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Modeling kinetics-transport interactions during biomass torrefaction 

Richard B. Bates and Ahmed F. Ghoniem 

Department of Mechanical Engineering, Massachusetts Institute of Technology, Cambridge, MA 

ABSTRACT: 

A comprehensive one-dimensional model accounting for the effects of heat and mass transfer, 

chemical kinetics, and drying was developed to describe the torrefaction of a single woody 

biomass particle. The thermochemical sub-models depend only on previously determined or 

measured characteristics, avoiding the use of fitting or tuning parameters and enabling a rigorous 

energy balance of the process. Moreover, a high temperature drying sub-model is introduced 

which overcomes the difficulties associated with existing approaches to give physically 

consistent results, smooth implementation, and numerical stability.  The particle model was 

validated against experimental data from the literature for intraparticle temperature profiles, 

particle mass and energy yields over a range of particle sizes and reaction temperatures. The 

modeling results describe well the three distinct stages observed during the torrefaction of large 

particles including the heatup, drying, heat release due to exothermic reactions resulting in 

thermal overshoot, followed by thermal equilibrium where conversion is governed by mass loss 

kinetics.  The nonlinear effects of particle size, temperature, moisture content, and residence time 

on the mass and energy yields are quantified and explained. Larger particles exhibit a significant 

internal temperature gradient and strong temperature overshoot especially at the centerline. The 

magnitude of the overshoot is a function of the conductivity, particle size, and average heat 

release rate. Because of the rise in the reaction rate, higher temperatures increase the sensitivity 

of the process to particle size. Due to the dependence of drying rate on heat transfer limitations, 

the sensitivity of torrefaction to initial moisture content increases strongly with particle size.  

 

 

Highlights: 

 1D coupled model describes the dynamics of drying and torrefaction of a single particle 

 Model predicts particle temperature overshoot, elemental, and energy balance 

 Validated against single particle experimental results from literature 

 Larger particles convert more non-uniformly with higher thermal overshoot.  

 Higher temperatures and increased moisture content exacerbate particle size effects 
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1. Introduction 

Because of increasing concerns over rising greenhouse gas emissions, biomass has 

received interest as a renewable feedstock for a variety of thermochemical processes including 

combustion, gasification, and pyrolysis. However raw biomass displays several unfavorable 

properties related to its low bulk energy density, high moisture content and uptake rate, and 

exorbitant size reduction energy penalty.  Torrefaction has been proposed and studied as thermal 

pretreatment approach to improve these characteristics [1,2]. Torrefaction is a mild pyrolysis 

process occurring between 200-300 
○
C over a residence time between several minutes to about 

an hour which results in partial devolatilization (0-60% by weight) of the original dry feedstock 

[3].  During torrefaction, the release of the volatiles combined with other changes to the physical 

and chemical structure result in a solid product with greater specific energy density, increased 

resistance to fungal degradation [4], and reduced grinding energy requirement [5]. 

Torrefaction is a complex process involving coupled intraparticle physical and chemical 

phenomena including external heat transfer, intraparticle heat transfer, thermochemical 

decomposition, convection and diffusion of volatile products. For sufficiently small particles 

(<2mm), torrefaction is essentially free of heat and mass transfer limitations [6,7].  The solid 

mass loss kinetics of torrefaction in this regime has been studied for a variety of woody 

feedstocks including willow [6], beech [8] and softwoods (pine, fur, spruce, and pine bark)[9].  

The torrefaction of the individual lignocellulose components (xylan, cellulose, and lignin) has 

also been examined [10]. 

Because of the high grinding energy requirement of raw biomass [5],  industrial scale 

torrefaction will preferably be performed with large (>2mm) particles.  In this case, significantly 

more complex interactions occur. Heat transfer limitations cause a temperature gradient across 
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the particle resulting in chemical reactions proceeding non-uniformly.  The non-uniform release 

of heat due to exothermic decomposition reactions can further exacerbate the heterogeneity of 

the process and even lead to thermal runaway [8,11] .  In order to examine these phenomena, 

robust coupled transient models describing the transport, kinetics, and thermochemistry are 

required.  Numerous 1D and 2D physico-chemical models exist in the literature that describe 

single particle pyrolysis at high temperatures (400-700 
○
C) [12–16].  However, compared to 

torrefaction, pyrolysis at these high temperature results in partial to complete devolatilization 

(70-90 wt%) and different thermal degradation pathways are expected.  

 Fewer models have considered coupled heat/mass transfer and kinetics at low 

temperatures (<300 
○
C) consistent with torrefaction.  Turner and coworkers [11,17] developed a 

2-D computational heat and mass transfer model for the torrefaction of beech (Fagus sylvatica) 

wood and compared the predicted temperature profiles to experimental results using large (5 x 15 

x 25cm) beech boards.  Their assumed kinetic mechanism described wood thermal 

decomposition as a linear superposition of the decomposition hemicelluloses, cellulose, and 

lignin components.  Turner  noted that the reaction enthalpy term has a very important effect on 

the temperature profiles[17], however due to the lack of available parameters in the literature, the 

enthalpy of reaction of the hemicellulose decomposition was used as a tuning parameter.   

Kadem and coworkers [18] developed a transient 3-D computational model of the heat treatment 

(150-250 
○
C) of wood, focused on heat and moisture transfer (drying), and neglected thermal 

decomposition kinetics.  Patuzzi and coworkers developed and validated a model describing the 

heat, mass, and momentum transfer during the torrefaction of common reed (P. australis) in a 

custom bench-scale reactor[19]. Parameters for a two stage solid mass-loss kinetics mechanism 

were separately fitted, and the global heat of reaction (including both drying and torrefaction) 
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was treated as a calibration parameter. Ratte  et al. developed a particle-scale model coupled with 

a reactor  model to describe their laboratory pilot (3-8 kg/hr) moving bed reactor system [20,21].  

They adopted a global kinetics decomposition model while the thermochemical model postulated 

a fixed composition of solid and volatile products enabling them to explicitly model their 

enthalpies. Although the particle sub-model [20] was not compared explicitly with experimental 

particle temperature profiles, the reactor model was validated against measured gas temperature 

profiles [21]. Recently, Basu and coworkers [22] compared a 1D particle scale model with 

experimental measurements of solid mass loss curves and centerline temperature profiles from 

cylindrical poplar dowels. While the solid mass loss kinetics of the first stage were separately 

fitted under TGA conditions, multiple kinetic and thermochemical parameters were tuned during 

the development of the particle scale model including the heat of reaction. In reviewing the 

previous modeling efforts, no models exist which simultaneously i) show detailed validation 

with intraparticle temperatures, ii) are free of tunable parameters, iii) give information on the 

energy yield of the solid product.  

 In this paper, we formulate a particle scale model that couples drying, torrefaction 

kinetics, and relevant transport processes which overcomes these aforementioned deficiencies. 

Ultimately, the model is then used to examine the effects of particle size, temperature, and 

moisture content on the overall rate and uniformity of the process.  We use previously 

determined thermochemical and kinetic data and validate the model against published 

experimental data. In such a way, the model is formulated without the use of adjustable or fitting 

parameters. In the first part of this paper, a characteristic time scale analysis is applied to identify 

the dominant physical and chemical phenomena occurring during torrefaction of large particles. 

Next, the mathematical formulation of the coupled transport and kinetics model is presented 
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along with the selected kinetics and thermochemistry model. In the following section, the results 

are validated against the experimental measurements of van der Stelt [8] and Basu [23].  The 

discussion highlights the models ability to capture important behaviors occurring during single 

particle torrefaction including the effects of particle size, moisture content, temperature, and 

exothermic overshoot. 

2. Physical and chemical processes during torrefaction 

Biomass particles undergoing torrefaction experience a complex set of interacting phenomena 

including mass and heat transfer as well as drying and chemical devolatilization. It is important 

to judiciously identify the most relevant processes in order to formulate representative models. 

