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Abstract

The kinetic compensation effect between the adtimag¢nergy and the pre-exponential
factor has extensively existed in the thermochehtoaversion processes of lignocellulosic
biomass. The research on the kinetic compensatitectein lignocellulosic biomass
torrefaction has been insufficient yet. The torcétan of the pinewood sample was
experimentally investigated by thermogravimetricalgsis (TGA) at four isothermal
temperatures of 220, 250, 265 and 280 °C. Theiogaotder model was used to analyze the
isothermal torrefaction kinetics of lignocellulodmmass, and the results showed that many
sets of activation energy and pre-exponential fazttald describe the experimental data at each
temperature equally well and they excellently $etis the kinetic compensation effect
relationship. The linear regression lines of theekic compensation effect points at different
temperatures intersected at one point, whose valaggesponded to the obtained optimal
kinetic parameters. A kinetic-compensation-effea$drl method was developed and verified to
determine the kinetic parameters of isothermal lbissntorrefaction. Based on the optimal
kinetic parameters, the thermodynamic parametectu@ing Gibbs free energy, enthalpy, and
entropy) of biomass torrefaction processes at uaritemperatures were calculated and

analyzed.

Keywords. Biomass drrefaction; Isothermal kinetics; Kinetic compensation feect;

Thermodynamic analysis.
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Isothermal torrefaction kinetics of biomass wasegkpentally investigated by TGA.
Kinetic compensation effect (KCE) was found betwkietic parameters.
A KCE-based-method to determine kinetic parametiétsrrefaction was developed.

The thermodynamic parametersq’, AH", andAS') were calculated and discussed.



1 Introduction

Raw biomass, containing high moisture content, talorific value, and hygroscopic
nature, as a consequence, collection, processiogge and transportation of biomass is a
matter of concern. At the same time, the thermodtentonversion performance of raw
biomass adversely affected by its lower-thermalliufl]. The direct use of raw biomass is
limited by logistical, economic, or technical factaherefore, pretreatment may be required [2,
3]. As one of the most recognized thermal pretreatrtechnologies, torrefaction can enhance
the biomass thermochemical conversion utilizatignimaproving its physical and chemical
properties [4, 5]. Torrefaction, as a mild pyros/process, is carried out in a temperature range
of 200 to 300 °C in the absence of oxygen. With rém@oval of water and light volatiles
containing most of the oxygen in biomass, and #véa destruction of the fibrous structure of
the original biomass material, torrefaction canumsdthe moisture content of biomass and
increase its energy density, make its propertiaagimg from hygroscopic to hydrophobic, and
improve its grindability [6, 7].

The design of a biomass torrefaction system regunyelrodynamic and thermochemical
performance simulation which involves informatidmoat mass and heat transfer as well as
chemical reaction kinetics [8]. Kinetic analysisbaddmass torrefaction can generate the values
of activation energy and pre-exponential factoriclwlare very important and can certainly be
used in estimating conversion and conversion ratesiomass torrefaction at various
temperatures [9]. Therefore, A comprehensive unaeding of biomass torrefaction kinetics
is essentiato the design and optimization of a torrefactiostegn and its scale-up for industrial
applications [10, 11].

In general, the reaction rate constant of a sdhtksreaction can be described by the

Arrhenius law [12]:
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wherek is the reaction rate constant) sk is the pre-exponential factor{js Ea is the activation
energy (J mot), Ris the universal gas constant (8.3145 Jhiar?), andT is the temperature
(°C). The Arrhenius law is widely used because it is $&mgnd can correctly describe the
exponential dependence of endothermic reactionomateemperature [13For most chemical
reactions, the effect of an increase of activaénargy, expected to decrease the reaction rate
at a particular temperature, is partially entirely offset by a compensatoryse in pre-
exponential factor, which is referred to the kinetbompensation effect [13]:

Ink, =alE, +b (2)
wherea andb are compensation effect constaitss the slope (mol%), andb is the intercept
(dimensionless)The difference in the decomposition mode for assilate reaction is the most
common cause for the appearance of the kinetic easgtion effect [14]. According to Barrie
[15], systematic errors in kinetic measurementsatsmlead to the kinetic compensation effect.

