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a b s t r a c t 

The so-called “layer model” or “interface-based model” is a simplified single particle model, originally 

developed for shorter computation time during computational fluid dynamics (CFD) simulations. A re- 

active biomass particle is assumed to consist of successive layers, in which drying, pyrolysis and char 

conversion occur sequentially. The interfaces between these layers are the reaction fronts. The model has 

already been validated for drying, pyrolysis and char oxidation. Layer models in the literature have com- 

monly employed surface reactions at the reaction front to describe char conversion. In this work, the 

suitability of this surface reaction concept is assessed when gasifying biochar. It is shown that a particu- 

lar layer model, already available, which originally employed surface reactions, was unable to adequately 

describe the mass loss during gasification of a biochar. In order to overcome this incapability, the model 

was extended to consider volumetric reactions in the char layer. The influence of intraparticle diffusion 

was considered through an effectiveness factor. The model is easily adaptable for different gas-solid ki- 

netic rate laws, while still allowing for comparably fast solutions of the model equations. The extended 

model was validated using theoretical calculations and experimental measurements from literature. It was 

demonstrated that intraparticle diffusion can significantly slow down the biochar gasification process. A 

general guideline for when to employ volumetric reactions, rather than surface reactions, and when to 

consider intraparticle diffusion is provided based on the Thiele modulus as the criterion. 

© 2023 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The thermochemical conversion of biomass typically consists of 

he following consecutive steps: drying, pyrolysis and char con- 

ersion (oxidation and gasification). Depending on the application, 

ome of these steps may not be relevant [1] . During thermochemi- 

al conversion, chemical reactions and transport processes at the 

article level can both be important (and also limiting), which 

alls for suitable models at these scales. Fast-solving and often- 

imes simplified models are required for computational fluid dy- 

amics (CFD) simulations with a high number of particles. Haberle 

t al. [2] have given an overview of the state-of-the-art particle 

odels for biomass conversion. They can be categorized according 

o two classes: Mesh-based (or volumetric) models and interface- 

ased (or layer) models. Note that throughout this work “layer 
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odel” in lower case letters refers to interface-based models in a 

eneral sense. “Layer Model” in capital letters refers to the spe- 

ific layer model of Mehrabian et al. [3] , which is employed and 

dapted in this work. 

Figure 1 summarizes the differences between volumetric and 

ayer models. It also compares the number of balance equations to 

e solved for temperatures T , concentrations c A and partial densi- 

ies ρe 
k 

. On the one hand, volumetric models use a (typically 1D) 

patial discretization of the particle with a sufficient resolution and 

olve the conservation equations. This approach is more compre- 

ensive, but can be numerically costly, depending on the number 

f control volumes and the number of equations to be solved. In 

he literature, several volumetric models are available which can 

redict the processes during thermochemical conversion at particle 

evel with good accuracy while employing a high number of equa- 

ions (see e.g., [4–8] ). On the other hand, layer models (e.g., [3,9–

1] ) treat particles as discrete volumes which are coupled to each 

ther through interfaces, also called boundaries. These interfaces 

ypically represent the reaction fronts. The volumes (the so-called 
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Nomenclature 

A (surface) area in m 

2 

Bi M 

mass transfer Biot number 

c concentration in kmol ·m 

−3 

c P specific heat capacity in J ·kg −1 ·K 

−1 

d diameter in m 

D e effective diffusivity in m 

2 ·s −1 

E A activation energy in kJ ·mol −1 

f shape shape factor 

F (X ) concentration of active solid sites 

h specific enthalpy in J ·kg −1 

k (surface) reaction rate constant in m ·s −1 or other 

units as stated in text 

k c reaction rate constant in kmol 1 −n ·s −1 ·m 

3(n −1) 

K reaction rate constant in atm 

−n ·s −1 

K c reaction rate constant in m 

3 n ·kmol −n ·s −1 

K 0 pre-exponential factor in atm 

−n ·s −1 

K c, 0 pre-exponential factor in m 

3 n ·kmol −n ·s −1 

L length in m 

m mass in kg 

˙ m mass flow in kg ·s −1 

M molar mass in kg ·kmol −1 

n order of reaction 

N number (of species, equations, . . . ) 
˙ N consumption/flow rate in kmol ·s −1 

p partial pressure in atm 

r radius, spatial coordinate in m 

˙ r volumetric rate of reaction in kmol ·m 

−3 ·s 
R radius of particle (at ash layer surface) in m 

R normalized rate of reaction in s −1 

˙ R rate of reaction in kmol ·s −1 or kg ·s −1 

R gas universal gas constant in J ·kmol −1 ·K 

−1 

S specific surface area in m 

−1 

T temperature in K 

t time in s 

V volume in m 

3 

x molar fraction 

X conversion 

�x 0 characteristic conduction length from left layer 

boundary to layer center in m 

�x 1 characteristic conduction length from layer center 

to right layer boundary in m 

Greek Symbols 

β mass transfer coefficient in m ·s −1 

δerr estimated relative error 

ε porosity 

η effectiveness factor 

γ shape factor/exponent 

λ thermal conductivity in W ·m 

−1 ·K 

−1 


 characteristic length in m 

ν stoichiometric coefficient 

� Thiele modulus 

ρ density in kg ·m 

−3 

Sub-/Superscripts 

0 initial or pre-exponential 

A gaseous component 

act actual, observed 

ash ash layer 

B i boundary 

C char 

CV control volume 
t

2 
diff intraparticle-diffusion-limited 

e effective 

ext external 

i index 

int internal 

k component index 

L i layer 

p particle 

R at ash layer surface (particle surface) 

S at char layer surface 

tot total 

∞ at bulk conditions, in equilibrium or final 

ayers) represent the relevant states in thermochemical conversion 

wet wood, dry wood, char, sometimes residual ash). A signifi- 

antly reduced number of volumes is thus required compared to 

esh-based methods. Usually there are also major simplifications 

egarding the transport of gaseous species within the porous par- 

icle, leading to a strongly reduced set of transport equations to 

e solved. Thunman et al. [9] provided the concept in the context 

f biomass conversion, which has been taken as a basis for the 

ayer Model used in this work, as originally published by Mehra- 

ian et al. [3] . It has shown to be computationally efficient, cou- 

ling the single particle model to CFD simulations [12] with a rea- 

onable calculation time. 

In the literature, there are several instances of layer models val- 

dated with experimental data and showing good results for pyrol- 

sis and combustion of dry and wet biomass particles [3,9–11,13] . 

his can usually be modeled conveniently using surface reactions 

t the reaction front, because at high reaction rates the incom- 

ng oxygen is rapidly consumed at the interface. Recently, Li et al. 

14] published their modification of the layer model by Thunman 

t al. [9] , increasing the spatial resolution through introduction 

f a finite-volume mesh. Due to their focus on combustion, how- 

ver, the gasification reactions have unfortunately been entirely ne- 

lected. He and Behrendt [15] combined a volumetric model ap- 

roach with a layer model approach using a similar reasoning to 

hat employed in this work. This provides the possibility to resolve 

roader reaction regions with the volumetric model and the sim- 

lified handling of narrow reaction regions at reaction fronts. Gasi- 

cation, however, is not considered. 