2.1. Drying 

Drying is one of the first processes to occur during the torrefaction of a biomass particle and 

represents a significant thermal load during the process.  Moisture present in fresh wood varies 

between 15-60% by mass on a wet basis (w.b.) depending on the type, location and method of 

storage[24,25]. Even after the application of a thermal drying process, the equilibrium moisture 

content will still remain above 6-10% w.b. depending on the relative humidity and temperature 

[26–28]. Water exists in three forms within biomass including i) vapor, ii) free (or capillary) 

water, and iii) bound (or hygroscopic) water [27].    Bound water is adsorbed through hydrogen 

bonding [29] to the cell wall constituents (hemicelluloses, cellulose). Once the adsorption sites 

are saturated with bound moisture, the fiber saturation point is reached (typically 23% w.b. or 

30% d.b.)[24]. Above this moisture content, water fills the voids or pores of the biomass and is 

referred to as free water.  

During torrefaction, free and bound moisture can be completely evaporated and resulting 

in a product with as low as 0-2% moisture [30]. Additionally, the decomposition of hydroxyl 
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groups in the cell wall components resulting in a more hydrophobic product [31,32]. While the 

effect of initial moisture content on the torrefaction process has yet to be studied experimentally, 

drying has previously been shown to affect pyrolysis times [27]. Because of the large latent heat 

of vaporization of liquid moisture, the thermal load associated with drying -even for a relatively 

dry particle of 6% w.b.- will be significant (~30%) compared to the sensible heat required to 

raise the temperature of the particle  from ambient to reaction temperatures (200-300 
○
C).  

The dominant drying mechanisms depend on temperature and can include bulk convective 

and diffusive flow of free and bound moisture. Under high temperature drying conditions (>100 

○
C) the diffusive flow of bound moisture and vapors can be considered negligible compared to 

the convective flow of vapor [33,34] .  

2.2. Characteristic time scale analysis 

 

 A characteristic time scale analysis similar to that performed by Chan et al. [12] aids in 

identifying the dominant processes occurring during the drying and torrefaction of a single 

particle and is summarized in Table 1. Although, the time scales do not represent the magnitude 

of the driving forces behind such processes (i.e temperature gradient) they allow the 

identification of the rate controlling mechanisms. The analysis provides justification for the 

approximations and assumptions made in the mathematical model presented next.  Values for 

wood and gas physical properties - including conductivity (𝑘), specific heat (𝑐𝑝), and density 

(𝜌)- were taken from [35].  The value for the diffusivity (𝐷), was estimated by the correlation in 

[29] while permeability (𝐵0), and gas viscosity (𝜇)  were taken from [15]. The solid mass loss 

reaction rate was evaluated with the willow mass loss kinetics at 300 
○
C [3] and the drying rate 

was evaluated at 100
○
C[36].  The length scales described in Table 1 include micro scale, which 
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corresponds to the pore diameters, and macro scale- reflecting the maximum size of feed 

particles.   

Several important observations can be drawn from Table 1.  Mass transfer, especially 

pressure-driven transfer, occurs at time scales much faster than either heat transfer or reactions.  

At the micro scale of the wood pores (tracheids), convective heat transfer is rapid compared to 

kinetics, and the heat capacity of gas is low compared to the heat capacity of the solid. As a 

result, gas leaving the solid rapidly heats up to the temperature of the wood/char it flows through.  

If a positive temperature gradient exists in the particle, these outward flowing volatiles can cool 

the outer hotter layers as they leave.  This effect is often neglected for simplicity [22,35,37] but 

has been shown to be significant, especially during drying [13,33]. The relative importance of 

the convective term to the internal conduction term can be quantified by the relevant Peclet 

number. Under conditions of active drying or devolatilization, the Peclet number has an order of 

magnitude of 1, confirming that the heat transfer associated with the flowing volatiles should be 

included. 

𝑃𝑒 = 𝐿𝜌𝑔𝑐𝑝𝑔𝑢 𝑘𝑠𝑜𝑙𝑖𝑑  (1)  

Considering the characteristic length scale of relatively large particles (L=0.01m), drying, mass 

loss kinetics, external heat transfer (convection), and conduction have time scales of similar 

order of magnitude. Therefore no rate-limiting simplifications can be made and the model must 

account for these transport mechanisms. 

A summary of the conclusions derived from Table 1 : 

(1) Mass transfer via diffusion is much slower than that by hydrodynamic (pressure driven) flow 

from drying or devolatilization. 
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(2) Mass transport by convection is rapid and occurs much faster than heat transport, drying, and 

chemical devolatilization processes.  

(3) The thermal heat capacity of the gas  𝜌𝑐𝑝 g
 is much less than that of the solid  𝜌𝑐𝑝 s

.  As a 

result local thermal equilibrium exists between the volatiles and the solid. Internal convective 

heat transfer is significant under conditions of active devolatilization. 

3. Mathematical model 

The formulation of the numerical model is based on the following assumptions: 

(1) Particles are represented in a one-dimensional, time-dependent domain. A shape factor 

enables the description of slab, cylinder, or spherical geometries. 

(2) Total volume of the particle remains unchanged during torrefaction. In other words, no 

overall structural changes (i.e shrinkage, breakage) occurs. 

(3) Outflow of volatiles is instantaneous such that the pressure of the particle remains unchanged 

during drying and torrefaction.  

The physical processes described by the model include: 

(1) Heat transfer by radiation, convection, and conduction to the exposed surfaces of the particle 

and within the solid. 

(2) Convective mass transport of the volatiles through the particle 

(3) Variable thermal properties (moisture content, conductivity, density, heat capacity)  

Biomass is inherently anisotropic with the properties like thermal conductivity and permeability 

being especially dependent on the grain orientation[29].  However, the assumption of one-

dimensionality along with an effective set of physical properties is valid and commonly made in 

the literature[15,34,37–40] during the uniform heating of cylindrical biomass particles of 
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sufficiently long aspect ratio. Acceptable agreement between 1D models and experimental data 

with cylindrical particle aspect ratios as low as 2 for Di Blasi & Galgano [39], 5-8 for Lu [15] 

and 2.7 for Pyle & Zaror [37]. Alves & Figueiredo [34] found that beyond an aspect ratio of 3, 

the pyrolysis time was hardly affected.  

3.1. Drying  

Three existing modeling approaches have been applied for estimating the evaporation rate of 

large biomass particles undergoing high temperature drying, pyrolysis, or combustion.  These 

include the i) first order kinetic evaporation model [12,33,36,41–43], ii) equilibrium model 

[29,44–46], and iii) a constant temperature model (also known as the heat sink 

model)[34,39,40,47–49].   The first order kinetic approach is a simplified approach which treats 

the evaporation rate as a thermally activated process described with a first order Arrhenius rate 

equation. The activation energy and pre-exponential factor are chosen to produce an evaporation 

rate which increases rapidly at the boiling temperature [33,50]. The advantages of this method 

are that it is implemented easily as an additional chemical reaction in particle models and results 

in smooth intraparticle gradients[51].  The disadvantages are that some drying occurs before the 

boiling temperature is actually reached, and the kinetic parameters in the literature show a wide 

scatter [52]. 

The equilibrium approach accounts for heat and mass transfer limitations and assumes 

that the bound and free liquid moisture exist in equilibrium with the local gas phase. The partial 

pressure of water vapor is fixed by the local saturation pressure. The disadvantage of the 

equilibrium approach is that it is known to result in depressions in pressure in locations ahead of 

the drying front and requires simultaneous solution of algebraic and differential equations [51].  
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The heat sink approach assumes that drying is controlled entirely by heat transfer: when a 

moist particle layer has reached the boiling temperature (e.g. 100 
○
C), all energy flowing into 

that layer is consumed entirely by evaporation of water until drying ceases. It is implemented in 

models in one of two ways. Either the drying front is assumed to be infinitely thin and the 

particle is divided into moist and dry sections or the governing equations must include a 

conditional statement.  The former method, though easily implemented, is not necessarily valid 

in cases where the drying front has a thickness comparable to the  particle[43]. The latter method 

requires special numerical treatment and is not computationally efficient due to the sharp 

discontinuities it introduces into the governing equation [51,52]. 