The kinetic compensation effect was extensivelystexi in biomass thermochemical
conversion processes, for example, the pyrolysietifilose [16], pyrolysis of biomass [17],
pyrolysis of torrefied biomass [18], gasificatiohlmochar [19], gasification of biomass-coal
blends [20], and combustion of woody biomass [&2Ee{ able 1). Some processes involve
multiple stages, in which different reactions wdifferent kinetic parameters occur. Therefore,
various kinetic compensation effect expresses wersented to describe thekhowever, the

study on the kinetic compensation effect in lignluesic biomass torrefaction is still missing.



Table 1. Research examples of kinetic compensation effidziomass thermochemical conversion proéess

Biomass thermochemical conversion process Kinetic compensation effect Reference

Co-gasification of biomass after hydrothern Co-pyrolysis: In k, =0.234(, -4 3 BE [20]
treatment and coal Co-gasification of biomass-char and coal-chbrk, =0.1217F, -6 2 B]

Pyrolysis of torrefied Eucalyptus clone Conversion range 0.05 — 0.6nk, =0.18E, - 368 [18]
Conversion range 0.60 — 0.7nk, =0.207, - 7 &9
Conversion range 0.70 - 0.8dnk, =0.267E, — 8 B3

Pyrolysis of cellulosic materials Ink, =0.193%, -1 0 84 [17]
Pyrolysis of cellulose Ink, =0.1887E, -5 0 B3 [16]
Gasification of Australian mallee wood pyrolys H, formation: In k,=0.115&, -4 2 BE [19]
biochar in HO . _

CO formation: Ink, =0.1118&, -4 4 BS
Combustion of wood and leaf samples Thermal decompositionink, =0.226Z, -3 0 34 [21]

Char combustionink, =0.1727, -2 5 44

3E, is expressed in kJ mbhandko is expressed in mih



Thermodynamic analysis is fundamental in the deyweknt ofthe biomass conversion
industry, facilitating the design and optimizatimithermochemical conversion processes, and
avoiding difficult measurements [22]. Some reseasdbcused on the thermodynamic analyses
of pyrolysis and gasification processes of torefimomass [23, 24]. However, only a few
studies were found to be related to lignocelluldsiemass torrefaction. Kumar et al. [25]
performed the exergy and energy analyses of biotoagdaction, while focused on the energy
lost and wasted in the torrefaction system. Detehglet al. [26]jnodeledthe thermodynamic
behavior of the condensation of a gaseous efflirent wood torrefaction. Calusen et al. [27]
investigated the total energy efficiencies of bissgasification with integrated and external
torrefaction. None of the above researchers cdklthe thermodynamic parameters of the
torrefaction process.

Therefore, in this paper, the torrefaction kinetios lignocellulosic biomass was
investigated with special attention to the kinetmmpensation effect between the kinetic
parameters, and the changes in thermodynamic pteemeere calculated and analyzed

according to the obtained optimal kinetic paranseter

2 Materials and experiments

The lignocellulosic biomass sample (pinewood) waltected from Suzhou City, Anhui
Province, P. R. China. After grinding, sieving airgting, the sample with the diameters less
than 0.5 mnwas prepared for its physicochemical characteomatnd torrefaction kinetic tests.
The proximate, elemental, compositional analyafethe sample were performed according to
the methods recommended in our previous paper J2f.lower heating value (LHV) of the
sample wasneasured in an oxygen bomb calorimeter (XRY-1Brfginai Changji Geological
Instruments Co., Ltd., China). The physicochemaalysis results of the pinewood sample

were listed inTable 2.



