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A B S T R A C T

Wood liquefaction in hot compressed water is modeled using the hydrolysis of Cellulose, Hemicellulose, and
Lignin. These three components are reacted under catalyst-free subcritical conditions in a temperature range
from 553 K to 640 K, and the heating rate ranges from 2 K/min to 6 K/min. Using a simplified reaction scheme,
water-soluble products1 (WSP), Biocrude, char, and gas are generated through intermediates with each wood
component. A modified multistage shrinking core model is employed to simulate biomass particle degradation.
The reaction and kinetic regime of the hydrothermal liquefaction2 (HTL) process are treated separately for each
wood component. Although the lack of initial fast reaction kinetic data limits the development of more accurate
models, computed results displayed a generous fit to data from the literature. At 593 K for a 2 K/min heating rate
and particle size of 0.08 mm, biocrude shows the maximum yield of 26.87% for wood liquefaction. Although
lower heating rates show fast initial lignin hydrolysis, for longer residence times, and close to the critical point,
yield outputs show similar yields. Meanwhile, char and gas yields of cellulose model show maximums of 55 wt%
and 25 wt% respectively at 640 K with a 2 K/min heating rate. Nevertheless, char yield values become very
similar at 640 K for different heating rates for the cellulose hydrolysis model. Both cellulose and lignin hydrolysis
models show better hydrolysis with smaller particle sizes. Besides, lignin decomposition shows more dependence
on the particle size, where it decomposes much faster with 0.08 mm particle and slower than Cellulose with the
1 mm particle.
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1. Introduction

Hydrothermal liquefaction (HTL) is a thermochemical conversion
method which mainly produces a liquid crude oil. In the HTL process,
initially, the biomass is decomposed into smaller molecules through
hydrolysis [1]. HTL process and hydrolysis of wood in subcritical and
supercritical water have been widely investigated recently [2–7]. Be-
sides, the main components of wood are also used to study the hydro-
lysis such as cellulose and Lignin [8–18]. Radical decomposition of
Cellulose to oligosaccharides and monosaccharides at 513 K is in-
vestigated where the latter showcased heating rates below 1 K/s af-
fected the cellulose hydrolysis [10,11]. As the most abundant compo-
nent of woody biomass, Cellulose is widely used for hydrolysis studies.
The increase of hydrolysis products in supercritical water and the ki-
netics of cellulose hydrolysis in the sub and supercritical water is also
proposed successfully with a grain model by Sasaki et al. [14,15,17].
Cellulose and glucose decomposition pathways in hot compressed water
under catalysts free conditions are investigated by Minowa et al. [19]. A
study by Kabyemela et al. [20] observed the forward epimerization of
glucose to fructose in subcritical temperatures, where backward epi-
merization from fructose to glucose is found to be negligible. Glucose is
decomposed quickly from 573 K to 623 K [20]. Although the activation
energies for glucose decomposition to fructose did not differ much
around critical point, 5-hydroxyl-methyl-furfural (5-HMF) reaction ki-
netics are drastically changed around 603 K due to ionic product and
low density of water [21].
Yong and Matsumara [9] extensively studied the lignin decom-

position in the subcritical conditions and came up with a comprehen-
sive reaction scheme. According to Yong and Matsumara [9], most of
the reaction rate constants of lignin decomposition followed the Ar-
rhenius behavior where some of the reactions follow a non-Arrhenius
behavior. Zhang et al. [22] proposed a kinetic model with kinetic data
for Kraft lignin decomposition and suggested the kraft pine lignin fol-
lowed a two-phase decomposition scheme. Forchheim et al. [23] suc-
cessfully estimated the phenolic products from lignin hydrothermal
depolymerization with another kinetic model where they discussed
some tendencies of gas and solid residue behavior in variable operating
conditions.
Hydrolysis studies on hemicellulose are not abundantly found.

Pronyk and Mazza [13] proposed a monophasic and biphasic reaction
mechanism for hemicellulose hydrolysis. The contribution from hemi-
cellulose to biocrude is quite small as the production of furfural from
hemicellulose is found to be considered insignificant after 443 K [13]. A
recent review by Delbecq et al. [24] extensively discussed the furfural
synthesis from bio-based products where the hydrolysis of hemi-
cellulose and derivatives are analyzed and optimized. Hemicellulose
(Xylan) produced its maximum hydrolysis yield at a low-temperature
value of 493 K-508 K [25] or even lower temperatures such as 473 K
[26]. With higher temperatures, the hydrolysis of xylan is decreased
significantly, and ultimately xylose, and then furfural production is
decreased [26].
Various approaches are used to model the hydrolysis of wood and

the decomposing method of the wood, while the shrinking core ap-
proach is one of the main criteria used [7,10,11,27]. Galegano and Blasi
[27] and Kamio et al. [10,11] used the unreacted shrinking core con-
cept to model pyrolysis and hydrolysis, respectively, by using the same
particle decomposition concept in two different thermochemical pro-
cesses. Mosteiro-Romero et al. [7] developed a mathematical model on
wood hydrolysis with a shrinking core model, which was developed
upon well designed experimental data. It was able to predict the hy-
drolysis products yields to a convincing extent, which were modeled as
lump components.

1.1. Shrinking core approach and hydrolysis modeling

Hydrolysis modeling of wood with kinetic models is scarce [7].

Frequently, model compounds are abundantly used for the kinetic
models of hydrolysis studies [4,5,8–11,13,22,25]. Besides, the proposed
model is influenced by the model developed by Kamio et al. [11] for
cellulose hydrolysis.
Kamio et al. [11] developed a single particle system in subcritical

conditions for cellulose hydrolysis with a shrinking core approach for
the particle, where reduction of the particle occurs only in the radial
direction. Due to a surface reaction on the particle surface, cellulose
particle is hydrolyzed by the water monomer and result in producing
oligosaccharides to the system. Then the oligosaccharides are further
hydrolyzed into monosaccharides where it is then hydrolyzed into de-
gradation products. Here the oligosaccharides represent the glucose
units, and monosaccharides represent glucose and fructose. Degrada-
tion products represent the decomposition products from mono-
saccharides as overall.
In the proposed model, wood hydrolysis is modeled using the hy-

drolysis of three main components of wood. Each wood component has
its hydrolysis reaction mechanism and will produce hydrolysis pro-
ducts. It is proposed to model the wood hydrolysis by using the cu-
mulative effect of each hydrolysis model from the three wood compo-
nents. The decomposition of the wood particle is assumed to be only in
the radial direction. Thus, the modeling criteria used in this model are a
shrinking core model. Fig. 1 below shows a graphical model of the
assumed shrinking core concept used for the proposed model.
The modeling criteria of the shrinking core model is based on the

model proposed by Kamio et al. [11], Galegano and Blasi [27], and
Mosteiro-Romeiro et al. [7]. Reactions used in this model are divided
into cellulose reactions, lignin reactions, and hemicellulose reactions.
Despite the various studies on hydrolysis studies on each component

of wood separately, there is a lack of models of studying the behavior
and role of each wood component in the overall wood liquefaction. By
developing a model with having all the three main components of
wood, the effect of each component hydrolysis on wood hydrolysis can
be studied. Moreover, the contribution of each component on the li-
quefaction outputs can be thoroughly investigated. Therefore, a math-
ematical model for decomposition of wood in subcritical temperature is
developed using a modified shrinking core model where a custom re-
action kinetic rate is developed to hydrolysis of each wood component.
Wood consists of Cellulose, Lignin, and hemicellulose. Although the
hydrolysis of each component is treated separately, core shrinkage is
modeled as a cumulative effect of hydrolysis of each component. Hence,
this model simulates wood decomposition by using three main com-
ponents of wood. Furthermore, the behavior of each component and
their distribution in different outputs can be studied with this model.
The hydrolysis of each component is used as the initial reaction of the
process. The diffusion of water monomers to the particle surface to
initiate hydrolysis and dissolution of the products in water is also given
importance during the modeling process. Once the degradation process