Despite its validation for pyrolysis and combustion and despite 

he ongoing endeavors to improve the layer model concept, to the 

est of our knowledge, the layer model has yet to be validated for 

asification. In Mehrabian et al. [3] , the gasification reactions were 

odeled via surface kinetics given by [16] . These kinetics were also 

sed for example by Thunman et al. [9] , Johansson et al. [17] and

ómez et al. [11] . Typically, the gasification reactions have been 

ncluded in layer models (which mostly focus on pyrolysis and/or 

ombustion) without specific validation. In contrast to the oxida- 

ion reactions, the gasification reactions show much lower intrinsic 

eaction rates at typical temperatures ( 923 − 1273 K) [18] . Gaseous 

eactants might not be rapidly consumed at the external surface, 

ut can instead diffuse inside the porous network of the particle. 

hen the conversion does not only take place at the outer bound- 

ry of the char layer but also within the layer itself. As will be 

hown in Section 3 , the description of char gasification as a sim- 

le surface reaction at the reaction front is not applicable for the 

eneral case. 

In practice, biomass gasification is a relevant process for com- 

ined heat and power (CHP), second generation biofuels and biore- 

nery concepts [19] . In the context of general char conversion (i.e. 

n conjunction with oxidation) it usually plays a secondary role due 

o the high reaction rate of char oxidation. There are various appli- 
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Fig. 1. A biomass particle described through the volumetric model and layer model. (CV . . . control volume, L . . . layer, B . . . boundary). 
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ations, however, in which gasification is of high relevance. This is 

he case for example when gasification is the main process of in- 

erest [20] , during slow oxidation and when parts of the system 

ct as a dedicated gasification zone [21] . Moreover, biomass can 

e used as a fuel in chemical looping combustion (CLC) [22,23] or 

asification (CLG) processes [24] , in which in-situ gasification is 

ypically the limiting step for overall conversion. In future, biomass 

asification might also prove to be useful for chemical looping 

ydrogen (CLH) production [25] . To sum up, reliable models for 

his conversion process are required due to the high relevance of 

iomass gasification. 

The aims of this work are to (a) assess the Layer Model [3] for

escribing char gasification and (b) to improve this type of model 

o predict char gasification with good accuracy for all relevant 

ases. For this purpose, a novel volumetric gas-solid reaction model 

or char conversion is suggested, as explained in Section 2 , instead 

f the currently employed surface kinetics at the reaction front. 

he flexible volumetric extension for the Layer Model is able to 

onsider char conversion reactions in the whole char layer and 

stimate the effect of intraparticle diffusion through an effective- 

ess factor approach. This allows for an approximation of the in- 

ernal gas concentration field without actually solving the species 

onservation equations for every time step, thus saving computa- 

ion time. The approach presented is first compared to theoreti- 

al solutions for simple cases. The volumetric kinetics and exper- 

mental measurements by Van de steene et al. [8] and Mermoud 

t al. [7] are then used to showcase the suitability of the com- 

utationally fast, extended Layer Model for biochar gasification. It 

s shown that the original surface-kinetics-model, despite its com- 

on application in the literature [3,9,11,17] , is unable to predict 

he experimental data. This is primarily due to the scaling of re- 

ction rates with external char layer surface area instead of char 
t

3 
ayer volume. A general guideline for when to apply volumetric re- 

ctions versus surface reactions based on the Thiele modulus �

s established. The necessity of intraparticle diffusion modeling is 

lso assessed. Finally, the advantages and possible shortcoming of 

he novel, extended Layer Model formulation are discussed. 

. Char conversion modeling 

.1. Layer model 

Before going into the derivation of the novel modeling ap- 

roach, the Layer Model concepts essential to this work shall be 

riefly outlined (for details see [3] ). In biomass conversion, the 

ayer Model describes a biomass particle as four layered vol- 

mes. These interconnected, integral layers can exchange energy 

nd mass. Between two neighboring layers there is always an in- 

erface (a boundary), which separates them from each other. This 

oundary also constitutes the external surface area of the inner 

ayer. Each layer represents an individual sub-step in biomass con- 

ersion, as shown in Fig. 1 . In the beginning, an entire wet biomass

article is constituted by the first and central layer. It consists of 

dry) biomass and water. The other, initially empty, layers are sub- 

equently filled and depleted during the conversion process. The 

ater is evaporated during drying and the drying front moves to- 

ards the center. The resulting dry biomass constitutes the second 

ayer. Through pyrolysis the volatiles are released from the particle 

nd the residual char, which consists of carbon and ash, makes up 

he third layer. The fourth, last and outermost layer consists only 

f ash. It is filled when the carbon from the third layer is con- 

erted through gasification and/or oxidation. In practice, all four 

ayers can be active at the same time, since all the sub-steps of 

he conversion process can take place in parallel. 
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Fig. 2. Porous biomass particle with concentration of gaseous species A in the bulk 

c A, ∞ , at the ash-layer-surface c A,R and at the char-layer-surface c A,S . 
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Table 1 

Intrinsic kinetic parameters [9,16] of char conversion sur- 

face reactions as used by Mehrabian et al. [3] . 

Reactant A k A / m · s −1 (with T in K) 

O 2 1 . 715 · T exp 
( −90 0 0 

T 

)
H 2 O/CO 2 3 . 42 · T exp 

( −15600 
T 

)
H 2 3 . 42 · 10 −3 · T exp 

( −15600 
T 

)
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A  
The general, mathematical framework of layer models has been 

resented in the literature many times (e.g., [3,9,10,13] ). This work 

s based on the Layer Model by Mehrabian et al. [3] , which is

riefly summarized in the Supplementary Material. Since this work 

ocuses on char conversion, the modeling of drying and pyrolysis 

s not discussed. As stated in Section 1 , layer models have already 

een validated for these processes. Thus, only the equations rele- 

ant to char conversion are discussed. 

In the original Layer Model, char conversion only takes place in 

he char layer boundary (i.e. the infintely thin, external surface of 

he char layer). The char is assumed to consist of carbon and ash, 

ith ash being an inert component. A total of four char conversion 

eactions are considered: 

C C + O 2 −→ 2 ( νC − 1 ) CO + ( 2 − νC ) CO 2 ( R1 ) 
 + CO 2 −→ 2 CO ( R2 ) 
 + H 2 O −→ CO + H 2 ( R3 ) 
 + 2 H 2 −→ CH 4 ( R4 ) 

For single particle oxidation, where reaction (R1) is the most 

mportant one, the Layer Model is already validated [3] . The reac- 

ions (R2) and (R3) are of specific interest for gasification, while 

eaction (R4) is usually much slower. 

Figure 2 shows an exemplary biomass particle with the as- 

umed geometric specifications and concentrations of gaseous re- 

ctant A . The 1D transient reaction-diffusion equation for a gaseous 

pecies A within a porous biomass particle layer can be written as 

 

∂c A 
∂t 

= 

1 

r γ
∂ 

∂r 

(
r γ D e ,A 

∂c A 
∂r 

)
+ 

˙ r A (1) 

here γ can take values of 0 , 1 or 2, depending on the geomet-

ic shape of the particle (slab, cylinder or sphere, respectively). 

iffusional fluxes are modeled using Fickian diffusion, which is a 

implification in view of the general case of multicomponent mass 

ransfer [26] . During the char conversion process, an inert, porous 
4 
sh layer is forming on the outside of the particle. Gaseous compo- 

ents have to be transported through this inert layer to reach the 

eactive char layer for gasification and oxidation. With the particle 

adius R and the radius at the char layer surface R S , following the 

ork of Wen [27] , the conservation Eq. (1) within the ash layer can 

e simplified to 

 = D 

ash 
e ,A 

1 

r γ
d 

d r 

(
r γ

d c A 
d r 

)
(R S ≤ r ≤ R ) . (2) 

he assumptions which lead from Eq. (1) to (2) are 

• pseudo-steady-state, which is a reasonable approximation for 

many gas-solid reactions [27] , 

• no reactions within the inert, porous ash layer, 

• radially-independent effective diffusion coefficient D 

ash 
e ,A 

. 