Table 2. Physicochemical analyses of pinewood sample

ltem Value Test standard

Proximate analysis (on dry basis)

Ash (wt.%) 0.6 ASTM D1102
Volatile matter (wt.%) 83.1 ASTM E872-82
Fixed carbon (wt.%) 16.3 Calculated by difference

Ultimate analysis (on dry ash-free basis)

C (Wt.%) 45.83 ® ASTM D8056-18

H (wt.%) 6.35 ® The O content is calculated by difference.
O (Wt.%)? 47.51

N (Wt.%) 0.31

Energy content analysis (on dry basis)
LHV (MJ kg?) 17.1 ASTM D8056-18

Compositional analysis (on dry basis)

Cellulose (wt.%) 42.2 ® NREL/TP-510-42618 (from National
Hemicellulose (wt.%) 16.6 Renewable Energy Laboratory, USA)
Lignin (wt.%) 25.6

Extractives (wt.%) 15.6

The torrefaction kinetics of the lignocellulosicobiass sample was measured by
thermogravimetric analysis (TGA), which is a thetauaalysis technique used to determine an
organic solid waste’s thermal decomposition charation by monitoring the mass change
over time and/or temperature [29]. In this stu@{A under inert nitrogen environment was

selected to perform the torrefaction kinetic preoesthe sample. The heating program used in



this study included two dynamic and two isotherimedting steps: (1) the sample was heated
to 105 °C from room temperature with the heatirtg cd 25 °C mir', (2) then the temperature
upheld at 105 °Gor 10 min to remove the moisture contained in the sample; (3) the sample
was heated to the specified torrefaction tempegat(220, 250, 265, 280, and 295 °C) with the
heating rate of 25 °C mih (4) afterwards, the specified torrefaction temperataggntained
for 5 h.Detailed information about TGA was listedliable3. The experimental data set at 220,
250 and 280 °C has been used for kinetic analygife the experimental data at 265d
295 °C has been employed for validation. Every Téxperiment repeated three times, and the
average values were used for kinetic analysis.eXperimental data of the isothermal step at
specified torrefaction temperature was used foeddtinetic analysis.

The schematic diagram of the sample processingerempnts and calculations was

presented ifrigure 1.

Table 3. Information about TGA for biomass torrefaction

[tem Information

Thermogravimetric analyzer (TGA 7, Perkin EImeg.]r

Apparatus

USA)
Isothermal measureme

220 °C; 250 °C; 265 °C; 280 °C; 295 °C
temperatures

Nitrogen with high purity (>99.9 vol. %purge flow rate:
Atmosphere

60 mL mirn?)
Test standard ASTM E2402 -19: Standard Test Method for Mass Lo

Residue, andlTemperature Measurement Validation

Thermogravimetric Analyzers
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Sample mass at one test ~4.5mg

Sample Processing Experiments and Calculations
Sample Collection Physicochemical Characterization
) ) 7 7
Natural Drying Proximate Elemental | | Energy Content
J( Analysis Analysis Analysis
= ¥ \ 2
Grinding

Thermogravimetric Analysis

v T

Sieving Kinetic Calculation
v Y
Drying in Oven Thermodynamic Calculation

Figure 1. Schematic diagram of sample processing, expetsraerd calculations in this study

3 Torrefaction model and data processing method

In literature, some kinetic models were proposedketscribe biomass torrefaction kinetics,
such as the two-step reaction model [30], distetdudctivation energy model (DAEM) [31],
and global reaction model [11]. The two-step reactmodel assumes two-step sequential
reactions: woody biomass decomposes into the Imlatid intermediate product, then the
intermediate product further decomposes into tHate and torrefied biomass. The two-step
reaction model involves the formation and decontpwsiof the intermediate product, which
cannot be accurately quantified using existing meag techniques. Therefore, the model has
not been verified yet. The DAEM assumes an infimitenber of parallel reactions with the
same pre-exponential factor and different activagoergies which can be represented by a

continuous distribution function. For the DAEM, thgsumption of the activation energies with
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a continuous distribution function is over-ideatizand the differences between the assumed
and the real activation energy distribution aressaifitial. The DAEM equation has complex
mathematical structure leading to difficulties iar@meter estimation [32]. And the global
reaction kinetic model assumes that biomass decsesgato the torrefaction volatile and solid
torrefied product and uses two kinetic parameteiduding the pre-exponential factor and
activation energy to describe the kinetic procdssi@amass torrefaction. Compared with the
two-step kinetic model and DAEM, the global reactkinetic model is simple and easy to use,
and its accuracy is good enough in describing bssmarrefaction kinetics. In this study, the
global reaction kinetic model was considered in kimetic analysis of pinewood isothermal

torrefaction:

gV
Vi ~ E, V()
dt _komp( R(T+273.13J[E1 vf} 3)
t=0, W=g
Vf

wherev(t) is the amount of releasing volatiles (mg) attihee t andv: is the total amount of
releasing volatiles (mg).

