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torrefaction process has mainly been regarded as a way to improve the properties of 
biomass in order to make it an a lternative solid -fuel equivalent to coal. However, by 
integrating the torrefaction process more closely with the other thermochemical and 
biochemical processes, it would be possible to produce multiple products, all of which 
would make the torrefaction pro cess more economically feasible. For example, 
torrefaction volatiles can be condensed and the resulting condensate can be further 
processed to produce high value products such as bio -methane, wax esters and other 
bio-chemicals. At the same time, the heat e nergy produced by torrefaction can also 
be utilized.  

 Thus, in this thesis different approaches to process integration have 
been developed in order to improve the feasibility of the torrefaction process both 
technically and economically. The feasibility of  various process configurations was 
studied through laboratory scale experiments and process simulations to the level 
required for commercial operation. Firstly, the influence of torrefaction treatment on 
the pyrolysis of woody biomass was studied using th ermogravimetric analysis (TGA) 
and differential scanning calorimetry (DSC). As pyrolysis is a preliminary step in 
biomass combustion and gasification, it is vital to thoroughly understand the 
decomposition mechanism of torrefied biomass during pyrolysis. S uch an 
understanding is needed to better utilize torrefied biomass in other thermochemical 
processes. Laboratory experiments were carried out on the anaerobic digestion of 
torrefaction condensate in order to investigate the feasibility of integrating the 
torrefaction process with anaerobic digestion. As a general rule, microbial processes 
are sensitive to certain inhibitory compounds present in the substrate and this rule 
applies to torrefaction condensate, which contains several such inhibitory 
compounds. Another issue is that torrefied biomass requires large quantities of 
binders during pelletization. Therefore, an innovative adsorption -based process has 
been developed for the detoxification of torrefaction condensate, thus reducing the 
need for large quan tities of binders  during the pelletization stage of producing 
torrefied biomass pellets . Finally, the data generated through laboratory scale 
experiments was used to simulate a commercial scale torrefaction process integrated 
with anaerobic digestion, in o rder to evaluate  its techno -economic feasibility. This 
included an analysis of possible heat energy recovery options.  
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 A simplified pathway for AD i s shown in Fig. 2. 3. This comprises four 
main stages, as described below.  

Hydrolysis: This is the first stage in the AD process during which complex organic 
materials such as proteins, lipids, and carbohydrates are hydrolyzed into soluble 
products such as amino acids, sugars, glycerol, and long chain fatty acids by extra 
cellular enzymes released by the microorganisms [74,75] . 

Acidogenesis: In this stage, the monomers of simple soluble compounds such as 
amino acids, sugars and long chain fatty acids produced during hydrolysis are 
further converted into organic acids, alcohols, hydrogen and carbon dioxide. The 
most common organic acids are acetic, propionic and butyric, among others [74,75] .  

Acetogenesis: The short chain fatty acids produced during acidogenesis (propionic, 
butyric and valeric) are further converted into acetate, carbon dioxide and hy drogen. 
According to [74] , it is difficult to make a clear distinction between the acidogenesis 
and acetogensis reactions in the AD process [74,75] . 

Methanogenesis: This is the final stage in the AD process, in whic h a group of 
methanogenic archaea produce methane along two pathways 1) acetic acid to 
methane and carbon dioxide 2) using hydrogen as a donor to reduce the CO 2 content. 
Two-thirds (66%) of the methane is produced in the first pathway and one -third is 
produced through 2 [74,75] . 

 

 

Fig. 2.3. Simplified  pathway of anaerobic digestion process  (adopted from  [74]) 
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7. Lee et al. [83]  studied the detoxification of woody hydrolysates using activated 
carbon prior to ethanol production. They reported that T. saccharolyticum strain 
MO1442 was able to produce a t heoretical 100 % ethanol yield from detoxified 
hydrolysate. In another study, Soleimani, et al. [84]  looked into the removal of 
microbial inhibitors like phenol, furfural and acetic acid using powdered activated 
carbon and reported that the detoxification increased the xylitol yield by 10 %. 
Björklund et al. [85]  studied the feasibility of detoxifying lignocellulose hydrolysates 
using lignin. They concluded that, depending on t he lignin dosage, this treatment 
improved ethanol production and the removal of inhibitory compounds. Cavka and 
Jönsson [86]  used sodium borohydride for the detoxification of spruce wood 
hydrolysate and reported that ethanol yield was tripled. Chan and Duff [79]  studied 
the detoxification of pyrolysis oil using different organic solv ents like tri -n-
octylamine, tributyl phosphate, oleyl alcohol and oleic acid . Of all these 
detoxification methods, adsorption using activated carbon seems to be the most 
promising, and cost -effective, method for industrial scale operations.    
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Fig. 3.1 An overview of the  scope of this thesis work and the objectives of the original 
research papers. TB=torrefied biomass, TC=torrefaction condensate, 
TV=t orrefaction volatiles, AD=anaerobic digestion.    
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4 Materials and methods  

This chapter presents the experimental, analytical and modeling 
methods used in this thesis work.  

4.1 Process configurations studied under this thesis work  

This section describes three approaches to process integration studied 
in this thesis work. These are:  

 1) Integrating torrefaction with pyrolysis  

 2) Integrating torrefaction  with AD  

 3) Integrating torrefaction with adsorption and AD  

4.1.1 Integrating torrefaction with pyrolysis (paper I)  

 As discussed in section 2. 8.2, torrefaction treatment  has a significant 
influence on the properties of the pyrolysis oil , such as reduced O/C ratio, increased 
lignin oligomers and anhydrosugars, and reduced light oxygenates i.e. acids and 
aldehydes [52] . Thus, integrating torrefaction with pyrolysis should be interesting. 
First, it is important to understand the decomposition characteristics of the torrefied 
biomass in order to better design and optimize the pyrolysis process. The most 
important of these characteristics are the reaction kinetics, the reaction mechanism 
and the heat flow data. In this thesis, the influence of the torrefaction treatment on 
the pyrolysis process parameters of kinetics, reaction mechanism and heat flow was 
studied using TGA and DSC devices (paper I ) and mathematical modeli ng. Fig 4.1 
shows the overall process flow of the experimental procedure, which was carried out 
in order to investigate the influence torrefaction treatment, has on pyrolysis.  