Fig. 1. Shrinking core model assumed for the hydrolysis of the wood particle of
model components submerged in water.
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is underway with heterogeneous hydrolysis, the dissolved compounds
will further hydrolyze with homogeneous hydrolysis and behave ac-
cording to the kinetic model. More chemical compounds are in-
corporated in the model, and chemical reactions of those chemical
compounds are used rather than using lump components. In the de-
veloped model, the kinetic reaction rate constants vary according to the
temperature. Since the temperature is changed during the process, the
Arrhenius equation [28] is used to calculate the fluctuating rate con-
stants. Additionally, kinetic parameters from the literature are used for
the initial kinetic data for the mathematical model.

2. Method

2.1. Decomposition of the biomass particle

In the proposed model, initially, the particle is considered as a
combination of Cellulose, hemicellulose, and Lignin. At different tem-
peratures, according to the reaction kinetics, each component is started
hydrolyzing. The hydrolysis of each component is determined by the
developed reaction rate constant (Shown later in the modeling process).
The overall biomass particle decomposition is assumed to be a cumu-
lative effect of each component and in the radial direction. As Kamio
et al. [11] proposed, diffusion of the water monomer through the
aqueous film surrounding the biomass particle is modeled using the
mass transfer of water.

=M r k C C4 ( )w A B S
2 (1)

Mw represent the mass transfer rate of the water monomer, r is the
radial position of the particle, kA is the mass transfer coefficient, CB
represents the bulk water monomer concentration, and CS is the water
concentration at the surface.
Hydrolysis of the biomass particle is expressed below, where MB is

the hydrolysis reaction rate at the surface of each wood component kH is
the hydrolysis rate constant.

=M r k C4B H S
2 (2)

Assuming the overall rate constant of hydrolysis of the biomass
particle kH is the sum of hydrolysis rate constants of three wood com-
ponents. Below, equation (3) shows the overall hydrolysis rate constant
of the biomass particle hydrolysis.

= + + + + + + +k k k k k k k k kH 1 5 10 11 12 13 14 26 (3)

k( H becomes a different value according to the wood component,
which is being hydrolyzed. As an example, if only Cellulose is being
hydrolyzed = +k k kH 1 5 while, if both Cellulose and hemicellulose are
being hydrolyzed = + +k k k kH 1 5 26. Therefore, at different time inter-
vals, the particle decomposes at different rates.)
At steady-state condition, as mass transfer should be equal between

water and biomass particle, from (1) and (2)

=
+

r r C4
w

B

k k

2

1 1
A H (4)

rw represents the reaction rate of the water monomer for one biomass
particle. When the decomposition rate is described in a point of view in
the mass balance of a biomass particle and when the radius of the
particle is r,

=d r
dx

r(4 /3)
B

3

(5)

Here rB is the reaction rate of the biomass molecule for a unit biomass
particle, and is the molar density of the biomass particle. ( changes
according to each wood component) Therefore, with stoichiometry,

=r rw B (6)

where represents the stoichiometry value of water in the hydrolysis re-
action.

(In the proposed model, it is assumed that the biomass particle is
consist of 45% of Cellulose, 25% Hemicellulose, and 30% of Lignin)
Substituting (4) and (6) to (5),

=
+

r dr
dt

r C4 4 B

k k

2
2

1 1
A H (7)

When the radial position of the surface becomes r, the decomposi-
tion ratio of the biomass particle can be written as,

= =x
r

r
r
r

1 ( )
4
3

3

4
3 0

3 0

3

(8)

where, x is the decomposition ratio of a unit biomass particle. After
derivation over time,

=dx
dt

r
r

dr
dt

3 2

0
3 (9)

By substituting from (8) and (9) to (7),

=
+

r dx
dt

r C x4
3

4 (1 )
( )

B

k k

0
3

0
2

1 1
A H

2
3

(10)

When the decomposition of the biomass particle is expressed by the
concentration of each wood component molecules, x can be expressed,
as shown below in equation (11).

=x
C C

C
( )modi modi

modi

,0

,0 (11)

where Cmodi,0 is the concentration of each wood component molecule at
t = 0, andCmodi is the concentration of each wood component molecule
at t = t.
From (11),

= =
+

r dx
dt

C x
r
3 (1 )

( )
B

B

k k0
1 1
A H

2
3

(12)

Therefore substituting (11) into (12),

= =r dC
dt

k Cd
bio

x modi
2
3

(13)

where i = 1, 2, 3
Here, rd is the decomposition rate of the biomass particle, kx is the

rate coefficient of biomass decomposition andCmodi is the concentration
of each wood component. Therefore,

=
+

k
C C

r
3

( )
x

B modi

k k

,0

0
1 1
A H

1
3

(14)

According to the wood component or components, which are being
hydrolyzed, kx becomes a different rate constant due to the change in
kH .
All the rate constants are changed with temperature. Since the

temperature is changed during the process Arrhenius equation can be
used to calculate the changing rate constants.

=k k ei t i, 0,
Ea

RT (15)

where, ki t, is the calculated rate constant, ko i, is the frequency factor
and, Ea is the Activation energy for each component. Arrhenius law can
be applied to all the reactions in the process since the rate constants are
changed with temperature. Moreover, the heating process can be ex-
pressed by the following equation 16.

= +T t THeating process; T ini (16)

where, T is the heating rate, t represents time and, Tini is the initial
temperature.
By substituting to (13) from (14), (15), and (16), an equation for
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biomass decomposition can be developed.
Differential equations developed to calculate the change in yield of

each component in the system is listed in the appendix.
The model predicted values are compared and validated with the

experimental values in literature. Theoretical values of each chemical
component are calculated from differential equations A1-A18 using the
backward Euler method. According to the required initial concentration
of each component of wood in the system (given that different wood
types have different ratios of each wood component) number of moles
of each wood, component is calculated and inserted. From the differ-
ential equations, the variation of the concentrations of each chemical
compound is obtained. Then for each wood component, each chemical
compound or resultant phase is presented as a percentage of the input.
For the calculations in the developed model, it is assumed no losses
during the extraction process, as well as the carbon recovery is > 99%.

