investigated taking AD as a
standalone carbon source [26] or in parallel to hydrothermal
liquefaction (HTL) of digestate [27]. For standalone AD, Vo
et al. [26] estimated a biomethane minimum selling price
(MSP) of 1.43 €/Nm3, with an electricity cost of 0.1 €/kWh.
Kassem et al. [27], instead, estimated a biomethane levelized
cost of energy (LCOE) of 10 $/GJ (approx. 0.33 €/Nm3, con-
version rate 1 EUR = 1.1 USD), considering an electricity
price of 0.05 $/kWh and applying two US carbon pricing
mechanisms on the biomethane and the biocrude produced
through HTL, namely the Low Carbon Fuel Standard
(LCFS) and the Renewable Fuel Standard (RFS). However,
none of the two studies evaluated the effect of utilizing the
available CO2 for two distinct product streams with the aid of
electrolytic hydrogen.

Biomethanation of syngas has also recently been demon-
strated an effective syngas-to-methane technology on the
lab scale and shows potential for scale-up [28]. In a previous
techno-economic assessment on an integrated biomass
gasification-electrolysis-biomethanation (IBGEB) process,
we identified a bSNGminimum selling price of 2.68 €/Nm3

and we indicated that key optimization opportunities rely on
lower-pressure operation and better energy integration
within the process [11]. As an important advantage over
catalytic methanation, syngas biomethanation offers the
possibility of low-pressure [22, 23] or atmospheric-
pressure [28] operation, with the potential to generate ener-
gy savings. However, such advantage can only be exploited
if the upstream process train is run at lower pressure,
avoiding high-pressure units in the syngas gas conditioning
section. In syngas conditioning, impurities such as H2S and
NH3 need to be removed by a combination of water scrub-
bing and/or catalytic reactions, and the CO2:H2 ratio of the
feed gas needs to be lowered to avoid excessive CO2 con-
centration in the product SNG, or conversely, to limit the
additional hydrogen demand from electrolysis. An alterna-
tive to the use of high-pressure catalytic units for
desulphurization and water-gas shift (WGS) [29, 30] is the
simultaneous removal of CO2, H2S and NH3 from syngas by
combined water-methanol scrubbing [30] that can be effec-
tive at low pressures when the required reduction in concen-
tration is limited.

Yun et al. [31] recently proposed an alternative concept
to the conventional gasification-cleaning-methanation
train, illustrating the use of biomass pyrolysis followed by
low-temperature steam reforming of bio-oil as a promising
strategy for the direct production of biomethane with high
carbon conversion efficiency. The improvement of carbon
efficiency in biomass-to-biomethane systems can also be
addressed through the capture and utilization of carbon

streams rejected by the process that could be further
exploited on site to produce renewable commodities.
Michailos et al. [10] have modeled carbon capture and stor-
age (CCS) by amine scrubbing on a gasification-
biomethanation process, indicating that the system could
capture 1.42 kg CO2 per kg bSNG produced, increasing
the bSNG minimum selling price (MSP) by 17% compared
to a process without CCS. The authors indicated that the
examined biomethanation process would only be profitable
(NPV = 0) with a price of 39 ₤/t of CO2 captured and a
penalty emission factor on fossil natural gas of 0.2 t CO2/
MWh. However, alternative carbon utilization options of
the recovered carbon stream were not assessed in the study.
Michailos et al. [12] also evaluated an integrated concept for
a wastewater treatment plant comprising anaerobic diges-
tion (AD), digestate gasification, and CO2 biomethanation,
where AD and PEM electrolysis are the main source of CO2

and H2, respectively. In scenarios in which digestate gasifi-
cation is used for the co-provision of H2 or a mixture of CO2

and H2 to biomethanation, the estimated MSP were 135
₤/MWhHHV (approx. 1.65 €/Nm3; 1 GBP = 1.09 EUR)
and 164 ₤/MWhHHV (approx. 2 €/Nm3), respectively, with
reductions of 32–42% when O2 valorization, renewable en-
ergy incentives, and grid balancing fees are included.
However, the co-production of more than one fuel type
was not considered in any of the layouts studied.

Further work is thus required in order to assess process
integration options that can enhance the feasibility of
IBGEB processes, increase their carbon efficiency, and allow
for poly-generative systems that valorize waste renewable car-
bon. The techno-economic modeling of low-pressure
biomethanation systems integrated with high-value power-
to-X and carbon utilization options is required in order to
assess the potential of these processes to improve the large-
scale feasibility of biomass-to-biomethane systems.

In this study, we implemented a techno-economic process
model to assess two alternative options for the valorization of
biomass carbon through the production of bSNG, biomethanol,
and district heat. In a base case, we investigated the perfor-
mance of an integrated biomass gasification-electrolysis-
biomethanation (IBGEB) system in which low-pressure syngas
conditioning is implemented via water-methanol scrubbing. In
an alternative case, we assessed the performance of the same
IBGEB process where the carbon stream left unconverted by
the process is utilized in catalytic methanol synthesis.

The aim of the study was to verify whether carbon uti-
lization for methanol synthesis can improve the techno-
economic performance of an IBGEB process and lower
the bSNG minimum selling price. In particular, we imple-
mented a steady-state process model in Aspen® Plus, and
for each process, we estimated (1) mass balances, (2) en-
ergy balances, and (3) biomethane minimum selling price
under different economic scenarios.
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2 Materials and methods

2.1 Process description

2.1.1 Standalone biomethanation

In standalone biomethanation (SAB), wet wood pellets are
dried and converted to syngas in a 32-MWth dual-fluidized
bed steam gasification plant, based on the size and configura-
tion of the GoBiGas plant [30] (Fig. 1). Hot syngas is used to
generate steam in a counter-current heat exchanger; it crosses
a bag filter for the removal of particles and then transfers to the
liquid scrubbing section (Fig. 2).

Particle-free syngas (SYNG-4) is cooled to 25 °C and com-
pressed to 5 bar, before entering a water scrubber (W-
SCRUB) for the reduction of NH3, H2S, and CO2 concentra-
tion. Rich water (SPWATER) is stripped with air for the re-
moval of the absorbed compounds and is partly recycled to the
scrubber, where it is mixed with make-up water. Pre-treated
syngas (SYNG-6) passes through a condenser and enters a
chilled methanol scrubber (MEOHSCR) for further removal
of NH3, H2S, and CO2. Rich methanol is depressurized
(H2SSTRIP) and regenerated in a distillation column
(CO2STRIP). Regenerated methanol (MEOHREG) is
recycled to the scrubber inlet and mixed with fresh solvent.

