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In this study, we propose a hovel process route for the conversion of wet biomass into renewable metha-
nol under unprecedentedly mild reaction conditions, that operates at pressures below 10 bar and temp-
eratures around 200 °C. Unlike conventional thermochemical routes, which require extreme conditions
and complex processing steps, our approach follows a previously unexplored pathway via the intermedi-
ates formic acid and methyl formate, achieving high single-pass methanol yields. This process offers
remarkable flexibility regarding biomass feedstock and is particularly well suited for decentralized appli-
cations. By integrating biomass valorization with hydrogen and oxygen from water electrolysis, the need
for fossil-based reactants is eliminated, enhancing both sustainability and scalability. A techno-economic
assessment demonstrates a high carbon efficiency of 80.0% and competitive methanol production costs
between 0.69 and 2.31 € per kg, depending on the scenario. Although still in the early stages of develop-
ment, the process offers carbon and energy efficiency comparable to biomass gasification- and power-
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DOI: 10.1039/d5gc01307k to-methanol technologies, while showing strong potential for further advancement towards practical

rsc.li/greenchem application and to effectively complement future sustainable methanol production.

Green foundation

1. In our research, we developed a novel process route that could be a game changer for sustainable methanol production from biomass, as it operates under
mild process conditions and reduces the need for prior biomass drying and intensive product purification. This route complements the transition from fossil
to renewable methanol synthesis and could even outperform sustainable alternatives based on harsh gasification and expensive power-to-X technologies.

2. The proposed route yields a superior single-pass carbon efficiency of >80% under mild conditions, with the option to integrate an electrolyser for a fully
decentralized and autonomous system. Since biomass typically accumulates in decentralized locations, the new process can be implemented close to these
sources, minimizing feed transport distances and further reducing greenhouse gas emissions.

3. In future work, the interaction of the concept sub-processes should be demonstrated experimentally in a real-life scenario.

Today, methanol is predominantly produced via fossil-
based processes, primarily using natural gas as the feedstock.?

1. Introduction

Methanol plays a crucial role as a versatile base chemical and a
promising energy carrier and fuel."” It serves as a key feedstock
in the production of formaldehyde, methyl tert-butyl ether
(MTBE), acetic acid, and a wide range of polymers, while its
potential as a liquid fuel and hydrogen carrier positions it as a
vital component in future sustainable energy systems.® As global
efforts to decarbonize industrial sectors intensify, the demand
for renewable methanol is expected to grow significantly.
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This conventional route, while well-established, is associated
with significant greenhouse gas emissions, making it incom-
patible with long-term climate goals. To address this, various
renewable methanol production technologies have been devel-
oped or are under exploration, aiming to reduce the environ-
mental footprint of this essential chemical.>®

Two prominent pathways for renewable methanol pro-
duction are power-to-X (PtX) and biomass gasification. The PtX
approach combines carbon dioxide captured from industrial
or atmospheric sources with green hydrogen generated
through water electrolysis powered by renewable electricity.
These reactants are subsequently converted into methanol in a
high-pressure reaction, which is strongly limited by thermo-
dynamic equilibrium, posing significant efficiency challenges.
While recent advances in catalytic and electrochemical strat-
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Fig. 1 Flowsheet of the novel process route for methanol production from wet biomass (OxFA-to-MeOH process; flowsheet showing only major
components (>5 wt%) of the stream). MF: methyl formate, MeOH: methanol, FA: formic acid.

egies, such as CO,-to-methanol synthesis via formic acid inter-
mediates, have been proposed to circumvent these limitations,
their practical viability remains uncertain.” Although the use
of ionic liquids as promoters has shown promise in laboratory
settings by enhancing reaction rates and selectivity, and
process simulations suggest potential scalability, these
approaches still require further research.®® The complexity of
multi-step reduction pathways, potential catalyst deactivation,
and additional costs of ionic liquids need to be considered
with regard to large-scale deployment. Biomass gasification,
on the other hand, converts a wide range of biomass including
lignocellulosic residues into syngas, which can then be syn-
thesized into methanol. Here, all subprocesses are already
established in large scale and preprocessing of the biomass is
essentially limited to drying, grinding and classification or pel-
letization without chemical pretreatment. However, biomass
gasification is often constrained by the harsh operation con-
ditions, high capital costs, process inefficiencies related to
gas cleaning and conditioning and complexity of feedstock
logistics.’®"" The latter resulting from low volumetric energy
density of biomass, that is produced locally and challenging to
transport efficiently without any preprocessing steps like
pelletation.”>"® This disparity drives demand for decentralized
biomass-to-methanol conversion technologies, strategically
distributing production facilities closer to biomass sources.

To address these challenges, we propose a novel process for
methanol production from wet biomass residues via the inter-
mediate formic acid under overall mild reaction conditions
(OxFA-to-MeOH process), making it attractive for decentral
biomass conversion.

Fig. 1 provides an overview of the proposed OxFA-to-MeOH
process route for methanol synthesis from biomass residues.
Each process step will be described in detail below.