There are three possibly limiting mechanisms during char con- 

ersion in the Layer Model: External mass transfer, internal mass 

ransfer through the ash layer and chemical reactions. At pseudo- 

teady state, their transport/consumption rates ˙ N A of gaseous reac- 

ant A are equal. 

˙ N A = A R β(c A, ∞ 

− c A,R ) (3) 

˙ N A = A (r) D 

ash 
e ,A 

d c A 
d r 

(R S ≤ r ≤ R ) (4) 

˙ N A = − ˙ R A (5) 

 is the surface area, c is the concentration, β is the mass transfer 

oefficient. The index R signifies the particle ( = ash layer) surface, 

ndex S signifies the char layer surface and index ∞ signifies bulk 

onditions. 

In the following part, two methods for closing the reactive ex- 

ression 

˙ R A in Eq. (5) are presented. The first method - using 

urface reactions - was employed in the original Layer Model of 

ehrabian et al. [3] . The second method - using volumetric reac- 

ions - is new and leads to an “Extended Layer Model” with signif- 

cant improvements for general char conversion modeling. 

.2. Original model - surface reactions 

In the original Layer Model, char conversion only takes place at 

he char layer boundary (i.e. the infintely thin, external surface of 

he char layer). The molar conversion rates for reactions (R1)–(R4) 

t the particle scale are proportional to the external char surface 

rea A S . They are thus labeled “surface reactions” in this work. The 

odel uses first order kinetics of the form 

˙ R A = −νA 

νC 

˙ R C = A S k A c A (6) 

here A S is the surface area of the char layer boundary, c is the 

oncentration, ν are the stoichiometric coefficients and the sub- 

cripts C and A indicate char and the respective gaseous reactant 

or reactions (R1)–(R4), respectively. The expressions for k A are 

resented in Table 1 . 

Note that in the case of only surface reactions, in Fig. 2 the con-

entration c A is zero for r < R S . Combining Eqs. (3) –(5) for surface

eactions gives the following boundary conditions 

 R β(c A, ∞ 

− c A,R ) = A (r) D 

ash 
e ,A 

d c A = A S k A c A,S . (7)

d r 
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Table 2 

General, kinetics-related equations and kinetic models by 

Van de steene et al. [8] and Mermoud et al. [7] . 

General equations 

X = 

m C , 0 − m C 

m C , 0 

−R C = − 1 

m C 

d m C 

d t 
= 

1 

1 − X 

d X 

d t 

ηint = 

1 

�

(
1 

tanh (3�) 
− 1 

3�

)

 = (V/A ) C 

Kinetic models 

Van de steene et al. [8] 

−R C = K · p n 
A 

· F (X ) = K c · c n 
A 

· F (X ) 

K = K 0 exp 

(
−E A 

R gas T 

)
or K c = K c, 0 exp 

(
−E A 

R gas T 

)
− ˙ r C = k c · c n 

A 
· F (X ) 

k c = c C , 0 K 
(
R gas T 

)n 

� = 
 ·
√ 

(n + 1) k c c 
n −1 
A,S 

F (X ) 

2 D C 
e ,A 

Mermoud et al. [7] 

− ˙ r C = 

k 1 p H 2 O + k 4 p H 2 p H 2 O + k 5 p 
2 
H 2 O 

1 + k 2 p H 2 + k 3 p H 2 O 
c C S int 

S int = (2 . 75 · 10 8 m 

−1 ) / (1 − X ) 

� = 


 · ˙ r A,S √ 

2 D C 
e , A 

∫ c A,S 

0 
˙ r (c) d c 

S

t

s

n

fi

η

I

c

p

i

t

E

2

e

s

c

t

s

 

e

C

p

t

Table 3 

Intrinsic kinetic parameters of char gasification reactions by Van de steene et al. [8] . 

Reactant A K 0 / atm 

−n · s −1 E A / kJ · mol 
−1 

n F (X ) 

H 2 O 35 . 5 · 10 4 170.0 0.8 F H 2 O 
CO 2 120 · 10 6 245.0 0.7 F CO 2 

F H 2 O = 64 . 16 X 5 − 129 . 72 X 4 + 94 . 35 X 3 − 29 . 39 X 2 + 4 . 51 X + 0 . 22 

F CO 2 = 90 . 90 X 5 − 187 . 23 X 4 + 135 . 12 X 3 − 40 . 59 X 2 + 5 . 55 X + 0 . 65 
he detailed derivation is presented in the Supplementary Mate- 

ial. The final, total char conversion rate is the sum of the conver- 

ion rates from reactions (R1)-(R4) 

˙ R C = 

∑ 

R1 −R4 

νC 

νA 

M C c A, ∞ 

1 

k A A S 

+ 

1 

βA R 

+ 

1 

D 

ash 
e ,A 

∫ R 

R S 

d r 

A (r) 

(8) 

here M C is the molar mass of carbon. 

.3. Extended model - volumetric char conversion reactions 

In the new, extended Layer Model, char conversion does not 

ecessarily take place only at the char layer boundary. Instead, it 

an take place in the entirety of the char layer. The molar conver- 

ion rates for reactions (R1)-(R4) at the particle scale are propor- 

ional to the char layer volume V C (or mass). They are thus labeled 

volumetric reactions” in this work. Two volumetric rate laws are 

sed in this work, as detailed in Section 2.4 . In general, they take

he form 

˙ R A = − ˙ r A V C . (9) 

Combining Eqs. (3) –(5) for volumetric reactions gives the fol- 

owing boundary conditions 

 R β(c A, ∞ 

− c A,R ) = A (r) D 

ash 
e ,A 

d c A 
d r 

= − ˙ r act 
A V C . (10) 

he actual (or observed) volumetric reaction rate ˙ r act 
A 

is linked to 

he volumetric reaction rate at char-layer-surface-conditions ˙ r A,S 

hrough the effectiveness factor η. 

(�) = ηint (�) = 

˙ r act 
A 

˙ r A,S 

(11) 

t is a well-known modeling approach for heterogeneous cataly- 

is [28] and can also be applied for char gasification [29–32] . Thus, 

he actual reaction rate ˙ r act 
A 

can be computed without solving the 

ransport equations of all gaseous species, which would drasti- 

ally increase the computational effort. Following the nomencla- 

ure in [32] , this effectiveness factor is also referred to as the in-

ernal effectiveness factor ηint . If not stated differently, the term 

ffectiveness factor η without further specification always refers to 

his internal effectiveness factor ηint throughout this work. 

