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Renewable Hydrogen is a key building block for a sustainable energy economy. An attractive resource for its
production is waste biomass. This contribution analyses a promising new Biomass-to-Hy two-step approach,
consisting of (1) biomass oxidation to formic acid and methyl formate in the so-called OxFA-Process and (2)
hydrogen generation by dehydrogenation or decarbonylation of these intermediates. This contribution explains a
novel hydrogen production concept and compares three distinct process routes for their efficient implementation.
By using Aspen Plus® V12 the process was designed and optimized to achieve maximum hydrogen yield. An
economic analysis allowed to compare the different characteristics of each process concept and to select the most

promising option. The chosen concept was subject to a detailed cost and sensitivity analysis showing that this
new route has high potential and competitiveness for hydrogen production from waste biomass.

1. Introduction

The need to lower greenhouse gas emissions and the exploitation of
fossil resources drives the development and implementation of renew-
able energy technologies. The energy transition requires a multi-faceted
approach, that includes a variety of sources, such as wind, solar, and
hydropower [1]. To ensure a stable supply of electrical energy, these
sources alone are not sufficient, as their availability fluctuates and de-
pends on location and time. Hydrogen is a versatile energy carrier that
has the potential to supplement and balance the energy provision and
storage system. Currently, hydrogen is primarily produced from natural
gas and coal [2]. In a sustainable scenario, water electrolysis is able to
generate significant amounts of hydrogen, although it remains an
expensive technology [3-5]. Gasification is regarded as a promising
option for cheaper hydrogen production from biological resources. It
offers a viable and sustainable method to harvest hydrogen from
biomass wastes [6]. According to Ahmad et al., a few parameters (e.g.
type of gasifier and the operations conditions) have the greatest effect on
product quality and efficiency of the gasification process [7]. While
there is considerable potential to mitigate greenhouse gas emissions by
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biomass gasification, this technology is associated with significant
drawbacks [8,9]. Energy intensive crushing and drying of the biomass
substrate is required [7,10,11] and the gasification process generates a
multicomponent mixture from which high-quality hydrogen can only be
obtained after intensive purification (tar and sulphur removal) [12]. An
alternative thermochemical process for the decomposition of biomass is
pyrolysis, however, the concentration of hydrogen in the gas phase is
currently too low to make the process economically interesting [13].
One major disadvantage of gasification and pyrolysis lies in the
demanding process conditions involving high temperatures and pres-
sures of up to 1400 °C and 25 MPa [13]. Due to challenging conditions,
the efficiency of these technologies decreases when moving from large,
centralized facilities to smaller, decentralized plants that convert
biomass wastes at the source. Establishing such decentralized plants can
ease the transportation of wet biomass wastes, which typically have low
energy density per unit volume. Zhang et al. [14] demonstrated a
one-pot, two step reaction for generating hydrogen from various kinds of
non-food-related biomass and daily waste. Initially, formic acid is ac-
quired through a 1 vol-% dimethyl sulfoxide-promoted hydro-
lysis-oxidation of biomass. Subsequently, this formic acid is subjected to
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dehydrogenation using an iridium catalyst, yielding hydrogen with ef-
ficiencies reaching up to 95 %. The study demonstrated the versatility of
the process by successfully working with various substrates such as
wheat straw, reed, cardboard, and newspaper. Park et al. [15] investi-
gated a comparable process employing dimethyl sulfoxide and hydrogen
peroxide for hydrolysis-oxidation. They pre-treated biomass by mecha-
nocatalytic depolymerization with citric acid using a blender. The
resulting formic acid was then dehydrogenated with a Pd catalyst,
showing high selectivity. Both studies highlight a genuine interest in a
process for hydrogen production from biomass. However, it’s important
to note that neither study delved into the technical realization of their
processes, e. g. stoichiometrically consuming H202 as an oxidant seems
not feasible in a large scale process.

In this work, a novel process route is proposed to produce hydrogen
in high yields from dry or aqueous/wet lignocellulosic biomass wastes,
that takes place under mild process conditions, making it especially
suitable for decentralized application. The proposed process scheme of
the hydrogen production route is shown in Fig. 1. In a first step, the
biomass is oxidized in the presence of water as a solvent by using oxygen
or air (so-called OxFA-Process) [16-18]. Formic acid and carbon dioxide
are the main products of this reaction. Recent studies have shown, that
the usage or addition of methanol as a co-solvent almost completely
suppresses total biomass oxidation to carbon dioxide, enabling an
outstanding biogenic carbon efficiency [19]. The methanol containing
system, however, leads to the formation of methyl formate through the
esterification of methanol and biobased formic acid (so-called modified
OxFA-Process) [20]. The ratio between the two products formic acid and
methyl formate depends on the water/methanol solvent ratio, according
to the thermodynamic equilibrium of the esterification reaction. How-
ever, their separation is facilitated by markedly different boiling points.
For subsequent generation of hydrogen from these two intermediates,
two different process routes are necessary. On the one hand, formic acid
is dehydrogenated to hydrogen and carbon dioxide according to equa-
tion (1). On the other hand, the methyl formate part undergoes initial
decomposition through decarbonylation to yield carbon monoxide and
methanol (equation (2)). While methanol is recycled back into the
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Fig. 1. Schematic representation of the production of hydrogen via methyl
formate/formic acid starting from biomass oxidation.
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OxFA-Process (as a solvent), the carbon monoxide is converted with
water to hydrogen and CO; in a water-gas shift reaction (equation (6)).

The objective of this study was to comprehensively examine the
innovative hydrogen production process at a conceptual level, encom-
passing process design, various qualitative criteria (such as equipment
requirements, biomass solubility, hazard potential, etc.), and its eco-
nomic viability. A decisive aspect for the process design is the applied
water/methanol solvent ratio. Starting from different compositions of
solvents in the OxFA-Process (pure water, 10 wt-% methanol in water
and 50 wt-% methanol in water) three process designs were devised and
compared. A route in pure methanol was not considered since biomass
itself contains water which is always diluting the system. First, the state-
of-the-art of the individual process steps (OxFA-Process, dehydrogena-
tion, decarbonylation and water-gas shift reaction) is described and
analysed in detail.

1.1. Process step 1: biomass oxidation

The OxFA-Process is a promising technology for the chemical val-
orisation of biomass. Its basic principle is the selective, catalytic
oxidation of various biogenic substrates to produce formic acid (FA).
The only two products that are formed at full conversion are FA and CO»
[21]. This biomass oxidation process is mildly exothermic and operates
under mild temperature conditions of typically below 100 °C using
molecular oxygen or synthetic air as environmental benign oxidants. As
water is applied as solvent, biomass of different origin, composition and
humidity can be applied without drying [22]. The concept overcomes
major problems of classical biomass gasification or reforming processes
like necessary pre-drying of substrates or limited feedstock variety as
well as lack of selectivity due to by-product formation [23,24]. By
applying the OxFA-Process, a very broad range of biogenic raw materials
can be converted into only two products that separate nicely into gas and
liquid phase, its simplicity and robustness are clear advantages
compared to other biomass valorisation technologies [25]. However,
due to the thermodynamically favoured total oxidation to CO,, only
moderate FA yields up to 61 % from glucose using a polyoxometalate
(POM) catalyst could be achieved (Scheme 1) [26].

In a modified version of the OxFA-Process reported in 2020, a simple
change in the reaction medium of the POM-catalysed glucose oxidation
leads to a step-change in performance (Scheme 2) [20]. In detail, the
remarkable influence of methanol as a (co)-solvent lead to an overall
formic acid/methyl formate selectivity of almost 100 % from glucose
oxidation. Undesired side products that have been typically found in the
traditional aqueous oxidation system, such as CO or COj, can be
completely avoided in this way. A highly important finding is that
glucose oxidation in methanol benefits from a faster re-oxidation of the
HPA-5 catalyst. This enables effective re-oxidation at lower oxygen
partial pressures and allows to work with air as oxidant at pressures as
low as 5 bar.

Motivated by the intriguing effect of methanol on the catalytic sys-
tem for its performance in selective glucose oxidation to FA, Wesinger
et al. [27] analysed the role of the catalytic active species in greater
detail using 5'V-NMR and EPR spectroscopy. It was found that a
vanadate-methanol complex [VO(OMe)s]” is responsible for the
enhanced selectivity in methanolic solution compared to aqueous
media. Both (aqueous and modified) OxFA processes are the subject of
further research by various groups. Albert et al. [28] have investigated a
potential utilization for the production of hydrocarbons by
Fischer-Tropsch synthesis (FTS). By transforming biomass first into
formic acid via the OxFA-Process followed by syngas formation by
decomposition of FA and finally FTS using regenerative hydrogen (or if
needed Hy from the stored FA) to balance the C:H ratio allows an
interesting pathway for green fuel production.
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Scheme 1. POM-catalysed oxidation of glucose to formic acid in aqueous media [26].
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Scheme 2. Reaction mechanism for the modified OxFA-Process (exemplified for glucose oxidation to methyl formate in aqueous-methanolic solution

1.2. Process step 2a: dehydrogenation of formic acid

The dehydrogenation of the biogenic formic acid to produce
hydrogen and carbon dioxide proceeds according to equation (1).