1.1 Biomass oxidation (OxFA process)

The OxFA process represents a promising technology for the
selective oxidation of various biomass feedstocks with oxygen
to produce formic acid. Currently under commercial develop-

This journal is © The Royal Society of Chemistry 2025

ment by OXFA GmbH, this process has the potential to contrib-
ute to the state-of-the-art production of formic acid in the
future."* The process was first introduced by Albert et al.
employing a Keggin-type polyoxometalate (POM) as a homo-
geneous catalyst."> Here, formic acid yields of up to 53% were
reached at 30 bar oxygen pressure and 90 °C and xylan as feed-
stock. In addition to mono- and disaccharides as well as crude
glycerol various complex, water-insoluble biomass residues,
such as pomace, grass clippings, wood chips or straw, could be
converted when they are combined with efficient promoters
(e.g. p-toluenesulfonic acid, TSA).'®™® Albert et al also
describe the conversion of contaminated feedstock like
effluent or deinking sludge, although high nitrogen contents
or contamination with heavy metal cations (Pb*>" or Cu®*) have
a negative impact on the oxidation reaction."”” Subsequent
studies have focused on advancing the process further and
exploring the underlying reaction mechanism in greater
depth.’>* A main challenge of the OXFA process is the com-
peting total oxidation of biogenic carbon to carbon dioxide,
instead of formic acid, reducing the overall carbon efficiency
of the process. In 2020 Maerten et al. showed that methanol as
a solvent completely suppresses total oxidation.>* Here,
glucose was used as the model biomass substance and it was
demonstrated that even with a small addition of methanol to
an aqueous biomass solution (90:10 water: methanol), the
formation of CO, is almost completely prevented (eqn (1)
shows the partial oxidation of glucose to formic acid). The
methanol in the solution leads to a faster reoxidation of the
HPA-5 catalyst allowing the reaction to proceed efficiently at
oxygen pressures as low as 5 bar. However, methanol and
formic acid can be esterified in a subsequent reaction to form
methyl formate according to eqn (2).

C6H1206 + 302 — 6CH202 (1)
CH,0, + CH3;0H = C;H,O; + H,O0 (2)

Due to the use of moist biomass, the solvent ratio of the
methanol-modified OxFA process is usually in favor of water.
According to the thermodynamic equilibrium of reaction (2),
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this results in a high FA:MF product ratio at the reactor
outlet.

Both OxFA processes, utilizing purely aqueous and metha-
nol-additised solutions, have already been investigated for
potential industrial applications. Albert et al. explored the
aqueous OXFA process as a foundation for hydrocarbon pro-
duction via Fischer-Tropsch synthesis, while Kroll et al. con-
ducted a techno-economic analysis of hydrogen production
based on the methanolic OxFA process and formic acid
dehydrogenation.”>?® Due to the moderate operating con-
ditions, with temperatures below 100 °C, pressures below 10
bar, and the use of air as an oxidizer, this reaction is highly
suitable for decentralized implementation.

1.2 Reactive distillation

In the reactive distillation step, the formic acid from the OxFA
process is intended to be completely converted to methyl
formate according to eqn (2). The esterification is an exother-
mic equilibrium reaction for which both homogeneous and
heterogeneous catalysts have been investigated. As homo-
geneous Brensted acidic catalysts, H,SO,, HCIl, HI, and
p-toluene sulfonic acid are commonly used, with H,SO, being
the most widely employed one.>” The main disadvantages of
these mineral acids are their high corrosiveness, toxicity, and
difficulties in separation. These characteristics often result in
disposal costs that exceed the costs of raw materials, making
them also environmentally undesirable.”® A good alternative
are solid acid catalysts (SACs), in which acidic groups are
bound to a solid support using a physical or chemical
method.*® Examples of such SACs are zeolites, heteropolyacids,
ion exchange resin or supported chlorides.’** The conversion
of formic acid and methanol to methyl formate and water is
limited by the thermodynamic equilibrium of the esterifica-
tion reaction. To reach nearly full conversion, the volatile
product methyl formate can be separated in situ, using a reac-
tive distillation setup. Therein, methyl formate is extracted in
the head, whereas water and unreacted formic acid remains in
the bottom. The boiling points of the chemicals involved are
given in Table 1.

Orjuela et al experimentally investigated esterification
using reactive distillation in their study.>*> Conversions of up to
100% were achieved using Amberlyst 70. The continuous sep-
aration of MF through the column trays favors the shift of the
equilibrium to the product side. Other groups have shown that
also Amberlyst 15 and 36 are effective catalysts for esterifica-
tion reactions.*®?” Another advantage of reactive distillation is
its ability to prevent the formation of the azeotrope between
formic acid and water, which would otherwise form in the
lower section of the column.?® This is achieved through the

Table 1 Boiling points of the compounds in the reactive distillation at
1bar®*

Formic acid =~ Water Methanol  Methyl formate

Boiling point  100.8 °C 100.0 °C  64.7 °C 31.5°C
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reaction of formic acid with methanol beyond the azeotropic
point.*®

1.3 Hydrogenolysis

In a final process step, methyl formate converted to two mole-
cules of methanol via exothermic hydrogenolysis using renew-
able hydrogen (eqn (3)).

C,H,0, + H, = 2CH3;0H

(3)

According to Le Chatelier, low temperatures and high press-
ures are advantageous for this reaction, what also suppresses
the formation of potential byproducts (e.g., dimethyl ether,
carbon monoxide or methane).*® Heterogeneous catalysts such
as palladium or ruthenium supported on Al,O; and SiO, have
been studied for MF hydrogenolysis.*"**> Due to their avail-
ability and lower cost, copper catalysts provide advantages over
precious metals. Cu/SiO, and CuO/ZnO/Al,O; have demon-
strated good stability and selectivity.**** While Monti et al.
observed a reversible deactivation of Cu/SiO, at CO concen-
trations above 1-2% (coming from competing MF decarbonyla-
tion), Wu et al. reported no deactivation of their Cu/SiO,
system over 250 h on stream.**** Haagen et al. investigated
Cuy 0Al,0, spinel catalysts, which exhibited excellent selectivity
and stability over 110 h on stream, even with FA impurities in
the feed stream.’® The results further demonstrate that the
hydrogenolysis of methyl formate can be carried out in both
liquid and gas phases, although the reaction has yet to be com-
mercially implemented. Utilizing a gas-phase reaction offers
the advantage of operating at lower pressures. The typical oper-
ating conditions involve temperatures ranging from 150 to
250 °C and pressures below 25 bar.