The effectiveness factor η(�) depends on the dimensionless 

hiele modulus �, which is given for example in [28] for an ir- 

eversible reaction of order n . Accordingly, we use 

= 
 ·
√ 

(n + 1) k c c 
n −1 
A,S 

F (X ) 

2 D 

C 
e ,A 

(12) 

hich additionally considers the current, overall conversion state 

hrough F (X ) , as explained in Section 2.4 . The volume-to-surface- 

rea ratio of the char layer is chosen as the characteristic length 

[33] . Note that D 

C 
e ,A 

denotes the effective diffusion coefficient in 

he porous char layer, as opposed to D 

ash 
e ,A 

in the porous, inert ash 

ayer. According to Mehrabian et al. [3] , the effective diffusion coef- 

cients are calculated from Knudsen diffusivities D A, Kn and binary 

olecular diffusivities D A −N 2 
in nitrogen. Even though the char and 

sh layers have different properties, for the cases presented in this 

ork, the same binary molecular and Knudsen diffusion coeffi- 

ients are taken for both of them. Hence, the effective diffusion 

oefficients only differ through the char and ash layer porosities. 

 

C 
e ,A = 

(
ε C 
ε ash 

)2 

D 

ash 
e ,A = 

(
ε C 
ε ash 

)2 

ε 2 ash 

(
1 

D A −N 2 

+ 

1 

D A, Kn 

)−1 

(13) 

Different correlations for obtaining the effectiveness factor η as 

 function of the Thiele modulus � can be found in the literature. 
5 
everal of these [28,34–37] were tested for the cases reported in 

his study. They all yielded similar results, when the correct re- 

pective formulation of the Thiele modulus � was used. For the 

umerical results in this work, the classic analytical solution for 

rst order reactions in spheres is used [37] . 

(�) = ηint (�) = 

1 

�

(
1 

tanh (3�) 
− 1 

3�

)
(14) 

t is known that the differences between η-solutions for spheres, 

ylinders and slabs are rather small, if the Thiele modulus � is 

roperly scaled [33] . Therefore, the volume-to-surface-area ratio 

s used as characteristic length 
, as given in Eq. (12) . Similarly, 

he proper definition of the Thiele modulus � allows for using 

q. (14) for reaction orders different than one [38] . 

.4. Volumetric kinetics 

Table 2 summarizes the kinetics-related equations used in the 

xtended Layer Model. Complete reactive char consumption is as- 

umed for the conversion X and the reactivity R C [8] . Note that in 

ontrast to [8] the reactivity R C , the integral reaction rates ˙ R C and 

he volume-related reaction rates ˙ r C are defined with a negative 

ign, in order to signalize consumption. 

Van de steene et al. [8] reported their kinetics (see Table 3 ) and

xperimental measurements for char gasification with H 2 O and 

O 2 as well as char oxidation. Their original kinetics use the partial 

ressure p A of a respective component A as a measure of concen- 

ration. Thus, to match their kinetic expression with the one used 
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Table 4 

Intrisic kinetic parameters of char steam gasification reaction by Mermoud et al. [7] , 

units are adapted for consistency reasons within this work. 

Reaction rate constant Units 

k 1 = 2 . 09 · 10 −4 exp 
(
−158 . 6 / (R gas T ) 

)
m · s −1 atm 

−1 

k 2 = 1 . 16 · 10 −5 atm 

−1 

k 3 = 9 . 69 · 10 2 exp 
(
−50 . 32 / (R gas T ) 

)
atm 

−1 

k 4 = 7 . 84 · 10 −7 exp 
(
−95 . 1 / (R gas T ) 

)
m · s −1 atm 

−2 

k 5 = 6 . 38 · 10 −16 m · s −1 atm 

−2 

R gas in kJ mol 
−1 

K −1 , T in K 
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n this work, the volumetric reaction rate is adapted to employ the 

oncentration c A according to Gómez-Barea et al. [32] . 

Mermoud et al. [7] provided a Langmuir-Hinshelwood rate 

quation [39] for steam gasification. The kinetic parameters are 

iven in Table 4 . Given their more complicated rate law, the more 

eneral formulation of the Thiele modulus [38] is applied. Finally, 

ote that the Langmuir-Hinshelwood formulation models the sorp- 

ion and chemical reaction at the total solid surface area (also in- 

ernal, porous surface area), not only the external char layer sur- 

ace area as in the original Layer Model [3] . The internal surface 

rea per volume depends on the char conversion state only and 

ot on the actual particle geometry. Thus, it is labeled as volumet- 

ic rate law in this work, because the char conversion rate scales 

ith available char mass instead of external char layer surface area. 

.5. Solution strategy for extended model 

Through the introduction of the effectiveness factor η and 

ith volumetric rate laws available, the boundary condition in 

q. (10) can be rewritten as 

 R β c A, ∞ 

= A R β c A,R − V C ηint (�(c A,S )) ˙ r A,S (c A,S ) . (15) 

oth the effectiveness factor ηint (�) = ηint (�(c A,S )) and the rate 

f reaction at the char layer surface conditions ˙ r A,S = ˙ r A,S (c A,S ) are 

unctions of the yet unknown and desired gas concentration c A,S at 

he char layer surface. The concentration c A,R at the particle surface 

s linked to the concentration c A,S at the char layer surface through 

he solution of Eq. (2) . After substraction and by replacing the re- 

aining constant of integration through the boundary condition in 

q. (10) , the following expression is obtained. 

c A,R − c A,S 

c A, ∞ 

− c A,R 

= 

βR 

D 

ash 
e ,A 

f shape (16) 

ere, the dimensionless group βR/D 

ash 
e ,A 

is just the mass trans- 

er Biot number Bi M 

using the particle radius R as characteris- 

ic length. The shape factor f shape is determined by the geometric 

hape of the particle. 

lab : (γ = 0) f shape = 1 − R S 

R 

ylinder : (γ = 1) f shape = ln 

(
R 

R S 

)
phere : (γ = 2) f shape = 

R 

R S 

− 1 

he lower and upper limits for the concentration c A,R at the ash 

ayer surface are obtained either for vanishing concentrations of A 

t the char layer surface or at infinitely fast external mass transfer, 

espectively. 

 A, ∞ 

βR 

D 

ash 
e ,A 

f shape 

1 + 

βR 

D 

ash 
e ,A 

f shape 

≤ c A,R ≤ c A, ∞ 

(17) 
6 
ombining Eqs. (15) and (16) , c A,S can be determined. The type of 

olution procedure required depends on a few factors. In the sim- 

lest case, the effects of intraparticle diffusion can be neglected, 

eading to ηint = 1 . The non-linearity of the problem then only 

epends on the mathematical form of ˙ r A,S . For simple rate laws 

like first order reactions), an analytical solution for c A,S can be 

chieved. In the more general case and especially for reaction or- 

ers different from one, the problem will be non-linear. It is worth 

entioning that, in principle, any rate law formulation can be 

sed for ˙ r A,S . In this work, both rate laws from Table 2 are em-

loyed, together with the according Thiele modulus � formula- 

ions. Equation (15) can be solved using typical methods for non- 

inear equations with one variable. For this work, Newton’s method 

s used. It is combined with a bisection method if the iteration 

or c A,S overshoots its physically meaningful boundaries. For all the 

ases presented here this solution procedure has proven to be fast 

nd reliable, typically leading to convergence within only a few it- 

rations. With c A,S available, the actual reaction rate, the mass loss 

nd the energy equation can readily be updated, as in the original 

odel. 