Integration of Equation (3) resulted in the follogiequation:

vt) _., _ _ E.
N, T ex{ s Dex{ R(T + 273.15)] [ﬂ} )

To determine the parameters (includikgand Es) in the above model, the following
objective function was established:
v v | v |
\ i \ i
SSHk, E,)=2. {—} {—} )

exp cal

where SSE is the sum of squares of errors betwgerienental data and data calculated from

Equation (4), the subscriptrepresents theth data pointng is the number of data points, the

12



subscripts exp and cakénotethe experimental data and the data calculated fin@model. The
optimal kinetic parameters minimizing the aboveeghye function is the resulting ones.

The goodness-of-fit of the kinetic model for delirg the experimental data was
evaluated by two statistical measures: the coefiicof determination (8 and the variation

coefficient (VC). The variation coefficient is deéid as follows:

/ss;/
VC | %= (. —p) x 100

V(L
ol [ V)
Vf

(6)
m

exp
where ‘mean’ denotes the mean valpas the number of parameters, andepresents the
standard deviation. The closef B to 1, the more closely the model fits the sangata. VC
is a measure of relative variability, which is th#io of the standard deviation to the mean.

In this work, all numerical calculations were cadiout in the MATLAB software
environment. The block diagram and correspondiregigs-code for the numerical calculations

concerned in this work were summarizedrigure 2.
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START )

(@
Input

Raw experimental data
(mass loss data)

v

Pre-processing of experimental data

Convert mass loss data into kinetic data
W) my—m(t)

v,  my—m,

¥

Calculation of SSE values

SSE(kO,Ea)—"Zd{[@] _{9} }
= 4 exp ! cal

v

Linearly regression of compensation
effect points and statistical analyses

]
Output
Kinetic parameters (Ink,
and E)

¥

Verification of kinetic parameters
& SSE  curves for  considering
simultaneously experimental data at all
temperatures.
<& Comparison between experimental
data and model prediction

¥

Thermodynamic calculations
<& Gibbs free energy
< Enthalpy
< Entropy

[}
( STOP )

Step 1: Input mass loss data
T1: (t1, mexpl) T2: (12, mexp2) T3: (13, mexp3)

Step 2: Pre-process data
(t1, mexpl) — (t1, v1/vf)

(t2, mexp2) — (12, v2/vf)
(t3, mexp3) — (t3, v3/vi)
Step 3: Calculate SSE values for each temperature
for kO = kO0i : AkO : kOf
for Ea = Eai : AEa : Eaf
SSE1 for experimental data at T1
SSE2 for experimental data at T2
SSE3 for experimental data at T3
end
end
Plot 3D scatter and find compensation effect points

Step 4: Linear regression of compensation effect points
(al, bl) = polyfit (Eacepl, kOcepl, 1)

(a2, b2) = polyfit (Eacep2, kOcep2, 1)
(al, bl) = polyfit (Eacep3, kOcep3, 1)

Step 5: SSE for experimental data at T1, T2 and T3
SSE = SSE1 + SSE2 + SSE3 for kO and Ea ranges
Plot 3D scatter and find optimal points

Step 6: Statistical analysis
R2i = corrcoef (vi/viexp, vi/vical), 1= 1, 2, 3)
VCi = sqrt (SSEi/(n-p)) / mean (vi/vi), i=1, 2, 3)

Step 7: Thermodynamic analysis
delta G= delta G(Ea,k0,T)
delta H= delta H(Ea,k0,T)
delta_S=delta S(Ea,k0,T)

Figure 2. (a) Block diagram and (b) pseudo-code for numédakulations

4 Results and discussion

The values of v(f) and vy can be calculated using TGA data:

where M, (mg), M(t) (mg)and m, (mg) are the initial mass, the mass of torrefaction solid

residual at time ¢, and the final mass of torrefaction solid residual, respectively. In the literature

v(t) _ m —m(t)

Vi

m, —m
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v(t)

[33], —= was expressed as the degree of conversion, which ranged betweand0l. The
Vf

(t)

final mass is a function of the torrefaction tengbere and initial mass. Th(\a/L values at
Vf

various time for a specified torrefaction temperatwere obtained from ther,, m(t) and
m, data at that temperature.