2. Materials and methods
2.1 Simulation

The OxFA-to-MeOH process was simulated using Aspen Plus
and optimized for a feed rate of 1 kmol h™" glucose (equals
180.2 kg h™'). The thermodynamic model UNIQUAC was
chosen to precisely model the interactions between the com-
pounds in the simulation. Non-condensable gases (CO,, O,,
and H,) were defined as Henry components. The flow diagram
within the simulation environment is provided in the ESI
Fig. S1.f Each process step was simulated using specific
reactor models tailored to the reactions and assumed con-
ditions (compare ESI Tables S1 and S27). Table 2 summarizes
the main assumptions used for the simulation in Aspen Plus.

The sensitivity analysis included the addition of an alkaline
water electrolyzer. The carbon efficiency 5. was calculated
using the following equation:

n
e = MeOH, out « 100%

ﬁglucose, in *

(4)
The energy analysis was performed using the integrated

Aspen Energy Analyzer. This included a pinch analysis to
identify potential heat exchanger networks, allowing the

This journal is © The Royal Society of Chemistry 2025
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Table 2 Overview of core assumptions for the process simulation

Block/stream Parameter Value Unit

Feed Methanol content 10 %
(solution)

Biomass oxidation = Conversion 99 %
Selectivity 98 %
Temperature 90 °C
Oxygen pressure 5 bar

Reactive distillation —Conversion Equilibrium —

Hydrogenolysis Conversion 95.3 %
Selectivity 100 %
Temperature 210 °C
Pressure 10 bar

Condenser Temperature 25 °C

Split Recycle to biomass 0.624 kmol h™"
oxidation
Recycle to distillation 5.5 kmol h™*

optimal network configuration to be implemented in the simu-
lation. The overall energy efficiency 7, of the process is defined
as the ratio of total energy in the methanol product stream on
basis of the lower heating value, divided by the sum of energy
inputs (electricity, biomass, heat):

E m -LHV
_ Z I.')rod __ !"*MeOH, out § MeOH x 100%. (5)
ZEin ZEin

e

2.2 Cost estimation

For cost estimation, both capital expenditure (CapEx) and
operational expenditure (OpEx) were calculated. CapEx was
determined using the Aspen Process Economic Analyzer,
which applies a volumetric estimation method. For all com-
ponents with contact to chemical streams stainless steel is
considered as material of choice. As the software provides
results in USD, a conversion rate of 0.9 € per USD was
applied.”” Assuming a standard amortization period of 20
years, the annual cost of methanol production includes a 5%
charge from the CapEx.

In calculating OpEXx, only energy and material costs of the
process steps in Fig. 1 were considered, while other oper-
ational expenses, such as catalysts, product purification, labor,
and maintenance, were excluded. A uniform price was applied
for energy, not distinguishing between heating or cooling
requirements (temperature, pressure). The assumed costs for
the resources can be found in Table 3 and represent the base
case of this study. The prices for hydrogen and oxygen refer to
an external supply.

These prices are based on Germany as the proposed
location and assume the utilization of green hydrogen to
enable a renewable process. The simulated process is designed
to operate for 8000 hours per year, allowing one month of
downtime for maintenance and repairs. The minimum pro-

This journal is © The Royal Society of Chemistry 2025
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Table 3 Cost assumptions for operational expenditures (OpEx) in the
base case

Unit Price Source
Glucose € per kg 0.41 48
Water € per kg 0.001 49
Hydrogen (H,) € per kg 4.89 50
Oxygen (0,) € per kg 0.14 26
Heating € per kWh 0.067 51
Cooling € per kWh 0.005 52
Electricity € per kWh 0.20 53

duction costs of methanol in € are subsequently calculated
using eqn (6).
CapEx + OpEx
Cmeon = ———— (6)
MMeOH, out
To reflect different feedstocks in the cost calculations we
implemented a biomass price per glucose equivalent accord-
ing to eqn (7) based on the carbon content of the gross
biomass including ash and moisture ¢ am.

wc (glucose)

PriCeGE (biomass) = m
.am

x price (biomass) (7)