 

Fig. 4.1. Process flow of experimental procedure carried out in order to 
investigate the influence of torrefaction treatment on pyrolysis  
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4.1.2 Integrating torrefaction with anaerobic digestion (paper II)  

 At present, torrefaction volatiles are combusted along with wood chips 
and/or with other utility fuels such as natural ga s or LPG to produce the heat energy  
needed in drying and torrefaction un its. As discussed in section 2. 10, torrefaction 
volatiles have different problematic characteristics, such as low heating value and 
high corrosivity. Therefore, combusting these volatiles may  not be a feasible option. 
On the other hand, torrefaction volatiles can be condensed and the resulting 
condensate can be utilized more effectively in other processes.  

 AD is a well -known and established industrial process whereby a group 
of microorganism s converts the organic fraction into biogas (mainly containing CH 4 
and CO2). Acetic acid and other volatile acids are intermediate products in the 
anaerobic digestion process (Fig 2.3 ). The torrefaction condensate mainly consists of 
water (50 to 85%) and a cetic acid (5 to 15%) depending on the severity of the 
torrefaction process. Thus, torrefaction condensate could be utilized as a feedstock 
for the anaerobic digestion process  [29] . Fig. 4.2 shows the process flow of integrating 
torrefaction with AD. For this study, the AD of torrefaction condensate was studied 
with batch and cyclic batch experiments, the results of which are presented in paper 
II . The produced biogas could be used either in a biogas engine or as a vehicle fuel. 
The techno-economic feasibility of integrating torrefaction with AD was carried out 
for different end applications of produced biogas. The results were presented in paper 
IV .  

 

Fig. 4.2 Process flow of integrating the torrefaction with AD  

4.1.3 Integrating torrefaction with adsorption a nd AD (paper III)  

 The experimental results reported in paper II  showed that torrefaction 
condensate is a feasible feedstock for the AD process. However, under higher 
substrate loading it inhibited the production of methane. The major inhibitory 
compounds are furfural, 5 -HMF and Guaiacol, all of which must be removed and/or 
reduced to improve the viability of the process. As discussed in section 2. 12.3, several 
methods have been proposed in the literature for the detoxification of biomass -
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derived oils, such  as solvent extraction, over -liming, evaporation, and adsorption 
using activated carbon. Of these, adsorption is the most widely used because of its 
cost effectiveness and easy operation.  

With large volumes, the torrefaction process requires binders durin g 
the pelletization process in order to reduce the energy requirement and to improve 
the quality of the pellets. The different types of binders that have been studie d are 
discussed in section 2. 10. Another way to improve the quality of the pellets, as 
reported  by [87] , is to mix the torrefaction condensate with torrefied biomass.  

In this study, a new process configuration was developed to address the 
two above-mentioned issues: (1) detoxification of the torrefaction condensate , and (2) 
reducing the energy requirement for the pelletization of the  torrefied biomass . Fig. 
4.3 shows the process flow for an integrated approach to adsorption, AD and 
pelletizat ion. The basic idea is to use part of the produced torrefied biomass as an 
adsorbent for the removal o f inhibitory compounds from torrefaction condensate. 
Later, the same torrefied biomass will be mixed with the rest of the torrefied biomass 
before pelleti zation. During the adsorption process, the torrefied biomass adsorbs 
furans, phenolic compounds and water from the torrefaction condensate. Thus, it 
acts as a binding material and thereby reduces the energy requirement in the 
densification process. The pro posed process can also improve the quality and 
durability of the torrefaction pellets.   

During adsorption, the inhibitory compounds from the furan and 
phenolic groups in the torrefaction condensate can be reduced or removed. In this 
case, a major compound in the resulting torrefaction condensate will be an aqueous 
fraction rich in organic acids i.e. for example acetic acid. Thus, after detoxification 
the torrefaction condensate may be effective ly used as an ideal feedstock for the AD 
process. The ultimate aim of th is process was to improve the properties of the 
torrefied biomass pellets and to detoxify the torrefaction condensate without adding 
any external chemicals or materials.  
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5.5 Integrating torrefaction with a dsorption and AD  (paper III)  

5.5.1 Influence of  the  torrefaction temperature on furfural adsorption  

 The influence of the torrefaction temperature on furfural adsorption is 
illustrated  in Fig. 5 .11. When the torrefaction temperature increased from 225 to 
300 °C, the furfural adsorption (%) increased from 47 % to 77% at 150 g/L of torrefied 
biomass dosage and 12 h of residence time. The reason for the  increased adsorption 
could be the enlarged pores and the consequent increase in the number of sites. As 
the temperature is increased from 225 to 300 °C the ex isting pores are enlarged 
thereby allowing the rapid diffusion of furfural solution into the torr efied biomass 
structure, which increases the surface contact.  

 

Fig. 5.11. Influence of torrefaction temperature on furfural adsorption. The initial 
concentration of furfural (C 0) = 6000 mg/L, and residence time = 12 h  (paper III).   

5.5.2 Effect of pH, dosage and contact time  

 This study has shown that the pH has a slight effect on furfural 
adsorption on  torrefied biomass (Fig. 5 .12a). For example, when the pH changes from 
2 to 9, the q e value (mg of furfural adsorbed per g of torrefied biomass) changed fr om 
41±4.3 to 37± 2.6 respectively. The dosage of torrefied biomass does have a 
significant effect on the furfural adsorption (Fig. 5.12 b). For example, the furfural 
adsorption was 17% at 25 g/L dosage and 77% at 150 g/L dosage. The q e values were 
41± 3.41 and 31±0.61 for 25 and 150 g/L dosage respectively  at 12 h of contact time. 
Fig. 5.12c shows the influence of contact time on furfural adsorption. The furfural 
adsorption is relatively rapid in the first 2 hours, i.e. up to 85% of the total furfural 
is adsorbed. When the contact time was increased from 2 h to 12 h the furfural 
adsorption (%) at 150 g/L of loading increased from 54 to 77%.  
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 5.5.4 Detoxification of torrefaction condensate  

The adsorption (%) of different components present in torr efaction 
condensate at various torrefied biomass loadings are presente d in Fig. 5.15 . The 
phenolic and furan -aldehydes showed more affinity towards the torrefied biomass. 
The order of adsorption is phenolic > furan aldehydes > organic acids.   At 250 g/L o f 
dosage, the furfural adsorption was 54% and hydroxymethylfurfural (5 -HMF) was 
reduced by 25%.   

 
Fig. 5.15. Adsorption (%) of different compounds present in torrefaction condensate 
at varied torrefied biomass dosage (paper III).    