The processed experimental data of lignocelluldsammass torrefaction at different
temperatures of 220, 250 and 280 °C were showigur e 3, where it was obtained that higher

temperatures resulted in the releasing of morefaction volatiles.

1.04 T T T T T T T N
o 220°C AAAAAAAAAA
0gd © 250°C aandst |
) ) o NS
80 °C s G
~~0.6- K -
~~ A
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t/ A o©O
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A 500 00
N 000000
0249 A oc,oooo .
Aooooo gpopoooooood
0.0_ﬁgn?nn?uunnn?nu?nnfn ' | | | ]
0 30 60 90 120 150

¢t/ min

Figure 3. Processed experimental data of lignocellulosic lissrtorrefaction at three

temperatures of 220, 250 and 280 °C

To investigate the effect ofkmandEa on the results of SSE, the kinetic experimenttd da

of lignocellulosic biomass torrefaction at 220, 26@ 280 °C were substituted into Equation
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(4) and the SSE values for variouolifrom 20 to 22 with interval of 0.Xp in s!) andEa
(from 125 to 145 kJ mdlwith interval of 0.01 kJ md) values (se&igure 4). To present the
results more clearly, only those points whose S&8Ees are less than 0.04, 0.06 and 0.08 for
220, 250 and 280 °C were shown. It was found thatynpoints could reach the minimum SSE
value simultaneously, which indicated that manys seft Inko and Ex could describe the

experimental data at every temperature equally. well

0

|
A‘“‘ W

— Ink, = 20.0 — Ik, = 21.1
—— Ink, = 20.1 — Ink,=21.2
— Ink, =20.2 — Ik, =213

Ink, = 20.3 —— Ink, = 21.4
e Ik, = 20.4 Ink, =21.5
—— Ink,=20.5 —— Ink,=21.6
— Ink, = 20.6 Ink, =21.7
— Ink, =20.7 Ink, =21.8
— Ink, =20.8 Ink, =21.9
o Ink, = 20.9 —— Ink,=22.0

—— Ink,=21.0

Figure4. SSE curves with variouskfnandE, values for fitting of experimental data at

(a) 220 °C (b) 250 °C; (c) 280 °C.

A perfect linear relationship between thoses &étirko andE, for each temperature
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were found Figure5), which indicated that they followed the kinetangpensation effect. The
linear regression lines of kinetic compensatioreaffpoints for three temperatures were
observed to intersect at operticularpoint, where Ik = 21.08 andE, = 133.75 kJ mof,
respectively. The linear regression results of cemsption effect points for different
temperatures were listed Trable 4. And the values of 100B/(Ti+273.15) were also included
in Table 4. From the results included ihable 4, it was obtained that the values afand
1000R/(T+273.15) were very close for all cases, which wassistent with the isokinetic

100CE,

|
R(T,, +273.19

relationship extensively existed in many chemiegictions: In A, =Inkg, +

(j is expressed in kJ mb)l[34].

| | ' | ' | ' |
22.0 71 o KCE points - 220 °C A
Linear fit of KCE points - 220 °C £

N 71 6' o KCE points - 250 °C

: Linear fit of KCE points - 250 °C

A 9141 & kee points - 280 °C .
. S 21.2 1 Linear fit of KCE points - 280 °C ]
g 21.04 ’ ]
- 20.81 .
VQO 20.6 1 7
< 20.44 Intersection points i

Ink,=21.08; E =133.75 kJ mol" -

128 130 132 134 '1 136 138
Ea / kJ mol

Figure5. Linear regression of kinetic compensation effemnts for three temperatures (KCE

in figure represents kinetic compensation effect)