Downstream of the scrubbing section (Fig. 3), treated syn-
gas is warmed to a thermophilic temperature of 60 °C (SYNG-
11); it mixes with an additional hydrogen stream and enters a
trickle-bed reactor for syngas bioconversion to biomethane.
The produced biogas (BIOG-1), a wet mixture of CH4, CO2

and impurities, is dried in a condenser and is then compressed
to 10 bar and cooled to 15 °C upstream of a pressure swing

adsorption (PSA) unit for biogas purification. Purified bSNG
(BIOMTN) is then injected into the gas grid at 70 bar through
a multi-stage intercooled compressor (MSCOMP-1). The stoi-
chiometric modulus (SM, Eq. (1)) represents the ratio between
H2, CO, and CO2 required to achieve full stoichiometric car-
bon conversion in a biomethanation system [32].

SM ¼ ṅH2 þ ṅCO
ṅCO2 þ ṅCO

¼ 4 ð1Þ

However, in order to limit the size of the electrolysis plant
required, in this study, an alkaline electrolyzer supplies addi-
tional hydrogen to satisfy only a H2:CO2 ratio of 4, thus leav-
ing part of syngas carbon unconverted. The oxygen produced
by the electrolysis plant is used for in-plant combustion of
reject gases (CMBSTR-2, below).

Figure 4 and 5 display a representation of the energy re-
covery train. The mixture of reject gases (TAILS-0) is
combusted at 920 °C and combustion heat is recovered by
producing steam (STM-F-2) that transfers heat to the reboiler
of the methanol regeneration column (heat stream Q-8, Fig.
2), is used to warm syngas (HX-9, Fig. 3), and finally mixes
with other steam lines destined to district heat provision (not
displayed). The off-gases from the reject gas combustor
(CMBSTR-2) and from the char combustion bed
(CMBSTR-1) are cooled to 220 °C while transferring heat to
a 50-bar steam line (STM-B-1, Fig. 5), which is subsequently
expanded in a series of two turbines, first through a 35-bar
pressure decrease, and then to a final pressure of 3 bar. The
cooled off-gases at 220 °C (FLUE-6) enter the biomass dryer
before being ejected to the atmosphere. Further heat is recov-
ered from the low-temperature steam exiting the turbine cycle

Fig. 1 Biomass drying, dual fluidized bed steam gasification, syngas cooling, particles, and moisture removal
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(STM-B-6) and transferred first to incoming steam (through
HX-3) and secondly to the biomass dryer.

2.1.2 Integrated biomethanol-biomethane

In addition to the gasification, syngas conditioning, and
biomethanation sections described above, in the integrated
biomethanol-biomethane (IBB) process, the unconverted car-
bon stream rejected in biogas purification is exploited in

catalytic biomethanol synthesis (Fig. 7) on a Cu/ZnO/Al2O3

catalyst [21]. Tail-gases from PSA biogas treatment are
combusted (CMBSTR-3) to heat a steam line (STM-I) that
supplies heat to the methanol distillation train and is then sent
to district heat provision (not displayed). A mix of plant reject
gases is combusted in a second combustor (CMBSTR-2) (Fig.
6), to produce another 50-bar steam line (STM-F) for expan-
sion in the turbine cycle. A third steam line is produced by
cooling the off-gases from the reject gas combustor and the

Fig. 2 Syngas water-methanol liquid scrubbing and related solvent regeneration sections

Fig. 3 Syngas biomethanation, biogas purification, and electrolysis
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char combustion bed. The oxidized off-gases from PSA tail
gas combustion (CU-1) transfer to the methanol synthesis sec-
tion and mix with additional hydrogen from the electrolysis
plant. The feed mixture is cooled and compressed to the reac-
tion pressure (50 bar) in a multi-stage compressor. The reac-
tion heat generated by CO2 hydrogenation is used to pre-heat

STM-I, while further cooling of the reaction products transfers
heat to a further steam line (STM-J) for use in the
biomethanation section.

The reaction products are cooled to 10 °C and separated in
a first flash drum. The liquid phase obtained is cooled and
expanded in a second flash drum (10 °C, 1.2 bar). The gas-

Fig. 4 Combustion of rejected plant gases for energy recovery (SAB process)

Fig. 5 Fuel gas cooling and steam
cycle
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phase streams (MEOH-G-1, MEOH-G-2) are sent to combus-
tion for energy recovery. Rawmethanol (MEOH-4) is purified
in a three-step distillation train, with intermediate flash gas
separation and condensation units to achieve a > 99% purity
in the top product of the third column. The columns reboilers
exchange heat with the hot steam line STM-I, while heat is
recovered from the largest wastewater stream (MEOH-5).

2.2 Process modeling methods

All physical, chemical, and thermal process modeling was
carried out in Aspen® Plus v.10, while the evaluation of eco-
nomic scenarios for the two processes was carried out in
Excel®. The following sections provide details on the model-
ing methods.

2.2.1 Biomass steam gasification

In the simulation of complex integrated flowsheets, biomass
steam gasification has frequently been modeled by separating
the pyrolysis-gasification process and the char combustion

process. Under this approach, a mass and heat balance is cal-
culated around the pyrolysis-gasification zone, the unconvert-
ed char is transferred to the combustion zone, and char com-
bustion heat is set equivalent to the enthalpy requirements of
the pyrolysis-gasification process, allowing for a fraction of
heat loss [33, 34]. Some authors have simulated the pyrolysis-
gasification process (gasification bed) as a single-step gas for-
mation process, either by using experimental data to reconcile
a thermodynamic model [35, 36] or by directly implementing
empirical correlations [37]. Another approach consists in
subdividing the gasification bed into a biomass decomposition
step and a gas formation step [10]. The DFB steam gasifica-
tion process in this study was modeled according to a three-
step methodology that simulates biomass decomposition, per-
manent gas and tar formation and char combustion. A constant
biomass composition is adopted according to the experimental
data reported by Alamia et al. [34]. Biomass enthalpy is esti-
mated through the HCJ1Boje method and biomass density
through the DCOALIGT method [38] that can be applied to
non-conventional solid streams in Aspen Plus and RK-Aspen
was selected as the thermodynamic property method used in

Fig. 6 Combustion of rejected plant gases for energy recovery (IBB process)