3. Results and discussion
3.1 Simulation of the process

The biomass oxidation is realized in the modified OxFA
process at 90 °C and 5 bar oxygen atmosphere using glucose as
model substance. Here, a 10 wt% mixture of methanol in
water is used as a solvent to suppress CO, formation.** It is
assumed that the glucose concentration is applied close to its
solubility equilibrium (47.4 wt% glucose). Aside from the
partial oxidation of glucose to formic acid (FA), the total oxi-
dation to CO, is considered as only side reaction. Based on
published experimental data, a glucose conversion of 99% and
a high selectivity to FA and MF of 98% is assumed for the
modified OxFA process.>*** A detailed description of the simu-
lated input and output flows can be found in Table S3.1 For
the reactive distillation step a column with 15 stages (13 reac-
tion stages plus condenser and evaporator) is used to assure a
high conversion of FA and a high purity of the removed MF.
Methanol is added to the unit via a recycling stream on tray 8
as well as via the product mixture from the biomass oxidation
step. The resulting temperature and composition profiles can
be presented in Fig. S3.7 A stream mainly consisting of water
(94 wt%) and some residues of FA and methanol is withdrawn
at the bottom of the column. Due to the low boiling point MF
is separated at the head of the column, resulting in a conden-
sate stream with approximately 98 wt% MF-content. Despite
the high purity of the flow exiting the column some impurity
buildup from recycling may still occur. Our study primarily
assesses the basic feasibility, cost-effectiveness, and sustain-

Green Chem., 2025, 27, 9268-9279 | 9271
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ability of the process to determine if larger-scale experiments
are justified. Definitive conclusions about impurity accumu-
lation require experimental studies on higher technology
readiness level (TRL). In the third step the MF-rich condensed
head stream and hydrogen are feed into the hydrogenolysis
reactor that operates at 210 °C and 10 bar.*® Based on litera-
ture a high MF-conversion of 95.3% and no side reactions are
assumed.** Further increase in reaction temperature can lead
to higher conversions at the cost of selectivity and is therefore
not considered.”® Finally, the produced methanol-rich stream
from MF hydrogenolysis is condensed at 25 °C. Roughly, 52%
of this condensed stream is recycled and fed into the reactive
distillation column and to a smaller extend to the glucose
oxidation step. Consequently, the resulting net product stream
is 158.9 kg h™' with a methanol content of 96.7 wt% (pure
methanol stream of 153.6 kg h™").

An in-depth view of the carbon balance of the described
OxFA-to-MeOH process route can be derived from the Sankey-
diagram shown in Fig. 2.

The overall carbon efficiency (CE) of the process route is
80.0%. In glucose oxidation 1.9 kg h™' CO, are formed via the
total oxidation path, representing a carbon loss smaller than
0.4%. The main carbon losses in the proposed process route
are found in the reactive distillation step where FA and MeOH
impurities in the aqueous bottom stream are the major contri-
butors with only minor losses of uncondensed product in the
head condenser unit. An increase of the separation efficiency,
e.g. by lowering the cooling temperature or increasing the heat
exchange surface in both condensing steps could lead to an
overall increase in carbon efficiency at the cost of higher equip-
ment or operation costs. A variation of the cooling temperature
of the final product condenser can be found in Fig. S5.1 Here,
the reduction of the coolant temperature from initial 25 °C to
5 °C would result in a higher CE of 83.2%.

Both, glucose oxidation and hydrogenolysis are exothermal
reactions. Consequently, there is a heat surplus in the con-
sidered process route. Due to the low reaction temperature in
the oxidation reaction only the excess heat of the hydrogenoly-
sis and the final product condensation steps is applicable for
heat integration. The heat integration network generated with

View Article Online

Green Chemistry

the Aspen Energy Analyzer is illustrated in Fig. S2 and con-
sists of four heat exchangers offering a total heat exchange
capacity of 183 kW. By using this surplus, the original heat
demand of the process can be reduced by 96.1% from
190.1 kW to 7.3 kW and the demand for cooling is lowered by
25.8% from 707.7 KW to 524.9 kW. As the main amount of
heat is produced in the glucose oxidation an increase of the
reaction temperature beyond 100 °C could, however, enable
the generation of valuable low-pressure saturated steam and
thus the integration of the process into a local or district
heating network, enhancing its economic viability. However,
the effects of the higher temperature on the OXFA process per-
formance would need to be investigated experimentally.

To estimate the environmental impact of the OxFA-to-
MeOH process we calculated the GWP,q, (global warming
potential over 100 years). The system boundaries (gate-to-gate)
are visualized in Fig. 3a and the results for the base case and
for additional flue gas combustion are shown in Fig. 3b. The
underlying assumptions for the GWP;q, calculation can be
found in the ESI section S.4.f In the base case 0.959 kgco g
kgmeon - is emitted. The main contribution to this value are
the emitted MF and H, gas streams from reactive distillation
and from the product condenser, as both molecules obsess a
relatively high GWP,gs-value of 11 kggo,eq kgmr © (MF) and
11.6 Kgco,-eq kgu,”' (H,). Therefore, we considered a second
scenario where the flue gases are simply combusted to bio-
genic CO, resulting in significant reduction of the processes
GWP;o t0 0.464 Kgco,eq Kgmeon - Additionally to the bio-
genic CO, as a value product in itself, the combustion would
produce around 0.98 kWh Kkgyeon ' excess heat usable for
other processes. Based on these results we conclude, that flue
gas combustion would be an interesting option to further
reduce the GHG potential of the OxFA-to-MeOH process,
especially if the separation efficiency of MF and H, can not be
improved.

3.2 Cost calculations for the base case

Following the simulation results, the CapEx for the base case
of the OxFA-to-MeOH process can be calculated. A detailed
listing of the costs for of all main components of the system is

MF:  0.7kgh
MeOH: 19.6 kg h*!
— —
Glucose Glucose MBS 20 0k Reactive
e EATNCOSERKGI "o
Feed Oxidation MeOH: 9.1 kg h-t distillation
MF:  2.8kgh
B Glucose FA: 11.3kg h1"
CO,: 06kgh
MeOH 2
CO,: 1.9kg h*' MeOH: 5.5 kg h"!
m Co, | e R eCH:SS kg
FA - T
. MF

MF:  6.0kgh'
MeOH: 173.1 kg h™!