2.2. Cellulose hydrolysis model

The reaction mechanisms for Cellulose are influenced by the reac-
tion mechanism proposed by Cantero et al. [21] Minowa et al. [19] and
Kamio et al. [11]. According to Kamio et al. [11], Cantero et al. [21],
Sasaki et al. [14,15,17] and Minowa et al. [19] from the hydrolysis of
Cellulose, water-soluble intermediates are formed. Then the further
hydrolysis, polymerization, dehydration, and decomposition creates the
degradation products from the intermediates such as water-soluble
products (aqueous phase), biocrude, gas, and char. As the secondary
char is hard to quantify experimentally, both primary and secondary
char produced is taken as a lump component. Fig. 2 shows the reaction
pathway used for the cellulose hydrolysis and decomposition during the
liquefaction process. Table 1 shows the type of each reaction used in the
cellulose hydrolysis model.
Below equations from 17 to 25 show the reactions incorporated in

the cellulose liquefaction model.

+cellulose a H O b oligosaccharides
k

1 2 1
1

(17)

+oligosaccharides a H O b monosaccharides
k

2 2 2
2 (18)

+oligosaccharides b Biocrude H O( )
k

3 2
3 (19)

+monosaccharides b Biocrude H O( )
k

4 2
4 (20)

+cellulose b Char H O
k

5 2
5 (21)

monosaccharides b TOC
k

6
6 (22)

Biocrude b TOC
k

7
7 (23)

+TOC b Char b CO
k

8 9 2
8 (24)

Biocrude b Char
k

10
10 (25)

ai is the stoichiometry value for water for each hydrolysis reaction.
(where i = 1,2)
bi is the stoichiometry value for the reaction output for each reac-
tion. (where i = 1,2, 3…,10)

Micro-crystalline Cellulose, which is consisted of 230 glucose mo-
lecules, is used to model the cellulose component. Although oligo-
saccharides are supposed as a mix of cellobiose, cellotriose, and cello-
tetraose, for simplification, the kinetic data related to cellobiose is
chosen for the model. Furthermore, monosaccharides are a mix of
glucose and fructose, where the kinetic data for glucose decomposition
is used for the model. ‘Biocrude’’ is supposed to be a mix of chemicals
such as glycolaldehyde, glyceraldehyde, erythrose, pyruvaldehyde, di-
hydroxyacetone, furfural, and 5-hydroxymethyl-2-furaldehyde (5-HMF)

Fig. 2. Reaction pathway of cellulose decomposition.

Table 1
Reaction type of each reaction used in the cellulose liquefaction model.

Kinetic parameter Reaction type Kinetic parameter Reaction type

K1 Hydrolysis K6 Decomposition
K2 Hydrolysis K7 Decomposition
K3 Dehydration K8 Polymerization
K4 Dehydration K9 Decomposition
K5 Dehydration K10 Polymerization
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[29]. Therefore ‘Biocrude’ represents the biocrude phase produced by
the cellulose liquefaction. For the calculations, kinetic data for 5-HMF is
used in the model for ‘Biocrude.’ For the cellulose hydrolysis model,
required kinetic parameters are taken from the literature
[11,14,15,17,19–21,29,30]. Due to the simplified reaction scheme for
cellulose hydrolysis and decomposition, some of the important con-
versions, such as the formation of phenolic compounds from Cellulose
[18,31], are not included as separate chemical reactions.
The term ’TOC’ is used to indicate the water-soluble organics in the

aqueous phase from cellulose hydrolysis except for Cellulose, light al-
dehydes (except 5-HMF, glycolaldehyde, glyceraldehyde.) and car-
boxylic acids. In the cellulose hydrolysis model, Cellulose is considered
as the biomass. Biocrude is assumed to consist of glycolaldehyde, gly-
ceraldehyde, erythrose, pyruvaldehyde, dihydroxyacetone, furfural,
and 5-hydroxymethyl-2-furaldehyde (5-HMF). TOC is assumed to con-
sist of water-soluble organics. Even though light aldehydes and car-
boxylic acids can be dissolved in water, those compounds are con-
sidered as a part of the biocrude phase.

2.3. Lignin hydrolysis model

The lignin hydrolysis mechanism is based on the kinetic study and
reaction pathways proposed by Yong and Matsumara [9] and Fang et al.
[32], where the kinetic data is based on Yong and Matsumara [9],
Zhang et al. [22], Forchheim et al. [23], and Arturi et al. [33]. Yong and
Matsumara proposed a detailed reaction scheme for lignin hydrolysis,
which consists of a gas phase, char, an aqueous phase, and another
phase consist of phenols, TOC, Aromatics, Guaiacol. With further sec-
ondary hydrolysis reactions, some of the hydrolysis products decom-
pose into tertiary components, which are also included in this model. In
the proposed model, the shrinking core concept relates to the primary
or the heterogenous hydrolysis reactions. Secondary decomposition,
polymerization, and dehydration reactions are modeled using a con-
ventional kinetic model, which is not being observed with other models
that have used the shrinking core concept. Below, Fig. 3 shows the used
reaction pathway of hydrolysis and decomposition of Lignin during the
liquefaction process.
For the lignin liquefaction model, required kinetic parameters are

taken from the literature [9,22,23,34,35]. Table 2 shows the type of
each reaction used in the lignin hydrolysis model.
Below equations from 26 to 34 show the reactions incorporated in

the lignin liquefaction model.

+ + + +Lignin c H O d guaiacol d Aromatics d TOC d CO1 2 1 2 3 4 2 (26)

+Lignin d char H O5 2 (27)

Aromatics d char6 (28)

TOC d char7 (29)

+TOC d Aromatics d CO8 9 2 (30)

+ +Guaiacol d Phenol d TOC d catechol10 11 12 (31)

+Catechol d Phenol d TOC13 14 (32)

Phenol d TOC15 (33)

Phenol d Char16 (34)

ci is the stoichiometry value for water for each hydrolysis reaction.
(where i = 1)
di is the stoichiometry value for the reaction output for each reac-
tion. (where i = 1,2, 3,…16)

Alkali Lignin is used as the modeling compound for Lignin, which
has an empirical formula of C108H107037 and an average unit molecular

Fig. 3. Reaction pathways of Lignin in hydrothermal conditions.

Table 2
Reaction type of each reaction used in the lignin liquefaction model.

Kinetic parameter Reaction type Kinetic parameter Reaction type

K11 Hydrolysis K19 Gasification
K12 Dehydration K20 Decomposition
K13 Hydrolysis K21 Decomposition
K14 Hydrolysis K22 Decomposition
K15 Hydrolysis K23 Decomposition
K16 Polymerization K24 Decomposition
K17 Polymerization K25 Decomposition
K18 Decomposition K26 Polymerization
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weight of 1996 g/mol per unit [36]. Additionally, for the modeling
procedure, an average molecular weight of 10 kg/mol is used, which is
the same value Matsumara et al. [8,9] used. Thus, it is assumed that the
lignin structure consists of 5 Alkali lignin units. During the calculations,
all the components are normalized to 1 atom ‘C’ per molecule for the
simplification. The term ’TOC’ is used to indicate the soluble organics in
the aqueous phase from lignin hydrolysis except for Lignin, Aromatic
hydrocarbons (includes naphthalene, benzene, toluene), catechol,
guaiacol, and phenol. In the results section, the term ‘biocrude’ is used
to refer to the cumulative value of Aromatic hydrocarbons, catechol,
guaiacol, and phenol. Here Lignin is considered as the biomass.
Therefore, it does not belong to TOC, although it is soluble in water.
Biocrude is assumed to consist of aromatic hydrocarbons, catechol,
guaiacol, benzene, toluene, and phenol. Although benzene and toluene
are slightly soluble in water, in this model, they are a part of the bio-
crude phase. Thus, those chemicals are not included in TOC.