@

In the past, various catalysts, both homogeneous and heterogeneous,
were investigated for this reaction. Graseman and Laurenczy [29] have
compiled an overview of different catalysts and their performance. The
homogeneous systems often consist of ruthenium complexes [29]. A
promising concept is to use a RuBr3 e xH,O catalyst in a SHCOOH/2NEt3
reaction mixture with triphenylphosphine (PPhs) at temperatures of
40 °C [30]. An alternative approach uses RuCl3 e xHyO with
meta-trisulfonated triphenylphsophine (mTPPTS) and HCOONa as ad-
ditive for the aqueous formic acid [29]. Here, full conversion of formic
acid at 90 °C is possible and no carbon monoxide is formed as a
by-product. Fink and Laurenczy [31] carried out dehydrogenation with
a rhodium complex ([Cp*Rh(dpm)Cl]Cl,) and found catalytic activity
starting at 55 °C. Maximum activity was observed at 105 °C (TOF = 1085
h™1) and the catalyst showed no loss of activity over four cycles. Note,
that the biomass oxidation via the OxFA-Process produces an aqueous
formic acid solution. During dehydrogenation with a homogeneous
catalyst, the gaseous products are removed, and the catalyst remains
behind in the solvent (water). In a continuous reactor, the catalyst is thus
washed out or must be continuously concentrated (e.g. by water evap-
oration), leading to a high energy demand and additional equipment.
Bulushev, D.A. [32] showed the promising activity of immobilized ho-
mogeneous catalysts (Ru, Ir, and Fe) for formic acid-based hydrogen.
With heterogeneous or immobilized catalysts, no further separation is
necessary, making them particularly attractive in dilute aqueous envi-
ronments. Most groups have studied formic acid dehydrogenation with
solid catalysts in liquid phase in batch experiments. Only a few groups
[33-36] have used a continuous experimental setup so far. For hetero-
geneously catalysed reactions, gold is a promising metal. Gazsi et al.
[37] have investigated this on various supports in a continuous

HCOOH = CO, + H,
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fixed-bed reactor. As an example, a Ha-yield of 99.5 % was obtained
with 1 % Au/SiO; at 523 K. It was also found that water has a positive
influence on the yield and selectivity of Hy production, as it suppressed
CO-formation. This confirms observations by Solymosi et al. [38], who
achieved Hy-yields of 98.3 % at 473 K with iridium on carbon. Kosider
et al. [39] have shown that commercial palladium catalysts (Pd/C and
Pd/Al,03) exhibit high activity as well as selectivity to Hy and CO3 even
at room temperature, but a strong deactivation of the catalyst occurs due
to CO-poisoning of Pd. Nevertheless, pseudo-continuous operation can
be realized by regeneration of the catalysts with hydrogen peroxide. In
this respect, it is important to note that the long-term stability of het-
erogeneous catalysts in particular has been a major challenge to date
[39]. Jia et al. [40] promoted Pd/C catalysts with various alkali metals
(K, Cs, Na, and Li) and observed that the addition of potassium (10
wt-%) significantly increased the turnover frequency by up to 65 times.
The researchers also proposed a reaction mechanism that involves the
decomposition of formate ions, which is accelerated by a liquid phase
within the pores - potentially facilitated by the condensation of formic
acid or the presence of water. So far, dehydrogenation of aqueous formic
acid remained restricted to a laboratory and pilot scale. However, the
findings indicate that formic acid can be fully converted at ambient
pressure and temperatures of 85 °C [31]. These mild conditions make
the formic acid dehydrogenation attractive for decentralized hydrogen
production by combination with the OxFA-Process. However, for het-
erogeneous concepts mainly the catalyst robustness and for homoge-
neous concepts its separation need to be addressed in further
development to enable stable dehydrogenation in the proposed scenario.

1.3. Process step 2b: decarbonylation of methyl formate

In the production of methyl formate through the modified OxFA-
Process, it should be noted that only the formyl group of the molecule
is derived from the decomposed biomass. The methyl part, on the other
hand, originates from the methanol previously used as a co-solvent.
Therefore, a first decarbonylation step is required to isolate the bio-



F. Kroll et al.

based carbon.

Two routes are known in literature for the decomposition of methyl
formate, either by decarbonylation into methanol and CO (equation (2))
or by decarboxylation into methane and carbon dioxide (equation (3)).
Note that the latter is thermodynamically favoured [41].

C,H,0, =CH;0H + CO 2

C,H,0, = CH, + CO, 3

For the purpose of the discussed scenario, (2) is desired to liberate CO
for further conversion. In this regard, it is noteworthy that methanol can
undergo further decomposition to produce hydrogen and carbon mon-
oxide (equation (4)), or it can react to form dimethyl ether and water
(equation (5)).

CH;OH = CO+2H, @

2 CH;0H = CH;0CH;5 + H,0 5)

The formation of methane and dimethyl ether are undesired side
reactions, as these products cannot be used further in the process routes
considered. The decomposition of methanol forms hydrogen and CO that
can be shifted in a subsequent process, however, these products do not
originate from (renewable) biomass. Furthermore, the decomposed
methanol cannot be reused for the biomass oxidation process and must
be replaced by a methanol make up stream, leading to increased mate-
rial expenses.

Most of the published work on methyl formate decarbonylation was
performed in lab scale batch experiments. Thereby, heterogeneous and
homogeneous catalysts found application. Homogeneous decarbon-
ylation of formate esters is commonly carried out at temperatures
ranging from 180 to 230 °C using transition metal complexes based on
copper or ruthenium, while the latter shows higher turnover rates [42].
Interestingly, small amounts of water contained in the inlet stream, just
as expected for our scenario, enhance turnover rates of Ru-based cata-
lysts by several factors [41].

The heterogeneous materials often base on alkali metals, especially
supported KCl. As one of the first, Sano et al. [43] used KCl on activated
carbon and reached a CO-yield of 99.5 % and a methanol yield of 96.2 %
at 270 °C. Lee et al. [44] also used KC1/MgO as a catalyst and achieved
92.8 % conversion and 91.8 % methanol selectivity in a continuous
experimental setup at 300 °C and atmospheric pressure. The only
observed side reaction was methanol decomposition. One of the most
recent articles is authored by Li et al. [45] who used a continuous-flow
fixed-bed reactor and a ZnO catalyst on activated carbon. They achieved
full conversion with 94.1 % selectivity to methanol at a liquid hourly
space velocity (LHSV) of 0.7 h™! and a temperature of 230 °C. Currently,
to the author’s knowledge, there is no publication that has investigated
the decarbonylation of methyl formate on a larger scale. However, since
methanol and CO yields exceeding 95 % have been demonstrated and
product separation (methanol/CO) is facile, upscaling of the process
may be easily achievable.

1.4. Process step 3: water-gas shift reaction

The production of hydrogen by the water-gas shift (WGS) reaction is
a well-known industrial process and is described by the following re-
action equation.

H,0+CO = CO,+H, (6)

It is a reversible, exothermic reaction, resulting in higher equilibrium
conversions at lower temperatures [46]. One can distinguish between
two types of WGS reactions: The high temperature shift (HTS) and the
low temperature shift (LTS) reaction. The HTS reaction is carried out at
temperatures of 310-450 °C and mostly uses iron oxide/chromium oxide
catalysts that experience strong activation losses at lower temperatures
[47]. Under these conditions an outlet gas containing 2-4 % of residual
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CO is generated. In order to achieve higher H; yields, the LTS process
applies catalysts that have high activity at temperatures of 200-250 °C.
For this purpose, a mixture of CuO, ZnO and Al;Os3 is used to achieve a
CO concentration <0.1 % [47,48]. In the last two decades, scientists
have investigated new materials and combinations of catalyst and sup-
port for the WGS. A main focus is to further increase hydrogen yields and
lower CO residues by reducing the required reaction temperature
(<200 °C) [49-51]. From such technologies particularly a decentral
WGS application would benefit. LeValley et al. and Pal et al. have
summarized these developments of the last years and expect further
improvements in terms of activity, deactivation and reaction conditions
[52,53]. For the here envisaged scenario of decentralized hydrogen
production from biomass a one-step low-temperature WGS is most
suitable to reduce invest costs. Such smaller scale WGS technologies are
already successfully in operation [54].