N 7 5 —
Hydro- MF:  16.1kgh! MF:  11.9kgh'!
genolysis MeOH: 354.1kgh? | COndenser | S vieo: 1536 kght /| Product
J S | L
MF: 4.1 kgh?
MeOH: 7.8 kg h"!
S Ca—
. Losses
| S

Fig. 2 Sankey diagram of the simulated process route with total CE of 80.0%.
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Fig. 3 Environmental assessment of the OxFA-to-MeOH process: (a) system boundary visualization, (b) comparison of GWP44o of the base case and

base case with flue gas combustion.

shown in Table S4.f In total 3.36 Mio.€ are necessary for the
components including installation costs. Following the annual
operation time of 8000 h a™* over the 20 years amortization
period this equals 21.01 € per h. Fig. 4(a) illustrates the relative
amounts of the CapEx for each component.

The compressors for hydrogen and oxygen, followed by the
reactive distillation column, cause the biggest impact on
CapEx. Both, the OxFA reactor for the glucose oxidation (stirred
tank reactor), as well as the hydrogenolysis reactor (tubular
reactor) represent rather standard reaction equipment and
hence have only moderate impact on CapEx. The lowest contri-
bution to CapEx originates from the process equipment e.g.
pumps, preheaters, heat exchangers and the product condenser.

Based on the assumptions in Table 3 the OpEx can be cal-
culated as 217.26 € per h for the base case. Based on the
methanol fraction of the product stream and the sum of
CapEx and OpEx a (crude) methanol price of 1.55 € per kg is
calculated. After amortization of the plant and equipment the
methanol price lowers to 1.41 € per kg (see Fig. S41). An over-
view of the relative distribution of the OpEx is given in
Fig. 4(b), whereas the specified values for each item are sum-
marized in Table S5.1 The greatest cost impact arises from the
renewable hydrogen and the biomass source glucose. Together
they account for 88.2% of the OpEx (see Table 3). Accordingly,

81%  13.2%
3.1% ' 25% I Pumps (2)
\ 15% M Preheaters (2)
// 12-9£;’/02 [l O, compressor
CapEx ‘ ' H, compressor
3.36 Mio. € I Condenser

OxFA reactor

I Reactive distillation column

42.6%

(a)

24.2% [ Hydrogenolysis reactor
Heat exchangers (4)

these two factors have also the highest cost impact in the sen-
sitivity analysis, as shown in Fig. 5. Note, that the depicted
variation of the glucose costs can also be taken as a proxy for
the additional OpEx of a potential pretreatment for complex
biomass or higher base costs for the feed biomass.

The amortization period has a non-linear effect on the
methanol price, which, however, is smaller than the impact of
the price variation of hydrogen or glucose. In comparison the
influence of CapEx, oxygen costs and electricity costs on the
methanol price is low if varied in the same range of +50%.
Hence, the addition of suitable equipment for biomass pre-
treatment, e.g. an agitated steel basin (approx. 200.000 €
CapEx), is well within the considered CapEx range, and would
result in a minor increase of the methanol price from 1.55 to
1.56 € per kg. The variation of heating, cooling and water costs
resulted in a negligible change of methanol price within a
range of +0.6% (see Table S67).

3.3 Feedstock range expansion and integration potential for
electrolysis

Glucose was chosen as the model substrate in the base case
primarily due to the good availability of comprehensive pub-
lished data. However, in a real application scenario, other
biomass sources especially waste and residue streams are way

54.4%
0.2% I Glucose
6.2% z Hydrogen
OpEx ‘% I Oxygen
217.3€h" = B \Vater
\ Cooling
4.1% [ Heating
I Electricity
(b) 33.8%

Fig. 4 Overview of CapEx (a) and OpEx (b) for the base case assumptions of the process route.
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(glucose, oxygen and hydrogen).

more attractive low-cost alternatives. Crude glycerol and wheat
straw are two examples that have already been tested in the
OxFA process and are feasible substrates for FA
production.'”'® As agricultural waste or residue of the bio
diesel production, wheat straw or crude glycerol offer a high
biomass potential and good availability in the region of
Germany.>>>® Other waste biomasses with high polysaccharide
contents like pomace or sugar cane residues are potential
carbon sources for the OXFA process, as well.'” Due to their
high sugar content with chemical similarity to glucose and low
availability in Germany they are not considered as an extra
case in this study. Table 4 summarizes the properties and
costs of the three carbon sources evaluated in this study.
Because the reaction is conducted in an aqueous environment,
water, which is the main impurity in crude glycerol,®” does not
interfere with the process. Note, that the utilization of solid
water insoluble lignocellulosic wastes, like wheat straw,
requires the use of promotors (e.g. TSA) for effective conversion
in the biomass oxidation step.'” The costs for promotors and
possibly additional pretreatment equipment (steel basin) is
not accounted for in the current model, but is assumed within
the range of the conducted sensitivity analysis (Fig. 5).