Fig. 7 Catalytic methanol synthesis and purification
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the gasification section [37, 38]. Biomass moisture content is
represented as a separate H2O stream in the mixed composi-
tion of biomass, to enable vapor-liquid flash calculations
(Aspen Flash2) in the drying process. Two RYield units are
used in Aspen Plus to first decompose biomass into H2, CO,
CO2, CH4, and C (DECOMP), according to its elemental
composition, and secondly to yield the gas composition re-
ported for the GoBiGas plant [30] (GASFR). Tar compounds
were restricted to four species representing one tar class each
(phenol, class 2; toluene, class 3; naphthalene, class 4;
coronene, class 5). Their relative concentration and yield
was adapted from Zhang and Pang [39]. The concentration
of H2S was estimated from the mass yield reported for the
GoBiGas plant [34]; NH3 concentration was estimated from
N elemental balance assuming 100% conversion to NH3,
while the Cl biomass concentration applied (0.006%) was
considered sufficiently small to neglect any HCl formation
in this study. Char production corresponded to a mass rate of
0.186 kgchar/kgDB [34] and its composition was modeled as
pure C (CISOLID class in Aspen Plus). Char produced in the
gasification bed is separated from the products of biomass
decomposition (DECOMP) with a Sep block and it is fully
combusted in air at 850 °C (CMBSTR-1, RGibbs), according
to a restricted thermodynamic equilibrium approach in
RGibbs, where only CO2, O2, and C were set as possible
products.

The model described allowed reaching a deviation of 1%
on C atomic balance across the gasifier. Gas moisture content
was then estimated by closing the H balance.

In a DFB gasifier, the combustion heat generated in the
char bed (CMBSTR-1, Fig. 1) is transferred to the gasification
bed through a solid heat transfer medium [40]. Char combus-
tion heat (Q-4) can thus be considered equal to the enthalpy
requirements of the gasification bed, while accounting for heat
losses (Eq. (2)), according to a DFB concept [34, 35, 37].

QGB ¼ Q1 þ Q2 ¼ QCB−Qloss ¼ Q4 ð2Þ

In this model, the enthalpy balance around the gasification
bed was calculated in Aspen Plus as the algebraic sum (heat
stream Q-3) of the enthalpy balances of the biomass decompo-
sition (DECOMP, heat stream Q-1) and permanent gas forma-
tion (GASFR, heat stream Q-2) at isothermal conditions (850
°C, 1 atm). Char combustion was also calculated at isothermal
conditions (920 °C, 1 atm, heat stream Q-4). The difference
between heat streams Q-4 and Q-3 can be assumed to cover
heat losses and is not articulated any further in this study. The
DFB heat balance could thus be defined as in Eq. (3).

Q4 ¼ Q1 þ Q2 þ Qloss ¼ Q3 þ Qloss ð3Þ

2.2.2 Syngas conditioning and solvents regeneration

At the gasifier outlet, syngas is cooled below 200 °C while
bringing gasification steam to a temperature setpoint of 350 °
C in HX-1. Subsequently, a bag filter with a 100% particle
removal efficiency is simulated through a simple pressure re-
duction device (Valve). The water scrubber is simulated as a
single-stage adiabatic flash (W-SCRUB, Flash2), while the
methanol scrubbing section is modeled through a simplified
adaptation of the Rectisol® process for syngas treatment [41].
The scrubbing tower is simulated by an adiabatic absorber
(MEOHSCR, RadFrac) with five equilibrium stages and a
chilled methanol (− 60 ° C) inflow rate of 2 kg/s (solvent-to-
feed rate of approximately 1.25 kgMeOH/kgsyngas). Stripping of
rich water takes place in a single-stage adiabatic flash column
(W-STRIP, Flash2). Methanol is first depressurized in a
single-stage flash drum (H2SSTRIP, Flash2) at near-ambient
conditions and it is then regenerated in a 10-stage distillation
column (CO2STRIP, RadFrac) without condenser. The regen-
erated methanol stream leaves the column reboiler as a liquid
at boiling point. Methanol cooling is represented through a
heater block (− 60 °C) on the incoming lean methanol stream
that enters MEOHSCR. Table 1 provides a summary of the
specified operating conditions for the vapor-liquid equilibri-
um units. All separation processes within the syngas condi-
tioning and solvents regeneration section are simulated
through vapor-liquid equilibrium (VLE) [42] according to
the ELECNRTL model state equation, as recommended for
acid gas absorption [43] and as previously used in the simu-
lation of syngas scrubbing [37, 44].

2.2.3 Biomethanation and bSNG grid injection

Biomethanation of syngas takes place in a trickle-bed biore-
actor, a reactor configuration that has been demonstrated to
achieve high H2 conversion on the lab scale and shows poten-
tial for scale-up [28]. The biomethanation process is simulated
through a stoichiometric reactor (BIOREACT, RStoich),
where syngas is converted to biogas according to Reaction 1
and Reaction 2, at a 95% once-through conversion efficiency
on hydrogen and carbon monoxide, respectively, according to
the performance of trickle-bed reactors reported by
Asimakopoulos et al. [28].

Reaction 1

CO2 þ 4H2→CH4 þ 2 H2O

Reaction 2

4COþ 2H2O→CH4 þ 3 CO2

Liquid recirculation to the reactor is simulated through a
pump, while nutrient provision modeling is not part of this
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study, although in a typical trickle-bed reactor, the microbial
community is fed with a solution containing nitrogen, phos-
phorus, potassium, other minor nutrients, and pH buffer salts
[22, 23, 28, 45, 46].

The biogas mixture at the bioreactor outlet is purified by
means of a pressure swing adsorption (PSA) unit, modeled as
a simple separator (Sep) operating at 10 bar with specified
constant separation efficiencies for the selected compounds
reported in Table 2. The pure-stream side recovery rate of all
other compounds was assumed to be zero. A pressure reduc-
tion valve (Valve) is used to depressurize the wasted stream to
atmospheric pressure, according to a typical depressurization-
wasting cycle in a PSA system.

Gas compression for grid injection of the purified stream is
modeled through an inter-cooled multi-stage compressor
(MComp) with three constant 18-bar pressure increase steps
and a final 16-bar stage.

2.2.4 Catalytic methanol synthesis and purification

Although the CAMERE process can deliver higher carbon
conversion rates [47], in this study, direct CO2 hydrogenation
(reaction 3) is selected in order to minimize additional process
complexity.