In the current model, an approach which combines aspects of the existing methods is 

adopted where the drying rate is evaluated by a first order Arrhenius equation but has a 

conditional dependence on temperature (see equation (6). The drying rate is set to 0 for 

temperatures below the boiling temperature.  As done by Bilbao and Alves & Figueiredo [34,48]  

who adopted the heat sink approach, the boiling temperature is set by the local moisture content 

and is fitted to data from [53].  This approach solves two major drawbacks of the first order 

Arrhenius approach. The drying profile is more physical because drying does not occur until the 

boiling temperature is actually reached. Also, it is less sensitive to the assumed kinetic 

parameters because the boiling temperature is specified. At the same time, it is extremely easy to 

implement as an additional chemical reaction without modifying governing equations and does 

not entail the solution of additional algebraic equations. 

3.2. Solid mass loss kinetics 

A variety of models have been proposed and verified to describe the mass loss kinetics of during 

torrefaction. Approaches to modeling the mass loss kinetics can be divided into two main groups.  
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One  approach is to describe the wood/biomass as three independently reacting constituents 

(hemicelluloses, cellulose, and lignin) [17,21].  This approach is adopted when ease of 

application to different feedstocks is the goal. Nocquet et al. recently assessed the additive 

approach and found that it reproduces solid mass loss curves up to temperatures of 250 
○
C; 

however, above this tempeature, significant interactions between the constituents were apparent- 

resulting in a large discrepancy[54]. The second more common approach is a lumped approach 

where the wood is modeled as one or multiple solid pseudophases reacting to volatiles and char. 

Several authors [8,9,55] have found that wood torrefaction could be modeled with two 

independently reacting components forming two volatile phases and two char phases. The 

mechanism adopted in the present study was originally proposed by Di Blasi [56] to describe 

hemicellulose (xylan) mass loss kinetics but was later fitted  to satisfactorily describe willow[3], 

common reed[19], eucalyptus, and spruce[55] for temperatures up to 300
○
C.  In this mechanism, 

the torrefaction products are lumped into five pseudo-components and decompose according to 

first order kinetics in two steps with the first step being much faster than the second as follows: 

 

 

where the solid phase pseudo components (A,B,C) represent raw biomass (A), an intermediate 

solid (B), and char (C), volatile products are represented by V1 and V2, and k1, k2, kV1, kV2 

represent Arrhenius kinetic parameters.  

𝑘𝑖 = 𝐴𝑖 𝑒𝑥𝑝 −𝐸𝑖 𝑅𝑇   (2)  

The pre-exponential factor has units of s
-1

, the activation energy has units of J mol
-1

, 𝑅 is the 

universal gas constant in J mol
-1 

K
-1, 

and
 𝑇 

is temperature in K. See Table 2 for the parameters. It 

was shown that the composition of the lumped volatile pseudo-phases (V1 and V2) were 

A  B  C  𝑘1 𝑘2 

𝑘𝑉2 𝑘𝑉1 
V1  V2  
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individually well described as mixture of nine identifiable chemicals:  acetic acid, water, formic 

acid, methanol, lactic acid, furfural, hydroxyacetone, carbon dioxide and carbon monoxide[57] . 

See Table 2 in [57] for the details of these compositions. The advantage of this kinetic 

mechanism and set of parameters is that all pseudo-components (A,B,C,V1,V2) have well-

defined chemical compositions thus enabling estimation of their thermodynamic properties, 

namely their heat of formation and specific heat capacity [58]. Thus, the elemental balance 

enables the estimation of the solid product composition and energy yield [59] not considered in 

previous single particle models.  

3.2.1. Conservation of species/mass 

The equations describing the evolution of the solid pseudo components (A,B,C) and liquid 

moisture (MC) are: 

𝑑𝜌𝐴
𝑑𝑡

= − 𝑘1 + 𝑘𝑉1 𝜌𝐴 
(3)  

𝑑𝜌𝐵
𝑑𝑡

= 𝑘1𝜌𝐴 − (𝑘2 + 𝑘𝑉2)𝜌𝐵 
(4) 

𝑑𝜌𝐶
𝑑𝑡

= 𝑘2𝜌𝐵 
(5) 

𝑑𝜌𝑀𝐶
𝑑𝑡

= −𝑘𝑑𝜌𝑀𝐶 , 𝑖𝑓 𝑇 > 𝑇𝑏   
(6) 

where 𝜌𝑖 is the apparent density of pseudo component (i= A,B,C, MC) in (kg m
-3

) and 𝑇𝑏  is the 

vaporization temperature. The conditionality of the evaporation rate on temperature prevents 

drying from occurring before the boiling temperature has been reached. The dependence of 

vaporization temperature on the dry basis moisture content is fitted to the data from Alverez 

Noves [53]. The local dry basis moisture fraction is given by, 

𝑀𝐶𝑑 =
𝜌𝑀𝐶
𝜌𝑆

=
𝜌𝑀𝐶

𝜌𝐴 + 𝜌𝐵 + 𝜌𝑐
. 

 

(7) 

The total solid phase (dry) is modeled as a mixture of the three solid pseudo components, 
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𝑑𝜌𝑆
𝑑𝑡

=
𝑑𝜌𝐴
𝑑𝑡

+
𝑑𝜌𝐵
𝑑𝑡

+
𝑑𝜌𝐶
𝑑𝑡

= −(𝑘𝑉1𝜌𝐴 + 𝑘𝑉2𝜌𝐵) 
(8) 

The elemental composition (i.e. the mass fraction of carbon, hydrogen, oxygen, nitrogen and ash) 

of the solid phase on a dry basis is given by, 

𝑑(𝑚𝑠𝑌𝑗 ,𝑆)

𝑑𝑡
= −𝑘𝑉1𝑚𝐴𝑌𝑗 ,𝑉1 − 𝑘𝑉2𝑚𝐵𝑌𝑗 ,𝑉2, 

(9) 

where, 𝑚𝑆 is the mass of the solid (in kg), 𝑌𝑗 ,𝑖  is the mass fraction of elemental species "j" 

(j=C,H,O,N,Ash) contained in component "i" (e.g. S, V1, V2). See Table 2 of [57] for these mass 

fractions.  The conservation of mass on the total gas phase is given by, 

𝜕(𝜀𝜌𝑔)

𝜕𝑡
+

1

𝑟𝑛
𝜕

𝜕𝑟
 𝑟𝑛𝜌𝑔𝑣 = −

𝜕𝜌𝑠
𝜕𝑡

−
𝜕𝜌𝑀𝐶
𝜕𝑡

= 𝑘𝑉1𝜌𝐴 + 𝑘𝑉2𝜌𝐵 + 𝑘𝑑𝜌𝑀𝐶 , 

(10) 

where n is a shape factor describing the particle n=1,2,3 for a slab, cylindrical, and spherical 

geometries. As was previously done in several other single particle pyrolysis models [12,34,60], 

the mass flux of volatiles (kg/m
2
s) can be evaluated from this equation because of the 

assumption of fast volatile release which results in a negligible accumulation term: 

𝜌𝑔𝑣 =
1

𝑟𝑛
 𝑟𝑛 𝑘𝑉1𝜌𝐴 + 𝑘𝑉2𝜌𝐵 + 𝑘𝑑𝜌𝑀𝐶 𝑑𝑟
𝑅

0

. 
(11) 

3.3. Conservation of energy 

The conservation of energy for the solid phase accounts for accumulation, conduction 

convection, and reaction, 

𝜕𝑇

𝜕𝑡
 𝜌𝐴𝑐𝑝,𝐴 + 𝜌𝐵𝑐𝑝,𝐵 + 𝜌𝐶𝑐𝑝,𝐶 + 𝜀𝜌𝑔𝑐𝑝𝑔 =

𝜕𝑇

𝜕𝑟
 
𝜕𝑘

𝜕𝑟
+
𝑘𝑛

𝑟
− 𝑣𝜌𝑔𝑐𝑝𝑔 + 𝑘

𝜕2𝑇

𝜕𝑟2
− 𝑄 𝑟 , 

(12) 