2. Material and methods
2.1. Simulation

The three different process routes with varying solvent composition
(pure water, 10 wt-% methanol in water and 50 wt-% methanol in
water) were simulated using Aspen Plus® V12 and optimized for
maximum hydrogen yield, based on an input flow of 1 kmol/h glucose.
The thermodynamic method UNIQUAC was employed. The energy and
carbon efficiencies are calculated using the following equations:

My, @ LHV
l’] Energy = T (7)
N from Glucose
= = Jrom Lrucose 8
Nc,Giue 6 o Nomeow o ®

My, is the mass flow rate of hydrogen produced, LHVj, is the lower
heat value of hydrogen and E;, represents the energy input required to
drive the processes [55]. For the calculation of the required heating and
cooling power of the routes, the individual energy demand of the units
(energy required to reach reaction temperature and reaction enthalpy) is
summed up. The determination of power values was executed using the
Aspen Energy Analyzer® V12, and wherever feasible, heat integration
was implemented. As this contribution aims to introduce a novel
hydrogen production concept, the subsequent economic analysis pri-
marily incorporated operational costs. Expenses associated with pump-
ing, product purification (e.g., through adsorption or absorption
technologies for hydrogen purification) and recycling were not consid-
ered on this stage. Furthermore, any unreacted and discharged methanol
was deemed recyclable. Uniform pricing for heating and cooling, inde-
pendent of energy quality, employing a single price for all energy levels,
was used as the basis. Specific pricing details (as of Sept. 2022) can be
found in Table 1. Hydrogen production costs were determined by
dividing the operational costs by the quantity of hydrogen generated.

2.2. Description of the simulated processes

The goal of the process analysis and simulation was to understand

Table 1
Cost inputs for economic analysis.
Price Source

Methanol 540 €/t [56]
Glucose 300 €/t [57]
Oxygen 140 €/t [58]
Water 1€/t [59]
Heating 80 €/MWh [60]
Cooling 5 €/MWh [61]
Electricity 260 €/MWh [62]
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how process operation (e.g., methanol content in OxFA-Process) and
design (combination of reaction units) affect hydrogen production costs
and practicability of the new approach. A quantitative goal was to reach
maximum hydrogen yield at the lowest possible production costs.
Glucose was used as a model biomass substrate for the comparison and a
feed rate of 1 kmol/h was assumed for all routes. Experimental data for
the classic and the modified OxFA-Process are available in literature [17,
201.

Route 1 uses an aqueous solution of glucose as a feed, without the
addition of methanol. A schematic representation of the entire route is
given in Fig. 2.

The glucose is concentrated to its solubility limit in water (47.8 wt-
%), and the stoichiometric addition of oxygen produces formic acid as
the only desired product, as previously described [63]. For the first re-
action (biomass oxidation), a temperature of 90 °C and an oxygen (pure)
pressure of 5 bar were assumed. Carbon dioxide is produced as an un-
desired by-product and is removed from the product by phase separa-
tion. The liquid product stream, consisting of a mixture of formic acid
and water, is then fed into the dehydrogenation reactor. At a tempera-
ture of 85 °C and atmospheric pressure, formic acid is completely
decomposed into carbon dioxide and hydrogen. The liquid outlet stream
consists of pure water, while the gaseous stream is composed of a
mixture of carbon dioxide, hydrogen, and water. The water is subse-
quently separated from the gaseous stream using a flash at 25 °C and
atmospheric pressure. The main flowsheet from Aspen Plus® V12 can be
found in Fig. S1 and the mole flows in Table S1 in the ESI.

In Route 2 some methanol is added to the OxFA reactor to minimize
the formation of carbon dioxide. This route is shown schematically in
Fig. 3.

Previous studies have shown that 10 wt-% of methanol as a co-
solvent can be sufficient to effectively reduce the formation of carbon
dioxide in the modified OxFA-Process [20]. Methanol in these amounts
is assumed not to affect the solubility of glucose in solution, in com-
parison to pure water [64]. The process conditions for the biomass
oxidation are identical to those in Route 1. Here, formic acid is the
primary product, but methyl formate is also generated as a second
product by consecutive esterification of formic acid with methanol, that
is assumed to be in equilibrium. A small amount of carbon dioxide (0.18
kmol/h) is produced, which is removed from the reactor via the gas
phase. The resulting liquid product stream is then fed into a column
where methanol and methyl formate are separated as light-boilers from
the residual components and recycled for the OxFA-Process. By recy-
cling the methanol, only a small amount of methanol fill up (<1 wt-%) is
required in the feed. The column separates 99 % of methanol and methyl
formate, with the bottom product of the column consisting of a formic
acid/water mixture that is fed into a dehydrogenation reactor, as in
Route 1 (same process conditions). As previously described, formic acid
is converted into hydrogen and carbon dioxide, and then excess water is
separated in a flash. The main flowsheet from Aspen Plus® V12 can be
found in Fig. S2 and the exact mole flows in Table S2 in the ESI.

In Route 3, the effect of increasing the methanol content in the feed
stream further to 50 wt-% was investigated. The goal was to increase the
production of methyl formate and further reduce the formation of car-
bon dioxide. The various steps in the process are shown in Fig. 4.

The feed composition introduced into the OxFA-Process, compro-
mising two recycled streams and the incoming biomass stream, is
characterized by a solvent mixture of 50:50 (water/methanol), while the
solubility limit (13.7 wt-%) of glucose in the biomass stream is

(073 CO,

L]

Wet biomass *»‘ OxFA-Process ‘ E» ‘ Dehydrogenation ‘ — H;+CO;

Fig. 2. Flowsheet of Route 1 (no methanol in biomass oxidation); FA = wet
Formic acid.
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Fig. 3. Flowsheet of Route 2 (10 wt-% methanol in biomass oxidation); FA =
wet Formic acid; MF = Methyl formate.

Methanol H.0
. !
) ‘Decarbonylalion ‘ Q» ‘Water-gas shift ‘
l MF
&

Wet biomass FA
+ Methanol —>‘ OxFA-Process | e ‘ Column ‘

A
s
» | Dehydrogenation | -

Fig. 4. Flowsheet of Route 3 (50 wt-% methanol in biomass oxidation); FA =
wet Formic acid; MF = Methyl formate.
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maintained [64,65]. This heightened methanol content within the so-
lution not only leads to increased methyl formate production but also
effectively suppresses the formation of carbon dioxide as a by-product
[20]. A liquid product stream consisting of methanol, water, methyl
formate and formic acid is produced by biomass oxidation at 5 bar and
90 °C and subsequently separated in a distillation column. The head of
the column removes 99 % of methyl formate and feeds it into a decar-
bonylation process decomposing methyl formate into methanol and
carbon monoxide, while some methanol is further decomposed to car-
bon monoxide and hydrogen in a subsequent reaction (8.2 %). Decar-
bonylation takes place at a temperature of 300 °C under atmospheric
pressure. Subsequently, the stream is cooled down to 25 °C, and flash
separation is employed to isolate methanol and any unreacted methyl
formate, which are then recycled back into the OxFA-Process. Carbon
monoxide undergoes a water-gas shift reaction at 220 °C, reacting with
water to produce carbon dioxide and hydrogen. At the outlet, the carbon
monoxide content is less than 0.02 %. Finally, any excess water is
separated through a flash at 25 °C. In the lower section of the column,
water, methanol, and formic acid are extracted, with 80 % of these
components being directed back into the OxFA-Process, while the
remaining portion is purged from the system to prevent the accumula-
tion of excess water. To avoid the loss of formic acid, a dehydrogenation
step is incorporated into this route, similar to Routes 1 and 2. This results
in the production of two Hy/CO» mixtures via distinct routes. Fig. S3 in
the ESI contains the main flowsheet from Aspen Plus® V12, while
Table S3 provides the exact mole flows.

3. Results and discussion
3.1. Evaluation of the simulation data

3.1.1. Qualitative evaluation aspects

The three described scenarios can first be evaluated and compared
on the basis of qualitative criteria (see Table 2). As the proposed
hydrogen production concepts are in an early stage of development and

Table 2
Qualitative criteria to evaluate and compare the three routes for bio-based
hydrogen production.

Criterion Route 1 Route 2 Route 3
Equipment needs ++ + _
Biomass solubility ++ 44 -
Required volume flows in biomass oxidation ++ ++ -
Hazard potential ++ + _
Carbon loss by CO, formation - + ++
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as the process equipment so far only exists on a demonstration level, an
estimate for equipment costs is afflicted with high errors. For this reason,
investment costs were not considered in this comparison of the sce-
narios. However, a qualitative evaluation provides insight into the
relative CAPEX of the scenarios. The influence of the investment costs is
estimated qualitatively via the number of large-scale units required.
Route 1 can be realized by only two reactors, due to a direct coupling of
the biomass oxidation process with the dehydrogenation of formic acid.
In contrast, Route 2 requires an additional intermediate column to
separate the methanol/MF mixture from the FA-stream in between.
Route 3 follows two parallel paths to extract hydrogen once from the
intermediate formic acid and once from the MF part, making equipment
for both pathways necessary. In total four reactors, one column and two
heat exchangers are required, resulting in highest investment and
maintenance cost for Route 3.

The three concepts differ in the applied water/methanol solvent ratio
in the biomass oxidation step. By that, the physical properties of the
reaction mixtures are different. An important aspect is the solubility of
the biomass building blocks. For our model substrate glucose, the sol-
ubility in water at a temperature of 20 °C is 47.8 ggluc/8sol- However,
when mixed in a 50/50 ratio with methanol (as in Route 3), the solu-
bility drastically decreases to only 13.7 ggluc/8sol, N€cessitating a larger
quantity of solvent [63]. Route 1 & 2 have similar feed streams (375
kg/h & 446 kg/h) into the OxFA-Process, with that of Route 2 being
slightly higher due to the addition of the recycling stream. In contrast,
Route 3 experiences a reduction in the solubility of the biomass stream,
leading to significantly larger recycle streams and resulting in a sub-
stantial feed stream of 8382 kg/h. Due to this higher mass flow rate,
more energy for liquid pumping and for product separation in a
consecutive column is required. The higher solvent steam due to poor
substrate solubility adversely impacts the CAPEX side, by necessitating
larger reactors and pipelines, leading to significantly increased expenses
compared to Routes 1 and 2.