Reaction 3

CO2 gð Þ þ 3H2 gð Þ↔CH3OH lð Þ þ H2O lð Þ

The efficiency of direct CO2 hydrogenation is limited by
low per-pass conversion rates [48]; therefore, configurations
with multiple reactors in series (cascade) or intensive recycle
loops are required in order to improve the overall carbon con-
version rates achieved [21, 49, 50]. Direct CO2 hydrogenation
processes have been previously been modeled through kinetic
models with multi-step recycle loops [51–53]. In this study, a
simplified representation of methanol synthesis is obtained as
follows. A cascade system with internal recycle is simulated
through a single isothermal reactor (MEOHSYN, RStoich,
Table 3). A global CO2 conversion rate of 65% is applied to
the reactor boundaries, according to the overall CO2
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Table 2 Specified constant separation efficiencies for the selected
compounds

Selected compound Recovery rate (% mol/mol)

CH4 97

H2 10

CO 5

CO2 2.5

H2S 1

NH3 1
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conversion estimated by Moioli et al. [21] for a cascade con-
figuration with optimal energy storage efficiency. Unit pro-
cesses internal to the cascade configuration and recycle loops
are not articulated further in this study. Table 3 provides a
summary of the operating specifications applied to the simu-
lation of methanol synthesis. The RK-Soave thermodynamic
property method was used to simulate methanol synthesis and
purification [51, 53, 54].

Methanol purification is carried out via the three-step dis-
tillation process previously described (Fig. 7) and simulated
by three RadFrac blocks, with specified top-stage pressures
and bottoms-to-feed molar ratios (Table 4). The operating
conditions of the intermediate vapor-liquid flash separation
and heat exchange equipment are detailed in Table 3.

2.2.5 Alkaline electrolysis

Alkaline electrolysis has recently seen wide application in PtG
projects [25] as well as the development of the first 10-MW
plant worldwide in Japan [55, 56]. Due to its mature techno-
logical development and to its durability and cost-
competitiveness [57–59], alkaline electrolysis was selected
as the power-to-hydrogen technology in this study. A constant
efficiency of 4.4 kWh per Nm3 of H2 output [59] was assumed
and total hydrogen flow rate was calculated by a calculator
block in Aspen Plus to satisfy a stoichiometric flow for
Reaction 1 and Reaction 3.

2.2.6 Energy recovery via combined cycle

Combustion of the mixed gases takes place in an isothermal
combustor (COMBSTR-2, RStoich) to generate steam as pre-
viously described. The first steam turbine decreases the steam
pressure by 35 bar while the second turbine has a specified
outlet pressure of 3 bar. The resultant low-pressure steam is
used to pre-heat water and supply heat to the dryer, by lower-
ing steam enthalpy (heater blocks) by an amount equivalent to
the heat duty required in each unit process attached, while
avoiding temperature crossovers. Heat transfer between these
units is simulated via heater blocks and heat exchangers’ fea-
sibility is not articulated further. The two low-temperature
steam lines are finally combined and are available for further
low-temperature heat provision in a district heating system.
The available heat to be exploited in district heating is esti-
mated by cooling steam to 20 °C in a heater block (HX-DH).

2.2.7 Efficiency indicators

Thermal efficiency considers the fraction of biomass LHV
stored as fuel LHV or exportable heat, neglecting the addi-
tional work inputs (Eq. (4)).

ηth ¼
∑
n

i¼1
ṁprod;i � LHVprod;i þ ∑

n

i¼1
Qi

ṁdb � LHVbiom
ð4Þ

Table 3 Summary of specified
process operating conditions in
methanol synthesis and
purification

Unit process description Unit ID Block type Temperature Pressure
°C bar

Catalytic methanol reactor MEOHSYN RStoich 250 50

Flash tanks MEOHFL-1 Flash2 Adiabatic 50

MEOHFL-2 4 1.2

MEOHFL-3 55 1.2

MEOHFL-4 55 1.2

MEOHFL-4 65 1.2

Heat exchangers and condensers HX-16 Heater 25 Isobaric

COND-3 4 1.2

COND-4 2 1.2

COND-5 2 1.2

COND-6 2 1.2

Table 4 Summary of methanol distillation columns specifications

Unit process
description

ID Top-
stage
pressure

Number of
equilibrium stages

Bottoms-to-feed ratio

bar - mol/mol

Distillation
columns

COLMN-1 1.2 10 0.41

COLMN-2 1.2 10 0.35

COLMN-3 1.2 10 0.05
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Plant efficiency (Eq (5)) considers the total LHV stored in
fuels and exportable heat in relation to the total energy input
into the plant, inclusive of biomass LHV and work.

ηplant ¼
∑
n

i¼1
ṁprod;i � LHVprod;i þ ∑

n

i¼1
Qi

ṁdb � LHVbiom þ ∑
n

i¼1
Wi

ð5Þ

Additional information on turbomachinery efficiency, heat
exchangers, and utilities usage is reported in Supplementary
Material.

2.3 Economic assessment

2.3.1 Capital and operating costs

Purchased equipment costs were estimated through a factorial
method by using base equipment sizes, base costs, and expo-
nential factors retrieved from the literature (Table 5). The total
heat transfer area required by the heat exchangers network in
the plant was estimated through a preliminary exchanger
sizing automatically estimated by the Aspen Economic
Analyzer. All other equipment sizes in Table 5 could be re-
trieved from the plant mass and energy balance. Indirect cap-
ital costs were also estimated through the factors on direct
costs indicated by Albrecht et al. [64] (Supplementary
Material) and the total capital investment (TCI) was estimated
according to Eq. (7).

C ¼ C0
S
S0

� � f

ð6Þ

C, actual cost; C0, base cost; S, actual plant size; S0, base
plant size; f, exponential factor.

TCI ¼ FCI þWC ¼ PEC þ DC þ IC þ AEð Þ þWC ð7Þ

TCI, total capital investment; FCI, fixed capital investment;
WC, working capital; PEC, purchased equipment cost; DC,
direct capital cost; IC, indirect capital cost; AE, additional
expenses.

Direct operating costs were calculated from the mass and
energy balances obtained from the process model applying the
cost rates in Table 6, while labor and indirect operating costs
were estimated following the factors indicated by Albrecht
et al. [64]. In particular, it was assumed that the electrolyzer
works constantly at full load and that the plant operator can
obtain a long-term contract in the wholesale electricity market
for a fixed rate of 35 €/MWh on power-to-gas electricity.

2.3.2 Minimum selling price estimation

The minimum selling price of biomethane is defined as the
biomethane price that makes the project net present value
(NPV) equal to zero at a given internal rate of return (IRR),
according to Eq. (8).

NPV ¼ ∑
n

i¼1

CFn

1þ IRRð Þn ¼ 0 ð8Þ

By annualizing the repayment of total capital cost through
an annualized capital cost term (ACC) (Eq. (9)) [65], yearly
cash flow can be defined as in Eq. (10) and bSNGMSP can be
calculated as in Eq. (11), applying the parameters reported in
Table 7.