2.4. Hemicellulose hydrolysis model

Hemicellulose hydrolysis model is based on the work from Pronyk
and Mazza and Pinkowska et al. [13,25]. Pronyk and Mazza proposed a
monophasic and a biphasic mechanism for hemicellulose hydrolysis,
where the monophasic mechanism is chosen to develop this model.
Hemicellulose is hydrolyzed into the intermittent product of Xylo-oli-
gomers and then again to xylose. As shown in Fig. 4 below, the hy-
drolysis products further decompose into derivatives, mainly furfural.
In this model, furfural is used as the final derivative from the lique-
faction, due to the lack of availability of kinetic data. For the hemi-
cellulose hydrolysis model, required kinetic parameters are taken from
the literature [13,24–26,26].
Table 3 shows the reaction type of each reaction used in the

hemicellulose liquefaction model.
Eqs. (35) and (36) show the reactions incorporated in the hemi-

cellulose liquefaction model.

+Hemicellulose e H O f xylose
k

1 2 1
27

(35)

xylose f Biocrude( )
k

2
28

(36)

ei is the stoichiometry value for water for each hydrolysis reaction.
(where i = 1)
fi is the stoichiometry value for the reaction output for each reac-
tion. (where i = 1,2)

‘Biocrude’’ is supposed to be a mix of chemicals such as furfural and
aldehydes. Literature available on hemicellulose hydrolysis contradicts
each other occasionally. According to Pronyk and Mazza [13], con-
version of xylose into furfural is about 4% from potentially available
xylose in the system. Moreover, the hemicellulose hydrolysis starts
around 403 K, and the Xylo-oligomers and monomers available in the
system maximize around 443 K [13]. The maximum furfural percentage
recorded during the experiments is around 443 K, which is still beyond
the temperature range considered in this model. Meanwhile, the pen-
tose sugar arabinose present in hemicellulose could make the hydrolysis
more susceptible to the lower temperatures [13]. In the Meantime,
according to Pinkowska et al. [25], the maximum yield of saccharides
such as xylose is obtained around 508 K. Then the increasing tem-
peratures favored the conversion of saccharides into furfurals, alde-
hydes, and carboxylic acids. Möller and Schröder [26] observed a
maximum furfural yield of 49% at 473 K from xylose conversion, while
xylan conversion provides a maximum of around 13% of furfural.

Moreover, following the results from Pinkowska et al. [25] and Pronyk
and Mazza [13], the requirement of lower temperatures (433 K-453 K)
for the xylan hydrolysis on producing xylose is observed. From all these
studies, it is evident that the hemicellulose hydrolysis occurs and gives
the best furfural yields at low temperatures from 403 K to 493 K. During
this study, lack of kinetic data, as well as the less contribution of
hemicellulose degradation products to the wood hydrolysis process, are
observed. Nevertheless, a simple two-stage hemicellulose hydrolysis
model is developed base on the available literature. Due to the lack of
kinetic data availability on char production of hemicellulose hydrolysis,
char is not considered as a degradation product from hemicellulose.
Although the temperatures required for better furfural yields from
hemicellulose hydrolysis is not within the temperature range con-
sidered in this model, still the hemicellulose hydrolysis data is included
in the model to perform the wood hydrolysis.

2.5. General assumptions and simplifications

The wood particle is considered as a spherical particle with a given
radius in this model. It is submerged in an infinitely large water vo-
lume, much larger than the radius of the particle. Hence the dilution of
the hydrolysis products is assumed to be infinite at a given distance
from the particle center. In this model, it is assumed that there is always
enough water in the system to perform all the required hydrolysis re-
actions. The particle decomposition is assumed only in the radial di-
rection. Therefore, during hydrolysis, the particle is decomposed in the
radial direction. Thermophysical properties are presumed to be con-
stant throughout the process as well. The temperature of the particle is
always supposed to be equals to the temperature of the fluid sur-
rounding it. As the particle is assumed to be homogenous in properties
and composition, no mass transfer is considered, and no accumulation
of products from the hydrolysis in the particle is considered.
Furthermore, the primary char and secondary char from the reactions
are considered as one.
It is learned that an ash layer and an oily film is developed around

the shrinking core during the hydrolysis process [7]. Therefore, in the
next phase of this model, the effect and behavior of such an ash layer
and an oil film are studied and developed. Thus, in this model, it is
assumed that all the products from hydrolysis leave the particle surface
and does not form a layer on the outside of the wood particle. Hence,
water monomers can proceed to the particle and continue the hydro-
lysis reaction. Besides, wood hydrolysis is modeled as the cumulative
effect of the hydrolysis of the three main components of wood. There-
fore, the hydrolysis of each model component is modeled separately.
Each model component starts hydrolysis at different temperatures and
emits hydrolysis products to the system. When each model component
hydrolyzes, the radius is assumed to be reduced in a rate that corre-
spondent to the rate constant of hydrolysis of the specific model com-
ponent.
As described in the assumption section, hydrolysis of Cellulose,

Lignin, and Hemicellulose occurs only on the surface of the particle at a
given time. In the model, char is produced in two different ways. For
the simplification, char produced by dehydration is considered as a
direct degradation product of cellulose and lignin hydrolysis.

Fig. 4. Reaction pathways of hemicellulose in hy-
drothermal conditions.

Table 3
Reaction type of each reaction used in hemicellulose liquefaction model.

Reaction Reaction type Reaction Reaction type

K27 Hydrolysis K28 Dehydration
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Dehydration happens throughout the particle volume, and this leads to
the particle becoming more charred with time. When the Carbon con-
tent of the particle is increased, it enforces a restriction on the cap-
ability of water to react with the wood components. Therefore, un-
reacted highly charred biomass could have remained in the system. The
term primary char stands for this kind of highly charred unreacted
biomass. Secondary char (or coke) represents the char produced
through the further decomposition of the biocrude and aqueous phase
[3,7]. Although char consists of these two components, the presence of
secondary char in the resultant of the liquefaction process is small [7].
It is assumed that ash does not participate in reactions.
The composition of the particle is not changed with time or with the

hydrolysis reaction. The particle is decomposed only in the radial di-
rection, and the decomposition is dependent only on the biomass left in
the particle and the concentration of water in the system. As the reac-
tions proceed, the hydrolysis products are dissolved in the water, and
the further hydrolysis reactions of the particle are not affected by the
diluted products.
A simplified elemental balance is used for the model by using an

approximation for oxygen and hydrogen balance in each compound.
Therefore, only Carbon balance is given importance in the modeling
process due to the simplification of the calculations. According to Yong
and Matsumara [9], H2 and CO2 are present in the gas phase in lignin
hydrolysis, with CO2 being the major contributor. Nevertheless, the CO2

percentage increased with increasing temperature in the subcritical
region, and H2 is decreased with time. Therefore, for the gas phase, CO2
is used as the model compounds since CO2 is the principal component in
the gas phase.
The stoichiometry for the hydrolysis reactions is calculated based on

the experimental results available in the literature. To define the stoi-
chiometry as many as three experimental data are considered in most of
the reactions. However, due to the lack of literature, the stoichiometry
for some reactions are determined based on a single experimental work.
To determine the stoichiometry for each reaction, a set of stoichio-
metric coefficients for each reaction is calculated, which has a
minimum of residual sum of squares (i.e., the difference between the
calculated and available experimental values). Mosteiro-Romero et al.
[3] showed the product distribution in each holding temperature is the
same at all temperatures from 523 K −623 K. Thus, it is assumed that
the determined stoichiometry is the same at each holding temperature
and valid throughout the temperature range, which the model is using.
Then, at the considered temperature values, the experimental data is fit
to the equations. As the experimental data for water is not available,
different stoichiometric values for the hydrolysis reactions are calcu-
lated using hydrogen and oxygen balance.
Furthermore, due to the lack of literature, especially on the heating

stage and of fast reaction kinetics, some of the kinetic data is modified
and fit to reactions equations to obtain the yield values in the literature.