Where the heat of reaction term, 

𝑄 𝑟 =  
𝜕𝜌𝑖
𝜕𝑡

𝐻𝑖
𝑖=𝐴,𝐵,𝐶,𝑉1,𝑉2

−
𝜕𝜌𝑀𝐶
𝜕𝑡

∆𝐻𝑒𝑣𝑎𝑝 , 
(13) 

includes the heat of vaporization ∆𝐻𝑒𝑣𝑎𝑝  of liquid moisture in J kg
-1

. Due to the heat of sorption 

of bound moisture, the heat of vaporization term shows a dependence on dry basis moisture 
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content [29,48] (see Table 2).  The total enthalpy at temperature T is given by the summation of 

the formation enthalpy and sensible enthalpy, 

𝐻𝑖 𝑇 = 𝐻𝑓,𝑖
° + 𝑐𝑝,𝑖

𝑇

𝑇0

 𝑇 𝑑𝑇,       
(14) 

where 𝐻𝑓,𝑖
°

 is the standard heat of formation of species i in J/kg and 𝑐𝑝,𝑖  is the specific heat 

capacity of component i in J kg
-1 

K
-1

, T is the reaction temperature in Kelvin, and 𝑇0 is the 

standard temperature (298.15K).  The total gas phase and V1 and V2 are assumed to behave as 

an ideal gas mixture of their nine constituent species. Thermodynamic properties of the solid 

phases (A,B,C,S) and V1 and V2 are summarized in Table 2. For further information on the 

thermodynamic property estimation of the solid and volatile products see [58]. The effective 

conductivity of the solid matrix described in Table 2  includes a contribution from radiation heat 

transfer through the pore spaces [12] as wells as a contribution from the moisture[43,48]. 

3.4. Initial and boundary conditions  
The initial conditions for 𝑡 = 0: 

       𝑇 = 𝑇0 ,       𝜌𝐴 = 𝜌𝐴0,      𝜌𝐵 = 𝜌𝐶 = 0,     𝑚𝑠𝑌𝑗 ,𝑆 = 𝑚𝑠0𝑌𝑗 ,𝑆0 (15) 

The initial chemical composition of the particle (𝑌𝐶,𝑆0, 𝑌𝐻,𝑆0 …𝑌𝐴𝑠𝑕,𝑆0)  are summarized in Table 2. 

The Neumann boundary conditions for  𝑡 > 0 at the centerline r=0 reflect symmetry,  

𝜕𝑇

𝜕𝑟
= 0. 

(16) 

The Neumann boundary conditions at the surface of the particle r=R includes both convective 

and radiative heat transfer,  

𝑘
𝜕𝑇

𝜕𝑟
= 𝑕𝑐 𝑇 − 𝑇𝑟 + 𝜔𝜎 𝑇4 − 𝑇𝑟

4 , 
(17) 
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where 𝑕𝑐  is the convective heat transfer coefficient in W m
-2 

K
-1

 and Tr  is the reactor temperature 

in K. For the axial flow of air over stationary cylinders the heat transfer coeffient can be 

estimated using the correlation by Nowak and Stachel [61], 

𝑁𝑢 =
𝑕𝑐𝑑𝑝
𝑘𝑔𝑎𝑠

= 0.87𝑅𝑒𝑝
−0.52 + 1.75𝑅𝑒𝑝

0.21 + 0.5 ∗  0.5𝑅𝑒𝑝
4.75 + 8 ∗ 10−9𝐺𝑟𝑝

4.24 
0.08

, 
(18) 

 where Rep and Grp represents the Reynolds and Grashof numbers, respectively, for the particle. 

This correlation is valid for 2<Rep< 1000 and 0<Grp<10
7
. Other correlations exist in the 

literature for other 1D geometries (i.e sphere, slab)[15].  The temperature profile of the reactor is 

not coupled with the particle and is prescribed according the conditions of the particular case of 

interest. In the case of van der Stelt’s experiments, the reactor temperature increased at a heating 

rate between 8-16 K/min until reaching the final temperature after which it remained constant 

[8]. In Basu’s experiments [23] the particles were dropped into an already heated reactor.  

3.5. Numerical method 
The system of partial differential equations is solved using the method of lines approach where 

finite differences are used to approximate the spatial derivatives. The resulting system of 

ordinary differential equations is integrated using ode15s in MATLAB. Treatment is required for 

the Heaviside step function introduced by the conditionality of evaporation rate on temperature. 

An error function was chosen to approximate the step function which was found to provide good 

accuracy while having a minimal impact on the integration time.    

4. Results and discussion 

4.1. Comparison with the experiments of van der Stelt 

van der Stelt performed torrefaction experiments using large cylindrical beech and willow 

particles with diameters between 1-2.8 cm and lengths of 10cm. The particles were placed in a 

vertical split tube oven which was electrically heated. Argon was used as an inert gas to remove 
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the produced volatiles from the reactor. Five thermocouples embedded inside the particle 

continuously monitored the temperature at radial positions (r=0, 0.3, 0.7, 1, and 1.3 cm). The 

particle and reactor- initially at ambient temperature- were heated at a rate of approximately 10 

○
C/min to the final reactor temperature, which was varied between 230-300 

○
C. The mass and/or 

energy yield of the particle was not reported. The initial moisture content of the particles was 

reported as approximately 6%. 

4.1.1. Intraparticle temperature profiles 

In Figure 1a,c) the experimentally measured temperature profiles of the beech particle at two 

radial positions (r=0 and r=0.013cm) are compared with the model predictions for two reactor 

temperatures, 235 and 289 
○
C, respectively. Hereafter these positions are referred to as the 

centerline (r=0) and the near surface (r=0.013cm) positions.  In both cases, the temperature of the 

reactor does not heat up to the final temperature in a perfectly linear fashion and for modeling 

the boundary conditions, the reactor profile is approximated by two separate linear heating 

periods. In Figure 1(a) where Tfinal=235 
○
C, the time for the center of the particle to reach 100 

○
C 

is 16.5 minutes, which is the same as the value reported in the experiment demonstrating good 

agreement on the initial heating period and drying dynamics. During the drying period, the 

temperature of the centerline of the particle is significantly higher than 100 
○
C (the boiling 

temperature for liquid water at atmospheric pressure). In fact, the moisture at the centerline 

plateaus at ~114 
○
C. This demonstrates that the dependence of boiling temperature on moisture 

content is crucial to representing the location of the drying plateau. Drying models which assume 

a single boiling temperature, commonly done when applying the heat-sink approach, would fail 

to accurately represent this characteristic.  Up until 29 minutes, the modeled centerline 

temperature is within 3 
○
C of the experimental data. In addition to showing quantitative 
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agreement with the van der Stelt’s results, the drying dynamics predicted by model share 

qualitative similarities with previous studies focused on drying of wood cylinders. In Di Blasi’s 

experimental study of moist (50% d.b.) pine cylinder drying at high temperatures 200-327
○
C 

[33], the evolution of the intraparticle temperature showed a period of initial heatup with low 

evaporation rates and relatively small particle gradients followed by a drying period where 

thermal gradients reached a maximum. After the centerline has finished drying, the particle then 

rapidly approaches the final reactor temperature. The same stages are apparent in the present 

results except that after drying has completed, exothermic reactions raise the centerline 

temperature in the model until they actually exceed the surface temperature of the particle. 

  The temperature profile of the near surface position (r=0.013) predicted by the model is 

somewhat higher than that experimentally measured profile throughout most of the period, but is 

within the repeatability and uncertainty range for particle temperature measurements of this type. 

While not reported explicitly by van der stelt, in other similar single particle experiments the 

uncertainty is reported to be at least ±15
○
C[14].  Particularly, there is greater uncertainty near the 

surface of the particle where large temperature gradients exist. The thermocouple- although thin- 

has finite thickness (1mm) and besides the possibility that it may affect the local effective 

conductivity, its exact position may not be known precisely. 