ACC ¼ FCI
I 1þ Ið Þn
1þ Ið Þn−1 þ I WCFð Þ

� �
ð9Þ

CF ¼ MSPbSNG � v̇bSNG þ SR−OPEX
� �

1−tð Þ−ACC þ DEP � t

ð10Þ

MSPbSNG ¼ OPEX−
�
Q̇DH � PDH þ ṁMeOH � PMeOH

�
þ ACC þ DEP � T

1−T

� �
1

v̇BM
ð11Þ

Consequently, the difference between bSNG MSP and a
base market price for a common alternative energy commod-
ity, such as natural gas, can be estimated as in Eq. (12). Such
price gap corresponds to the cost of achieving grid gas renew-
ability through biomass-to-biomethane technologies.

Pg ¼ MSPbSNG−Pnatgas ð12Þ

2.3.3 Sensitivity analysis on major direct OPEX assumptions

It was previously demonstrated that biomass and surplus elec-
tricity cost have a strong impact on the MSP of bSNG-
produced biomass-to-biomethane processes [10, 11].
Consequently, these OPEX sources, as well as the selling
price of biomethanol as a side product in IBB, are expected
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to show an important impact on bSNG price gap (Eq. (12)).
Therefore, the effect of their variation from the base-case
values used in the main process simulations needs to be
assessed. For these reasons, a two-parameter sensitivity anal-
ysis was carried out on bSNG price gap, by assessing the
variation of surplus (PtG) electricity cost and biomass cost
for the SAB process, and the variation of PtG electricity cost

and biomethanol selling price for the IBB process at a base-
case biomass cost of 100 €/tdry (Table 8). An average market
price of 0.03 €/kWh for grid natural gas was employed in the
renewability cost estimation, based on EU28 statistics [70].

Table 6 Summary of main direct operating cost items

Item Cost (€) Unit

Labor 24.00 man-hour

Biomass 100.00 t dry

Electricity 90.00 MWh

Power-to-gas electricity 35.00 MWh

Water 2.00 m3

Catalyst 56.80 m3 MeOH output

Wastewater management 2.50 m3

Table 7 Summary of project information

Item Symbol Value Unit

Project lifetime n 15 Years

Interest rate I 10% -

Tax rate t 35% -

Biomethanol selling pricea PMeOH 275 €/t

District heat selling priceb PDH 0.07 €/kWh

a Price published by a commercial operator for fossil methanol for the
European market [66]. No renewable energy price incentives were
assumed
b Typical average price for residential district heat for small consumers in
the Northern Italian region [67–69]

Table 5 Summary of purchased equipment cost estimates

S0 S Unit C0 (M€) Year f C (M€) Reference

Gasification island

Gasifier 32 33.30 MWth 11.00 2011 0.8 11.36 [30]

Biomass storage, preparation,
feeding to atmospheric pressure

64.6 7.09 twet/h 1.83 2000 0.77 0.37 [60]

Air drier 0 16.42 0 0.00 2003 0 0.00 [60]

Cleaning section

Fabric filter 15.6 4.85 m3/s 0.06 2002 0.77 0.03 [60]

Water scrubber 12.1 0.02 m3/s 2.70 2002 0.7 0.03 [60]

Water stripper 24,123 380.21 kmol/h 3.60 2009 0.7 0.22 [61]

Methanol scrubber 6021.1 215.95 kmol/h 8.81 2007 0.63 1.20 [62]

CO2 desorption 6021.1 215.95 kmol/h 2.10 2007 0.63 0.29 [62]

Methanol regeneration column 6021.1 215.95 kmol/h 1.08 2007 0.67 0.13 [62]

Biomethanation section

Bioreactor 5 15.68 MWLHV 2.46 2016 0.6 4.89 [26]

PSA 1 1582.42 Nm3/h 0.00 2018 0.7 0.78 [63]

Biomethanol synthesis and purification

Catalytic reactor 5000 226.38 t/d 61.60 2005 0.67 7.74 [47]

Distillation system 5292 226.38 t/d 14.40 2008 0.67 1.74 [47]

Steam cycle - energy recovery

Combustor 20 7.84 MWLHV 1.97 2014 0.83 0.91 [64]

Turbine cycle 25 1.28 MWoutput 8.47 2014 0.7 1.06 [64]

Electrolysis

Electrolyzer 1 24.47 MWinstalled 0.64 2014 1 15.66 [64]

Secondary equipment

Compressors 413 2932.16 kWinput 0.49 2014 0.68 1.86 [64]
Pumps 10 0.03 m3/s 0.10 2014 0.36 0.01

Heat exchangers 1000 2596.24 m2 0.26 2014 1 0.68

Refrigeration system 500 1149.28 kWinput 1.06 2014 0.68 1.87
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3 Results

3.1 Process mass and energy balance

Table 9 and Table 10 report a summary of selected process
streams for the SAB and IBB processes, respectively.

As shown in Table 11, the standalone biomethane (SAB)
process can produce 37,978 Nm3/day of grid-injected
biomethane, with a volumetric yield on biomass of 0.24
Nm3

BM/kgDB and a corresponding plant efficiency of 47%
on biomass thermal input (Table 12). The SAB process de-
livers 6.3 MW of district heat available at 100 °C (Fig. 8). In
addition to the same biomethane output, the integrated
biomethane-biomethanol (IBB) process can produce 10 t/day
of biomethanol with a 99% purity at a mass yield of 0.09
kgMEOH/kgDB. As a result of heat integration, the IBB process
also delivers 11.9 MW of district heat (Fig. 9).

Table 11 also displays the biomass-to-fuel (B-t-F) and
syngas-to-fuel (S-t-F) carbon efficiency of the two alterna-
tives, indicating that IBB brings substantial advantages in
terms of carbon efficiency, storing an additional carbon stream
equivalent to 7281 t/y of CO2 as pure methanol.
Consequently, the global B-t-F efficiency of the IBB process

is 27% higher than in SAB, demonstrating that despite the
increase in plant size and complexity, bSNG production with
carbon utilization could play an important role as a carbon
management strategy. Equally, S-t-F efficiency is higher in
IBB (42%) than in SAB (33%). The greatest carbon loss in
SAB is related to the absence of CO2 utilization and the com-
plete rejection of off gases. The IBB scenario still presents
major losses other than flue gases from combustion. These
include especially rejected carbon streams in methanol purifi-
cation, such as wastewater, with an overall methanol recovery
of 82% across the distillation train.