. Results and discussion 

The novel extended Layer Model is validated against theoretical 

olutions and experimental measurements in Section 3.1 . Following 

his, the improvements achieved by the novel modeling approach 

re highlighted in Section 3.2 . Part of the validation data are used 

o show that the original Layer Model employing surface reactions 

s inappropriate for these cases. A general guideline for employing 

olumetric reactions versus surface reactions for char gasification 

s established. The importance of intraparticle diffusion modeling 

s assessed. This leads into a concluding discussion of the model 

haracteristics in Section 3.3 . 

.1. Extended model validation 

.1.1. Theoretical validation for different Thiele moduli, Biot numbers 

nd reaction orders 

Noorman et al. [40] tested their particle model functionality us- 

ng the well-known analytical solution for the effectiveness factor 

with first order reactions. Despite their work dealing with chem- 

cal looping applications and not specifically biomass conversion, 

he volumetric reaction model for the Layer Model can be tested 

n a similar fashion. At any given (mass transfer) Biot number, here 

efined with the radius R , 

i M 

= 

βR 

D 

C 
e,A 

(18) 

he overall effectiveness factor ηtot can be plotted versus the Thiele 

odulus � and compared to the analytical solution given in [40] . 

ccording to Gómez-Barea et al. [32] , the overall effectiveness fac- 

or ηtot can be obtained as the product of the internal effectiveness 

actor ηint and the external effectiveness factor ηext . 

tot = ηint · ηext = 

˙ r act 
A 

˙ r A,S 

· ˙ r A,S 

˙ r A, ∞ 

= 

˙ r act 
A 

˙ r A, ∞ 

(19) 

s given in Eq. (19) , the internal effectiveness factor ηint compares 

he observed, actual reaction rate ˙ r act 
A 

to the reaction rate ˙ r A,S at 

har layer surface conditions. It considers internal mass transfer 

imitations through pore diffusion. Furthermore, the external ef- 

ectiveness factor ηext compares this reaction rate ˙ r A,S at the char 

ayer surface to the superficial reaction rate ˙ r A, ∞ 

under bulk con- 

itions. It considers the impact of external mass transfer; here it 

lso contains the effect of the inert ash layer on the rate of reac- 

ion within the char layer. 
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Fig. 3. Extended Layer Model prediction of overall effectiveness factor for a first 

order volumetric reaction in the char layer for different mass transfer Biot numbers. 

Solid line depicts the analytical solution, dots are simulation results. 
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Table 5 

Physical property data used for gasification modeling. 

Property Values Used Units Reference 

(c P ) C 420 + 2 . 09 T − 6 . 85 · 10 −4 T 2 J · kg 
−1 · K −1 [3] , ∗

(c P ) ash 420 + 2 . 09 T − 6 . 85 · 10 −4 T 2 J · kg 
−1 · K −1 [3] , ∗

λC 0.071 W · m 

−1 · K −1 [3] , ∗

λash 1.2 W · m 

−1 · K −1 [3] , ∗

ρe 
C 500 kg · m 

−3 [7,8] 

ρe 
ash 

300 kg · m 

−3 [3] 

ε C 0.75 [7] 

ε ash 0.9 [3] 

ash content 0.014 kg · kg 
−1 
d . b . [8] 

∗ The heat balance equations are provided in the Supplementary Material. 
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The proposed volumetric extension for the Layer Model uses 

orrelations η(�) = ηint (�) obtained from either analytical solu- 

ions [28] or from matching methods [35] , as shown in Section 2 .

hus, the internal effectivess factor ηint is expected to yield rea- 

onable values in any case. However, the effect of external mass 

ransfer and thus ηext on ηtot can be analyzed. 

For different mass transfer Biot numbers Bi M 

, assuming a first 

rder reaction and a char particle without ash layer, the computed 

verall effectiveness factor ηtot is compared to the analytical solu- 

ion [40] for a spherical particle in Fig. 3 . Since only dummy kinet-

cs are required here, those for CO 2 gasification from Table 3 are 

rbitrarily chosen, assuming n = 1 . The partial pressure p CO 2 
is 

.35 atm, the conversion X is 0.25 and the temperature T is var- 

ed between 10 0 0 K and 1950 K to obtain different Thiele moduli 

. 

The model is able to reproduce the proper values of the overall 

ffectiveness factor for any of the given Biot numbers. This means 

hat the external mass transfer is suitably described by the model 

or this simple benchmarking case. 

In the Supplementary Material, also different reaction orders 

 than first order are tested. As expected according to the litera- 

ure [38] , the basic (first order) analytical solutions can be applied 

ith acceptable deviations, given proper scaling of the Thiele mod- 

lus �. 

.1.2. Validation with char gasification experiments 

In order to benchmark the performance of the Layer Model ex- 

ension, single particle simulations are performed for various ex- 

erimental cases from the literature. This work employs the ex- 

erimental measurements as well as intrinsic reaction kinetics for 

har gasification with H 2 O and CO 2 proposed by Van de steene 

t al. [8] and Mermoud et al. [7] . The volumetric rate expressions 

re given in Table 2 , the respective parameters are summarized in 

ables 3 and 4 . 

The substance property data used during the gasification cal- 

ulations are given in Table 5 . Since their values differ slightly 

etween the experiments, representative values for the effective 

har density ρe = 500 kg ·m 

−3 and char porosity ε C = 0 . 75 are cho-

C 

7 
en. The influence of the effective ash density ρe 
ash 

on the mass 

oss curves was tested for values as low as 50 kg ·m 

−3 and turned

ut to be rather small. Diffusion coefficients are obtained as de- 

cribed in [3] . Mass transfer coefficients β are calculated from the 

anz-Marshall-correlation taken from Bird et al. [41] for spheri- 

al particles and from the Churchill-Bernstein-correlation [42] for 

ylindrical particles. Bulk gas properties such as the specific heat 

apacity c P , thermal conductivity λ and dynamic viscosity μ are 

hose of nitrogen at the respective bulk temperature taken and, if 

eeded, interpolated from [43] . Drying and pyrolysis are not con- 

idered in the simulations. The boundary conditions and particle 

izes are those reported by Van de steene et al. [8] and Mermoud 

t al. [7] , respectively. Note that for the cases by Mermoud et al. 

he given particle diameters (10 mm, 20 mm, 30 mm) are related 

o initial biomass instead of char. The authors also provide the ini- 

ial char particle diameters (7.05 mm, 14.07 mm, 20.87 mm), which 

re taken as initial conditions. 

In order to solve the model equations over time, an explicit, 

fth order Runge-Kutta-Cash-Karp [44] scheme is applied as in 

ehrabian et al [3] . This is especially useful for changing condi- 

ions during coupled simulations in a CFD solver like ANSYS Fluent. 

or the simulations reported in this work, the computation time 

eeded to solve the model equations in C typically ranged from 10 

o 30 s on a 4.2 GHz Intel Core i7 processor, with a maximum al-

owed time step of 0.1 s and simulated times between 3 · 10 3 s and

0 4 s. The actual time steps usually ranged, except for small initial 

nd final time steps, from 0.01 s to 0.1 s. 

Van de steene et al. [8] provided their experimental data and 

erived volumetric kinetics for steam and CO 2 gasification of cylin- 

rical char particles. Figure 4 depicts the mass loss of a cylindrical 

article during CO 2 gasification at different temperatures T . As can 

e seen, the extended Layer Model can describe the increase of 

he gasifcation rate with increasing temperature and thus a faster 

onversion over time. At 1173 K the mass loss is slightly under- 

redicted, which can also be observed in [8] above 60 percent of 

onversion. The model predictions are in good accordance overall 

ith the experimental results. 