At 250 g/L dosage, th e adsorption (%) of other furans such as 2(5H) -
furanone and 2 -furancarboxaldehyde, 5 -methyl - were 23 and 60% respectively. In 
the case of phenolic compounds, coniferyl aldehyde has the highest adsorption i.e. 74 
% at 250 g/L. The adsorption of other phenol ic compounds such as phenol, 2 -methoxy - 
(guaiacol), creosol, and vanillin was 52, 47 and 56 % respectively at 250 g/L. For 
organic acids, the adsorption of formic acid and acetic acid was 21% and 11% 
respectively at 250 g/L. In contrast to other compounds,  the propionic acid 
concentration was increased by 12 % at 250 g/L. The lower adsorption of acetic acid 
could be attributed to its polar characteristics and its consequent hydrophilic nature.   

 In the previous study, Björklund  et al.  [85]  reported the removal of 36 
% pf phenols, 27 % of 5-HMF and 49 % of furfural at 100 g/L of lignin dosage from 
spruce wood hydrolysis. Where, the initial concentration of those compounds was 2, 
0.6 and 3.3 g/L. In this study, the adsorption of 33% of phenols, 14 % of 5 -HMF and 
34 % of furfural at 100 g/L of torrefied biomass dosage was observed. In the another 
study, Monlau  et al. [139]  used pyrolysis chars produced from solid anaerobic 
digestion digestate to remove furfural and 5 -HMF fro m Douglas -fir wood hydrolysate 
where the initial concentration was 1000 mg/L. They reported that 99% of furfural 
and 95 % of 5-HMF was removed from the hydrolysate at 40 g/L dosage and 24 h 
contact time. The surface area of those chars were almost 50 times  higher than the 
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surface area of the torrefied biomass reported in this study. It should be noted that 
in comparison with above referenced studies [85,139] , higher amount of torrefied 
biomass was required to remove the inhibitory compounds.  One reason for this  could 
be the low surface area of the torrefied biomass , for example, the surface area of 
pyrolyzed chars was 50 times higher than the torrefied biomass. The other reason 
could be the high concentration of inhibitory compounds in torref action condensate , 
the concentration of inhibit ory compounds in the torrefaction condensate is 9 times 
higher than the biomass hydrolysates reported in previous studies [85,139]  . 
However, this will not have a negative impact on the overall  process, as torrefied 
biomass after adsorption goes back into the pellets production (Fig. 4.3).   

5.5.5 Influence of detoxification on the AD of torrefaction condensate  

The AD batch assays were carried out using torrefaction condensate, 
detoxified with 2 50 g/L of torrefied biomass dosage. Fig. 5 .16 shows the cumulative 
methane yield from the AD of torrefaction condensate before and after detoxification 
at the end of 35 d for 0.1 and 0.2 VS substrate :VSinoculum  loadings. The preliminary study 
on the AD of d etoxified torrefaction condensate showed that the proposed adsorption 
process reduced the inhibition of torrefaction condensate and improved methane 
production. As expected, no inhibition was observed at 0.1 VS substrate :VSinoculum  loading 
and the methane y ield was 689 and 695 mL/g VS  for 0.1 VS substrate :VSinoculum  for the 
original and detoxified torrefaction condensates respectively. In case of 0.1 
VSsubstrate :VSinoculum , for the initial 5 d the methane production followed the same 
trend for both the origi nal and the detoxified torrefaction condensates. However, 
after 5 d the methane production from the detoxified torrefaction condensate  started 
increasing, and after 20 d the methane yield for both set -ups was saturated.  In case 
of 0.2 VSsubstrate :VSinoculu m, the lag phase was reduced from 24 d to 16 d with detoxified 
torrefaction condensate.  

 

Fig. 5.16. Cumulated methane yield from AD of torrefaction condensate before and 
after detoxification at the end of 35 d for 0.1 and 0.2 VS substrate :VSinoculum  loadi ngs 
(paper III).    
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5.6 Operational and economic feasibility of integrating torrefaction 
with AD  (paper IV)    

 Although three different process configurations have been studied 
through experimental analysis, the techno -economic evaluation of integrating 
torrefaction with AD has been presented in this thesis. To better understand the 
benefits of process integration, it is worth studying the techno -economic feasibility 
of each process configuration individually. In this thesis, the techno -economic 
feasibilit y of integrating torrefaction with AD was considered in order to make a 
comparative analysis with commercial scale torrefaction operations where torrefied 
biomass is sold in the form of pellets. The main motive was to show the economic 
benefits of process integration of torrefaction with respect to the market price of the 
torrefied pellets. The techno -economic feasibility of integrating torrefaction with 
furfural adsorption and pyrolysis will be the subjects of future study.  

5.6.1 Mass and energy balance  

 The mass and energy balances of stand -alone torrefaction and other 
integrated approaches is shown  in Fig. 5 .17. In the torrefaction process, drying was 
the major energy -consuming unit. The heat energy requirement at drying was 1372 
kJ/kg of wet wood chips ( 40% of moisture), after which the moisture content is 
reduced from 40 to 10%. The energy balance in the torrefaction reactor showed that 
the overall torrefaction process is exothermic. However, it is important to consider 
the amount of heat energy required  to raise the wood chips temperature to the 
torrefaction temperature and to remove the moisture. For that, the calculated heat 
energy requirement at torrefaction was 789 kJ/kg of dried biomass. A previous study 
[140]  has shown that the energy required for the torrefaction of dry biomass at 280 
°C was 714 kJ/kg. Finally, the total heat energy required for both drying and 
torrefaction was 2162 kJ/kg. The previous study , [141]  reported an energy 
requirement of 2277 kJ/kg for a pilot plant operating at 260 °C.  

 The calculated heating value of the torrefaction volatiles was 4.3 MJ/kg 
of torrefaction volatiles (2 MJ/kg of dry biomass), which is within an acceptable range 
of the published data. For example, [32]  reported a value of 3.5 MJ/kg of dry willow 
biomass and [61]  reported a value of 6.3 MJ/kg of torrefaction volatiles.  