The estimated biomethanol yield on CO2 is 0.47
kgMeOH/kgCO2 upstream of dist i l la t ion and 0.31
kgMeOH/kgCO2 considering pure product output, which is sim-
ilar to the yield estimated by Crivellari et al. [52] (0.36
kgMeOH/kgCO2) in the thermoeconomic modeling of methanol
production from surplus wind energy. The estimated yield,
however, is lower than reported in most previous studies on
direct CO2 hydrogenation to methanol, probably due to the
absence of intensive recycling loops in study, where combus-
tion of unconverted gases is preferred over complex recycling
infrastructure. In particular, the estimated yield is 53% lower
than estimated by Van-Dal and Bouallou [51] and by

Table 8 Summary of parameter variations in the sensitivity analysis on OPEX assumptions

Parameter Symbol Unit Lower bound Base case Upper bound Parameter status

SAB IBB

PtG electricity cost CPtG €/MWh 0 (− 100%) 35 105 (+ 200%) Variable Variable

Biomass cost Cbiom €/tdry 0 (− 100%) 100 200 (+ 100%) Variable Constant at base case

Biomethanol selling price PbMeOH €/t 0 (− 100%) 275 619 (+ 125%) Absent Variable

Table 9 Summary of selected process streams for the SAB process

Stream ID

Parameter Unit SYNG-1 MEOHREG CO2RC-1 SYNG-11 BIOG-2 BIOMTN TAILS-0 FLUE-7

Temperature C 815.0 80.0 61.9 60.0 5.0 35.0 21.8 120.0

Pressure bar 1.0 1.8 1.2 1.0 4.0 79.6 1.0 1.0

Total mole flow kmol/day 9125.1 5214.3 161.3 7207.4 2929.5 1726.1 8717.3 10,847.0

Mole fractions

%

5.07 0.00 0.26 5.69 58.99 97.11 1.20 0.00

CH4 19.59 0.00 0.00 62.48 7.69 1.30 2.33 0.00

H2 11.95 0.00 0.07 14.53 1.79 0.15 1.07 0.00

CO 18.02 0.00 20.22 15.62 27.39 1.16 14.92 25.68

CO2 41.36 0.01 0.00 0.00 0.00 0.01 2.18 20.07

H2O 0.00 0.00 0.00 0.00 0.00 0.00 58.47 46.99

C2H2 0.07 0.00 0.37 0.05 0.12 0.00 0.07 0.00

C2H4 1.53 0.00 0.93 1.39 3.41 0.00 1.60 0.00

CH3OH 0.00 99.54 75.44 0.06 0.16 0.27 2.27 0.00

H2S ppmmol 106.4 0.0 1133.7 17.0 41.9 0.7 111.2 0.0

NH3 567.3 0.0 22,834.5 1.4 3.4 0.1 591.7 0.0
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Alsayegh [71] (0.67 kgMeOH/kgCO2) for a direct CO2 hydro-
genation process through a kinetic model in Aspen Plus.
Pérez-Fortes et al. [72] estimated a 0.68 kgMeOH/kgCO2 from
an adaptation of the same process, while Anicic et al. [47]
estimated a 0.65 kgMeOH/kgCO2 yield for a CO2-to-methanol
process modeled with two reactors in series and gas recycle at
a constant single-pass conversion efficiency of 21%.

Figure 8 and 9 display a summary of the main energy
streams in the two processes, indicating that the plant thermal
efficiency in the IBB option is 26% higher than in SAB (82.9
vs. 66.1%) (Table 12). However, the global plant efficiencies
are practically similar (50.6% and 51.7%), indicating that the
additional energy stream required by intensive hydrogen sup-
ply in IBB is stored at a comparable rate with the SAB pro-
cess, although a larger share of total energy input is recovered
as lower-quality district heat in IBB, rather than as storable
fuel. Only 24.9% and 5.8% of total energy input is stored as
methane and methanol, respectively, in the IBB process. This
indicates that the lower hydrogen conversion efficiency in
methanol synthesis, compared with methane biosynthesis,
limits the overall efficiency of the integrated process from an
energy efficiency point of view. However, a sole energetic
evaluation of the two systems does not highlight the benefits
of producing methanol as a chemical feedstock for local sup-
ply chains and a chemical exergy assessment would provide

more representative comparisons. The net exportable thermal
energy stream generated by both plants is district heat avail-
able at 100 °C (6.3 and 11.9 MW for SAB and IBB, respec-
tively). The combined steam cycle also yields 0.98 MW and
1.28 MW of electricity, which serves for parasitic consump-
tion in both scenarios.

The two processes require no direct thermal inputs other
than biomass, while electrical consumption is largely domi-
nated by electrolysis in both cases (90% in SAB and 91% in
IBB), as a result of the absence of any WGS unit. The
resulting specific energy input for bSNG is 7.65 kWh/
Nm3

bSNG for SAB, compared to 2.3 kWh/Nm3
bSNG for an

IBGEB process with WGS [11]. This indicates that entirely
avoiding catalytic WGS largely increases electrolytic hydro-
gen demand and consequently the specific energy demand of
the renewable biomethane produced. Neglecting electrolysis,
however, the specific work input in this study is 0.73 kWh/
Nm3

bSNG, compared to approximately 2 kWh/Nm3
bSNG in our

previous study [11] and approximately 1.5 kWh/Nm3
bSNG for

an integrated gasification-biomethanation process without
electrolysis [10]. The specific energy input for the IBB pro-
cess is 17 kWh/Nm3, although this includes the production of
methanol. Gas compression includes bSNG injection into the
grid (70 bar) and raising of gas pressure to 50 bar in methanol
synthesis (IBB only), but it only accounts for 5.3% of total
electrical consumption in SAB and 6% in IBB. Compression
energy requirements in the SAB process amount to 0.41 kWh/
Nm3

bSNG and compare to 0.98 kWh/Nm3
bSNG estimated in

our previous assessment of a biomass-to-biomethane process
including catalytic WGS at 15 bar (a) [11]. Such results sug-
gest that using low-pressure syngas conditioning processes to
increase the syngas stoichiometric modulus by extracting CO2

is more beneficial than hydrogen-generating reforming pro-
cesses run at higher pressures, when considering specific en-
ergy consumption before electrolysis, and they deliver a syn-
gas quality compatible with biomethanation [73]. Therefore,
low-pressure liquid scrubbing is an energetically favorable
alternative to catalytic syngas conditioning in IGBEB process-
es, when large quantities of surplus renewable electricity are
available and surplus high-temperature heat is unavailable.