The hazard potential of these processes is another qualitative aspect
that must be taken into account. If methanol is introduced to the biomass
oxidation process as a co-solvent (like in scenarios 2 and 3) MF is formed
in certain amounts. Both substances, methanol and MF are light boiling
compounds with a vapour pressure at reaction temperature (90 °C) of
2.55 bar and 5.99 bar, respectively. In a gas mixture with air or oxygen,
both compounds can form explosive mixtures within their explosion
limits (approx. 5-40 vol-% for methanol and 5-25 vol-% for MF) [66,
67]. Our initial estimate suggests that explosive mixtures can occur,
particularly in Route 3.

Taking together the aspects compared in Table 2, Route 3 in
particular scores poorly overall, while Routes 1 and 2 can be positively
rated. However, for the comparison of the proposed routes, the
following quantitative evaluation will particularly focus on how the
suppression of CO; formation by the addition of methanol in the biomass
oxidation affects the economic efficiency of hydrogen production via the
process routes.

3.1.2. Quantitative evaluation aspects

The quantitative evaluation aims to study the economic feasibility of
the proposed green hydrogen processes. The simulation of the three
scenarios for a biomass input stream of 1 kmol/h allows for the calcu-
lation of required oxygen, of the produced hydrogen and thermal energy
demand as well as for the energy/carbon efficiency and hydrogen costs.
The calculated values are shown in Table 3.

The energy efficiencies, as determined by equation (7), range from
29 % to 48 %, slightly below the efficiencies calculated in gasification,
which typically fall between 50 % and 65 % [55,68,69]. It is noteworthy
that these gasification figures exclusively consider biomass as the energy
input. In contrast, Wang et al. [70] factored in steam and electricity in
their calculations, yielding an energy efficiency of 38 % for gasification.
Under these considerations, the efficiencies for the considered routes are
25.19 % (Route 1), 32.16 % (Route 2), and 26.38 % (Route 3).
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Table 3

Quantitative comparison of Route 1 (biomass oxidation in water), 2 (10 wt-%
methanol in biomass oxidation) and 3 (50 wt-% methanol in biomass oxidation)
for an inlet flow of 1 kmolg,./h.

Route 1 Route 2 Route 3
NEnergy 29.14 % 47.81 % 45.55 %
N, Glue 56.67 % 92.33 % 96.58 %
O, Feed 137 kg/h 96 kg/h 96 kg/h
Heating 117 kW 362 kW 818 kW
Cooling 618 kW 484 kW 877 kW
H, from Glucose 6.81 kg/h 11.17 kg/h 11.68 kg/h
H, costs per kWh 0.38 €/kWhyyp 0.27 €/kWhyp 0.40 €/kWhyo
H, costs per kg 12.82 €/kguz 9.11 €/kgu2 13.50 €/kgn2

Stoichiometrically, a maximum of six molecules of hydrogen can be
formed from one molecule of glucose. Routes 2 and 3 utilize over 90 % of
this potential, as the high carbon efficiency values show (92.33 % &
96.58 %). The higher methanol content in Route 3 compared to Route 2
(50 wt-% instead of 10 wt-%) only results in a very limited benefit in
carbon efficiency. In Route 1, a significant portion of glucose is con-
verted into CO and Hy0 through the OxFA-Process explaining the low
hydrogen yield of only 56.67 %. The total oxidation reaction consumes
the double oxygen amount compared to the partial oxidation to formic
acid. Consequently, Route 1 necessitates approximately 43 % more ox-
ygen than the other two routes to convert the same quantity of glucose.

The energy demands for individual units encompass two key com-
ponents: the reaction enthalpy and the energy required to heat or cool
the feed stream to the desired reaction temperature. In Route 1, the sole
source of heat demand is the endothermic dehydrogenation, which ne-
cessitates 117 kW (118 kW for dehydrogenation minus 1 kW provided
by cooling the feed from 90 to 85 °C). Route 2 entails a dehydrogenation
process that uses 144 kW, with 11 kW supplied by the hot stream from
the column. Thus, the total heat demand for the dehydrogenation step in
Route 2 is 133 kW. Additionally, the evaporator in Route 2 demands
229 kW of heating power, making the overall heating requirement three
times higher compared to Route 1. For Route 3, which utilizes methyl
formate, the higher mass flow of reactants lead to increasing heat de-
mands. The evaporator in Route 3 requires 305 kW of heating power,
significantly more than in Route 2. The dehydrogenation step in Route 3
totals 426 kW (151 kW for the reaction and 275 kW for feed heating).
Furthermore, the endothermic decarbonylation necessitates 84 kW (67
kW for the reaction and 17 kW to heat the feed), and the exothermic
WGS requires 2 kW (14 kW to heat the stream, of which 12 kW are
provided by the exothermic WGS itself). As a result, Route 3 has the
highest heating demand of 818 kW in total.

In all three scenarios, process cooling plays a vital role in removing
the heat generated, e.g. by biomass oxidation. In Route 1, this cooling
requirement amounts to 498 kW (with a total of 522 kW for the reaction
and 24 kW dedicated to the heating of the feed). Additionally, there is a
need for 120 kW of cooling power to facilitate the flash separation of
water at the end of the route. For Route 2, a cooling power of 55 kW is
essential in the condenser of the column to enable methanol/methyl
formate separation. The OxFA-Process in this route requires a total
cooling power of only 304 kW, significantly less than in Route 1. The
reason is that the total oxidation occurs at lower rate, resulting in only
332 kW of energy being released by the reaction, while the feed stream
to be heated is slightly larger, requiring 28 kW. The flash separation
process in Route 2 necessitates a cooling capacity of 125 kW. In Route 3,
the condenser in the column has to cool a large mass flow with 391 kW.
The OxFA-Process requires 178 kW, although 346 kW are released from
the reaction, as 168 kW are directly utilized for heating the feed stream.
Additionally, cooling is needed for phase separation at three flashes: In
flash 1 following the decarbonylation and in flash 2 following the WGS
reaction only minimal cooling of 6 kW each needs to be considered.
However, Flash 3, subsequent to the dehydrogenation, demands 296
kW. The cooling power differs significantly between Flash 3 and Flashes
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1 & 2. This is mainly because Flashes 1 and 2 have two heat exchangers
in front of them, which is described in more detail below.

Note, that a pinch analysis was carried out for all three routes. Due to
the different temperature levels of the individual units heat integration
according to the Aspen Energy Analyzer® V12 is only rewarding within
Route 3 (Fig. S4 in ESI). Here, by placing two heat exchangers (upstream
of the decarbonylation and upstream of the water-gas shift reactor),
saving approx. 700 kW by heat integration is achieved. This integration
is already considered in the calculation of the values in Table 3.

Taking the operational material and power requirements into ac-
count, Route 2 results in the cheapest hydrogen production price of 0.27
€/kWhyy. The largest cost drivers of the other routes are the loss of
carbon via total oxidation when no methanol is present in the OxFA-
Process (Route 1) and the poor solubility of the substrate glucose in
methanol (Route 3). Due to the high mass flow rates of methanol in
Route 3, the column can no longer separate methyl formate with
reasonable effort, and more hydrogen would be produced by the unde-
sired decomposition of methanol to Hy and CO in the decarbonylation
reactor than from the biomass itself. Consequently, the sustainable
character of this novel hydrogen production process would no longer be
guaranteed.

The favoured Route 2 is examined in more detail below. Fig. 5 shows
the composition of the cost shares for this route.

The cost breakdown reveals that more than half of the total costs is
attributed to providing the substrate glucose at its market price of 300
€/t, owing to its value as a product and its use in other processes. Note,
that glucose was used as a model substrate here, to have defined physical
properties and a broad set of published experimental data available.
Heat is the second largest expense, with one-third of the cost associated
to the dehydrogenation and two-thirds linked to the evaporator of the
separation column. The evaporator requires a temperature of 122 °C, for
which medium-pressure steam can be used, while the dehydrogenation
proceeds at 85 °C making low-pressure steam sufficient [71]. Oxygen for
biomass oxidation, is the third largest cost driver, whereas other cost
shares are negligible in the considered scenario. Electricity is needed for
compression of the oxygen gas stream and contributes only marginally
to the total hydrogen costs and methanol can be recycled to a major
extend (2.29 kg/h loss). The cost share for cooling is relatively low, as it
was assumed that the evaporator, the OxFA reactor, and the flash
separator are cooled with inexpensive river water.