At 10 t/h of torrefied biomass pellets production, the total amount of 
condensate produced was 4.54 t/h. The total methane yiel d was 9241 m3/day at a 
digester volume of 7826 m3. The electrical energy production was 1.73 MW. 
However, the net electrical energy available after allowing 5% of electrical energy 
consumption for pumps and other controlling equipment was 1.64 MW (i.e. 13, 016 
MWh/year). The biomethane produced after upgrading for both HPWS and PSA 
units was 8871 m 3/d. The amount of digestate produced was 101 t/d. The total 
wastewater produced was 320 t/d (which includes saturated water vapor from drying 
and digestate).  
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Fig. 5.18. Possible heat energy recovery for integrated torref action process (paper 
IV).     
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significant  influence on the torrefaction economics. This study showed that the 
combination of low -cost feedstock, integrated torrefaction and waste heat recovery 
could reduce the selling price of torrefied pellets to a level at which it is extremely 
competitive with wood pellets.   

 This thesis work contributed to the scientific knowledge of the 
torrefaction process by  developing new process configurations to improve its techno -
economic feasibility.   
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7 Future prospects 

In this study, preliminary analysis was carried out to understand the 
influence of torrefaction treatment on heat flow during biomass pyrolysis. However , 
in -depth analysis is required to better understand the change in the heat flow 
pattern for torrefied biomass pyrolysis. In this study, it was observed that the 
thermal stability of the torrefied biomass is increasing with increasing torrefaction 
severity . Thus, extending this study to evaluate the influence of torrefaction 
treatment on thermal constants could be interesting.  

 The experiment al results of batch assays showed that torrefaction 
condensate is a feasible feedstock for anaerobic digestion proce ss. However, 
evaluating the anaerobic digestion of torrefaction condensate through continuous 
reactor experiments must be carried out to better understand the overall process 
feasibility. The torrefied biomass was able to remove the inhibitory compounds fr om 
torrefaction condensate partially . However, considering other methods for complete 
removal of inhibitory compounds could be interesting. Torrefaction condensate 
contains hig h concentration of furfural which is a high value industrial chemical. 
Thus, exp loring the possibilities for furfural recovery from torrefaction condensate 
could be interesting.  

 In this thesis work, using the torrefaction condensate in anaerobic 
digestion for methane production was considered. However, considering it as a 
feedstock for other microbial conversion processes to produce high value products 
such as waxesters, bioplastics and other biochemical s could be very interesting for 
future studies.  

 In this thesis work, it was observed that feedstock cost has significant 
influence on torrefaction process economics. Thus, integrating the torrefaction with 
the processes that generates low cost feedstock could be interesting.     

 
 

  

























84 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Original papers  

  





Industrial Crops and Products 92 (2016) 244�254

Contents lists available at ScienceDirect

Industrial  Crops  and  Products

journa l homepage: www.e lsev ier .com/ locate / indcrop

In�uence  of  torrefaction  pretreatment  on  the  pyrolysis  of  Eucalyptus
clone:  A  study  on  kinetics,  reaction  mechanism  and  heat  �ow

Tharaka  Rama  Krishna  C.  Doddapanenia,b,�,  Jukka  Konttinena, Terttu  I.  Hukkaa,
Antero  Moilanena

a Department of Chemistry and Bioengineering, Tampere University of Technology, Korkeakoulunkatu 1, 33720 Tampere, Finland
b Department of Chemistry, University of Jyväskylä, P.O. Box 35, 40014 Jyväskylä, Finland

a  r  t  i  c  l e  i  n  f  o

Article history:
Received 3 February 2016
Received in revised form 3 August 2016
Accepted 7 August 2016

Keywords:
Eucalyptus clone torrefaction
Torre�ed biomass
Non-isothermal kinetics
Torre�ed biomass pyrolysis
Pyrolysis
Reaction mechanism

a  b  s  t  r  a  c  t

The  adverse  nature  of  biomass  requires  speci�c  pretreatment  processes  to better  utilize  it in bioenergy
applications,  and  torrefaction  is  one  of the most  recognized  thermal  pretreatment  methods.  In  this  regard,
we studied  the  effect  of  torrefaction  pretreatment  on  kinetics,  reaction  mechanism  and  heat  �ow  during
the  pyrolysis  of biomass  by  making  a comparative  analysis  between  the  pyrolysis  of dried  and  torre�ed
Eucalyptus  wood.  Torre�ed  biomass  was  produced  at three  temperatures,  namely  250,  275  and  300 �C.
Pyrolysis  was  performed  at 700 �C. The  char  yield  during  pyrolysis  increased  from  22.39  percent  to  36.34
percent  when  the  torrefaction  temperature  was  increased  from  250  to  300 �C.  Kinetic  analysis  showed
that  torre�ed  biomass  has  higher  activation  energy  values  than  dried  biomass.  The  reported  activation
energy  values  for dried  biomass  were  within  the  range  of  165�185  kJ/mol,  and  for  the  biomass  torre�ed  at
300 �C  they  were  within  the  range  of  180�245  kJ/mol.  We  used  two  different  approaches,  namely  master
plots  and kinetic  compensation  parameters,  to identify  the  reaction  mechanism.  The  results  showed  that
torrefaction  treatment  had  an  effect  on  the  reaction  mechanism  of the  biomass  pyrolysis.  The  reason  could
be the  degradation  of  hemicellulose  during  torrefaction,  and  thereby  the formation  of  smaller  molecules
during  the  pyrolysis  of  torre�ed  biomass.  The  heat  �ow data  from  differential  scanning  calorimetry  (DSC)
showed  that  pyrolysis  started  with  exothermic  reactions  for dried  samples,  and  endothermic  reactions
for  torre�ed  samples.  The  results  presented  provide  valuable  insights  into  increasing  the  understanding
of  the  pyrolysis  of  torre�ed  biomass.

'  2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Some of the most concerning environment-related issues
include global warming, and the increasing usage and depletion
of fossil fuels. Researchers from around the world are increasingly
focusing on these issues, and are trying to resolve them with var-
ious approaches, of which biomass usage for energy production is
one. At the moment, biomass acts as a primary energy source in
rural areas of Asia and Africa, where its use is restricted to domes-
tic applications. Because of its attractive characteristics, such as
being carbon dioxide neutral, and being a renewable energy source,
the interest in biomass energy is also increasing in the Western
world (Senneca, 2007). Biomass fuels include wood, short rotation
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E-mail addresses: tharaka.doddapaneni@tut.�, dtrk09@gmail.com
(T.R.K.C. Doddapaneni).

energy crops, grass, agricultural waste, aquatic plants, sawdust,
herbaceous shrubs, and so on. According to AlØn et al. (1996),
biomass mainly comprises cellulose, hemicellulose, lignin and a
small amount of extractives.