At the final temperature (at t=60 minutes) at the centerline is at 241 
○
C which compares 

well with the experimentally measured centerline temperature of 240
○
C.   At 60 minutes, the rate 

of change of temperature at the centerline and surface of the particle is small in both the model 

and the experiment, demonstrating that the system has reached a quasi-steady state. At this 

moment, the heat loss from the particle balances any heat released from reactions.   
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 In  Figure 1(b) for the case of Tfinal=289 
○
C, the time for the center of the particle to 

reach 100 
○
C is 13 minutes for both model and experiment, showing good agreement on the 

initial heating and drying period. A drying temperature plateau at the centerline is well 

represented by the model and occurs between 112-116 
○
C. 

The model predicts that the centerline reaches a maximum temperature of 329
○
C at 38 

minutes which is also in good agreement with the experimentally measured maximum 

temperature of 335
○
C at 39 minutes.  The model predicts that after reaching the peak 

temperature, the centerline temperature decreases at a rate faster than the experiment. This is 

attributable to the endothermic reactions of the second stage which act to cool the particle down.  

As a result at t=60 minutes the predicted centerline temperature is 285 
○
C which is 20 degrees 

lower than the experimentally measured centerline temperature of 306
○
C. There are several 

reasons for this discrepancy. First, both the solid mass loss kinetics mechanism and 

thermochemical submodel were developed using temperature data below 300
○
C, specifically for 

willow feedstock[6,58]. This commonly used temperature limit was originally chosen to avoid 

excessive decomposition of the relatively carbon-rich lignocellulose components-namely 

cellulose and lignin) [6,57].  At temperatures exceeding 300
○
C, more complex degradation 

pathways may become significant such as exothermic char-forming reactions[62], secondary 

reactions between the volatiles and the char products [8] and thermal tar cracking [63].  Given 

the high sensitivity of the rates and degradation pathways to temperature, the application of these 

mechanisms 30-40 
○
C above the original range of fitting would strictly be considered 

extrapolation. Unfortunately, no high temperature (300-350
○
C) torrefaction mass loss kinetics 

mechanisms or thermochemical sub-models currently exist, so it may be suggested that future 

studies may consider data in this temperatures range. Secondly, in the thermochemistry 
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submodel adopted in this study, the heat of reaction of the slower second stage is endothermic 

but displays more uncertainty compared to the first stage which has been positively identified as 

exothermic [58]. The uncertainty arises from the variability in the heating values of the solid 

products as predicted by empirical correlations. It was previously suggested that better 

characterization of these products would help to identify whether second stage is either 

endothermic or exothermic; however, the under-prediction of particle temperature by the current 

model suggests the heat of reaction of the second stage is thermally neutral or even slightly 

exothermic. The sensitivity of the predicted temperature profile during this period to the mass 

loss kinetics and thermochemistry are agree with conclusions made from previous single-particle 

models[17].  

Figure 1(b)(d) shows the intraparticle temperature profiles at two radial positions and 

three times (t=10,20,40 minutes) for the cases of final reactor temperatures of 235 and 289 
○
C, 

respectively.   Intraparticle temperature gradients exists because of the internal heat transfer 

limitations which are expected to be significant as the Biot number (Bi=hL/k) is of order 1.    For 

the Tfinal=235
○
C case, a positive temperature gradient across the particle develops for 20 minutes 

and reaches a maximum during the drying stage at which point the surface of the particle is 50 

degrees higher than the center. The experimental data shows that the temperature gradient 

remains positive throughout the entire hour. In the model the centerline temperature very slightly 

exceeds the surface by approximately 4
○
C after 40 minutes. Despite this apparent qualitative 

difference, the difference between the model prediction and experimental centerline temperature 

is within 8
○
C which is well within the experimental error (±15

○
C).  

For the Tfinal=289
○
C case, a positive temperature gradient across the particle develops for 

23 minutes where the surface of the particle is up to 85 degrees higher than the centerline.  This 
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positive gradient vanishes by 32.5 minutes and eventually becomes significantly negative. In 

fact, the centerline becomes hotter than the surface by up to 26
○
C agreeing with cnterline-surface 

temperature overshoot of up 20 
○
C is apparent experiment as well. The cause for this 

phenomenon is the heat released from the exothermic torrefaction reactions. According to 

Fourier’s law, this heat generated in the inner layers can only conduct towards the outer layers of 

the particle when a negative temperature gradient exists (𝑑𝑇 𝑑𝑟 < 0). It is only when 

sufficiently negative temperature gradient has developed that a maximum in the centerline 

temperature is reached where the heat transfer by conduction and convection balances the heat 

released by reactions.  During this period of thermal overshoot, the heat transfer by convection of 

hot volatiles outwards through the particle is small -but significant- and contributes to heating the 

outer layers.  

4.1.2. Effect of temperature  

van der Stelt repeated the experiments with the 28mm diameter beech particles at final reactor 

temperatures ranging between 200-280
○
C.  In Figure 2a, model predictions for the centerline 

temperature overshoot are compared with the experimental results. The overshoot is defined by 

the largest positive temperature difference between the centerline and the reactor. At 200 
○
C the 

rate of torrefaction reactions is negligible producing few volatiles and therefore a very small (<1 

○
C) thermal overshoot. The magnitude of the overshoot rises rapidly with increasing 

temperatures and is certainly a non-linear effect. This is because the heat release and temperature 

are closely coupled: higher temperatures result in faster heat release increasing the temperature 

further. The overshoot stabilizes itself when a sufficiently negative temperature gradient exists in 

the particle, thereby enabling conduction of the heat outward.  
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Good quantitative agreement on the magnitude of the thermal overshoot as a function of 

temperature is reached between the model and experiment. Using a simplified particle model, 

van der Stelt concluded that the temperature overshoot was proportional to the average 

volumetric heat release rate. Based on the thermal overshoot observed in the cylindrical particles, 

he estimated the cumulative heat release to be less than 250 kJ/kg.  The present modeling results 

corroborate this conclusion; the predicted cumulative heat release is less than 180 kJ/kg.  As 

originally concluded by Turner [17] the particle temperature profile during this overshoot period 

is extremely sensitive to the assumed thermochemistry model. In this case, the heat of reaction 

was not adjusted to fit the data. Instead its value depends solely on the composition of volatile 

and solid products which were fitted separately in  [57] and whose enthalpies were estimated in 

[58]. 

Figure 2b shows the model predictions for the final (t=60 minutes) mass/energy yield for 

single 28mm diameter beech wood particles as a function of reactor temperatures between 200-

280 
○
C. For a given residence time and particle size, mass and energy yields decrease with 

temperature. Higher temperatures result in more rapid mass loss. The highly oxygenated volatiles 

released during torrefaction contain less energy than the original solid product [58]. As a result 

the energy yield of the remaining solid product is always higher than the mass yield. This results 

in a product with greater energy density per unit mass. van der stelt did not measure the energy 

yield of the particles after the experiment so a comparison on this quantity is not available.  

Having thoroughly described and explained the phenomena associated with coupled thermal-

kinetic effects at variable temperatures for relatively large cylindrical particles (2.8cm diameter), 

the next section examines and validates the model predictions for various particle sizes.  
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4.2.  Comparison with the experiments of Basu and coworkers 

Basu and coworkers performed torrefaction experiments using large cylindrical poplar (P. 

deltoides) and particles with diameters between 0.476-2.54 cm and lengths of 0.8-6.5 cm and 

initial moisture content of 6.39%w.b.   The particles were suspended by a thermocouple from an 

electronic balance which monitored the weight of the sample.  The thermocouple continuously 

recorded the temperature at the center of the particle (r=0 cm). The convective reactor was a 

42mm diameter Quartz Wool Matrix reactor which was externally electrically heated. Nitrogen 

was used as an inert gas flowing at a rate of 1.2L/min.  In each case the higher heating value of 

the torrefied particle after the experiment was measured using a bomb calorimeter in order to 

evaluate the energy yield: 

𝜂𝐸𝑛𝑒𝑟𝑔𝑦 =
𝑚𝑆,𝑓𝐻𝐻𝑉𝑆,𝑓

𝑚𝑆,0𝐻𝐻𝑉𝑆,0
 

(19) 

Where HHVS,f is the final higher heating value of the torrefied particle. The mass and energy 

yields were only reported at the end of the experiment at 60 minutes and the effect residence 

time was not studied. 