Figure 5 shows the simulation results of the extended Layer 

odel for steam gasification experiments of cylindrical particles 

ith different diameters. As can be seen, the rise in the conver- 

ion time for increasing particle diameters d p can be described by 

he Layer Model. The greatest deviations between model and mea- 

urements can be found for the intermediate particle size of d p = 

.5 mm. However, very similar behavior is observed in [8] with 

 volumetric model, where their model notably underpredicts the 

ass loss for the same particle size. In general, the experiments 

t different particle sizes are satisfactorily described through the 

ayer Model. 

In summary, with the novel model extension the Layer Model is 

ble to suitably predict the gasification of biochar at different con- 

itions. Despite the simplified formulation, a high quality of simu- 
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Fig. 4. Mass loss of a cylindrical char particle with d p = 5 . 5 mm, L p = 10 . 5 mm, 

x CO 2 = 0 . 2 and at varying bulk temperature T . Solid lines are extended Layer Model 

predictions, dots are experimental data from Van de steene et al. [8] . 
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Fig. 6. Mass loss of a cylindrical char particle with L p = 10 . 5 mm at T = 1173 K, 

x H 2 O = 0 . 2 and varying particle diameter d p . Lines are original Layer Model predic- 

tions, dots are experimental data from Van de steene et al. [8] . 
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ation results compared to the experimental data is achieved, sim- 

lar to volumetric models reported in literature (e.g., [7,8] ). 

.2. Model improvements 

In the following section, the advantages of applying volumetric 

inetics instead of the previously used surface kinetics at the re- 

ction front shall be underlined. Subsequently, the model improve- 

ents provided by considering intraparticle diffusion shall be in- 

estigated. 
ig. 5. Mass loss of a cylindrical char particle with L p = 10 . 5 mm at T = 1173 K, 

 H 2 O = 0 . 2 and varying particle diameter d p . Solid lines are extended Layer Model 

redictions, dots are experimental data from Van de steene et al. [8] . 
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8 
.2.1. Volumetric vs. surface reactions 

Despite their original design for lignite CO 2 gasification [16] , 

ehrabian et al. [3] , Johansson et al. [17] , Thunman et al. [9] and

ómez et al. [11] used the same (or similar) surface kinetics for 

O 2 and/or steam gasification of biochar for their particle mod- 

ls. Thunman et al. also stated that gasification was not the focus 

or their publication. Since we focus mainly on gasification in this 

ork, we intend to point out the possible problems of using sur- 

ace kinetics from literature and applying them at a reaction front 

or biomass gasification. The steam gasification experiments of 

ylindrical char particles of varying thickness (i.e. diameter) by Van 

e steene et al. [8] from Section 3.1 shall be used for this reason. 

The conversion rate for steam gasification originally imple- 

ented in the Layer Model ( Eq. (6) and Table 1 ) is 

˙ R C = 3 . 42 · T S · exp 

(
−15 600 

T S 

)
A S · c A,S (20) 

ith A S being the char layer surface area. Thus, the conversion rate 

s proportional to the external surface area at the reaction front 

 ̇

 R C ∝ A S ). Therefore, it is called a “surface reaction” in this work. 

or “volumetric reactions”, the char conversion rate would be pro- 

ortionate to the char layer volume V C . 

Figure 6 shows the simulation results versus the experimental 

ata when applying this surface reaction scheme. In contrast to 

he volumetric reactions ( Fig. 5 ), the surface reactions underpre- 

ict the char conversion rate for all particle sizes. Even though the 

imulations results are fairly reasonable for the smallest particle 

ize (1.5 mm), the discrepancy increases significantly with a ris- 

ng particle size. The model predicts a greater change in mass loss 

etween the particle sizes than the measurements would suggest. 

The volumetric kinetics by Van de steene et al. [8] were obvi- 

usly derived from their experimental results and are expected to 

dequately describe their data. Therefore, it can also be expected 

hat the original surface kinetics in Eq. (20) might not be able to 

erform equally well on the same set of data. However, the gen- 

ral problem lies not (only) in the kinetic parameters, but rather 

n the difference of scaling with particle size between surface ki- 

etics and volumetric kinetics. In order to underline this issue, the 
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Fig. 7. Estimated relative error δerr between actual volumetric and intraparticle- 

diffusion-limited reaction rates, internal effectiveness factor η = ηint and range of 

Thiele moduli � for cases considered in this work. 
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Table 6 

Thiele modulus �, internal effectiveness factor ηint and mass transfer Biot number 

Bi M ranges between conversions X = 0 and X = 0 . 99 calculated for spherical particle 

cases. ( ∗) Effective char diameters after pyrolysis are 7.05 mm, 14.07 mm, 20.87 mm, 

respectively. 

T / K d p / mm � ηint Bi M 

1203 10 ( ∗) 0 . 27 − 0 . 56 0 . 85 − 0 . 96 1 . 72 − 2 . 16 

20 ( ∗) 0 . 60 − 1 . 15 0 . 62 − 0 . 84 1 . 91 − 2 . 54 

30 ( ∗) 0 . 95 − 1 . 80 0 . 45 − 0 . 69 2 . 05 − 2 . 82 

1303 10 ( ∗) 0 . 45 − 0 . 90 0 . 71 − 0 . 90 1 . 70 − 2 . 11 

20 ( ∗) 1 . 03 − 2 . 10 0 . 40 − 0 . 66 1 . 88 − 2 . 47 

30 ( ∗) 1 . 68 − 3 . 42 0 . 26 − 0 . 48 2 . 01 − 2 . 73 
ell-suited volumetric kinetics could be transformed into surface 

inetics based on the Thiele modulus �. 

When the Thiele modulus � is high (i.e. for big particles, fast 

eaction rates and/or slow intraparticle diffusion), intraparticle dif- 

usion becomes the limiting process. Gaseous reactant A can no 

onger fully penetrate the particle, but is consumed close to the ex- 

ernal particle surface instead. This model concept fits the idea of 

 surface reaction. In the limit of a high Thiele modulus �, the in-

ernal effectiveness factor ηint approaches 1 / � asymptotically [45] . 

sing Eq. (11) and Table 2 , the actual reaction rate of char is then

˙ R 

act 
C = −ηint (�) · V C · ˙ r C ,S 

(��1) == 

1 

�
· V C · k c · c n A,S · F (X ) . (21) 

Inserting Eq. (12) into Eq. (21) yields 

˙ R 

act 
C 

(��1) == A S 

√ 

2 

n + 1 

· D 

C 
e ,A · k c · c n +1 

A,S 
· F (X ) . (22) 

Firstly, Eq. (22) shows that intraparticle-diffusion-limited reac- 

ions appear to have a different reaction order and activation en- 

rgy than the original volumetric rate law would suggest. This is 

ell-known and explained in detail in [28] . Secondly, the reaction 

ate in Eq. (22) is indeed proportional to the char layer surface area 

 S instead of its volume V C . Thus, when employing a volumetric 

ate law together with an effectiveness factor approach, strong dif- 

usion limitation formally leads to a surface reaction. 