For wheat straw a moisture and ash content of 10.1 wt%
and 6.4 wt% are assumed lowering the usable ash free dry

Table 4 Overview of considered carbon sources for the simulated
process route

Carbon Price/€ Pricegg/€
source O, daf/Wt% ®c,am/Wt% per kg per kgge
Glucose 40.0 40.0 0.410 —
Crude glycerol ~ 39.2 26.2 0.110 0.168
Wheat straw 49.4 (ref. 58)  41.3 (ref. 58)  0.085 0.083

daf, dry mass ash free. am, gross biomass including ash and moisture.
GE, glucose equivalent. ¢ Average from 08.2021-08.2024.%°

9274 | Green Chem., 2025, 27, 9268-9279

mass of the carbon source (mainly lignin, cellulose and hemi-
cellulose) to approximately 83.5% of the gross weight.>® This
results in a C-content of the biomass including ash and moist-
ure of 41.3 wt%. As consequence of the slightly higher
C-content,,, compared to the reference glucose the price of
wheat straw per glucose equivalent is calculated as 0.083 € per
kgge. Note, that possible further losses during an eventually
needed pretreatment of the biomass is not accounted for at
this point. For crude glycerol on the other hand a purity of
approximately 66.8 wt% is assumed. The main impurity in
crude glycerol is water. Hence, no special pretreatment is
required to utilize this carbon source for the process. The low
purity of the crude glycerol reduces the C-content from
39.2 wt% (C-contentg,, pure glycerol) to 26.2 wt%
(C-content,,). As a result of the lower C-content,,, of crude gly-
cerol compared to glucose the price per glucose equivalent is
calculated as 0.168 € per kggg.

The glucose equivalent prices (see Table 4), which factor in
inorganic and water content of the biomass, are used to esti-
mate the achievable methanol prices with the different feed-
stocks building on the base case calculations. In a first
approximation, the conversion level for both alternative bio-
masses is kept constant (approx. 99%) and a direct conversion
of complex biomass like wheat straw is assumed in the OxFA
step of the process route. The resulting methanol prices are
given in Fig. 6.

Starting from a methanol price of 1.55 € per kg with
glucose the costs can be lowered to 1.27 € per kg using crude
glycerol or even 1.17 € per kg using wheat straw as carbon
source.

Apart from the biomass substrate renewable hydrogen for
the hydrogenolysis reaction is a major cost driving factor (see
Fig. 4(b)). As also oxygen is required for the process route the
direct coupling with a water electrolyzer is an approach. Using
Aspen Plus an 1.2 MW alkaline electrolyzer (AEL) was deter-
mined to be sufficient to supply hydrogen (12 kmol h™") and

This journal is © The Royal Society of Chemistry 2025
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oxygen (3 kmol h™") for the full OxFA-to-MeOH process route.
The excess oxygen might for example be used in waste water
treatment or as growth agent in agriculture or aquaculture.®® >
Under the assumption of 700 € per kW capital costs antici-
pated for small scale electrolyzers <5 MW in 2030 its
implementation would increase the CapEx by an additional
0.84 Mio.€ to a total of 4.20 Mio.€.°® Furthermore, the econ-
omic benefit of electrolyzer implementation highly depends
on prevailing industrial electricity prices, as illustrated in Fig. 7.

Reaching an electricity price below 0.108 € per kWh, the
use of an electrolyzer becomes economically viable. The
current electricity production costs in Germany range from
0.041-0.144 € per kWh for photovoltaic and 0.043-0.103 € per
kWh wind power and are therefore in a competitive range to
run the process.® Note that depending on the use case the
decentralized character of the in house production of hydro-
gen and oxygen can overweight the plain economic reasons
even at higher electricity prices. For the applications in

3.0
® Integrated electrolyzer j
<~ 25 | v Basecase e
2 o
Y20
Py .-
L s
6154~ V*”"’:af"- *********** ¥ ------
S //,
s10{ _.-®
_: P
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= 0.5 :
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Fig. 7 Sensitivity analysis of the methanol price on electricity price.
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Germany the electrolyzer integration can also be interesting
for the combination with small-scale photovoltaic installations
(<10 kw), since the feed-in remuneration (partial feed-in) for
electricity from these sources is currently below 0.079 € per
kWh.%

Furthermore, the integration of pressurized electrolyzer
solutions might result in the redundancy of the hydrogen com-
pressor, significantly reducing the CapEx of the process
(compare Fig. 4).°® With an electricity price of 0.05 € per kWh
a methanol price of 1.08 € per kg can be achieved for the case
being analyzed.

3.4 Case study for a small-scale and decentralized
application of the process

Modular and flexible decentralized systems leverage founda-
tional small-scale chemical process units to enable scalable,
adaptable operations across diverse production volumes and
market demands. A small scale realization the OxFA-to-MeOH
process greatly benefits from the mild reaction conditions
employed (temperature <210 ©C, pressures <10 bar).
Furthermore, the MF hydrogenolysis, unlike CO or CO, hydro-
genation, is not constrained by equilibrium limitations. This
eliminates the need for high-pressure gas recycling, that are
especially difficult to realize in small scale operation.®”
Furthermore, the process circumvents the need for energy-
intensive biomass drying, enabling the direct utilization of wet
biomass. In contrast to high-temperature biomass conversion
methods such as gasification, the formation of tars and chars
is effectively avoided, thereby reducing downstream purifi-
cation requirements. The integration of an electrolyzer, as dis-
cussed above, provides the option for an independent supply
of hydrogen and oxygen on any location with sufficient renew-
able energy capabilities.

A potential decentralized application of the OxFA-to-MeOH
process is its deployment within agricultural or forestry coop-
eratives, where locally sourced lignocellulosic wet biomass
waste is converted to methanol for use as a fuel additive in
their vehicle fleets.®® Additionally, surplus heat generated
during oxidation can be utilized for heating adjacent facilities.