3.2. Sensitivity analysis

A sensitivity analysis, varying the three largest cost drivers (glucose,
heating and oxygen) was carried out in order to illustrate the influence
of price developments (Fig. 6). The costs were reduced from the assumed
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Fig. 6. Sensitivity analysis of the three largest cost contributors for Route 2 (10
wt-% methanol in biomass oxidation).

standard price (100 %) down to 0 % (replacement of the feedstock by a
free alternative) and increased up to 160 % (increase in the price of raw
materials, e.g. due to market fluctuations).

The greatest effect can be achieved by reducing the cost for the
biomass feedstock. A reduction by 50 %, from 300 €/kg to 150 €/kg
leads to a hydrogen price of 0.20 €/kWhy,. Glucose was selected as the
model substrate for this study, due to the aforementioned reasons.
However, a real application of the novel hydrogen production concept is
only feasible when waste biomass materials are used, that are usually
much cheaper to purchase, compared to glucose. As shown by the
sensitivity analysis, the substitution of glucose with a more affordable
alternative would highly increase the economic competitiveness of the
process. Albert et al. [28] and Niu et al. [72] have shown that biomass
oxidation using the conventional OxFA-Process (no methanol addition)
can be performed with various complex biomasses, such as beech wood,
straw and even effluent sludge (Formic acid yield between 15.7 and 75.2
%), why it can be assumed, that these substrates are also applicable in
the methanol-modified OxFA-Process. Another attractive low-cost sub-
strate are hemicellulose-rich hydrolysates. A substitution could poten-
tially reduce the costs of the feedstock by 50-70 %.

The price of these biomass substrates is subject to a strong volatility.
Fig. 7 illustrates the price developments of selected biomasses (glucose,
wood, and straw) over the past three years. The data for glucose and
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Fig. 5. Distribution of cost shares for hydrogen production via Route 2 (10 wt-% methanol in biomass oxidation).
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wood was sourced from international trade markets, while the price for
straw was derived from the cost of a round bale in Germany [57,73-75].
Over the past two years, the price of glucose has exhibited a nearly
continuous upward trend, while the expenses associated with wood and
straw have demonstrated significant fluctuations around a consistent
baseline. This factor should be taken into careful consideration when
evaluating additional biomass substrates. As a result, our primary focus
turns towards waste biomass, as it presents a highly cost-effective op-
tion, and in some instances, disposal costs are actually offset. This
strategic shift has the potential to substantially diminish the overall
expenses associated with hydrogen production.

The second largest cost driver is process heating, where a reduction
of 50 % from 80 €/MWh to 40 €/MWh leads to a hydrogen price of 0.23
€/kWhys. This can be accomplished by integrating the plant into a
surrounding where low and medium pressure steam is available.
Reducing the cost of oxygen by 50 % from 140 €/t to 70 €/t would result
in a hydrogen cost reduction by 0.02 €/kWhy, to 0.25 €/kWhy,. One
potential method to achieve this is by producing oxygen directly on site
using a pressure swing adsorption coupled to the process [76]. Li et al.
[77] has shown that the OxFA-Process also works with air, instead of
pure oxygen. However, this would require the air to be compressed onto
a higher level in order to achieve the same oxygen partial pressure. If we
now assume a scenario in which all three factors, biomass substrate, heat
and oxygen cost are reduced by 50 %, the hydrogen price reaches a level
of 0.16 €/kWhyps. It is important to note at this point that the assump-
tions made in Table 1 are a current estimate and local prices can fluc-
tuate greatly due to various factors (e.g., political and economic
situation, location, etc.).

For comparative analysis, let’s consider biomass gasification as a
method for producing green hydrogen. In this process, the biomass un-
dergoes initial steps of crushing and drying to eliminate moisture con-
tent [78]. Subsequently, it is subjected to gasification at high
temperatures and pressures in the presence of an oxidant, such as oxy-
gen or air. This process generates a product gas comprising predomi-
nantly of CO5, CO, Hy, and CHy4 [78]. To refine this product, two reactors
are employed to eliminate tar and sulphur, facilitating hydrogen pro-
duction via a two-stage water-gas shift reaction involving both high and
low temperatures. In the final phase, hydrogen is separated from the
remaining gas stream using pressure swing adsorption to achieve a high
level of purity [79].

The cost associated with producing hydrogen from biomass via
biomass gasification has been estimated to range from 0.10 to 0.15
€/kWhy, encompassing all investment expenditures and ongoing
operational costs, such as maintenance [69,79,80]. However, the high
operating temperatures and the high reactor costs make this application
more interesting for large, centralised plants, whereas the concept pre-
sented here would also be possible in smaller, decentralized plants. It is
worth noting that while the production of hydrogen from biomass using
the OxFA-Process, particularly with glucose, remains comparatively
more expensive, there is significantly potential for cost reduction by
substituting the feedstock. The above-mentioned studies on biomass
gasification have assumed significantly lower prices for biomass, which
is also more realistic for a commercial application of this process. It is
important to acknowledge that this study did not incorporate investment
costs due to a lack of reliable data at this time. Ongoing research and
improvements in operational efficiency hold the promise of substan-
tially lowering various expenses and bolstering the competitiveness of
this approach. With further advancements, especially in optimizing
feedstock selection, the production of hydrogen from biomass via the
OxFA-Process stands poised to become more economically feasible and
gain a competitive advantage.

4. Conclusion

In summary, this study has explored a promising novel process for
hydrogen production from biomass. The process consists of a first
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biomass oxidation step, producing formic acid and/or methyl formate in
the so-called OxFA process, followed by hydrogen release from these
intermediates. Depending on the water/methanol solvent ratio in the
biomass oxidation step, the process design for hydrogen generation
differs strongly. Three different process designs were carefully evaluated
and compared with regard to qualitative and quantitative economic
criteria. The incorporation of methanol as a co-solvent during the OxFA-
Process, along with the recycling of methyl formate, suggests that car-
bon loss can be minimized and resource utilization optimized. The new
process route is characterized by its consistently mild reaction condi-
tions and a low hazard potential, which makes the application particu-
larly attractive for decentralized hydrogen production from biomass
residues. In a sensitivity analysis, various cost reduction measures could
be identified to further enhance the economic feasibility of the novel
route. While our analysis used glucose as a model biomass, the appli-
cation of various biomass wastes like straw or effluent sludge has the
potential to produce hydrogen to competitive costs of 0.16 €/kWhy. In
conclusion, this study proposes a novel hydrogen production route that
offers a sustainable and cost-effective solution in line with the evolving
landscape of renewable energy and environmental sustainability.
Further studies and advancements in this direction hold promise for a
greener and more economically viable future in hydrogen generation.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

The authors gratefully acknowledge the funding of the Bavarian
Ministry of Economic Affairs, Regional Development and Energy (Grant
number: 84-6665a2/164/4). The authors further gratefully acknowl-
edge the Federal Ministry of Education and Research for funding of the
BMBF Junior Research Group FAIR-H2 (Grant number (FKZ):
03SF0730).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijjhydene.2024.03.163.

References

[1] OECD. Managing climate risks, facing up to losses and damages. Paris: OECD
Publishing; 2021. https://doi.org/10.1787/55ealcc9-en.

IRENA. Green hydrogen cost reduction: scaling up electrolysers to meet the 1.5 °C
climate goal. Abu Dhabi; 2020.

Runge P, Solch C, Albert J, Wasserscheid P, Zottl G, Grimm V. Economic
comparison of different electric fuels for energy scenarios in 2035. Appl Energy
2019;233-234. https://doi.org/10.1016/j.apenergy.2018.10.023. 1078-93.
Terlouw T, Bauer C, McKenna R, Mazzotti M. Large-scale hydrogen production via
water electrolysis: a techno-economic and environmental assessment. Energy
Environ Sci 2022;15(9):3583-602. https://doi.org/10.1039/D2EE01023B.

Nasser M, Megahed TF, Ookawara S, Hassan H. A review of water electrolysis-
based systems for hydrogen production using hybrid/solar/wind energy systems.
Environ Sci Pollut Res 2022;29(58):86994-7018. https://doi.org/10.1007/
$11356-022-23323-y.

U.S. Department of Energy. Fuel cell technologies office multi-year research,
development, and demonstration plan - section 3.1 hydrogen production, vols.
1-44; 2014.

Ahmad AA, Zawawi NA, Kasim FH, Inayat A, Khasri A. Assessing the gasification
performance of biomass: a review on biomass gasification process conditions,
optimization and economic evaluation. Renew Sustain Energy Rev 2016;53:
1333-47. https://doi.org/10.1016/j.rser.2015.09.030.

Wu CZ, Huang H, Zheng SP, Yin XL. An economic analysis of biomass gasification
and power generation in China. Bioresour Technol 2002;83(1):65-70. https://doi.
org/10.1016/50960-8524(01)00116-x.

Purohit P. Economic potential of biomass gasification projects under clean
development mechanism in India. J Clean Prod 2009;17(2):181-93. https://doi.
0rg/10.1016/j.jclepro.2008.04.004.

(2]

[3]

[4]

[5]

(6]

71

[8]

[9

—

967

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

International Journal of Hydrogen Energy 62 (2024) 959-968

Asadullah M. Barriers of commercial power generation using biomass gasification
gas: a review. Renew Sustain Energy Rev 2014;29:201-15. https://doi.org/
10.1016/j.rser.2013.08.074.