Fig. 5. Effect of temperature on hydrolysis of Cellulose derived outputs at 553 K, 588 K, and 623 K a) TOC b) Biocrude c) Char d) Gas.
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It could be a possible reason for some of the over predictions and under
predictions in the model. The differential equations developed in the
mathematical model are solved and discretized in MATLAB R2019b.

3. Results and discussion

3.1. Model predictions

In this section, different predictions from the developed model are

illustrated. First, the impact of temperature increase on each wood
component hydrolysis and wood hydrolysis is discussed. Subsequently,
the impact of residence time, the impact of heating rate on product
yield, and the effect of biomass particle size are also explained.

3.1.1. Effect of temperature on the product composition
Fig. 5 shows the impact of temperature variation on cellulose hy-

drolysis, where Fig. 5a, 5b,5c, and 5d show the variation of TOC, bio-
crude, char, and gas yield, respectively. Three temperature values

Fig. 6. Effect of temperature on hydrolysis of lignin-derived outputs at 553 K, 588 K, and 623 K a) TOC b) Biocrude c) Char d) Gas.

Fig. 7. Effect of temperature on hydrolysis of hemicellulose-derived outputs a) xylose b) biocrude.
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(553 K, 588 K, and 623 K) are used to observe the effect of temperature
on the yields. According to Fig. 5, char and gas yields become much
higher with the increase of temperatures while biocrude and TOC levels
go down.
In this model, both primary and secondary char is considered.

Therefore, with longer resident times and higher temperatures, higher
char yields can be justified. These high yields can be possible, mainly
due to the increase of char in secondary reactions. Subsequently, water-
soluble organics and light aldehydes in the aqueous phase (TOC) could
convert into char and biocrude (5-HMF and furfural, etc.) with further
homogeneous hydrolysis reactions and secondary char reactions.
Similar variations are observed in work done by Kamio et al. [10,11]
Minowa et al. [19], Cantero et al. [21], and Sasaki et al. [14,15,17],
where the gas and char yields become notably close to the supercritical
region. According to Minowa et al. [19] char can be a decomposition
product of further hydrolysis of soluble methanol products, which helps
the observations above.
Char was not considered as an output product of the hydrolysis

model by Kamio et al. [10,11]. Consequently, they managed to obtain a
higher biocrude yield in their model with increasing temperature. It can
be mainly due to not having a char phase in their model. As this model
has char yields incorporated, the reduction of biocrude yields with
higher temperatures can be examined.
Fig. 6 below shows the impact of temperature on lignin-derived

product variation. Lignin hydrolyzed quickly into the hydrolysis pro-
ducts due to the rapid kinetics. Fast hydrolysis of Lignin is observed in
the available literature [8,9,23,33,37]. Following the cellulose hydro-
lysis pathway, more char and gas yields are produced by higher

temperatures. Sauer et al. [37] proposed that the desired liquefaction of
Lignin is between 553 K and 653 K, which is observed with this model
as well.
Fig. 7 below illustrates the behavior of xylose and biocrude created

from hemicellulose. Hemicellulose hydrolysis reaction path follows the
hydrolysis reaction pathway of Cellulose to some extent. Since only the
xylose and biocrude phases are modeled, many observations cannot be
made with hemicellulose hydrolysis. Nevertheless, the formation of
biocrude can be understood with higher temperatures. Pronyk and
Mazza [13] showed that the hydrolysis of hemicellulose could be ob-
served at low temperatures, such as 443 K in minimal percentages.
Furthermore, a shallow conversion of xylose into biocrude at 443 K

is illustrated [13]. According to Fig. 7.b), xylose percentage comes to a
maximum of around 500 K, which is within the ranges presented by
Pronyk and Mazza [13] as well as Pinkowska et al. [25]. With the
temperature rise following the conclusions in literature, xylose shows a
maximum close to 500 K. At 560 K, the yield of xylose is almost zero.
Therefore, the impact of hemicellulose on the cumulative result is al-
most zero in the temperature range of 553 K to 623 K. Since the tem-
perature range considered in this study is from 553 K to 623 K, the
impact of hemicellulose on the cumulative result is not considered.
With the cumulative hydrolysis effect of each wood component, the

wood hydrolysis is modeled. Fig. 8 shows the variation of hydrolysis
product yields with the increasing temperatures. The term’ TOC’ is used
to represent the aqueous phase in wood liquefaction. Gas and char
components are increased expressively at 623 K while the TOC and the
biocrude phase decreased significantly. The higher temperatures close
to supercritical conditions promote hydrothermal gasification rather

Fig. 8. Effect of temperature on wood as a cumulative effect of hydrolysis of Cellulose, hemicellulose, and lignin-derived outputs at 553 K, 588 K and 623 K a) TOC b)
Biocrude c) Char d) Gas.
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than liquefaction [38]. That could be the main reason for the dramatic
decrease in TOC and the increase of the gas phase. When scrutinized,
overall wood hydrolysis product variation slightly follows the cellulose
hydrolysis component variation. A significant increase in char yields is
observed due to the higher char yields obtained at higher temperatures
by cellulose hydrolysis. Shoji et al. [4,5] observed similar variations in
wood hydrolysis experiments they performed, where they examined
high char yields at higher temperatures. Furthermore, the improvement
of biocrude yields, up to some temperature value until it is reduced
again, facilitating further reactions to produce more char and gas
[3–5,38].

3.1.2. Effect of residence time on the product composition
The residence time of the liquefaction process is one of the crucial

parameters of the process. Fig. 9 below shows the variation of products
of Cellulose, Lignin, and wood hydrolysis. In this scenario, a residence
time of 100 min is used at 573 K.
According to the above Fig. 9a, cellulose hydrolysis shows an in-

crease in char and gas yields with longer residence times. Furthermore,
TOC and biocrude yields show an initial rise, followed by a gradual
reduction of the yields. Although lignin hydrolysis (Fig. 9b) does not
show a significant increase in the yield percentages, the product yields
rise to their maximum values much quicker due to the relatively fast
decomposition of Lignin. In the end, char yields again are the primary
output at longer residence times due to further chain reactions and inter
reactions between hydrolysis components.
According to Fig. 9c, wood hydrolysis products are significantly led

by the char yields with longer residence times while it shows a decrease

until about 30 min of residence time. Meanwhile, biocrude shows a
gradual reduction at longer residence time, which can be observed in
Mosteiro-Romero et al. [3,7]. Gas yields follow the behavior of char
yields during the whole reaction time, showing an increase in values
after 20 mins of residence time. That may be due to the higher con-
version of biocrude and TOC into char and gas at longer reaction times.
Showing accordance with experimental work from Boocock and
Sherman [39], Cellulose and wood hydrolysis show a reduction in
biocrude yields with longer residence times with this model.
Many researchers investigated the effect of residence time on pro-

duct yields [3,40,41]. Boocock and Sherman [39] figured out the longer
residence times could reduce the biocrude yields except for the very
high loading conditions. Wadrzyk et al. [40] showed the negative effect
of higher temperatures and longer residence times on char yields where
Yj et al. [42] found out the improvement of liquid yields with longer
residence times are negligible. Therefore, the model predictions are
following all these observations in literature except the studies by
Wadrzyk et al. [40] and Yj et al. [42].