Biomass-to-energy conversion processes are grouped into three
categories based on the approach used�physical, thermochem-
ical, and biological. Of these, thermochemical conversion is the
most commonly employed on the industrial scale. The thermal
conversion processes are further subdivided into combustion,
pyrolysis, torrefaction, and gasi�cation. Compared with other pro-
cesses pyrolysis is interesting due to its characteristic of producing
multiple products (gaseous, bio-oils and char). Pyrolysis is typi-
cally de�ned as the thermal decomposition and devolatilization of
organic materials in an inert environment.

However, because of their heterogeneous structure, and their
diverse physical and chemical properties, biomass fuels are asso-
ciated with several issues during their conversion. Commonly
reported issues are: their high moisture content, their low energy
density, their �brous and hydrophilic nature, ash and inorganic
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elements and tars. Because of these issues, the thermal conver-
sion of biomass is often considered to be a complex process. To
achieve better conversion ef�ciency, it is equally important to pre-
treat biomass, and several technologies have been developed in
that regard. Torrefaction is one such pretreatment method, which
is considered as a mild form of the pyrolysis process where biomass
is heated slowly in an inert environment to a temperature in the
range 200�300 �C (Tran et al., 2014). Torrefaction enhances the
biomass utilization by altering the physical and chemical properties
discussed above.

As pyrolysis occurs simultaneously with biomass combustion
and gasi�cation, it is important to understand the decomposition
characteristics of the fuels for the better design and optimization
of the thermochemical processes (Poletto et al., 2012). Important
characteristics that need to be evaluated in order to better under-
stand the pyrolysis process are kinetics, the reaction mechanism,
and heat �ow data of the devolatilization process.

Eucalyptus, which has a high rate of production with an average
yield of 45�60 m3/ha/year, is the most widely planted hardwood
in the world. In addition to most commonly planted species such
as Eucalyptus grandis (EG), E. urophylla (EU), E. camaldulensis,
and E. globulus, several hybrids have also been developed under
a project called the Brazilian Genolyptus, with the aim of improv-
ing the wood quality and productivity (Gomes et al., 2015). These
new biomass materials are used in the paper and pulp industry
but another interesting option is bioenergy applications. In this
regard, it is essential to have a detailed understanding of the ther-
mal  decomposition of Eucalyptus clones.

On the other hand, a considerable amount of research data is
available on the effects of torrefaction on the physical and chem-
ical properties of the biomass. Also, there are numerous studies
available on the pyrolysis of biomass, but very few studies are avail-
able on the pyrolysis of torre�ed biomass. To the knowledge of
the author, no research data is available on the pyrolysis of tor-
re�ed Eucalyptus clones. Tolvanen et al. (2013) studied the fast
pyrolysis of torre�ed wood using a drop tube reactor. Ren et al.
(2013a) studied the pyrolysis of torre�ed Douglas �r sawdust using
the Friedman method; they observed the trend that activation
energy decreased as torrefaction temperature increased. Tran et al.
(2014) studied the pyrolysis of torre�ed stump materials using the
Distributed Activation Energy Model (DAEM) and three pseudo-
component models, and observed that torre�ed stump has a higher
level of activation energy than the original stump. In the study of
co-pyrolysis of torre�ed wood with coal blends, Lu et al. (2013)
reported that biomass torre�ed at 300 �C contained more lignin
than raw biomass. Worasuwannarak et al. (2011) studied the pyrol-
ysis of torre�ed Leucaena biomass using the thermal gravimetric
mass spectrometry (TG-MS) technique, and concluded that the
product distribution between raw and torre�ed biomass pyrolysis
was signi�cantly different. These studies focused mainly on kinetic
parameters but to better understand torre�ed biomass pyrolysis,
it is equally important to study the reaction mechanism and heat
�ow.

The aim of the present works was to identify the
effect of torrefaction pretreatment on biomass pyrolysis
characteristics�kinetics, reaction mechanism and heat �ow.
In the present study, we employed thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) to investigate
the pyrolysis of Eucalyptus biomass. The biomass was torre�ed at
three different temperatures, that is, 250, 275 and 300 �C. Torre�ed
biomass pyrolysis is carried out at 700 �C, with heating rates of 5,
8, 12 and 20 �C/min. For the kinetic analysis, we used the methods
of Flynn-Wall-Ozawa (FWO) and Kissinger-Akahira-Sunose (KAS),
and the Friedman model free method. The model-�tting method,
called the Coats-Redfern method, was used to identify the reaction
mechanism during the pyrolysis of torre�ed biomass. We  carried

out a preliminary analysis on DSC data to support the �ndings
of the TGA. The presented results provide valuable insights into
increasing the understanding of the pyrolysis of torre�ed biomass.

2. Materials and method

2.1. Materials

The biomass sample selected for this study was  Eucalyptus clone
E. urophylla (Timor) × E. camaldulensis (VM1). The selected mate-
rial is also known as �urocam�. The debarked stems of the selected
Eucalyptus biomass samples were supplied by the Department
of Forest Engineering, Federal University of Vicosa, Minas Gerais,
Brazil. The detailed compositional analysis of the selected biomass
was presented by Rocha et al., 2015a and Gomes et al., 2015. Prior to
the experimental analysis, the biomass samples used in the experi-
ments were ground using a Retsch ZM 200 centrifugal mill. To avoid
the internal heat transfer effects, the ground biomass was sieved to
a mesh size of 100�125 �m.  Biomass of the same particle size was
used for all the experiments.