With this in mind, an error estimation for employing a surface 

eaction rate instead of a volumetric reaction rate can be made. 

rom Eq. (21) the ratio of the general reaction rate ˙ R act 
C 

and the 

ntraparticle-diffusion-limited reaction rate ˙ R act , diff 
C 

is obtained. 

˙ R 

act 
C 

˙ R 

act , diff 
C 

= 

ηint (�) 

1 / �
(23) 

n the denominator on the right-hand side of Eq. (23) a high 

hiele modulus � is assumed, while the numerator holds for any 

. Therefore, when the Thiele modulus � is small, the ratio will 

iffer from one. This estimates the error introduced when as- 

uming a surface reaction rate when instead a volumetric reac- 

ion rate would be needed. Reformulating Eq. (23) and inserting 

q. (14) yields 

err = 1 −
˙ R 

act 
C 

˙ R 

act , diff 
C 

= 1 −
(

1 

tanh (3�) 
− 1 

3�

)
(24) 

or the estimated relative error δerr between the two formula- 

ions. It is labeled estimated relative error, because the correlation 

(�) = ηint (�) for spherical particles is used. Figure 7 shows the 

stimated relative error δerr and the effectiveness factor η = ηint as 

unctions of the Thiele modulus �. For � = 4 , which is often seen

n the literature as the criterion for intraparticle diffusion limita- 

ion [28] , the relative error is 0.083. For � < 4 , the error rapidly

ncreases, since the approximation ηint = 1 / � is not applicable at 

hese conditions. Hence, the application of surface kinetics would 

ead to a large error. Figure 7 further gives the �-range of all cases

onsidered in this work. As can be seen, volumetric kinetics are 

equired for all of them due to high estimated relative errors δerr 

therwise. 

It is worth mentioning that external mass transfer can also play 

n important role in char conversion processes. An example for rel- 

vant external mass transfer influence, indicated by mass transfer 

iot numbers Bi M 

< 10 , is given in Section 3.2.2 . 

.2.2. Intraparticle diffusion 

Finally, the model improvement by considering intraparti- 

le mass transfer limitations will be demonstrated. Mermoud 

t al. [7] presented experimental results for steam gasification of 
9 
igger, spherical char particles alongside their volumetric rate law. 

heir reaction kinetics are given in Tables 2 and 4 . Figure 8 shows

he mass loss for particles with three diameters (10 mm, 20 mm 

nd 30 mm) at two temperatures (1203 K and 1303 K, with only 

0-mm-experimental-data available at 1303 K). There are two cor- 

esponding curves for every single one of these six cases. The 

ashed curve depicts the extended Layer Model result without in- 

raparticle (pore) diffusion considered, i.e. η = ηint = 1 . Conversely, 

he solid line depicts the extended Layer Model results consider- 

ng intraparticle diffusion. For both temperatures, an increase in 

article size leads to significant gaps between the two correspond- 

ng model curves. For the 10 mm and 20 mm particles, the Layer 

odel predictions with and without internal diffusion match the 

xperimental data well. For d p = 30 mm, the conversion rate is 

verpredicted significantly without intraparticle diffusion. The ex- 

erimental mass loss is better described, especially towards the 

nd, when considering internal diffusion. Even though measure- 

ents are only available for 10 mm at 1303 K, the simulations re- 

ults for 20 mm and 30 mm are also given, just to underline the 

mportance of internal diffusion modeling at elevated temperatures 

nd bigger particle diameters. 

Table 6 summarizes the calculated ranges of Thiele moduli �, 

nternal effectiveness factors ηint and mass transfer Biot numbers 

i M 

between the initial conversion state ( X = 0 ) and nearly full 

onversion ( X = 0 . 99 ). The effectiveness factors ηint decrease with 

ncreasing particle diameter d p and temperature T , whereas the 
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Fig. 8. Mass loss of a spherical char particle at x H 2 O = 0 . 2 , varying particle diameter d p and T = 1203 K (a) or T = 1303 K (b). Solid and dashed lines are extended Layer 

Model predictions (with and without intraparticle diffusion, respectively), dots are experimental data from Mermoud et al. [7] . ( ∗) Effective char diameters after pyrolysis are 

7.05 mm, 14.07 mm, 20.87 mm, respectively. 
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ass transfer Biot numbers Bi M 

increase with increasing particle 

iameter d p . Also, the dependency of the mass transfer Biot num- 

ers Bi M 

on the temperature T is relatively weak. Effectiveness fac- 

ors ηint close to 1 for the smaller particles lead to a weak impact 

f intraparticle diffusion. However, for increasing particle size the 

ffectiveness factors ηint drop significantly. Conversely, the increase 

f mass transfer Biot numbers Bi M 

with particle size signifies en- 

anced external mass transfer. As can be seen from the range of 

ass transfer Biot numbers Bi M 

, external mass transfer plays an 

mportant role for all the cases in Table 6 . 

.3. Discussion 

The extended Layer Model is validated for char gasification in 

ection 3.1 , employing theoretical calculations and experimental 

ata from literature. It is shown that the original Layer Model by 

ehrabian et al. [3] is not able to properly describe the mass loss 

or the char gasification experiments by Van de steene et al. [8] . 

his is not only due to the different kinetic parameters used in the 

riginal model, but also due to the mathematical form of the sur- 

ace kinetics employed at the layer boundary for the gasification 

eactions. It has been reported that the char reactivity depends on 

ultiple parameters [2,18,20] , which manifests itself in the great 

ariety of kinetic data for char conversion in the literature. The ki- 

etics parameters of the original surface reaction can be adjusted 

o give good results for one gasification experiment. However, the 

odel is then still unable to predict the mass loss for the other 

xperiments. For further details the reader is referred to the Sup- 

lementary Material provided together with this work. 

The introduction of volumetric rate laws for char gasification 

olves this problem while maintaining the comparably simple 

odel formulation of the Layer Model. Thus, low computational 

ffort and good model predictions can be achieved, as showcased 

n Section 3.1 . This extended Layer Model is flexible in terms of 

he volumetric rate law applied and allows for modeling of char 

onversion reactions throughout the entirety of the char layer, as 

pposed to interface-based reactions only. 

Figure 7 can be used to estimate when it is viable to choose 

 simpler surface reaction model instead of a volumetric reac- 
10 
ion model. If the Thiele modulus � is sufficiently high, the rel- 

tive error between the volumetric formulation and the surface 

ormulation becomes negligible. As can be seen, a volumetric re- 

ction model is essential for all the cases considered in this work. 

he highest Thiele modulus � = 3 . 42 is achieved with the biggest 

20.87 mm) particles given by Mermoud et al. [7] . Even then, 

he relative error is still above 0.097. However, a surface reac- 

ion model would soon become viable for even larger particles, 

t higher temperatures and/or higher gas concentrations. Another 

eature of Fig. 7 is estimating the necessity of applying an ef- 

ectiveness factor approach for volumetric rate laws. For example, 

ith the smallest particles in this work, namely the 1.5 mm par- 

icles given by Van de steene et al. [8] , the Thiele modulus �

eaches values as low as 0.02. Under these conditions, the effec- 

iveness factor η = ηint is very close to 1, meaning that it will not 

nfluence the result significantly. As shown in Fig. 8 , especially for 

igger particles, intraparticle diffusion cannot be simply neglected. 