Table 4. Linear regression results of compensation effectts
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Compensation effect parameters

T/ °C 1000R/(T+273.15) / mol k3
a/ mol kJ* b R?¢
220 0.2440 -11.5534  1.000 0.2439
250 0.2298 -9.6600 1.000 0.2299
280 0.2176 -8.0276 1.000 0.2174

The SSE values for variouskinandEa with simultaneously considering the experimental
data at all temperatures were computed and showigure 6, where it was seen that there
was an optimal point minimizing the SSE value. Tile andEa values corresponding to the
optimal point were 21.05 and 133.79 kJ thalespectively, which were very close to those
values corresponding to the intersection pointhef tompensation effect lines for different

temperatures.

18



@ Optimal points
Ink,=21.05; E =133.79 kJ mol” =

~D
o e o~

e

Figure 6. SSE values for variouskfnandEa values with considering experimental data at all

temperatures simultaneously

Based on the optimal parametersk{ls 21.08 andEa = 133.75 kJ moY) obtained from
the kinetic compensation effect analysis, the mtezh was calculated from Equation (4) for
different temperatures, and the correspondingssitzdi analyses were performed ($egure
7). It was observed that the optimal parametersccdescribe the experimental data at different

temperatures very well ¢R> 0.98 and VC < 7.45%).
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Figure 7. Comparison between experimental data and model prediction at 220, 250 and

To verify the accuracy of the model coupled witk thptimal kinetic parameters at the
extra temperature, the comparison between the iexpetal data atinterpolated and
extrapolated temperatures of 265 and 295 add the corresponding model prediction was

shown inFigure8. It could be seen frofigur e 8 that the model could predict the experimental

280 °C

datawell, which indicated the reliability of the method for the determination of the kinetic

parameters and the accuracy of the resulting kinetic parameters. Based on the reaction order

model with the optimal kinetic parameters, /v vs. t curves atn extra temperature of

235 °C could be predicted and also includeBigure 8.
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Model prediction at 265 °C

Model prediction at 235 °C

0 20 40 60 80 100 120 140 160 180
¢t/ min

Figure 8. Validation ofv(t)/v; at 265 and 295 °C and predictionv@)/vs at 235 °C

Pinewood contains three bio-polymer componentduloske, hemicellulose, and lignin.
Those components decompose over different temperatange [35]: hemicellulose
decomposes at a relatively low-temperature rang200f— 350 °C because of its branched
structure, cellulose decomposes at the moderaggterure range of 325 — 400 °C, while lignin
decomposes at a wide temperature range of 250 2G[BB, 37]. Therefore, under torrefaction
conditions (200 — 300 °C), the reactions occurridgring torrefaction include the
decomposition of hemicellulose and lignin, with #ncantribution from the latter [38]. The
relatively small activation energy value for thetlsermal torrefaction of pinewood at the
temperature range of 220 - 295 °C attributed todé@mposition of hemicellulose contained
in pinewood.

The activation energy of pinewood torrefaction wasse to that of beech wood
torrefaction (122.9 kJ mdl) [11]. Awang et al. [39] performed the torrefactiof Leucaena
Leucocephala and obtained its activation energy of 42.3 kJ aing the Coats-Redfern

method. The Coats-Redfern kinetic method used tre¥somplified approximation of the
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temperature integral, which would lead to a sigaifit system error in the determination of the
activation energy [40].

The above kinetic analysis of pinewood torrefactvam calculate the activation energy
required for the torrefaction reaction to procebldwever, it gives no information about
conditions once the torrefaction reaction equiliésa Thermodynamic analysis can provide
information regarding the equilibrium conditions eblid torrefaction product (torrefied
biomass) after the torrefaction reaction takesep|dt]. Therefore, the thermodynamic analysis
of pinewood torrefaction was carried out and theesponding results and discussion were
listed as follows.