3.1.3. Effect of heating rate
Three different heating rates (2 K/min, 4 K/min, and 6 K/min) are

applied in the model to analyze the impact of the heating rate on the
product yields. Fig. 10 below shows the yield variation of cellulose-
derived products with different heating rates in a temperature range of
560 K to 640 K. High biocrude yields with lower heating rates are
observed with cellulose hydrolysis experiments by Kamio et al. [10,11].
In the proposed model, lower heating rates promote biocrude yields up
to 610 K (Fig. 10b) in cellulose hydrolysis, which follows the work done

Fig. 9. Effect of residence time on hydrolysis at 573 K a) cellulose b) lignin c) wood.
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by Kamio et al. [10,11]. Furthermore, Brand et al. [43] obtained a
higher biocrude yield with a higher heating rate (20 K/min) for the
temperature range 553 K-623 K. The proposed model produced results
which are coincided with Brand et al. [43]. Relatively smaller activa-
tion energies can be the reason for the high yields with slower heating
rates. Meanwhile, with slower heating rates, the particle can be hy-
drolyzed longer, which ultimately provides longer residence times.
Higher heating rates tend to promote relatively higher char yields

for cellulose hydrolysis. According to this observation, with higher

heating rates cellulose component of the particle gets more charred.
Further, it is observed that the lower heating rates promote better and
quicker hydrolysis and, as a result, helps further decomposition and
recombination reactions. This trend is supported by the cellulose li-
quefaction results by Kamio et al. [10], and wood liquefaction results
by Mosteiro-Romero et al. [3,7].
Lower heating rates promote better and faster lignin decomposition

(Fig. 11), where it produces maximum yields around 620 K. According
to Fig. 12, Lignin does not show a significant change in yields with the

Fig. 10. Effect of heating rate on cellulose hydrolysis) TOC b) biocrude c) char d) gas.

Fig. 11. Effect of heating rate on hydrolysis of a) cellulose b) lignin.
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heating rate variation. The reason for the slight high yields of outputs in
the lower heating rates could be the better decomposition of Cellulose
and Lignin in the lower heating rates, as shown in Fig. 11.
Regardless of the heating rate, all the hydrolysis components pro-

duced similar percentages of yields with the temperature increase.
Besides, char and gas components show an increase in the yield values
around 620 K. Slower heating rates have resulted in a faster product
yield increase. Ultimately when the temperature value reaches 640 K
(the critical point is at 647 K), Product yields have become almost the
same value. Therefore, the impact of heating rate is essential only at
shorter residence times. Therefore, the heating rate could be a critical
aspect of the fast liquefaction concept. In a review study on optimum
process conditions for liquefaction, Akhtar et al. [44] showcased the
higher heating rates are resulted in higher char yields mainly due to the
dominance of secondary reaction. Char yield shows an increase with the
higher heating rate close to the supercritical region, justifying that
statement by Akhtar et al. [44].
According to the results shown in Fig. 13, for a given temperature

value, lower heating rates produce higher biocrude yields until about
600 K, where char yields and gas yields are increased dramatically after
600 K. Initially, higher heating rates produce higher char yields, while
after 610 K, higher biocrude and TOC yields are produced. Higher
biocrude and gas yields could be due to the lower activation energy of
the hydrolysis reactions and longer hydrolysis time. This behavior

coincides with the experimental results from Kamio et al. [10] and
Mosteiro-Romero et al. [3,7].
With higher heating rates, initially, the particle gets charred

promptly, and it hinders the production of liquid yields initially due to
the decreased hydrolysis effect on liquid yields. Nevertheless, at higher
temperatures, higher heating rates promote liquid yields than gas and
char yields. This increase is, could be due to the higher liquid yields
from cellulose liquefaction at higher temperatures with higher heating
rates. Besides, 4 K/min and 6 K/min heating rates have imposed a
negligible difference on the yields except for the gas component.
Therefore, the conclusions made by Akhtar and Amin [44] on the
negligible impact of heating rates on wood and each wood component
due to the high dissolution and stabilization of decomposed fragments
in subcritical water can be justified by the model predictions.

3.1.4. Hydrolysis behavior on particle size
The rationale of the particle size reduction is to provide better ac-

cessibility of biomass to the solvent or the liquefaction medium.
Nonetheless, as both subcritical and supercritical water are proper heat
transfer mediums, change of particle radius makes a low impact on the
change of yields [44]. Three sizes of particle radius (0.08 mm, 0.1 mm,
and 1 mm) are used as the particle radius. Fig. 14 shows the particle
decomposition of Cellulose and Lignin with different particle radius. It
is evident with cellulose and lignin hydrolysis graphs as the

Fig. 12. Effect of heating rate on lignin hydrolysis a) TOCL b) biocrude c) char d) gas.
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decomposition of cellulose and lignin components become much slower
with the increase of the radius. Besides, slightly increased char yields
are shown with the larger particles. Since the reactions occur on the

particle surface, the radius and of the particle could play an essential
role in the hydrolysis process.
Fig. 15 shows the cellulose hydrolysis, and the behavior of Cellulose

Fig. 13. Effect of heating rate on wood hydrolysis a) TOC b) biocrude c) char d) gas.

Fig. 14. Effect of particle size on hydrolysis of a) cellulose b) lignin.
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derived components with different particle sizes. The main reason for
the smaller particle size to produce more yields is the faster decom-
position of the particle. All the particle sizes show the same trend, al-
though the smaller particle size shows a dramatic increase of char yields
at the initial stage. This increase could be due to fast kinetics with the
smaller particle radius. Besides, the workup procedures could influence
the char and bio-oil yields.
According to Fig. 16, Lignin follows the same pattern as Cellulose,

where the smaller particle decomposes quickly. Further, faster decom-
position has produced higher yields quickly.Fig. 17.
Unreacted biomass is not considered as char, and only the primary

and secondary char is considered for the char phase in this model.
Therefore, the amount of char produced with larger wood particle size
(1 mm) is less. Since the hydrolysis reactions are faster with the smaller
particles (0.08 mm), more yield is produced in all the components.
Subsequently, a shrinking core model is employed, the particle ra-

dius directly affects the particle decomposition. Moreover, all the re-
actions have happened on the particle surface. Therefore, for a given
temperature and a residence time, yields from the hydrolysis of each
wood component, as well as the cumulative model (wood), show

significant changes in the yields. Moreover, the workup procedure af-
fects bio-oil yields as well as char. However, in the literature, experi-
mental work observed that the particle size of feedstock does not play a
significant role [45,46]. This statement means the effect of the particle
size of the feedstock on the yields is negligible.