2.2. Experimental plan

2.2.1. Thermogravimetric analysis
Both torrefaction and pyrolysis of the Eucalyptus samples were

carried out in a Mettler Toledo TGA850. To create the inert envi-
ronment around the sample, and also to remove the released
volatile gases, we used nitrogen gas at a �ow rate of 80 ml/min.
For each test, we used a sample size of about 7.5 mg in a 70 �l
aluminum oxide crucible. To make sure that an inert environ-
ment was  achieved in the TGA furnace, we  allowed a purging time
of 20 min  at the beginning of each experiment. For each experi-
ment, we  raised the furnace temperature from room temperature
to 105 �C at 20 �C/min., and maintained the temperature of 105 �C
for an isothermal period of 30 min  to ensure the drying was com-
plete. To produce the torre�ed biomass, the furnace temperature
was increased from 105 �C to the selected torrefaction temperature
(250, 275 or 300 �C) at 50 �C/min., and kept at that temperature for
1 h. Later, we used the same crucible with the torre�ed biomass for
the subsequent pyrolysis process. For pyrolysis, the furnace tem-
perature was  increased from 105 �C to 700 �C at selected heating
rates, and the samples were kept at 700 �C for 40 min. The selected
heating rates (�) were 5, 8, 12 and 20 �C/min. All experiments were
conducted twice to check the reproducibility. The sample temper-
ature and the corresponding mass were automatically recorded
simultaneously by the TGA equipment. Hereafter, the torre�ed
biomass is represented by TB250, TB275 and TB300 for a torrefac-
tion temperature of 250, 275 and 300 �C, respectively, and the dried
Eucalyptus clone is abbreviated to DEC.

2.2.2. Differential scanning calorimetry
The torre�ed biomass for the DSC experiments was produced

in a tube furnace, located at the Material Science Department,
Tampere University of Technology, Tampere, Finland. Torre�ed
biomass was produced by increasing the furnace temperature from
105 �C to the selected torrefaction temperature (250 and 300 �C) at
20 �C/min., and kept at that temperature for 1 h. For each test, a
sample size of about 10 mg  in ceramic crucible was used. The DSC
experiments were carried out in a Mettler Toledo DSC821e differen-
tial scanning calorimeter. The dried biomass and torre�ed biomass
samples of 3.5�4 mg  were each loaded into 40 �l aluminum cru-
cibles, and later closed with a pierced lid. An empty 40 �l aluminum
crucible with a pierced lid was used for the reference. The relative
mass difference between the sample and the reference was approx-
imately one percent. At the beginning of each test, a purging time of
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20 min  at 50 �C was allowed. The operating conditions for the dry-
ing zone were the same as in the case of the TGA measurements. The
pyrolysis temperature range was 105�500 �C at a selected heating
rate of 20 �C/min. We  used 99.9995 percent nitrogen at a �ow rate
of 50 cm3/min as an inert gas �owing into the furnace.

2.3. Kinetic modeling

As per, White et al. (2011) pyrolysis of lignocellulosic biomass
can be represented with a single-step endothermic reaction i.e.
lumping of all reactions together as shown in the reaction (R1)

Solid Biomass k
�

Char + Volatiles (R1)

where k is the global apparent rate constant and its temperature
dependency can be represented by Arrhenius equation as,

k (T) = A exp
��Ea

RT

�
(1)

where �T� is the absolute temperature (K), �R� is the universal gas
constant (J/K mol), �A� is the frequency factor or pre-exponential
factor (min-1), and �Ea� is the activation energy.

Single step solid-state reactions under isothermal conditions
can be expressed by the �rst order differential equation as,

d�
dt

= k (T) • f (�) (2)

where d�
dt is the reaction rate, k (T) is the above discussed rate

constant and f (�) is a conversion function which represents the
controlling reaction mechanism. The conversion functions of com-
monly used solid state reaction models are presented in Table 1. �
is the extent of reaction (�) and it can be de�ned as the amount of
material decomposed in mass fraction as,

� =
mo�mt

mo�mf

where, m0 is the initial mass of the sample, mt is the mass of the
material present at time �t� and mf is the �nal residual mass of the
material.

After substituting Eq. (1) in (2), Eq. (2) becomes

d�
dt

= A exp
�

�
Ea

RT

�
• f (�) (3)

For non-isothermal experiments the rate equation can be expressed
as Eq. (4)

d�
dT

=
� A

�

�
• exp

�
�

Ea

RT

�
• f (�) (4)

where � is the linear heating rate
�

dT
dt

�
.

Different mathematical models which are listed at (Brown et al.,
2000; Khawam and Flanagan, 2006) have been developed to solve
the Eq. (4)

Integrating the Eq. (4) within the limits of 0 to � and T0 to T gives
Eq. (5)

g (�) =
A
�

T�

0

e� Ea
RT dT (5)

Table 1
Differential f (�) and integral form g (�) of usually employed solid state reaction
models (Khawam and Flanagan, 2006).

Model f (�) = 1
k

�
d�
dt

�
g (�) = kt

Reaction order models
First order (F1) 1 � � �ln (1 � �)
Second order (F2) (1 � �)2 (1 � �)�1 � 1
Third order (F3) (1 � �)3 0.5[(1 � �)�1 � 1]

Diffusion models
1-D diffusion (D1) 1/2� �2

2-D diffusion (D2) [� ln (1 � �)]�1 [(1 � �) ln (1 � �)] + �

3-D diffusion (D3) 3(1 � �)
2
3 /2

�
1 � (1 � �)

1
3
�

[ 1 � (1 � �)
1
3

�
]
2

Geometrical contraction models
Contracting area (R2) 2(1 � �)1/2 1 � (1 � �)1/2

Contracting volume (R3) 3(1 � �)2/3 1 � (1 � �)1/3

In the Eq. (5) the term

T�

0

e� Ea
RT dT represents the temperature

integral which does not have an analytical solution. If the term Ea
RT

is replaced with �x �, then the Eq. (5) can be transformed as equation.

g (�) =
AEa

�R

��

0

(e�x/x2)dx (6)

which can be presented as

g (�) =
AEa

�R
p (x) . (7)

2.3.1. Coats & Redfern method
The Coats & Redfern method is the most widely used model-

�tting method in the non-isothermal analysis of biomass. It uses
the integral approach to the rate equations and asymptotic series
expansion for approximating the temperature integral p (x) giving
Eq. (8).

ln
�g (�)

T2

�
= ln

� AR
�E

�
1 �

2RT
Ea

��
�

Ea

RT
(8)

Plotting a graph of the left-hand side versus 1
T yields a straight

line; the values of ��Ea � and �A� can be determined from its slope
and intercept, respectively.

2.3.2. Friedman
Friedman uses the differential form of the non-isothermal rate

equation. Applying the natural logarithm to the non-isothermal
rate law, the Eq. (4) gives Eq. (9)

ln
�

�
�d�

dT

��

�
= ln [Af (�)] �

Ea

RT�
(9)

A plot between ln
	�

d�
dt

�

�

versus 1/T� gives a straight line; the
values of ��Ea� and �A� can be determined by its slope and intercept,
respectively (Khawam and Flanagan, 2006).