In the following, we define three operation scenarios to
investigate the cost structure of the decentral application of
the OxFA-to-MeOH process route including the use of an elec-
trolyzer. It is assumed that in all three cases the same amount
of methanol as in the base case is supplied, and that cooling
water is on hand. Moreover, the CapEx remains unchanged
across the considered scenarios. All further assumptions can
be found in the ESI.f The resulting methanol prices and their
distribution are illustrated in Fig. 8.

In the optimistic scenario (Fig. 8(a)), electricity is available
at a low price of 0.05 € per kWh and wheat straw is applied as
a cheap carbon source. This leads to methanol prices as low as
0.69 € per kg. In addition to the necessity of low electricity
costs, the conversion of complex biomass poses a challenge in
this scenario. At the current state of research, complex
biomass achieves lower conversions compared to glycerol and
glucose.'” However, pretreatment of the biomass or the use of
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scenario.

additives can improve conversions.'> Due to the high boiling
points of these additives, they can be easily separated from the
product mixture after the biomass oxidation step. In the neutral
scenario (Fig. 8(b)) crude glycerol is the biomass in use, and elec-
tricity is provided at a price of 0.10 € per kWh, which is already
achievable in some regions of Europe and could be feasible in
Germany with the increase in renewable energy production.®*®°
Here, a methanol price of 1.20 € per kg is realized. In the pessi-
mistic case in Fig. 8(c) a high electricity price of 0.20 € per kWh
is assumed, and glucose is the only carbon source available.
Hence, this scenario might be representative for the realization
of the process at present time in Germany using a high-priced
biomass source. With 2.31 € per kg the resulting methanol price
is higher than in the base case assumptions described above.
Consequently, for such a high electricity price, the OxFA-to-
MeOH process route without the use of an electrolyzer is more
economically viable. After amortization of the plant a methanol
price of 2.14 € per kg can be achieved in the pessimistic scen-
ario, whereas the neutral and optimistic cases reached methanol
prices of 1.03 € per kg and 0.52 € per kg.

3.5 Comparison to other sustainable methanol production
routes

The OxFA-to-MeOH process (optimistic scenario) proposed
here has to compete against other sustainable methanol pro-
duction routes, such as biomass gasification to methanol
(BG-MeOH) or the direct conversion of CO, to methanol via
PtX-technologies (E-MeOH). In Table 5 the main assumptions
and key performance indicators (carbon efficiency, energy
efficiency, TRL and methanol price) of the novel process route
are contrasted against mentioned alternatives based on data
from Harris et al’° In this study, the production of E-MeOH
was simulated via the indirect process route namely by the
electrocatalytic reduction of CO, to CO and subsequent metha-
nol synthesis using H, from water electrolysis. For the
BG-MeOH route, gasification is simulated at 1140.2 K and 243
kPa with combustion of the produced tars and chars as the
primary heat source for the process. Excess CO, is removed to

9276 | Green Chem., 2025, 27, 9268-9279

about 5 vol% via acid-gas removal from the formed syngas
before it is fed into the methanol synthesis reactor. To increase
the comparability of the OxFA-to-MeOH process we recalcu-
lated the methanol price according to the assumptions and
depreciation method (DCFROR - Discounted Cash Flow Rate
of Return) used by Harris et al This includes an internal
return of revenue of 10% for the produced methanol.

Out of the three production processes the gasification route
offers the lowest carbon efficiency of 33.2% due to high
amounts of carbon lost in tars and chars that are combusted
(approximately 31%).”° The highest carbon efficiency of 91.5%
can be achieved via the E-MeOH route. The primary carbon
losses in this case are small slipstreams and separated side
products (light hydrocarbons) both of which are utilized as
process fuel. The OxFA-to-MeOH process also achieves a high
carbon efficiency of 80.0%. Here, the main carbon losses arise
from imperfect separation in the distillation and condensation
steps. For comparison, conventional methanol synthesis path-
ways from fossil resources exhibit carbon efficiency in the
range of 68-75%, what is below the here defined E-MeOH and
OxFA-to-MeOH routes.”’

The energy efficiency of the three production routes con-
sidered lies between 41 and 48%, with further improvement
anticipated with increasing TRL for the E-MeOH and OxFA-to-
MeOH routes. Therefore, all routes have a lower energy
efficiency than current commercial methanol production,
which averages 57%.”° For the OxFA-to-MeOH route, a full util-
ization of the low-temperature waste heat could result in an
increase of energy efficiencies up to 70% (when considering
process heat as a product in eqn (5)). Due to the low require-
ments on the biomass feedstock (lignocellulosic wastes with
variable composition, level of impurities and particle size) and
high TRL (7-9) the methanol production by biomass gasifica-
tion according to Harris et al. achieves the lowest methanol
price of the routes considered.”®”*””> With 0.35 € per kg it is
within the range also reported by the International Renewable
Energy Agency (IRENA) for bio based methanol production
routes (0.29-0.69 € per kg; gasification, biogas reforming,

This journal is © The Royal Society of Chemistry 2025
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Table 5 Comparison of renewable methanol production routes (data for BG- and E-MeOH from Harris et al.”®)
Parameter Unit OxFA-to-MeOH BG-MeOH E-MeOH
Carbon source — Wheat straw 50% clean pine CO,
50% forest residues