Nunes LJ. Biomass gasification as an industrial process with effective proof-of-
concept: a comprehensive review on technologies, processes and future
developments. Results Eng 2022;14:100408. https://doi.org/10.1016/j.
rineng.2022.100408.

Valderrama Rios ML, Gonzalez AM, Lora EES, Del Almazan Olmo OA. Reduction of
tar generated during biomass gasification: a review. Biomass Bioenergy 2018;108:
345-70. https://doi.org/10.1016/j.biombioe.2017.12.002.

Dou B, Zhang H, Song Y, Zhao L, Jiang B, He M, et al. Hydrogen production from
the thermochemical conversion of biomass: issues and challenges. Sustain Energy
Fuels 2019;3(2):314-42. https://doi.org/10.1039/C8SE00535D.

Zhang P, Guo Y-J, Chen J, Zhao Y-R, Chang J, Junge H, et al. Streamlined hydrogen
production from biomass. Nat Catal 2018;1(5):332-8. https://doi.org/10.1038/
541929-018-0062-0.

Park J-H, Lee D-W, Jin M-H, Lee Y-J, Song G-S, Park S-J, et al. Biomass-formic acid-
hydrogen conversion process with improved sustainability and formic acid yield:
combination of citric acid and mechanocatalytic depolymerization. Chem Eng J
2021;421:127827. https://doi.org/10.1016/j.cej.2020.127827.

Albert J, Wolfel R, Bosmann A, Wasserscheid P. Selective oxidation of complex,
water-insoluble biomass to formic acid using additives as reaction accelerators.
Energy Environ Sci 2012;5(7):7956. https://doi.org/10.1039/c2ee21428h.
Albert J, Liiders D, Bosmann A, Guldi DM, Wasserscheid P. Spectroscopic and
electrochemical characterization of heteropoly acids for their optimized
application in selective biomass oxidation to formic acid. Green Chem 2014;16(1):
226-37. https://doi.org/10.1039/C3GC41320A.

Reichert J, Albert J. Detailed kinetic investigations on the selective oxidation of
biomass to formic acid (OxFA process) using model substrates and real biomass.
ACS Sustainable Chem Eng 2017;5(8):7383-92. https://doi.org/10.1021/
acssuschemeng.7b01723.

Lu T, Hou Y, Wu W, Niu M, Ren S, Lin Z, et al. Catalytic oxidation of biomass to
oxygenated chemicals with exceptionally high yields using H5SPV2Mo010040. Fuel
2018;216:572-8. https://doi.org/10.1016/j.fuel.2017.12.044.

Maerten S, Kumpidet C, VoB D, Bukowski A, Wasserscheid P, Albert J. Glucose
oxidation to formic acid and methyl formate in perfect selectivity. Green Chem
2020;22(13):4311-20. https://doi.org/10.1039/D0GCO1169J.

Albert J, Preuster P. Biogenic formic acid as a green hydrogen carrier. Energy
Technol 2017;6(3):501-9. https://doi.org/10.1002/ente.201700572.

Albert J, Wasserscheid P. Expanding the scope of biogenic substrates for the
selective production of formic acid from water-insoluble and wet waste biomass.
Green Chem 2015;17(12):5164-71. https://doi.org/10.1039/C5GC01474C.
Reichert J, Brunner B, Jess A, Wasserscheid P, Albert J. Biomass oxidation to
formic acid in aqueous media using polyoxometalate catalysts — boosting FA
selectivity by in-situ extraction. Energy Environ Sci 2015;8(10):2985-90. https://
doi.org/10.1039/C5EE01706H.

Ponce S, Trabold M, Drochner A, Albert J, Etzold BJ. Insights into the redox
kinetics of vanadium substituted heteropoly acids through liquid core waveguide
membrane microreactor studies. Chem Eng J 2019;369:443-50. https://doi.org/
10.1016/j.cej.2019.03.103.

VoB D, Kahl M, Albert J. Continuous production of formic acid from biomass in a
three-phase liquid-liquid-gas reaction process. ACS Sustainable Chem Eng 2020;8
(28):10444-53. https://doi.org/10.1021/acssuschemeng.0c02426.

Raabe J-C, Poller MJ, VoB D, Albert J. H8 PV5 Mo7 040 - a unique
polyoxometalate for acid and RedOx catalysis: synthesis, characterization, and
modern applications in green chemical processes. ChemSusChem 2023;16(16):
€202300072. https://doi.org/10.1002/cssc.202300072.

Wesinger S, Mendt M, Albert J. Alcohol-activated vanadium-containing
polyoxometalate complexes in homogeneous glucose oxidation identified with 51
V-NMR and EPR spectroscopy. ChemCatChem 2021;13(16):3662-70. https://doi.
org/10.1002/cctc.202100632.

Albert J, Jess A, Kern C, Pohlmann F, Glowienka K, Wasserscheid P. Formic acid-
based Fischer-Tropsch synthesis for green fuel production from wet waste biomass
and renewable excess energy. ACS Sustainable Chem Eng 2016;4(9):5078-86.
https://doi.org/10.1021/acssuschemeng.6b01531.

Grasemann M, Laurenczy G. Formic acid as a hydrogen source — recent
developments and future trends. Energy Environ Sci 2012;5(8):8171. https://doi.
org/10.1039/c2ee21928;j.

Boddien A, Loges B, Junge H, Beller M. Hydrogen generation at ambient
conditions: application in fuel cells. ChemSusChem 2008;1(8-9):751-8. https://
doi.org/10.1002/cssc.200800093.

Fink C, Laurenczy G. A precious catalyst: rhodium-catalyzed formic acid
dehydrogenation in water. Eur J Inorg Chem 2019;2019(18):2381-7. https://doi.
org/10.1002/€jic.201900344.

Bulushev DA. Progress in catalytic hydrogen production from formic acid over
supported metal complexes. Energies 2021;14(5):1334. https://doi.org/10.3390/
en14051334.

Hu C, Ting S-W, Tsui J, Chan K-Y. Formic acid dehydrogenation over PtRuBiOx/C
catalyst for generation of CO-free hydrogen in a continuous-flow reactor. Int J
Hydrogen Energy 2012;37(8):6372-80. https://doi.org/10.1016/j.
ijhydene.2012.01.062.

Amaia Beloqui Redondo, Morel Flavien L, Ranocchiari Marco, Jeroen A, van
Bokhoven. Functionalized Ruthenium—Phosphine Metal—Organic framework for
continuous vapor-phase dehydrogenation of formic acid. ACS Catal 2015;(5):
7099-103. https://doi.org/10.1021/acscatal.5b01987.


https://doi.org/10.1016/j.ijhydene.2024.03.163
https://doi.org/10.1016/j.ijhydene.2024.03.163
https://doi.org/10.1787/55ea1cc9-en
http://refhub.elsevier.com/S0360-3199(24)00995-9/sref2
http://refhub.elsevier.com/S0360-3199(24)00995-9/sref2
https://doi.org/10.1016/j.apenergy.2018.10.023
https://doi.org/10.1039/D2EE01023B
https://doi.org/10.1007/s11356-022-23323-y
https://doi.org/10.1007/s11356-022-23323-y
http://refhub.elsevier.com/S0360-3199(24)00995-9/sref6
http://refhub.elsevier.com/S0360-3199(24)00995-9/sref6
http://refhub.elsevier.com/S0360-3199(24)00995-9/sref6
https://doi.org/10.1016/j.rser.2015.09.030
https://doi.org/10.1016/s0960-8524(01)00116-x
https://doi.org/10.1016/s0960-8524(01)00116-x
https://doi.org/10.1016/j.jclepro.2008.04.004
https://doi.org/10.1016/j.jclepro.2008.04.004
https://doi.org/10.1016/j.rser.2013.08.074
https://doi.org/10.1016/j.rser.2013.08.074
https://doi.org/10.1016/j.rineng.2022.100408
https://doi.org/10.1016/j.rineng.2022.100408
https://doi.org/10.1016/j.biombioe.2017.12.002
https://doi.org/10.1039/C8SE00535D
https://doi.org/10.1038/s41929-018-0062-0
https://doi.org/10.1038/s41929-018-0062-0
https://doi.org/10.1016/j.cej.2020.127827
https://doi.org/10.1039/c2ee21428h
https://doi.org/10.1039/C3GC41320A
https://doi.org/10.1021/acssuschemeng.7b01723
https://doi.org/10.1021/acssuschemeng.7b01723
https://doi.org/10.1016/j.fuel.2017.12.044
https://doi.org/10.1039/D0GC01169J
https://doi.org/10.1002/ente.201700572
https://doi.org/10.1039/C5GC01474C
https://doi.org/10.1039/C5EE01706H
https://doi.org/10.1039/C5EE01706H
https://doi.org/10.1016/j.cej.2019.03.103
https://doi.org/10.1016/j.cej.2019.03.103
https://doi.org/10.1021/acssuschemeng.0c02426
https://doi.org/10.1002/cssc.202300072
https://doi.org/10.1002/cctc.202100632
https://doi.org/10.1002/cctc.202100632
https://doi.org/10.1021/acssuschemeng.6b01531
https://doi.org/10.1039/c2ee21928j
https://doi.org/10.1039/c2ee21928j
https://doi.org/10.1002/cssc.200800093
https://doi.org/10.1002/cssc.200800093
https://doi.org/10.1002/ejic.201900344
https://doi.org/10.1002/ejic.201900344
https://doi.org/10.3390/en14051334
https://doi.org/10.3390/en14051334
https://doi.org/10.1016/j.ijhydene.2012.01.062
https://doi.org/10.1016/j.ijhydene.2012.01.062
https://doi.org/10.1021/acscatal.5b01987

F. Kroll et al.

[35]

[36]

[371

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

Kar S, Rauch M, Leitus G, Ben-David Y, Milstein D. Highly efficient additive-free
dehydrogenation of neat formic acid. Nat Catal 2021;4:193-201. https://doi.org/
10.1038/541929-021-00575-4.