3.2. Validation of the model and product composition

Cellulose, hemicellulose, and lignin hydrolysis are considered se-
parately to model wood hydrolysis as the sum of the hydrolysis effect of
those three components. To validate each part of the model, each wood
component hydrolysis, and hydrolysis of wood is compared with ex-
perimental data from the literature in this section.
For the validation of the cellulose hydrolysis model, kinetic data,

and process conditions used by Promdej and Matsumara [29] are used
for the developed model. Moreover, the model predictions are shown
with the experimental data obtained in their study. As shown in Fig. 18,
the cellulose hydrolysis model has underpredicted the TOC yields while
it has overpredicted the char yield. As the size of the cellulose particles
is not provided in the literature, a general radius size of 80 µm is used

Fig. 15. Effect of particle size on hydrolysis of cellulose a) TOC b) biocrude c) char d) gas.
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for the cellulose particle. Furthermore, different loading conditions,
different concentrations, and different reaction routes could affect the
differences in the yield components. Promdej and Matsumara [29]
studied the hydrothermal decomposition of glucose, while in this study,
cellulose decomposition is studied. Therefore, kinetic data for cellulose
and oligosaccharides hydrolysis are obtained from the literature.
Additionally, kinetic data for cellobiose is used to model the oli-

gosaccharides. For the biocrude phase of the cellulose decomposition,
kinetic data for 5-HMF is considered. Besides, biocrude from cellulose
consists of many chemicals and compounds. Therefore, these can add
another error value for the model predictions too. The same applies to
lignin and hemicellulose hydrolysis processes.
To validate the lignin hydrolysis model, experimental work, and

kinetic data presented by Yong and Matsumara [9] is used. Below
Fig. 19 illustrates the variations of the different phases. In the lignin
model, for the simplification, only TOC, gas, char, and biocrude frac-
tions are used for the validation. Like the cellulose validation, different
loading conditions, particle sizes, and different process conditions could
make impacts on the differences in the considered compounds.
According to Ye et al. [34], increasing temperatures and residence

time help promote the decomposition of Lignin and repolymerization of

intermediates to other compounds. Thus, the increase in product yield
components with longer residence time can be justified. When the ki-
netic data from Yong and Matsumara [9] is used, the model predicted
yields show a decent fit to the experimental data.
Fig. 20 shows the variation of the xylose and biocrude. Due to the

lack of detailed literature, and contradictions in the conclusions in the
experimental studies, a simplified hemicellulose hydrolysis reaction
pathway is followed, and only the decomposition of hemicellulose to
xylose and xylose decomposition to biocrude is modeled. Experimental
studies by Pinkowska et al. [25] is used for the development of the
hemicellulose hydrolysis model. Experimental results from Pronyk and
Mazza [13] Gao et al. [47] and Möller and Schröder [26] are used for
the validation of the hemicellulose model. Hemicellulose hydrolysis is
noted in temperatures from 403 K to 500 K. With a higher temperature,
xylose creation is significantly decreased. Due to this reason, hemi-
cellulose hydrolysis is already finished when the cellulose and lignin
hydrolysis is started. Moreover, the hemicellulose hydrolysis tempera-
ture range is not considered in this model.
Experimental work from Mosteiro-Romero et al. [3], Sugano et al.

[48], Wadrzyk et al. [40], and Qu et al. [41] are used to validate the
wood hydrolysis model. The model prediction is based on the

Fig. 16. Effect of particle size on hydrolysis of Lignin a) TOC b) biocrude c) char d) gas.

M. Jayathilake, et al. Fuel 280 (2020) 118616

15



cumulative effect of the hydrolysis of three components, while the data
from literature are from wood liquefaction. Therefore, thein the vali-
dation graphs, the model results, and the actual wood liquefaction data
have many differences. For clarity coefficient of determination (R2) of
the model predicted data are calculated and presented with the work
done by Sugano et al. [48] since the process conditions and yield cal-
culation method is somewhat similar.
It can be seen that the variation of the wood hydrolysis products

follows the path of the cellulose hydrolysis path. Although the biocrude
yield prediction can follow the experimental results, char yields are
under predicted until 625 K. Besides, in their experimental procedure,
the sample is heated for a specific time and then kept at a certain
temperature to obtain the outputs. Therefore, at the start of the re-
sidence time calculation, there are already some hydrolysis outputs
developed. Besides, in the model, it is assumed that the reactor is placed
in the heater when the heater comes to a specific temperature. Then as
soon as the reactor is started heating, the resident time calculation is
started. Thus, initially, the hydrolysis products in the system are zero.
Moreover, in most of the results reported, unreacted biomass is

considered as solid residue from the start of the study. Therefore, many
studies have shown higher solid residue yield at the start of the re-
sidence time. When the biomass is decomposed, unreacted biomass has

reduced, and the char produced is added into the solid residue com-
ponent. However, in this model, unreacted biomass is not included in
the solid residue (char) calculations.
Furthermore, in the experiments, there is some loss of products due

to practical difficulties. Then, it can influence the final yields as well.
Moreover, in this model, no inter reactions between hydrolysis products
from different wood components are considered. As an example, no
reactions are considered between cellulose hydrolysis products and
lignin hydrolysis products. It can be the next step of this modeling
work.
In the model, cellulose lignin and hemicellulose, percentages are

predetermined, and for the validation, those predetermined values are
used. However, different wood types have different percentages of
Cellulose, Lignin, and hemicellulose [6,49]. It can be the main reason
for the difference between the liquefaction results in Fig. 21 with ex-
perimental results.

4. Conclusion

In this study, wood hydrolysis is modeled for the subcritical region
from 553 K to 640 K, utilizing Cellulose, Lignin, and hemicellulose
hydrolysis using a shrinking core concept. A kinetic model is fitted with

Fig. 17. Effect of particle size on hydrolysis of wood a) TOC b) biocrude c) char d) gas.
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the shrinking core model to fit the homogenous reactions in the system.
Wood hydrolysis is modeled using the cumulative hydrolysis effect of
each wood component.
Hemicellulose hydrolysis occurs around 403 K to 500 K, and the

conversion of hemicellulose into xylose becomes negligible in 553 K-
640 K. Therefore, for further investigations, Hemicellulose hydrolysis is
not considered. The model is validated using cellulose, hemicellulose
lignin, and wood liquefaction experimental and model results in the
literature. In most of the scenarios, the model shows a reasonable
agreement with the available literature. Moreover, the predictions of
the model coincide with the literature confirming the reliability of the
model. Nevertheless, this model can be developed into a robust model
with more inter reactions among the chemicals present in the reaction
regime as well to the supercritical region.
At 593 K for a 2 K/min heating rate and particle size of 0.08 mm,

biocrude shows the maximum yield of 26.87% for wood liquefaction.
Cellulose and Lignin show maximum char and gas yields at 623 K for
the same residence time where biocrude and TOC yields show max-
imum yields at 588 K. Lower heating rates initially promote lignin
hydrolysis. Thus, for longer residence times, and close to the critical
point, the heating rate does not show a visible impact on the lignin
hydrolysis, where char and gas yields of cellulose model show a sig-
nificant increase. Cellulose hydrolysis shows a big impact on the overall