€pert 82.6 60.1 36.0
Electricity € per kWh 0.05 0.061 0.061 0.061
Plant life a 207 30 30 30
MeOH production kta™ 1.21 291 291
Depreciation method — Amortization DCFROR DCFROR DCFROR
Internal rate on return % — 10 10 10
Operation time ha™ 8000 7884 7884 7884
e % 80.0 33.2 91.5
e % 43.5 47.8 41.0
TRL"* — 4 7-9 4-8°
Methanol price € per kg 0.69 0.98 0.35 1.45

“ Amortization period. ” Depending on CO, source/direct air capture method.””> DCFROR - discounted cash flow rate of return.

wood pulping) and even below the European market price of
0.50 € per kg for conventional methanol (averaged over the
past three years 12.2021-12.2024).*7°

One major influence on the methanol price is the costs of
the carbon source, which is assumed significantly cheaper in
the BG-MeOH route of Harris et al. compared to the OxFA-to-
MeOH process. In contrast, E-MeOH routes are more expensive
than the two biomass based routes with methanol prices
ranging from 1.08 to 2.16 € per kg for direct air capture solu-
tions according to IRENA.” The E-MeOH price of 1.45 € per kg
calculated by Harris et al. is in good agreement to these values
and is approximately 48% higher than the price achieved in
the OxFA-to-MeOH process under similar calculation assump-
tions (0.98 € per kg see Table 5). The high production costs of
E-MeOH primarily stem from expensive renewable hydrogen
and electricity. Furthermore, it can be noted, that the two pro-
cesses in the study of Harris et al. are designed for signifi-
cantly higher methanol production rates (factor 240) utilizing
the advantages of economy of scale. One drawback of large
plants and consequently high biomass throughput is the tre-
mendous transport effort required, that is not considered in
the study. Scaling down the E-MeOH and especially BG-MeOH
processes might results in increasing methanol production
costs in decentralized application scenarios.

The overall TRL for the OxFA-to-MeOH process was
assigned as 4. While the biomass oxidation via the OxFA
process possess a TRL of 7 and is currently implemented as
pilot plant, the two subsequent processes esterification via
reactive distillation and hydrogenolysis of MF are only realized
at the laboratory scale.””*® In the presented case of E-MeOH
(Harris et al.) the first step of electrocatalytic CO, reduction to
CO has a low TRL of 4, the downstream syngas conditioning
and methanol synthesis on the other hand are already estab-
lished technologies with TRL 9.”%7” Other routes such as the
direct hydrogenation of CO, are also conceivable for the pro-
duction of renewable methanol and reach up-to TRL 8 depend-
ing on the employed CO, source (point sources or direct air
capture).””” Consequently, it has to be denoted that the lower
TRL of the OxFA-to-MeOH and E-MeOH routes are associated

This journal is © The Royal Society of Chemistry 2025

with increased risks related to process scalability and intro-
duce uncertainties concerning the final commercial design.
However, in the future the drastically higher carbon efficiency
and therefore lower CO, emissions of the two processes could
render them as promising alternatives to the conventional
methanol production route, if renewable electricity prices
decrease further or natural gas price increases further.
Additionally, OxFA-to-MeOH opens the scope to a variety of
wet biomass resources that cannot be used without prior
energy-intensive drying in biomass gasification. Together with
the decentralized nature of the concept, bio-methanol pro-
duction via the proposed process route could convert biomass
waste streams from farming associations producing methanol
that can be sold or used as replacement fuel.®®

4. Conclusions

In summary, this study introduces a novel approach for the
decentralized production of methanol from wet biomass resi-
dues (OxFA-to-MeOH process). First, biomass is oxidized with
addition of methanol as solvent (approximately 10 wt%) via
the modified OxFA process, generating formic acid in high
yield. In the next step, the formic acid molecule is esterified
with an additional molecule of methanol in a reactive distilla-
tion step, forming methyl formate. Lastly, the hydrogenolysis
of methyl formate is carried out, forming two molecules of
methanol. Roughly half of this high purity methanol product
stream is recycled as reactant for the prior steps (OXFA process
and esterification). The other half of the biogenic methanol is
the product of the new process route.

The advantages of this concept are as follows: a wide variety
of biomass sources (incl. residues and biogenic waste streams)
can be used in the oxidation reaction without energy intensive
pretreatment or drying steps. Together with the overall mild
reaction conditions (<210 °C and <10 bar) this makes the
concept feasible for small scale and decentral production of
renewable methanol. In that way, extensive transport of low
density biomass is avoided. In a future scenario, local suppli-
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ers of biomass residues may use the produced methanol as
fuel additive themselves.

The simulation results show that the proposed process
chain achieves a high carbon efficiency of 80.0%, being
superior to bio methanol from gasification and even current
fossil methanol production routes. The novel route shows
promising results for the integration of an alkaline electrolyzer
to cover the inherent hydrogen and oxygen demand, if the
prices for renewable electricity continue to fall. In the base
scenario, where glucose is used as the biomass feedstock, the
attainable methanol price of 1.51 € per kg is strongly influ-
enced by the cost of renewable hydrogen. If an electrolyzer is
used for the hydrogen supply the electricity price becomes the
predominant influence for the methanol price resulting in a
price range from 0.69-2.31 € per kg depending on the
assumed scenario. In conclusion, the proposed methanol pro-
duction route offers a decentralized approach in a competitive
price range to other renewable methanol processes that either
operate under challenging reaction conditions (biomass gasifi-
cation) or rely on expensive CO, capture.
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