4.3. Effect of particle size  

In Figure 3a, the model predictions for the centerline-reactor temperature overshoot as a function 

of particle size are compared with the experimental results from Basu et al. and Dhungana [64]. 

In all cases, the reactor temperature was held constant at 250 
○
C while the initial particle 

temperature was approximately 25
○
C. The model predicts a 12.75mm radius particle would 

experience an overshoot of 11.1 degrees which lies almost exactly between the two experimental 

measurements (7, 18 
○
C). Both data sets (Basu et al. and Dhungana) refer to the same set of 

experiments done by the same group but mentioned in different publications. It is presumed that 
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this discrepancy is because of the uncertainty on the actual reactor and particle centerline 

temperatures.  

Nevertheless, the trend is clearly visible in both model and experimental results: the 

magnitude of the centerline-reactor thermal overshoot increases quadratically with particle size.  

The theoretical explanation for this trend was first analyzed by van der Stelt [8], where a 

simplified quasi-steady state analysis of the energy conservation equation (12) showed that the 

maximum temperature difference between the centerline and the surface of the particle should be 

proportional to the square of the particle radius (R in m
2
), the volumetric heat release rate (−𝑄 𝑟  

in W/m
3
) and inversely proportional to the effective conductivity (k in W m

-1
 K

-1
) that is, 

Δ𝑇𝑐−𝑠 ∝ −𝑄 𝑟𝑅
2 𝑘 .  

Figure 3b shows the time for the centerline of the particle to heat up from its initial 

temperature to 200 
○
C. This heatup time is defined this way because torrefaction reactions do not 

initiate until 200 
○
C.   The model predicts the heatup time within 45 seconds of the experimental 

values. For the largest diameter particle, the heatup period takes more than a quarter (16.5 

minutes) of the total residence time of the particle (60 minutes).  

The length of the heatup period is governed by two factors. The first is the rate of heat 

transfer to the particle which can be quantified by the characteristic time (in seconds) associated 

with solid particle heating. These scale linearly, 𝜌𝑐𝑝𝐿 𝑕 ,  or quadratically, 𝜌𝑐𝑝𝐿
2 𝑘  with size, 

depending on whether the heat transfer is limited by external or internal heat transfer rates, 

respectively. In this case, the Bi ranges from 0.5 to 5 for the smallest particle to largest particle 

so that neither external nor heat transfer is rate limiting and the heatup time should be expected 

to scale with particle size with an order between 1-2.  The second controlling factor during this 

period is the moisture content of the particle. It has been previously been observed that the length 
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of time for drying varies linearly with the initial moisture content of moist wood cylinders 

subjected to convective heating [33]. This occurs for several reasons: 1) liquid water has a more 

than double the specific heat capacity of biomass (4800 and ~2300 J/kg K, respectively), which 

is not offset by its contribution to increasing the effective thermal conductivity [33]. This 

lengthens the aforementioned characteristic times scales for heating. 2) Drying slows the particle 

heating rate because it is a strongly endothermic process and acts as a thermal sink. At certain 

locations in the particle, the thermal load for evaporation balances the rate of heat conduction 

inwards, and the temperature does not continue to rise until all remaining moisture has been 

evaporated. 3) The rapid outward convection of vapor from inner layers contributes to cooling 

the outer layers.   Thus the ability of the model to predict heatup time well suggests that these 

key processes are described satisfactorily. 

Figure 3c shows the model predictions for the mass/energy yields for the poplar particles of 

various sizes at 250 
○
C.  Experimental results from Basu et al. demonstrate that the mass and 

energy yields decrease slightly with increasing particle size though the significance of this trend 

is not clear[64]. Likewise the model predicts no significant variation in the mass and energy 

yield with particle size. The energy yield is predicted to within 3% of the experimental energy 

yield for all but the smallest particle (r=2.38mm). The discrepancy could be attributed to the fact 

that the mass loss kinetics and thermochemical submodel are based data from willow while the 

in this case poplar was used.  Unfortunately, the thermochemical data for poplar is lacking so the 

parameters for willow (a similarly deciduous tree) were used instead.   

The trends shown by the model and experimental can not be explained by mere intuition. It 

would be expected that for a given residence time, larger particles would display less conversion 

(higher mass yield) than smaller particles. A larger particle spends more time heating up 
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therefore experiences a shorter time at the reaction temperature, and should exhibit lower 

conversion (higher mass yield). The actual trends can only be explained by examining the 

predicted conversion profile of the different sized particles. In Figure 4a,b the centerline 

temperature profile and mass yield are shown for the reactor temperature of 250 and 270 
○
C, 

respectively. Initially, during the heat up period, the larger particles take longer to heat up and 

dry and therefore displays lower centerline temperatures, and higher mass yields. The centerline 

of the 12.75mm radius particle takes 30 minutes to reach the 250 
○
C reaction temperature while 

the centerline of the 2.38mm radius particle takes only 6 minutes. During this time, the mass 

yield shows a strong dependence on particle size. For example at 20 minutes, the mass yield for 

the largest (12.75mm radius) and smallest (2.38mm radius) particles are 0.905 and 0.985, 

respectively. However, once the centerline of the particle significantly exceeds 200 
○
C (the 

temperature at which torrefaction reactions initiate), the effect of the exothermic reactions 

becomes the controlling factor. Since the centerline temperature overshoot increases with particle 

size, larger particles exhibit higher temperatures and accelerated reaction rates. In the case of 250 

○
C, the reactions are accelerated enough so that the difference in mass yield between the large 

and small particles decreases in time. By t=60 minutes, the difference in conversion between 

particles of different sizes is very small. Once the thermal overshoot vanishes, the process no 

longer depends on the particle size (a relatively uniform temperature exists across the particle), 

and is controlled purely by kinetics.   

 In the case of 280 
○
C (Figure 4b), the exothermic temperature overshoot effects are even 

larger and although the reactions are accelerated strongly by this effect, the large particles still 

exhibit higher mass yield than the small particles throughout the process. At the end, t=60 

minutes, the largest particle (12.75mm radius) exhibits a mass yield nearly the same (0.62) as the 
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smallest size particle (2.38mm radius) which shows a mass yield of 0.615. In all cases, the 

behavior of the temperature and conversion profiles can be classified into three different periods: 

In the first period, the particle heat-up is important and therefore the profiles are governed by the 

moisture content and heat transfer characteristics of the particle and reactor system. In the second 

period, the exothermic overshoot effects- which are sensitive to temperature, kinetics, and 

particle size- become the controlling factor. In the third period, the particle is at uniform 

temperature and the conversion profile is governed by the mass loss kinetics.  The results 

highlight the importance of coupled, transient models which can account for all three controlling 

phenomena (heat transfer, thermochemistry, and kinetics).  

4.4. Effect of moisture content  

 

In order to understand the effects of moisture content in more detail, a parametric modeling 

study was completed. The simulation conditions were chosen as representative of those utilized 

by Basu and co-workers (i.e.initially ambient temperature cylindrical poplar particles dropped 

into an isothermal reactor at 280 
○
C). Only two variables were varied parametrically: particle 

radius was varied between 2.38 to 12.75 (mm) and initial moisture content from 5 to 30 (%w.b.). 

In Figure 5a, the heatup time (the time for centerline to reach 200 
○
C) is plotted versus the full 

range of variables simulated). A wide range in the heatup times from as low as 1.2 minutes for 

the smallest and driest particle (2.38mm,5%w.b) to 35.4 minutes for the largest and wettest 

(12.75mm,30%w.b) particle is predicted by the model. The heating time varies linearly with 

moisture content and quadratically with particle size which agrees with results from the 

experimental drying results Di Blasi [33]. Therefore the larger the particle the more sensitive the 

length of the drying time is to the initial moisture content.  For example, a 10% increase in 

moisture content lengthens the heatup period for a 12.75mm radius particle by 8 minutes while a 
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5mm radius particle only takes 2.2 additional minutes for the same increase in moisture content. 