Caiti Massimiliano, Padovan Daniele, Hammond Ceri. Continuous production of
hydrogen from formic acid decomposition over heterogeneous nanoparticle
catalysts: from batch to continuous flow. ACS Catal 2019;9:9188-98. https://doi.
org/10.1021/acscatal.9b01977.

Gazsi A, Banségi T, Solymosi F. Decomposition and reforming of formic acid on
supported Au catalysts: production of CO-free H 2. J Phys Chem C 2011;115(31):
15459-66. https://doi.org/10.1021/jp203751w.

Solymosi F, Koés A, Liliom N, Ugrai I. Production of CO-free H2 from formic acid.
A comparative study of the catalytic behavior of Pt metals on a carbon support.
J Catal 2011;279(1):213-9. https://doi.org/10.1016/j.jcat.2011.01.023.

Kosider Axel, Blaumeiser Dominik, Simon Schotz, Preuster Patrick,

Bosmann Andreas, Peter Wasserscheid, et al. Enhancing the feasibility of Pd/C-
catalyzed formic acid decomposition for hydrogen generation — catalyst
pretreatment, deactivation, and regeneration. Catal Sci Technol 2021:11. https://
doi.org/10.1039/d1cy00300c.

Jia L, Bulushev DA, Beloshapkin S, Ross JR. Hydrogen production from formic acid
vapour over a Pd/C catalyst promoted by potassium salts: evidence for
participation of buffer-like solution in the pores of the catalyst. Appl Catal B
Environ 2014;160-161:35-43. https://doi.org/10.1016/j.apcatb.2014.05.004.
Jenner G. Homogeneous catalytic reactions involving methyl formate. Appl Catal
Gen 1995;121(1):25-44. https://doi.org/10.1016/0926-860X(95)85008-2.

Doyle Gerald. Copper complex as catalyst for formate ester decarbonylation
(4319050). 1982.

Sano Konzo. Process for the production of carbon monoxide(4303630). 1981.
Lee SJ, Lee KH, Lee JS. Decarbonylation of methylformate over heterogenous
catalysts. Appl Catal, A 1992;83:165-78. https://doi.org/10.1016/0926-860X(92)
85033-8.

Li C, Huang Y, Zhang X, Liu G, Liu P, Yan P, et al. An efficient ZnO/AC catalyst for
selective decomposition of methyl formate to methanol and CO. Catal Commun
2023;177:106648. https://doi.org/10.1016/j.catcom.2023.106648.

Rhodes C, Hutchings GJ, Ward AM. Water-gas shift reaction: finding the
mechanistic boundary. Catal Today 1995;23(1):43-58. https://doi.org/10.1016/
0920-5861(94)00135-0.

Smith RJB, Loganathan M, Shantha MS. A review of the water gas shift reaction
kinetics. Int J Chem React Eng 2010;8(1). https://doi.org/10.2202/1542-
6580.2238.

Amadeo NE, Laborde MA. Hydrogen production from the low-temperature water-
gas shift reaction: kinetics and simulation of the industrial reactor. Int J Hydrogen
Energy 1995;20(12):949-56. https://doi.org/10.1016/0360-3199(94)00130-R.
Werner Sebastian, Dr, Szesni Normen, Kaiser Melanie, Fischer Richard W,
Haumann Marco, Peter Wasserscheid. Ultra-low-temperature water-gas shift
catalysis using supported ionic liquid phase (SILP) materials. ChemCatChem 2010;
2:1399-402. https://doi.org/10.1002/cctc.201000245.

Logemann Morten, Wolf Patrick, Loipersbock Jiirgen, Alexander Schrade,
Wessling Matthias, Haumann Marco. Ultra-low temperature water-gas shift
reaction catalyzed by homogeneous Ru-complexes in a membrane reactor —
membrane development and proof of concept. Catal Sci Technol 2020;11:1558-70.
https://doi.org/10.1039/d0cy02111c.

Portela Raquel, Wolf Patrick, Marinkovic Jakob M, Serrano-Lotina Ana,

Riisager Anders, Haumann Marco. Tailored monolith supports for improved ultra-
low temperature water-gas shift reaction. React Chem Eng 2021;6:2114-24.
https://doi.org/10.1039/d1re00226k.

LeValley TL, Richard AR, Fan M. The progress in water gas shift and steam
reforming hydrogen production technologies — a review. Int J Hydrogen Energy
2014;39(30):16983-7000. https://doi.org/10.1016/j.ijhydene.2014.08.041.

Pal DB, Chand R, Upadhyay SN, Mishra PK. Performance of water gas shift reaction
catalysts: a review. Renew Sustain Energy Rev 2018;93:549-65. https://doi.org/
10.1016/j.rser.2018.05.003.

Hulteberg C. Sulphur-tolerant catalysts in small-scale hydrogen production, a
review. Int J Hydrogen Energy 2012;37(5):3978-92. https://doi.org/10.1016/j.
ijhydene.2011.12.001.

Acar C, Dincer I. Impact assessment and efficiency evaluation of hydrogen
production methods. Int J Energy Res 2015;39(13):1757-68. https://doi.org/
10.1002/er.3302.

Statista. Preis fiir Methanol auf dem europaischen Markt bis 2022 | Statista.
[September 01, 2022]; Available from: https://de.statista.com/statistik/daten/s
tudie/730823/umfrage/durchschnittlicher-preis-fuer-methanol-auf-dem-europaeis
chen-markt/.

968

[57]

[58]
[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

771

[78]

[79]

[80]

International Journal of Hydrogen Energy 62 (2024) 959-968

Statista Monatlicher Zuckerpreis bis Februar 2023. [March 09, 2023]; Available
from: https://de.statista.com/statistik/daten/studie/434644/umfrage/zuckerpreis
/.
AIR LIQUIDE Deutschland GmbH. Enquiry offer oxygen. E-Mail; 2022.

Towler GP, Sinnott RK. Chemical engineering design: principles, practice and
economics of plant and process design. Kidlington, Oxford: Butterworth-
Heinemann is an imprint of Elsevier; 2021.

Statista. Preis fiir Fernwarme nach Anschlusswert in Deutschland bis 2022 |
Statista. [September 01, 2022]; Available from: https://de.statista.com/statisti
k/daten/studie/250114/umfrage/preis-fuer-fernwaerme-nach-anschlusswert-in-d
eutschland/.

Pérez-Fortes M, Schoneberger JC, Boulamanti A, Harrison G, Tzimas E. Formic acid
synthesis using CO2 as raw material: techno-economic and environmental
evaluation and market potential. Int J Hydrogen Energy 2016;41(37):16444-62.
https://doi.org/10.1016/j.ijhydene.2016.05.199.

Statista. Industriestrompreise inkl. Stromsteuer in Deutschland bis 2022 | Statista.
[September 01, 2022]; Available from: https://de.statista.com/statistik/daten/stu
die/252029/umfrage/industriestrompreise-inkl-stromsteuer-in-deutschland/.
Alves LA, Almeida e Silva JB, Giulietti M. Solubility of d -glucose in water and
ethanol/water mixtures. J Chem Eng Data 2007;52(6):2166-70. https://doi.org/
10.1021/je700177n.

Peres AM, Macedo Eugenia A. Measurement and modeling of solubilitier of D-
glucose in water-alcohol and alcohol-alcohol systems. Ind Eng Chem Res 1997;36:
2816-20. https://doi.org/10.1021/1€9604583.

van Putten R-J, Winkelman JGM, Keihan F, van der Waal JC, Jong E de, Heeres HJ.
Experimental and modeling studies on the solubility of d -arabinose, d -fructose, d -
glucose, d -mannose, sucrose and d -xylose in methanol and methanol-water
mixtures. Ind Eng Chem Res 2014;53(19):8285-90. https://doi.org/10.1021/
i€500576q.

Kondo S, Takizawa K, Takahashi A, Tokuhashi K, Sekiya A. A study on
flammability limits of fuel mixtures. J Hazard Mater 2008;115:440-8. https://doi.
org/10.1016/j.jhazmat.2007.11.085.