3.2 Process economics

Table 13 displays a summary of project economic indicators
for each process configuration, including purchased

Table 11 Summary of process mass balance and efficiency indicators

Indicator Unit Process

SAB IBB

Product output

Biomethane Nm3/day 37,978 37,975

Biomethanol t/day - 10

Product yield

Biomethane Nm3/kgDB 0.24 0.24

Biomethanol kg/kgDB - 0.09

Carbon efficiency

Biomass-to-fuel mol Cfuel/mol Cdb 26% 33%

Syngas-to-fuel mol Cfuel/mol Csyng 33% 41%

Carbon dioxide utilized t/year - 7281

bSNG specific work input

Total kWhel/Nm
3
bSNG 7.65 17.01

Before electrolysis kWhel/Nm
3
bSNG 0.73 1.54

Table 12 Summary of process
energy balance Process ID Thermal efficiency Plant efficiency bSNG specific

energy input
bSNG specific energy input
before electrolysis

% % kWh/Nm3 kWh/Nm3

SAB 66.1 50.6 7.65 0.73

IBB 89.8 51.5 17.01 1.54
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equipment cost (PEC), total capital investment (TCI), direct
yearly operating cost (D-OPEX), and total yearly operating
cost (T-OPEX).

Figure 10 displays the breakdown of purchased equipment
costs (PEC) for the two processes, indicating that large-scale
electrolysis dominates the investment costs for the IBB pro-
cess (37%), while it is the second PEC contributor (23%) in
SAB, after gasification (39%). The size of the electrolysis
plant in the SAB process is 11MW, which is comparable with
the size of the currently largest alkaline electrolysis (AE) plant
worldwide [55, 56], suggesting that the operation of a similar
system would be possible at the present technological readi-
ness of AE. The electrolysis throughput required in the IBB
process, instead, is approximately 24 MW, which would still
represent a very large size plant, with limited feasibility. The
next most capital-intensive plant section is biomethanation in
both processes, while biomethanol synthesis and purification
only contribute to 4% of PEC in the IBB process, indicating

that the greatest CAPEX barrier of a process with carbon
utilization is represented by large-scale electrolysis.

Figure 11 displays the breakdown of direct operating costs
for the two processes. Biomass represents the greatest cost
share in SAB (58%) and the second largest contributor
(36%) in IBB, while PtG electricity is the largest OPEX com-
ponent in IBB (48%) and the second largest component in
SAB (34%). This highlights how the cost of electricity and
biomass are the fundamental bottlenecks to the feasibility of
IBGEB processes, as we previously demonstrated [11]. The
role attributed to electrolysis is in line with various studies that
recently identified it as the main CAPEX and OPEX contrib-
utor in similar process concepts, comprising CO2-to-methane
[74, 75], CO2-to-methanol [76, 77], and CO2-to-DME [78],
although the same pattern has also been recognized across all
the electrofuels mentioned and for electro-diesel and electro-
gasoline [79].

Fig. 8 Sankey diagram of energy
flows (MW) in the SAB process.

Fig. 9 Sankey diagram of energy
flows (MW) in the IBB process
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3.3 Minimum selling price variation

As displayed by Table 14, the SAB process can produce
biomethane at a MSP of 2.38 €/Nm3, which is 11% lower than
we previously estimated for a gasification-electrolysis-
biomethanation process with catalytic water-gas shift [11] at
an IRR of 7% (10% in this study), and approximately 170%
higher than estimated by Michailos et al. [10] for a process
without electrolysis. The lower MSP is made possible by a
yearly side revenue of 3.9 M€ earned from district heat ex-
ports. However, despite having a positive effect on compres-
sion energy consumption, as described above, the absence of
WGS needs compensation by means of high hydrogen flow
rates and has thus a strong impact on MSP.

By selling renewable biomethanol to generate a further side
revenue stream, the IBB process can deliver a biomethane
MSP of 3.28 €/Nm3, which corresponds to a 38% increase
over the standalone process (SAB), indicating that the addi-
tional capital and operating costs generated by catalytic meth-
anol synthesis and large-scale (24 MW) electrolysis outweigh
the additional revenue earned at the current methanol selling
price (275 €/t). It is possible to hypothesize that in future
energy markets, a credit will be paid on any marginal renew-
able carbon that can be converted to fuel and stored in the
short term, as is assumed in the two scenarios IBB(CC(25))
and IBB(CC(50)) in Table 14. However, the variation in
bSNG selling price is negligible (− 1%) even in the presence
of carbon credits on the renewable carbon stored as methanol,

paid at a price equivalent to 25 €/tCO2 (IBB(CC25), which is
close to the trading average in the European Emission Trading
Scheme (ETS) [80]. The linear effect of carbon price on bSNG
MSP is very limited (slope, 0.04 c€ ∙ tCO2/Nm3/€), and even at
a carbon price of 50 €/tCO2 (IBB(CC50)), the MSP only de-
creases by approximately 1% (3.26 €/Nm3). In fact, the theo-
retical carbon credit prices that would generate an MSP equal
to the natural gas consumer price in Europe (0.5 €/Nm3,
Table 15), or the MSP of bSNG in the SAB process (2.38
€/Nm3), were calculated at extreme rates of 5297 €/tCO2 and
1718 €/tCO2, respectively, under the conditions considered.
This demonstrates that, for the process analyzed, carbon utili-
zation requires substantially larger CO2 flows in order to have
any meaningful impacts on process economics. As a result of
the process economic indicators estimated, the MSP of
standalone bSNG (SAB) is still 230% higher than the subsi-
dized price of biomethane from anaerobic digestion of waste
in Italy, granted by the application of the EU Renewable
Energy Directive (RED 2009/28/EC) (Table 15).

3.4 Price gap of bSGN in biomass-to-biomethane
processes

Figure 12 and 13 display the results of a sensitivity analysis on
the cost of grid gas renewability by showing the monetary
value of the government subsidy that would be required to
match the bSNG price gap under parameter variation.