The concept of Fig. 7 can be applied together with actual ki- 

etics to estimate the model requirements under different experi- 

ental conditions. In Fig. 9 , three regions are given based on tem- 

erature T and characteristic particle size 
 for the steam gasifi- 

ation kinetics by (a) Van de steene et al. [8] and (b) Mermoud 

t al. [7] , respectively. For Thiele moduli � ≤ 0 . 4 , meaning small

articles and/or low temperatures, volumetric kinetics should be 

pplied and intraparticle diffusion can be neglected (i.e. ηint ≈ 1 ). 

or Thiele moduli � ≥ 4 . 0 , meaning big particles and/or high tem- 

eratures, surface kinetics can be applied instead. Of course, volu- 

etric kinetics together with an intraparticle diffusion model can 

lso (always) be used. In the intermediate region, meaning 0 . 4 ≤
≤ 4 . 0 , volumetric kinetics and an intraparticle diffusion model 

re required. As can be seen from the experimental data points in 

oth Figures, the cases reported in this work are mostly in this 

ntermediate region. Intraparticle diffusion can only be neglected 

or the smallest particles. Surface kinetics cannot be reliably ap- 

lied for any of the cases. An additional feature when comparing 

ig. 9 (a) and (b) is the fact that the limiting lines for � = 0 . 4 and

= 4 . 0 are not identical. This is because the kinetics of Van de

teene et al. [8] and Mermoud et al. [7] are different, leading to dif- 

erent Thiele moduli � at a given temperature T and particle size 



T. Steiner, K. Schulze, R. Scharler et al. Combustion and Flame 256 (2023) 112940 

Fig. 9. Kinetic model requirements at different temperatures T and characteristic particle lengths 
 for experimental cases and kinetics reported by Van de steene et al. (a) 

or Mermoud et al. (b). Lines are calculated for respective steam gasification kinetics at p H 2 O = 0 . 2 atm and X = 0 . 5 . 
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. With this in mind, Fig. 9 can be used for first estimations under

ypical gasification conditions, but the specific model requirements 

epend on the kinetic model itself. It is also worth noting that the 

hiele modulus � greatly depends on the effective diffusion coeffi- 

ient D 

C 
e,A 

and, thus, on the char porosity ε C and possibly Knudsen 

iffusion limitations. 

Finally, some model limitations should be addressed. They arise 

rom the calculation of the effectiveness factor using correlations 

(�) = ηint (�) from the isothermal case. Since the effectiveness 

actor η takes values between 0 and 1 for the correlations reported 

n this work [28,35,36] , it can never be greater than 1 (e.g. dur-

ng exothermic reactions). Even though the heat of reaction is con- 

idered in this work, there is still only a single, isothermal char 

ayer. Weisz and Hicks [46] have provided the fundamental con- 

epts to tackle non-isothermal problems. Unfortunately, taking a 

on-isothermal char layer into consideration leads to much more 

omplicated mathematical problems. In their recent publication, 

ösenhofer and Harasek [47] address the drawback of isothermal 

ffectiveness factor formulations within the scope of char con- 

ersion. However, since the char layer is treated as one isother- 

al volume in the Layer Model, no additional simplifications are 

eeded in order to apply the isothermal effectiveness factor. The 

lassic effectiveness factor formulation seems to be an appropriate, 

imple and fast solution. 

Regarding the particle geometry, the char layer is typically a 

ollow volume (e.g. hollow sphere or hollow cylinder), because 

he wet and dry fuel layers are located at the center of the par-

icle. Strictly speaking, the η(�) = ηint (�) correlations discussed 

n this work were derived for full, solid volumes. If this ef- 

ect needs to be considered, when dealing with drying, pyrolysis 

nd fast char conversion in parallel, for example Burghardt and 

ubaczka [48] present a suitable correlation. For char gasification 

t typical temperatures, since drying and pyrolysis are much faster, 

t can be neglected. 

Despite the simplifications made in this work, the thermochem- 

cal conversion of biomass particles is still adequately described. 

he H 2 O and CO 2 gasification reactions are endothermic and, as 

hown in Section 3.1 , well predicted by the extended Layer Model. 

urthermore, the layer model has already been successfully vali- 

ated for pyrolysis and char oxidation in the literature [3,9–11,13] . 

n the case of char oxidation, an interface-based formulation seems 
11 
ore appropriate than for gasification due to typically high reac- 

ion rates and Thiele moduli �. However, for very slow oxidation 

rocesses, like smouldering, problems similar to those for gasifica- 

ion surface reactions could arise. Volumetric (i.e. mass-based) re- 

ction rate formulations are already employed in the original Layer 

odel [3] for the pyrolysis reactions. As the devolatilization pro- 

ess is simply driven by temperature and not also by gaseous re- 

ctants, no additional efforts are made to describe pyrolysis re- 

ctions. If anything, the low temperature resolution of the Layer 

odel could prove to be a limiting factor in this regard. However, 

s shown in the aforementioned publications, the Layer Model can 

lso achieve good predictions for pyrolysis. 

. Summary and conclusions 

In this work, based on the model by Mehrabian et al. [3] , an ex-

ension for the fast-solving Layer Model for single reactive biomass 

articles is presented. Char conversion was originally modeled us- 

ng only surface reactions at the char layer boundary. While fre- 

uently applicable for biochar oxidation, biochar gasification has 

lso commonly been modeled with similar surface reaction ap- 

roaches in the literature. As shown in this work, these approaches 

annot be employed reliably for typical char gasification kinetics at 

he temperature ranges (1173-1323 K) and the particle size ranges 

1.5–20.87 mm) considered. The fundamental problems of these 

odels are assessed and a solution in the form of volumetric reac- 

ion kinetics is presented. The model equations for applying volu- 

etric rate laws are derived and a simple solution strategy is pro- 

osed. The model presented in this work is flexible in terms of 

ossible rate laws and can be applied for different reaction orders. 

he effects of intraparticle diffusion are approximated using an ef- 

ectiveness factor approach. It employs the well-known solution for 

rst order reactions in spherical particles combined with appropri- 

te scaling to account for differences in shape or kinetic formula- 

ions. Different rate laws or effectiveness factor equations can eas- 

ly be implemented. 

The extended Layer Model is first validated theoretically using 

he well-known analytical solution for first order reactions with 

xternal mass transfer from literature. It is further validated using 

he char gasification kinetics and experimental results by Van de 

teene et al. [8] as well as Mermoud et al. [7] . The model predic-
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ions are in good accordance with the measured mass loss for the 

ases considered. Since the computationally fast, extended Layer 

odel now describes gasification satisfactorily, it can be used for 

article-reactor coupling in holistic simulations of such processes 

n the future. Based on the data by Van de steene et al. it is shown

hat the original Layer Model is incapable of predicting the experi- 

ental results. The main reason for the deviations is the scaling of 

har conversion rates with external char layer surface as opposed 

o char layer volume. This is supported by the fact that adjusted 

inetic parameters, which are able to describe one specific case, 

ail to describe the other cases (see also Supplementary Material). 

Based on the Thiele modulus �, the general applicability of sur- 

ace reactions versus volumetric reactions is discussed. For Thiele 

oduli � ≥ 4 both modeling approaches converge towards the 

ame solution. Surface kinetics can thus be applied for large parti- 

les and/or high reaction rates. Furthermore, the importance of in- 

raparticle diffusion is assessed. It can only be neglected when the 

hiele modulus � is small (typically less than 0.4). This happens 

or small particles and/or at low temperatures. 
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