2.3.3. Flynn-Wall-Ozawa method (FWO)
FWO  method uses the integral form of the non-isothermal rate

equation. Applying the logarithm to the non-isothermal rate law
and by solving the temperature integral p (x) using Doyle�s approx-
imation the Eq. (7) gives Eq. (10).

�
log �

�
�

= log
� AEa

Rg (�)

�
� 2.315 � 0.4567

Ea

RT�
(10)
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A plot of
�

log �
�

�
versus 1/T� gives a straight line; the values

of ��Ea� and �A� can be determined from its slope and intercept
respectively (Khawam and Flanagan, 2006).

2.3.4. Kissinger-Akahira-Sunose (KAS)
KAS method is an integral iso-conversional method which uses

Doyle�s approximation to solve the temperature integral. Applying
the Doyle�s approximation to the temperature integral and taking
the natural logarithm on both sides gives the Eq. (11).

ln

�
�
T2

�

�
=

�Ea

R

� 1
T�

�
� ln




�
� Ea

AR

� ��

0

d�
f (�)

�

� (11)

The kinetic parameters can be evaluated graphically by plotting

ln
�

�
T2

�

�
as a function of 1

T�
(White et al., 2011).

2.3.5. Evaluation of pre-exponential factor and reaction
mechanism

Model free methods can be used to study the Ea values and to
�nd out their dependency on the conversion (�). As the, kinetic
parameters are computed without having the knowledge on the
reaction mechanism, using iso-conversional methods is not sug-
gested in order to evaluate the pre-exponential factor. There are
several approaches to predict the reaction mechanism and pre-
exponential factor and some of them are explained in (Sbirrazzuoli,
2013; Cadenato et al., 2007). In the present study two different
approaches, i.e. master plots and kinetic compensation effect (KCE),
were used to evaluate the reaction mechanism.

2.3.5.1. Integral master plots. The solid state degradation reaction
mechanism can be determined using the master plots method,
where the reduced theoretical curves of each reaction model are
compared with the experimental curves. Using a reference point at
� = 0.5, the following Eq. (12) can be determined from Eq. (6).

g (�)
g (0.5)

=
p (x)

p(x)0.5
(12)

where p(x)0.5 is the temperature integral at � = 0.5.
Eq. (13) can be obtained upon applying the Coats-Redfern

approximation to the Eq. (12).

g (�)
g (0.5)

=
exp

�
�Ea/RT

�
T2

exp
�
�Ea/RT0.5

�
T0.5

2
(13)

The left side of Eq. (13) represents the reduced theoretical curve
of each reaction model. If the activation energy value is known,
the right side term can be calculated from the experimental data
(Cadenato et al., 2007).

2.3.5.2. Kinetic compensation effect (KCE). The kinetic compensa-
tion effect can be described as the correlation between the kinetic
parameters i.e. if a variation in the activation energy Ea is observed,
and then there will be a change also in the pre-exponential factor A.
The variation in Ea and A values may  be because of the temperature
program or reaction model used. An apparent compensation effect
exists when a model changes in the model �tting method, where
the kinetic parameters are evaluated from a single heating rate. The
KCE can be explained mathematically by transforming the Eq. (2)
to Eq. (14)

ln Ai =
Ei
RT

+ ln

��
d�/dt

�

f (�)

�

i (14)

ln Ai = a + bEi (15)

(a)

(b)

Fig 1. TG and DTG Curves of torrefaction and pyrolysis processes (a) torrefac-
tion curves at various temperatures (b) pyrolysis of dried and torre�ed biomass
at  20 �C/min.

where a and b are the compensation parameters and i refers to a
factor producing variation in Ea and A values.

Model-�tting methods like Coats-Redfern can be used to pro-
duce a set of Ea and A values for each reaction model at different
heating rates. The parameters Ea and A obtained by model-�tting
method are used to present the compensation effect and there by
evaluating the compensation parameters a and b. Once the com-
pensation parameters are evaluated, the pre-exponential factor ln A
can be obtained from Eq. (15) using E� values from iso-conversional
methods. When E� and A� values are obtained, the conversion func-
tion f(�) can be evaluated by substituting terms into Eq. (2). Finally,
the suitable reaction mechanism can be identi�ed by comparing
the theoretical f(�) curves with experimental f(�) curves (Mishra
and Bhaskar, 2014; Sbirrazzuoli, 2013). Totally eight reaction mod-
els (Table 1) which are frequently used in biomass decomposition
processes were studied.

TGA data was primarily processed using MS  Excel and kinetic
analysis was  made with a specially designed program in MATLAB.

3. Results and discussion

3.1. Thermogravimetric analysis of Eucalyptus clone torrefaction

TG analysis of torrefaction of the DEC biomass is presented in
Fig. 1a. Temperature shows a signi�cant effect on the mass loss
during torrefaction. From Fig. 1a, it can be seen that the torre�ed
biomass yields were 85.57, 75.35 and 44.36 wt.% for torrefaction
temperatures of 250, 275 and 300 �C, respectively. For the 250 �C
and 275 �C the mass-loss curve is almost becomes linear, but in the
case of 300 �C it can be seen that the mass-loss curve continues
to go down because of the degradation of cellulose and lignin in
addition to the hemicellulose degradation. According to White et al.
(2011), the left and right shoulders of the DTG curves represent the
hemicellulose and cellulose, and the long tail represents the lignin
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degradation. From Fig. 1a, for the 300 �C case, the left and right
shoulders are both clearly visible. For the 275 �C case, a very small
right shoulder is observed and for the 250 �C case, there is no right
shoulder. This indicates that cellulose thermal degradation needs
a higher temperature than 250 �C. This analysis was  in accordance
with the work done by Chen and Kuo (2011).

3.2. Thermogravimetric analysis of pyrolysis

The TG and DTG curves of dried and torre�ed biomass mea-
sured at a heating rate of 20 �C/min. are presented in Fig. 1b as
an example to make a comparative analysis between dried and
torre�ed biomass. Compared with the dried biomass, the active
pyrolysis temperature range of the torre�ed biomass was  increased
to higher temperatures, and this rise was directly proportional to
the torrefaction temperature. The same trend was reported by Ren
et al. (2013a) for the pyrolysis of torre�ed Douglas �r sawdust.
The residual char yield increased signi�cantly with the torrefaction
temperature. For the dry biomass, the char yield was  19.85 wt.%,
and for the torre�ed biomass samples TB250, TB275 and TB300
the char yields were 22.39, 29.92, and 36.34 wt.%, respectively. The
increased char yield for the torre�ed biomass in the TB300 sam-
ple was due to the relative loss of the cellulose, and crosslinking
reactions (Park et al., 2013).