This sensitivity arises because the drying rate is largely governed by the temperature of the 

particle which- as discussed previously- depends on the particle size. Overall, the results 

suggests that when torrefying large (r>10mm) moist particles, attention must be paid to the 

variations in moisture content between particles which will cause significant variations in 

conversion even for particles of the exact same size.  

In order to demonstrate these sensitivities more clearly, the dry mass yield profiles for two 

selected particle sizes of 2.38mm and 12.75mm and moisture contents of 5,15,30 %(w.b.) are 

shown in Figure 5b. For all particles, there is an initial period where the dry mass yield is 

unchanged (i.e torrefaction reactions have yet to initiate). This delay in the initiation of 

conversion is attributable to the difference in time needed to heat and dry the particles. For 

example, the large (12.75mm) and wet (30%) particle takes more than 30 minutes before 

significant mass loss occurs.  

The conversion profile of the 2.38mm particle is largely insensitive to the increased levels of 

moisture content.  For this particle size, throughout the entire 60 minute residence time, at no 

point does the difference in conversion level (quantified by the mass yield) between the dry 

(5%w.b.) and the moist (30% w.b.) vary by more than 7 percent.   However, the conversion 

profiles of the large particle (12.75mm) are extremely sensitive to the increasing moisture 

content. For example, at 35 minutes the dry (5% w.b.) particle is almost completely torreified 

(the mass yield is <70%) whereas the moist (30% w.b.) particle has yet to undergo significant 

torrefaction.  This further illustrates that grinding of particles prior to torrefaction has a 

significant advantage: the process becomes much less sensitive to the initial moisture content. 

Although the temperature profiles aren’t shown, the magnitude of the exothermal overshoot is 
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unaffected by moisture content. This is because the exothermal overshoot does not initiate until 

the particle is completely dry.  

4.5. Implications for reactor design and process control 

 

Several important and novel conclusions regarding the effects of particle size on torrefaction 

have been elucidated by the present modeling results. Initially, the larger particles take longer 

than smaller particles to heat up to the reactor temperature. The disparity in time for heat up 

between small and large particles is exacerbated by increasing moisture content. During this 

period, conversion decreases strongly with increasing particle size and increasing moisture 

content. This suggests that it may be advantageous to have a separate grinding and/or drying step 

prior to the torrefaction process which would help reduce the sensitivity of the process to particle 

size.  During the second phase, the subsequent effect of temperature overshoot caused by 

exothermic reactions accelerates the conversion of larger particles partially cancelling the effect 

of the delay caused by their slow heat up.   Although the time at which the exothermal overshoot 

occurs is delayed by increasing moisture content, the magnitude of the overshoot is unaffected 

by initial moisture content. At the last thermal equilibrium stage of torrefaction, further 

conversion is governed solely by mass loss kinetics.  

The results clearly demonstrate that the torrefaction of small and dry particles will be 

preferable to large and moist particles because of the former’s more rapid and uniform 

conversion properties. However several economic and energetic trade-offs exists between 

performing drying and/or grinding prior to the torrefaction process. One solution is to design the 

torrefaction process itself (for example through modification of the reactor heating conditions) so 

that the effect of particle size and moisture content on the overall conversion is minimized. 

While this reduces feedstock pretreatment (i.e grinding, sieving, and drying) costs it may incur 
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increased reactor complexity and cost.  Another factor to consider would be the minimization of 

the residence time of particles which would reduce the reactor volume and cost.  The third 

overarching constraint is that the process should maximize the energy yield of the solid products.  

Using the coupled model described here to identify optimal conditions which account for these 

three competing considerations will be the focus of future work. 

5. Conclusion 

A one-dimensional, coupled model for the torrefaction of single woody biomass particles has 

been presented and validated against published experimental data. The model is able to predict 

the thermal behavior as well as the consequent mass and energy yield of initially moist single 

particles undergoing torrefaction. The results show that the moisture content, particle size, 

residence time, and reactor temperature have strong and -in some cases nonlinear- effects on the 

mass and energy yield of the particle. The conversion profiles are characterized by three 

consecutive stages including (1) particle heat-up and drying, (2) exothermal overshoot, and (3) 

thermal equilibrium. The length of time required for particle heat-up and drying is determined by 

the external/internal heat transfer limitations and moisture content. As a result, conversion 

decreases with increasing particle size and moisture content. During the second exothermal 

overshoot stage, heat released from chemical reactions causes significant intraparticle gradients 

and also accelerates the conversion of large particles. While the assumed kinetic and 

thermochemical parameters are clearly crucial to determining the magnitude of this exothermal 

overshoot stage, these were not adjusted or tuned during the validation of this particle model.  

Lastly, when thermal equilibrium is reached, the particle conversion is governed by solely by 

mass loss kinetics. The validated model can serve as a useful tool in future work to assess the 

reactor conditions (temperature, residence time) and feed particle sizes necessary to achieve a 
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homogeneous and sufficient degree of conversion as well as for quantifying the trade-offs 

between various aspects of the torrefaction process. 
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Figure Captions 

Figure 1 Centerline and near surface temperature versus time for r=0.014m beech particles at final reactor 

temperatures of 235 and 289 
○
C for a) and c), respectively. Intraparticle temperatures for respective cases shown in 

b) and d) at t=10,20,40 minutes  Experimental data from van der stelt [8] 

Figure 2 Effect of final reactor temperature on centerline temperature overshoot (a) and final (t=60 minutes) 

mass/energy yields (b) for a 14mm radius beech cylinder initially at 20.5
○
C exposed to 10 

○
C/min reactor heating 

rate, and a 27 
○
C initial reactor temperature.  Experimental data in a) from van der Stelt [8]. 

Figure 3 Effect of the particle size on the centerline-reactor temperature overshoot (a) Particle size versus heat-up 

time (b) Mass/energy yields versus particle size (c). Experimental data from Basu et al. 2013 [23], reactor 

temperature=250 
○
C 

Figure 4 Centerline temperature versus time (minutes) left axis for various particle sizes (radius=2.38, 5, 7.5, 12.75 

mm). Mass yield versus time (right axis) Reactor temperature =250, 280 
○
C for a),b) respectively. 

Figure 5 a) Heatup time versus wet basis moisture content (%) b) Dry mass yield versus time for two different 

particle sizes (R=2.38,12.75mm), and three different initial moisture contents (5,15,30% w.b). 

 

Table Titles 

Table 1 Characteristic times of physical and chemical processes occurring during torrefaction 

Table 2 Assumed thermodynamic and physical properties for single particle torrefaction simulation 
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Tables and Figures 

Table 1 Characteristic times of physical and chemical processes occurring during torrefaction 

 Characteristic time (s) 

 T= 300 
○
C 

Transport process or reaction Microscale 

L=10 𝜇m 

Macroscale 

L=1 cm 

Diffusion, 𝐿2 𝐷𝑒𝑓𝑓  10
-6

 10 

Intraparticle fluid flow, 𝜇𝐿2 𝑝𝐵0  10
-5

 1 

Convective/Radiative Heat Transfer,  𝜌𝑐𝑝 s
𝐿/𝑕 10

-1
 10

3
 

Conduction Heat Transfer,   𝜌𝑐𝑝 s
𝐿2/𝑘 10

-4
 10

2
 

Torrefaction mass loss kinetics, 1/𝑘1 10
2
 10

2
 

Drying kinetics 1/𝑘𝑑  10
2
 10

2
 

𝐷𝑒𝑓𝑓 ≈  10
-6 

m
2
 s

-1
 𝐵0 ≈10

-14 
m

2
  

 𝜌𝑐𝑝 s
≈ 10

6
 J m

-3
 K

-1
 𝑕 ≈ 10 W m

2
 K

-1
  

 𝜌𝑐𝑝 g
≈ 10

4
 J m

-3
 K

-1
 𝑘 ≈10

-1 
W m 

 
K

-1
  

𝜇 ≈10
-5 

Pa s 𝑘1 ≈239 s
-1

  

𝛥𝑝 ≈ 10
4
 Pa 𝑘𝑑 ≈440 s

-1
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Table 2 Assumed thermodynamic and physical properties for single particle torrefaction simulation 