wood liquefaction behavior. Char yields of the cellulose hydrolysis are
not affected significantly by the heating rates. After 600 K, wood li-
quefaction shows higher char and gas yields of 47% and 20%, respec-
tively, with lower heating rates. For maximum operating temperatures,
over 600 K TOC and biocrude yields tend to increase the yields. The
diameter of the biomass particle has shown a definite impact on the
hydrolysis rate of both Cellulose and Lignin.
A limited number of reactions and chemical compounds are used in

the model. Furthermore, kinetic data used in the model are found in the
literature from various studies under various process conditions. The
experimental studies used for validation are operated with various
process conditions as well as different workup methods. Therefore, in
the validation plots, the model predictions for wood are severely un-
derpredicted or over predicted most of the time. Furthermore, one of
the main ideas of developing this model is to observe the difference in
the cumulative liquefaction effect of main wood components against
actual wood liquefaction. Thus, it is evident that there is an enormous
gap between wood liquefaction and modeling wood liquefaction as a
cumulative effect of the wood component liquefaction. Since the data
used for this model is still too few and bears a high uncertainty in the
yields due to the different workup processes, these results should not be
used to predict things in a quantitative sense.

Fig. 18. Cellulose hydrolysis model validation using the kinetic data proposed by Promdej and Matsumara [29] at 573 K. a) TOC b) biocrude c) char d) gas.
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Fig. 19. Lignin hydrolysis model validation using the kinetic data proposed by Yong and Matsumara [9] at 573 K. a) TOC b) biocrude c) char d) gas.

Fig. 20. Hemicellulose hydrolysis validation a) variation of Biocrude b) variation of xylose.

M. Jayathilake, et al. Fuel 280 (2020) 118616

18



CRediT authorship contribution statement

Madhawa Jayathilake: Conceptualization, Methodology,
Software, Data curation, Visualization, Investigation, Writing - original
draft. Souman Rudra: Supervision, Writing - review & editing. Lasse
A. Rosendahl: Supervision, Writing - review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgment

This study was conducted as part of the Ph.D. research at the
Department of Engineering Sciences, funded by the Faculty of
Engineering and Science, University of Agder

Appendix

Developed differential equations

Cellulose compounds (For 530 K < T)

=r k Ccel x cel12
2
3 (A1)

= +r k C k k C76.7 ( 3 )oligo c x cel oligo, 1 2 3
2
3 (A2)

=r k C k C k C3 1.6mono c oligo mono TOC c, 2 4 6 , (A3)

= +r k C k C k C k C0.6 0.03 1.9 0.5MSP c mono oligo c toc char, 4 3 , 7 10 (A4)

= + +r k C k C k C40 7 0.45char c x cel TOC c MSP, 2 22 , 10
2
3 (A5)

= +r k C k C k C k C1.4 0.5 1.9TOC C mono MSP char c gas c, 6 7 8 , 9 , (A6)

Fig. 21. Wood liquefaction validation with 2 K/min heating rate and a particle size of 80 µm (Coefficient of determination (R2) is calculated for experimental results
from Sugano et al. [48]) a) TOC b) biocrude c) char d) gas.
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=r k C3.3gas C TOC c, 9 , (A7)

Lignin compounds
(For 553 K < T < 603 K)

=r k C1.5Lig x L13
2
3 (A8)

=r k C k C k C k Cgui L x L gui L gui L gui L, 3 20 , 21 , 22 ,
2
3 (A9)

= + + +r k C k C k C k C4 1.5 2.3char L x L Ar TOC Phenol, 4 16 17 26
2
3 (A10)

= + + + + +r k C k C k C k k k C k C2.5 0.025 (2 2 15 )TOC L x L gui cat TOC L Phenol, 5 21 24 17 18 19 , 25
2
3 (A11)

= +r k C k C4.5 14gas L x gas L TOC L, 6 , 19 , (A12)

= +r k C k C k C k Cphenol L gui L cat Phenol Phenol, 20 , 23 25 26 (A13)

=r k C k C k Ccatacol L gui L cat cat, 22 , 23 24 (A14)

= +r k C k C k C2.6 2Aromatics L x L TOC L Aro, 8 18 , 16
2
3 (A15)

Hemicellulose compounds (For 433 K < T < 500 K; For T > 500 K, k 1x14 )

=r k C0.02hemi x h14
2
3 (A16)

=r k C k C0.25xylose h x h MSP h, 14 27 ,
2
3 (A17)

=r k C2.5MSP h xylose, 28 (A18)

Kxi = Hydrolysis rate constants developed for each hydrolysis reaction using the shrinking core concept
Ccel = Concentration of Cellulose in the system
Coligo = concentration of oligosaccharides in the system
Cmono = concentration of monosaccharides in the system
CTOC c, = Concentration of TOC produced from cellulose hydrolysis in the system
CMSP = concentration of biocrude products from cellulose hydrolysis of the system
Cchar c, = concentration of char produced from cellulose hydrolysis of the system
Cgas c, = concentration of gas produced from cellulose hydrolysis of the system
CL = Concentration of Lignin in the system
Cgui L, = concentration of guaiacol in the system
CAr = concentration of aromatic hydrocarbons in the system
CTOC L, = Concentration of TOC produced from lignin hydrolysis in the system
CPhenol = concentration of phenol in the system
Cgas L, = concentration of gas produced from lignin hydrolysis of the system

Table A.1
List of kinetic parameters from the literature used as starting points for the frequency factors for each reaction in the computational model.

Kinetic parameter Value Kinetic parameter Value

K0,1 7.3 × 106 a K0,15 2.15 × 103 e

K0,2 6 × 107b K0,16 1.02 × 10 e

K0,3 3 × 1011 a K0,17 2.44 × 10 e

K0,4 1.33 × 1010c K0,18 4.47 × 10 e

K0,5 8 × 107c K0,19 1.69 × 10 e

K0,6 5.5 × 109 d K0,20 8.76 × 106 e

K0,7 1.39 × 109c K0,21 5.79 × 102 e

K0,8 1.00 × 108c K0,22 3.91 × 103 e

K0,9 2.89 × 108c K0,23 0
K0,10 2.06 × 107c K0,24 0
K0,11 9.18 × 102 e K0,25 0
K0,12 1.74 × 103 e K0,26 0
K0,13 5.45 × 103 e K0,27 2.59 × 106f

K0,14 3.13 × 102 e K0,28 1.35 × 103 g

For all the reactions, a unity reaction order is assumed.
a:- calculated by the data extracted from Sasaki et al. [14,15,17] and Kamio et al..[11].
b: - calculated by the data extracted from Kamio et al. [11].
c:- calculated by the data extracted from Promdej and Matsumura [29].
d:- calculated by the data extracted from Cantero et al. [21].
e:- calculated by the data extracted from Yong and Matsumara [9].
f:- calculated by the data extracted from Möller and Schröder [26].
g:- calculated by the data extracted from Mazza and Pronyk [13].

M. Jayathilake, et al. Fuel 280 (2020) 118616

20



Ccat = concentration of catechol in the system
Cxylose = concentration of hemicellulose in the system
Cxylose = concentration of xylose in the system
CMSP h, = concentration of biocrude products from hemicellulose hydrolysis
Kinetic parameters (Tables A.1 and A.2)
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