Bertolino A, Stagni A, Cuoci A, Faravelli T, Parente A, Frassoldati A. Prediction of
flammable range for pure fuels and mixtures using detailed kinetics. Combust
Flame 2019;207:120-33. https://doi.org/10.1016/j.combustflame.2019.05.036.
Dincer I, Zamfirescu C. Sustainable hydrogen production options and the role of
IAHE. Int J Hydrogen Energy 2012;37(21):16266-86. https://doi.org/10.1016/j.
ijhydene.2012.02.133.

Kalinci Y, Hepbasli A, Dincer 1. Exergoeconomic analysis of hydrogen production
from biomass gasification. Int J Hydrogen Energy 2012;37(21):16402-11. https://
doi.org/10.1016/j.ijhydene.2012.02.173.

Wang Y, Li G, Liu Z, Cui P, Zhu Z, Yang S. Techno-economic analysis of biomass-to-
hydrogen process in comparison with coal-to-hydrogen process. Energy 2019;185:
1063-75. https://doi.org/10.1016/j.energy.2019.07.119.

Rosen MA, Dincer I. A study of industrial steam process heating through exergy
analysis. Int J Energy Res 2004;28(10):917-30. https://doi.org/10.1002/er.1005.
Niu M, Hou Y, Ren S, Wu W, Marsh KN. Conversion of wheat straw into formic acid
in NaVO 3 -H 2 SO 4 aqueous solution with molecular oxygen. Green Chem 2015;
17(1):453-9. https://doi.org/10.1039/C4GC01440E.

finanzen.net GmbH. Zuckerpreis aktuell in Euro und Dollar | Zucker | Zuckerkurs |
finanzen.net. [September 01, 2022]; Available from: https://www.finanzen.net/
rohstoffe/zuckerpreis.

finanzen.net GmbH. Holzpreis historische Kurse in Dollar. [March 09, 2023];
Available from: https://www.finanzen.net/rohstoffe/holzpreis/historisch.

Oliver Greifenberg. Aktuelle Strohpreise. [March 09, 2023]; Available from:
https://www.strohpreis.de/.

Balys M, Brodawka E, Korzeniewska A, Szczurowski J, Zargbska K. LCA and
economic study on the local oxygen supply in Central Europe during the COVID-19
pandemic. Sci Total Environ 2021;786:147401. https://doi.org/10.1016/j.
scitotenv.2021.147401.

Li J, Ding D-J, Deng L, Guo Q-X, Fu Y. Catalytic air oxidation of biomass-derived
carbohydrates to formic acid. ChemSusChem 2012;5(7):1313-8. https://doi.org/
10.1002/cssc.201100466.

Castro J, Leaver J, Pang S. Simulation and techno-economic assessment of
hydrogen production from biomass gasification-based processes: a review. Energies
2022;15(22):8455. https://doi.org/10.3390/en15228455.

Valente A, Iribarren D, Galvez-Martos J-L, Dufour J. Robust eco-efficiency
assessment of hydrogen from biomass gasification as an alternative to conventional
hydrogen: a life-cycle study with and without external costs. Sci Total Environ
2019;650(Pt 1):1465-75. https://doi.org/10.1016/j.scitotenv.2018.09.089.
Lepage T, Kammoun M, Schmetz Q, Richel A. Biomass-to-hydrogen: a review of
main routes production, processes evaluation and techno-economical assessment.
Biomass Bioenergy 2021:144.


https://doi.org/10.1038/s41929-021-00575-4
https://doi.org/10.1038/s41929-021-00575-4
https://doi.org/10.1021/acscatal.9b01977
https://doi.org/10.1021/acscatal.9b01977
https://doi.org/10.1021/jp203751w
https://doi.org/10.1016/j.jcat.2011.01.023
https://doi.org/10.1039/d1cy00300c
https://doi.org/10.1039/d1cy00300c
https://doi.org/10.1016/j.apcatb.2014.05.004
https://doi.org/10.1016/0926-860X(95)85008-2
http://refhub.elsevier.com/S0360-3199(24)00995-9/sref42
http://refhub.elsevier.com/S0360-3199(24)00995-9/sref42
http://refhub.elsevier.com/S0360-3199(24)00995-9/sref43
https://doi.org/10.1016/0926-860X(92)85033-8
https://doi.org/10.1016/0926-860X(92)85033-8
https://doi.org/10.1016/j.catcom.2023.106648
https://doi.org/10.1016/0920-5861(94)00135-O
https://doi.org/10.1016/0920-5861(94)00135-O
https://doi.org/10.2202/1542-6580.2238
https://doi.org/10.2202/1542-6580.2238
https://doi.org/10.1016/0360-3199(94)00130-R
https://doi.org/10.1002/cctc.201000245
https://doi.org/10.1039/d0cy02111c
https://doi.org/10.1039/d1re00226k
https://doi.org/10.1016/j.ijhydene.2014.08.041
https://doi.org/10.1016/j.rser.2018.05.003
https://doi.org/10.1016/j.rser.2018.05.003
https://doi.org/10.1016/j.ijhydene.2011.12.001
https://doi.org/10.1016/j.ijhydene.2011.12.001
https://doi.org/10.1002/er.3302
https://doi.org/10.1002/er.3302
https://de.statista.com/statistik/daten/studie/730823/umfrage/durchschnittlicher-preis-fuer-methanol-auf-dem-europaeischen-markt/
https://de.statista.com/statistik/daten/studie/730823/umfrage/durchschnittlicher-preis-fuer-methanol-auf-dem-europaeischen-markt/
https://de.statista.com/statistik/daten/studie/730823/umfrage/durchschnittlicher-preis-fuer-methanol-auf-dem-europaeischen-markt/
https://de.statista.com/statistik/daten/studie/434644/umfrage/zuckerpreis/
https://de.statista.com/statistik/daten/studie/434644/umfrage/zuckerpreis/
http://refhub.elsevier.com/S0360-3199(24)00995-9/sref58
http://refhub.elsevier.com/S0360-3199(24)00995-9/sref59
http://refhub.elsevier.com/S0360-3199(24)00995-9/sref59
http://refhub.elsevier.com/S0360-3199(24)00995-9/sref59
https://de.statista.com/statistik/daten/studie/250114/umfrage/preis-fuer-fernwaerme-nach-anschlusswert-in-deutschland/
https://de.statista.com/statistik/daten/studie/250114/umfrage/preis-fuer-fernwaerme-nach-anschlusswert-in-deutschland/
https://de.statista.com/statistik/daten/studie/250114/umfrage/preis-fuer-fernwaerme-nach-anschlusswert-in-deutschland/
https://doi.org/10.1016/j.ijhydene.2016.05.199
https://de.statista.com/statistik/daten/studie/252029/umfrage/industriestrompreise-inkl-stromsteuer-in-deutschland/
https://de.statista.com/statistik/daten/studie/252029/umfrage/industriestrompreise-inkl-stromsteuer-in-deutschland/
https://doi.org/10.1021/je700177n
https://doi.org/10.1021/je700177n
https://doi.org/10.1021/ie9604583
https://doi.org/10.1021/ie500576q
https://doi.org/10.1021/ie500576q
https://doi.org/10.1016/j.jhazmat.2007.11.085
https://doi.org/10.1016/j.jhazmat.2007.11.085
https://doi.org/10.1016/j.combustflame.2019.05.036
https://doi.org/10.1016/j.ijhydene.2012.02.133
https://doi.org/10.1016/j.ijhydene.2012.02.133
https://doi.org/10.1016/j.ijhydene.2012.02.173
https://doi.org/10.1016/j.ijhydene.2012.02.173
https://doi.org/10.1016/j.energy.2019.07.119
https://doi.org/10.1002/er.1005
https://doi.org/10.1039/C4GC01440E
https://www.finanzen.net/rohstoffe/zuckerpreis
https://www.finanzen.net/rohstoffe/zuckerpreis
https://www.finanzen.net/rohstoffe/holzpreis/historisch
https://www.strohpreis.de/
https://doi.org/10.1016/j.scitotenv.2021.147401
https://doi.org/10.1016/j.scitotenv.2021.147401
https://doi.org/10.1002/cssc.201100466
https://doi.org/10.1002/cssc.201100466
https://doi.org/10.3390/en15228455
https://doi.org/10.1016/j.scitotenv.2018.09.089
http://refhub.elsevier.com/S0360-3199(24)00995-9/sref80
http://refhub.elsevier.com/S0360-3199(24)00995-9/sref80
http://refhub.elsevier.com/S0360-3199(24)00995-9/sref80

	Hydrogen production from wet biomass via a formic acid route under mild conditions
	1 Introduction
	1.1 Process step 1: biomass oxidation
	1.2 Process step 2a: dehydrogenation of formic acid
	1.3 Process step 2b: decarbonylation of methyl formate
	1.4 Process step 3: water-gas shift reaction

	2 Material and methods
	2.1 Simulation
	2.2 Description of the simulated processes

	3 Results and discussion
	3.1 Evaluation of the simulation data
	3.1.1 Qualitative evaluation aspects
	3.1.2 Quantitative evaluation aspects

	3.2 Sensitivity analysis

	4 Conclusion
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