Based on the activation energy and pre-expondatitdr, the thermodynamic parameters
of activation (including Gibbs free energy, entlyaland entropy) can be calculated from the

Eyring Theory [42-45]:

AG' = E, +RIT +273 15)1 KBEQT+27315)j @)
hk,
AH" =E, -R[{T +273 15 9)
g -OH -AG (10)
T+27315

whereAG" (J motY), AH" (J mot!) andAS (J mot! °C?) are the changes in Gibbs free energy,
enthalpy, and entropy of activation, respectivek, represents the Boltzmann constant

(1.381x1672 J K1), andh is the Plank constant (6.626x¥Q sb).

Table 5 listed the thermodynamic parameter values for dagtiulosic biomass
torrefaction at different temperatures. The charnig&sibbs free energy represent the potential
work and the spontaneity of a chemical process [B6AG" values obinewoodtorrefaction
slightly increased with increasing temperature, chindicated that the spontaneity in the

torrefaction decomposition reactigncreased at higher temperatures. The changeghalpy
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represent the difference in energy between rea@tantpinewood) and products (torrefaction
volatile and solid torrefied biomass) aadcertain that a chemical reaction process will be
endothermic or exothermic [47]. The positive valudsAH"™ for lignocellulosic biomass
torrefaction indicated that energy was required fioe decomposition reaction during
torrefaction. There was a slight differenceAR” for lignocellulosic biomass torrefaction at
different temperatures, which showed that simifeergy in the decomposition reaction during
torrefaction at different temperatures. The chamgestropy can be considered as the disorder
degree of a chemical reaction [48]. Th8 values ofpinewoodtorrefaction showed negative
values and increased with increasing temperatutechwindicated that theorrefaction
decomposition reacticat higher temperatures was more activated.

To the best of our knowledge, there is no thermadyin reference parameter result that
stands for the isothermal torrefaction of biomé&kswever, there existed some thermodynamic
analysis results for the nonisothermal pyrolysisbadfmass [49-51], which were crucially
different from each other. For example, Mishrd gd®] calculated the average thermodynamic
parameter values féthyllanthus emblica pyrolysis:AG™ = 215 kJ mot, AH™ = 182 kJ mot,

AS = -72 J mof K1, and while Singh et al. [51] obtained the aver#igermodynamic
parameter values for banana leaves biomass pysoNGi = 81 kJ mot, AH™ = 64 kJ mot,
AS = -63 J mof K. The thermodynamic parameter values of the pyi®lgé biomass
feedstocks could depend on material nature, pyilg®nditions, and thermodynamic
calculation method.

Based on the above analyses, it can be stateththkinetics is related to the reactivity of
the decomposition reaction of pinewood torrefactfoeaction rate, pathway and activation
energy), while thermodynamics is related to sevir@imodynamic parameters, whose values
do not depend on the torrefaction decompositiorctiea pathway. According to the

thermodynamic analysis, the heat required for dgxamition reaction during torrefaction under
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different torrefaction temperatures can be furtteculated and can be used to estimate the
heat and exergy efficiencies of a torrefactionesystogether with energy input and output, and

system heat loss [52, 53].

Table 5. Thermodynamic parameter values for lignocellddsomass torrefaction at

different temperatures

T/°C AG' | kJ mot* AH" / kJ mot* AS | J mott °C?
220 170.165 129.650 -82.156
235 171.399 129.525 -82.405
250 172.637 129.400 -82.647
265 173.879 129.276 -82.882
280 175.124 129.151 -83.111
295 176.372 129.026 -83.333

5 Conclusion

Many sets oko andEa could describe the experimental data at each texhye equally
well and excellently satisfied the kinetic compéimsaeffect relationship. The linear regression
lines of those kinetic compensation effect pointsrisected at one point ki= 21.08 andea =
133.75 kJ mot), which could minimize the SSE values with consitg experimental data at
all temperatures simultaneously. This paper pravideproven method for determining the
kinetic parameters based on the kinetic compemsaffect. When the torrefaction temperature
increased from 220 to 295 °C, th&” values increased from 170.1 to 176.4 kJ mol-1AtHe
values slightly decreased from 129.7 to 129.0 kUrtbeAS values changed from -82.1 to -

83.3 J mof °C™.
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