Property  Correlation/Value  Source 

Dry wood  density  𝜌𝐴0 = 𝜌𝑠0 = 700,500 𝑘𝑔 𝑚−3 (𝐵𝑒𝑒𝑐𝑕, 𝑃𝑜𝑝𝑙𝑎𝑟) [29,65] 

Initial wood composition  
(dry basis) 

𝑌𝑗 ,𝑆0 = 0.4692,0.0585,0.4662,0.0001,0.006 (Beech) for  j=C,H,O,N,Ash 

𝑌𝑗 ,𝑆0 = 0.4845,0.0585,0.4369,0.0047,0.0143 (Poplar) 

[8] 
[23] 

Solid specific heat capacity 

 

  
𝑐𝑝𝑖 =

𝑅

𝑀𝑊𝑖

 𝑒
380
𝑇  

𝑒
380
𝑇 − 1

380
𝑇

 

−2

+ 2𝑒
1800
𝑇  

𝑒
1800
𝑇 − 1

1800
𝑇

 

−2

  𝐽 𝑘𝑔−1𝐾−1 

[66] 

Solid average molecular 

weight 
𝑀𝑊𝑖 =   

𝑌𝑗

𝑀𝑊𝑗

5
𝑗=1  

−1

   i=A,B,C  𝑗 = 𝐶, 𝐻,𝑂, 𝑁                        𝑘𝑔 𝑚𝑜𝑙−1 
[66] 

Solid higher heating value 𝐻𝐻𝑉𝑖  = 1000 351.69 𝑌𝐶 + 1162.46 𝑌𝐻 − 110.95 𝑌𝑂 + 104.67 𝑌𝑆 − 62.8 𝑌𝑁    𝐽 𝑘𝑔
−1 [67] 

Solid standard heat of 

formation 
𝐻𝑓,𝑖

° = 𝐻𝐻𝑉𝑖  +
𝑌𝐻

2𝑀𝑊𝐻
𝐻𝑓,𝐻2𝑂(𝑙)

° +
𝑌𝐶

𝑀𝑊𝐶
𝐻𝑓,𝐶𝑂2

°  i=A,B,C,S         𝐽 𝑘𝑔−1 [58] 

V1  specific heat capacity  𝑐𝑝𝑉1 = 1162 + 0.961𝑇 𝐽 𝑘𝑔−1𝐾−1 [58] 

V2 specific heat capacity 𝑐𝑝𝑉2 = 601 + 2.262𝑇 𝐽 𝑘𝑔−1𝐾−1 [58] 

V1 standard heat of formation 𝐻𝑓,𝑉1
° = −10,345,151  𝐽 𝑘𝑔−1 [58] 

V2 standard heat of formation 𝐻𝑓,𝑉1
° = −7,078,295  𝐽 𝑘𝑔−1 [58] 

Heat of vaporization 𝛥𝐻𝑒𝑣𝑎𝑝
° = −2,260,000 𝐽 𝑘𝑔−1 for 𝑀𝐶𝑑 > 𝑀𝑓𝑠𝑝   

𝛥𝐻𝑒𝑣𝑎𝑝
° = 106 3.348 − 13.085 𝑀𝐶𝑑 + 60.262 𝑀𝐶𝑑 

2 − 95.778 𝑀𝐶𝑑 
3  𝐽 𝑘𝑔−1for 𝑀𝐶𝑑 < 𝑀𝑓𝑠𝑝  

[48] 

Wood thermal conductivity  𝑘𝐴 = 0.209,0.11  𝑊 𝑚−1 𝐾−1(Beech,Poplar) [15,29] 

Torrefied phase (B) thermal 
conductivity 

𝑘𝐵 = (𝑘𝐴 + 𝑘𝐶)/2 𝑊 𝑚−1 𝐾−1 (Estimated) 

Char (C) thermal conductivity 𝑘𝐶 = 0.071 𝑊 𝑚−1 𝐾−1(Beech,Poplar) [15,29] 

Moisture thermal conductivity 𝑘𝑀𝐶 = (0.406 𝑀𝐶𝑑) 𝜌𝑆0 1000  𝑊 𝑚−1 𝐾−1 [43] 

Effective thermal conductivity 𝑘𝑒𝑓𝑓= (𝜌𝐴𝑘𝐴 + 𝜌𝐵𝑘𝐵 + 𝜌𝐶𝑘𝐶) 𝜌𝐴0 + 𝑘𝑀𝐶 + 𝜀𝑘𝑔𝑎𝑠 + 13.5 𝜎𝑑𝑇3 𝜔 𝑊𝑚−1 𝐾−1 [12] 

Gas thermal conductivity 𝑘𝑔𝑎𝑠 = 25.77 ∗ 10−3 𝑊 𝑚−1 𝐾−1 [13] 

Emissivity coefficient 𝜔 = 0.95 [35] 

Porosity 𝜀 = 1 −  1 − 𝜀0 (𝜌𝐴 + 𝜌𝐵 + 𝜌𝐶)/𝜌𝐴0 [35] 

Pore diameter 𝑑 = 2 ∗ 10−5 𝑚 [35] 

Stefan-Boltzmann constant 𝜎 = 5.67 ∗ 10−8 W 𝑚−2𝐾−4  

Kinetic rate parameters  

k1  (AB) 

 

2.48 ∗ 104 𝑒𝑥𝑝 − 75976 𝑅𝑇   𝑠−1 
[6] 

kV1  (AV1) 3.23 ∗ 107 𝑒𝑥𝑝 − 114214 𝑅𝑇   𝑠−1  

k2  (BC) 1.1 ∗ 1010 𝑒𝑥𝑝 −151711 𝑅𝑇   𝑠−1  

kV2  (BV2) 1.59 ∗ 1010 𝑒𝑥𝑝 −151711 𝑅𝑇   𝑠−1  

Drying parameters 
kd  (MCliqMCvap) 

 

4.5 ∗ 103 𝑒𝑥𝑝 −45000 𝑅𝑇   𝑠−1 
 

[36] 

Vaporization temperature 𝑇𝑏 = 73.204 𝑒𝑥𝑝 26.451𝑀𝐶𝑑 + 373 𝐾  Fitted from 

[53] 
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Figure 1 Centerline and near surface temperature versus time for r=0.014m beech particles at final reactor temperatures of 235 and 289 
○
C for a) and c), 

respectively. Intraparticle temperatures for respective cases shown in b) and d) at t=10,20,40 minutes  Experimental data from van der stelt [8] 
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Figure 2 Effect of final reactor temperature on centerline temperature overshoot (a) and final (t=60 minutes) 

mass/energy yields (b) for a 14mm radius beech cylinder initially at 20.5
○
C exposed to 10 

○
C/min reactor heating 

rate, and a 27 
○
C initial reactor temperature.  Experimental data in a) from van der Stelt [8]. 

0

5

10

15

20

25

30

35

40

45

220 240 260 280 300

C
e
n

te
rl

in
e
 t

e
m

p
re

a
tu

re
 o

v
e
rs

h
o

o
t 

(C
e
ls

iu
s
)

Final reactor temperature (○C)

a)
Model

Experiment

50

55

60

65

70

75

80

85

90

95

100

220 240 260 280 300

Y
ie

ld

Final reactor temperature (○C)

b)

Mass Yield (dry)

Energy Yield 



42 

 

   

 
Figure 3 Effect of the particle size on the centerline-reactor temperature overshoot (a) Particle size versus heat-up 

time (b) Mass/energy yields versus particle size (c). Experimental data from Basu et al. 2013 [23], reactor 

temperature=250 
○
C 
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Figure 4 Centerline temperature versus time (minutes) left axis for various particle sizes (radius=2.38, 5, 7.5, 12.75 

mm). Mass yield versus time (right axis) Reactor temperature =250, 280 
○
C for a),b) respectively. 
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Figure 5 a) Heatup time versus wet basis moisture content (%) b) Dry mass yield versus time for two different particle sizes 

(R=2.38,12.75mm), and three different initial moisture contents (5,15,30% w.b).  
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