As expected from the breakdown of direct OPEX, the price
gap is largely influenced by the variation in surplus energy
cost and biomass cost (Fig. 12). The highest Cbiom (200 €/tdry,
+ 100% on base case) and the highest CPtG (0.11 €/kWh, +
200% on base case) generate a 44% increase in MSP.
However, in the case of zero-cost biomass, as in the hypoth-
esis of waste lignocellulosic biomass, and zero-cost surplus
energy, under the hypothesis of an energy system with a very
high electrification level, the required subsidy would be 0.13
€/kWhbSNG, which is 550% higher than the current market

Table 13 Summary of project economic indicators

Process ID PEC TCI D-OPEX T-OPEX
M€ M€/year

SAB 32.3 125.5 9.8 16.2

IBB 45.1 152.4 15.7 25.1
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Fig. 10 Breakdown of purchased equipment cost (PEC) for the SAB (left) and the IBB (right) processes
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price gap of both biomethane from AD (approximately 0.04
€/kWh). This indicates that subsidizing biomass-to-
biomethane plants through the existing decarbonization finan-
cial support would be insufficient under any currently plausi-
ble techno-economic assumptions. The strategic nature of
decentralized bSNG production along with its energy storage
role would need to be factored into local energy policies to
support biomass-to-biomethane developments through higher
fiscal incentives in the future. The price gap achievable

through integrated carbon utilization and biomethanol synthe-
sis (IBB, Fig. 13) is higher than in SAB, although it is little
influenced by biomethanol selling prices, demonstrating that
the feasibility of such integrated biomethane-biomethanol
process is ultimately cost-constrained, due to the CAPEX
and OPEX intensity of electrolytic hydrogen. In fact, only a
38% increase in bSNG MSP is observed for PbMeOH = 0 (−
100%) whenCPtG = 0.11 €/kWh (+ 200%). Consequently, the
bSNG price gap under the best-case assumptions for the cost

Full-price 

electricity
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electricity

34%

Water

1%
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Waste 

manageme
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Water
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Waste 

management
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Catalyst

2%
Labor

1%

Fig. 11 Direct operating cost breakdown for the SAB (left) and the IBB (right) processes

Table 14 Summary of main
economic streams and bSNG
minimum selling price for the two
processes

Process ID ACC OPEX Side Revenues bSNG
MSP

District
Heat

bMeOH Carbon
credits

Total

€/year €/Nm3
bSNG

SAB 15,362,766 16,222,193 3,875,977 3,875,977 2.38

IBB 18,668,414 25,128,247 6,555,056 1,035,689 7,590,745 3.28

IBB(CC25) 18,668,414 25,128,247 6,555,056 1,035,689 182,032 7,772,778 3.27

IBB(CC50) 18,668,414 25,128,247 6,555,056 1,035,689 364,065 7,954,810 3.26

Table 15 Summary of price comparisons between bSNG from SAB and biomethane from AD

Product type Description Price on product basis Price on energy basis
€/Nm3 €/kWh

bSNG from SAB SAB process in this study 2.38 0.22

Biomethane from AD of waste
and by-products

Anaerobic digestion of waste and by-products
with biogas upgradinga

0.72b 0.07c

European natural gas Grid natural gas for non-household consumers in EU28 - 0.03

Incentive required Price gap between bSNG (SAB process) and natural gas 1.88 0.17

a Inclusive of average natural gas wholesale market price and advanced biofuel incentive (64.5 €/MWh)
b Based on a 3-month average wholesale market price of 0.01 €/kWh, January–March 2020 [81]
c Based on a biomethane LHV of 10.9 kWh/Nm3
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of energy (CPtG = 0 (− 100% on base case)) and for the price
of biomethanol (PbMeOH = 500 €/t (+ 100% on base case)) is
0.25 €/kWhbSNG. This indicates that, compared to SAB, car-
bon utilization for methanol synthesis would require an even
larger fiscal support to reach financial competitiveness.
Therefore, greater subsidization would be required in an IBB
scenario, where a premium price would be needed in order
sustain the role of biomethanol in enabling the development of
localized biochemical value chains.

3.5 Plant size competitiveness

The supply-side competitiveness of the biorenewable commod-
ities considered (bSNG and bMeOH) is also affected by the
production capacities achievable by the two processes in com-
parison with existing commercial processes in Europe
(Table 16). Both processes analyzed can deliver approximately
three times the bSNG capacity of a typical anaerobic digestion
plant currently in operation or under construction in Europe (500
Nm3/h). The IBB process can deliver additional 11 t bMeOH/
day, equivalent to the production capacity of the George Olah
pilot plant, which corresponds to approximately 0.2% of the
capacity of an average European plant producing methanol from
natural gas. With its current output, the George Olah plant is
expected to satisfy approximately about 2.5% of the total gaso-
line market in Iceland [86], indicating that this scale would be
appropriate for the supply of renewable methanol as fuel or as
chemical feedstock in decentralized supply chains.

4 Conclusions

In this study, we carried out the techno-economic modeling of
two processes comprising integrated biomass gasification,
electrolysis, and syngas biomethanation (IBGEB) with com-
bined heat and power recovery. The first process operates
standalone biomethanation of syngas with the aid of water
electrolysis and can produce approximately 38,000 Nm3 of
bSNG per day, with a total plant efficiency of 50.6%. The
second process (integrated biomethane-biomethanol, IBB) ex-
ploits the unconverted carbon stream from the biomethanation
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process to recover energy and synthesize methanol via direct
catalytic CO2 hydrogenation. In addition to the same bSNG
output, the IBB process can produce 11 t/day of biomethanol,
at a 99% purity. The selection of low-pressure liquid scrub-
bing processes in syngas conditioning upstream of
biomethanation brings energy efficiency benefits compared
to a catalytic WGS train, delivering a 64% decrease in specific
energy consumption per bSNG unit volume, if electrolysis is
neglected. The MSP of bSNG in the SAB process is 2.38
€/Nm3, which is more than three times the magnitude of the
subsidized price currently paid to biomethane from anaerobic
digestion under the RED in Italy. The integrated production of
biomethanol shows little global energy efficiency gains in
comparison with SAB (51.7%) due to the large increase in
electrolytic hydrogen demand, but it shows a substantial im-
provement of biomass-to-fuel carbon efficiency (33 vs. 26%).
The integration of biomethanol production into the process
generates high additional capital and operating costs, mainly
due to the large additional electrolysis size required. As a
result, the IBB process brings an increase in bSNG MSP of
76%, even with carbon credits on the additional carbon stored
as fuel and does not improve bSNG feasibility in the absence
of very intensive subsidization. The levels of subsidization
required for the two processes exceed 0.13 €/kWhbSNG for
SAB and 0.25 €/kWhbSNG for IBB under the most optimistic
OPEX assumptions and suggest that government support for
the strategic nature of these biorenewable commodities would
be needed to complement existing decarbonization financial
incentives. Despite its limited economic competitiveness, the
IBB process would be competitive with existing renewable
gas production plants, in terms of bSNG production capacity
and could be adequate in supplying methanol to a
decentralized biorenewable supply chain.
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