The DTG curves of DEC pyrolysis (Fig. 1b) shows two  peaks.
Published data (Rocha et al., 2015b) suggests that the �rst peak
represents the hemicellulose degradation, and that the second
peak represents the cellulose degradation. For the heating rate of
20 �C/min., the �rst and second peaks for DEC were observed at 301
and 377 �C, respectively. From Fig. 1b, it can be clearly seen that the
�rst peak has disappeared in the case of torre�ed biomass pyroly-
sis. The shoulder on the left has shifted towards the second peak,
and the degree of the shift increases with the increasing torrefac-
tion temperature. The reason was  most likely the large mass loss of
hemicellulose and cellulose during the torrefaction process. Fig. 1b
shows that, when the torrefaction temperature was increased, the
pyrolysis started at a higher temperature. The pyrolysis starting
temperatures at a 20 �C/min. heating rate for DEC, TB250, TB275
and TB300, were 262, 308, 323 and 330 �C, respectively. The tem-
perature at the end of the pyrolysis was around 400 �C, which was
about the same for both the dried and all the torre�ed biomass
samples. From the DTG curves (Fig. 1b), it can be seen that the peak
temperature for both the TB250 and TB275 cases was very close
to that of the dried biomass, but a slight change in the peak tem-
perature was observed in the case of TB300. In contrast to the dried
biomass, the higher peak was observed for the torrefaction temper-
atures of 250 and 275 �C. But in the 300 �C case, the peak was below
that of the dried biomass. The observed peak heights as a percent of

DEC T 300B

(e)

(a) (d)

(c)

(b)

(f)

Fig. 2. Iso-conversional plots of KAS, FWO  and Friedman methods at various conversions (a-c) dried biomass (DEC) (d-f) Torre�ed biomass (TB300).
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Table  2
Iso-conversional kinetic parameters for DEC and TB300 at various conversion values.

DEC

FWO  KAS Friedman

� Ea (kJ/mol) R2 Ea (kJ/mol) R2 Ea (kJ/mol) R2

0.1 165 0.9999 164 0.9989 173 0.9988
0.2  180 0.9993 180 0.9996 192 0.9996
0.3  188 0.9998 187 0.9999 188 0.9999
0.4  189 0.9991 189 0.9999 176 0.9999
0.5  188 0.9999 187 0.9999 176 0.9999
0.6  187 0.9982 186 1 186 1
0.7  186 0.9982 185 1 190 1
0.8  186 0.9974 185 0.9999 198 0.9999
Average 184 183 185

TB300
0.1  179 0.9999 179 0.9999 189 0.9999
0.2  185 1 184 1 191 1
0.3  186 1 185 1 186 0.9999
0.4  187 1 186 1 187 0.9994
0.5  187 0.9999 186 0.9999 188 0.9981
0.6  188 0.9992 187 0.9991 197 0.9912
0.7  208 0.9808 208 0.9789 275 0.9063
0.8  246 0.9369 247 0.9313 261 0.9295
Average 196 195 209

the mass-loss per second, for dried biomass and TB250, TB275 and
TB300 at a 20 �C/min heating rate, were 0.38, 0.45, 0.47 and 0.36,
respectively. From the same DTG curve (Fig. 1b), at the end of the
active pyrolysis at 430 �C for TB300, a mild pyrolysis was  observed
in addition to the cellulose pyrolysis. Lu et al. (2013) attributed the
mild pyrolysis to the lignin reaction. Based on their �ber analysis,
the biomass torre�ed at 300 �C contains more lignin (69 percent)
than the biomass torre�ed at 250 �C (42 percent).

3.3. Kinetic analysis

3.3.1. Model-free methods
The iso-conversional FWO, KAS and Friedman plots for DEC and

TB300 are presented in Fig. 2. The �tted lines are nearly parallel
for DEC (Fig. 2a�c), but for TB300, the �tted lines were not paral-
lel at the end of the conversion, that is for values greater than 0.7
(Fig. 2d�f). This variation increased according to the severity of the
torrefaction. Table 2 records the apparent activation energy (Ea)
and the exponential factor (A) for DEC and TB300, for a conversion
range of 0.1�0.8. From Table 2, the values of the average apparent
activation energy of DEC for the FWO, KAS, and Friedman methods
were 184, 183 and 185 kJ/mol, respectively. In the case of torre�ed
biomass, for TB250, TB275 and TB300, the respective reported val-
ues were 183, 184 and 196 kJ/mol for FWO, 182, 183 and 195 kJ/mol
for KAS, and 188, 193 and 209 kJ/mol for Friedman.

Fig. 3 shows the activation energy (Ea) as a function of the con-
version rate (�) for dried and torre�ed biomass. From the same
�gure, for torre�ed biomass it can be observed that the Ea values
were stable with little variation in the conversion range of 0.1�0.6.
In the case of dried biomass, the Ea values at the start of the pyrolysis
were lower than those of the torre�ed biomass. The variation in the
activation energy values increased as the torrefaction temperature
increased. This can be attributed to the depletion of hemicellulose
during the torrefaction. According to Chen and Kuo (2011), and also
as reported in this study from Fig. 1b (the �rst peak) and Fig. 3a,
hemicellulose starts degrading at low temperatures and with low
activation energy values. Since the highly reactive hemicellulose is
already degraded, the pyrolysis of torre�ed biomass requires more
energy to start the pyrolysis reactions. The same phenomenon can
be observed from Fig. 1b (TG curve), where the mass loss of DEC
started earlier than that of the torre�ed biomass. In the conversion

Fig. 3. Activation energy (Ea) vs. Conversion (�) for dried and torre�ed biomass (a)
DEC  (b) TB300.

range of 0.3�0.5, slight decreases were observed in the activation
energy values in the case of the Friedman method, whereas no
changes in the activation energy values were observed for the FWO
and KAS methods. At the end of the pyrolysis, that is, for values of
� greater than 0.7, the Ea values showed an increasing trend for
both dried and torre�ed biomass, but the variation is higher for the
torre�ed biomass. This huge variation in the Ea values at the end
of the torre�ed biomass pyrolysis can be attributed to the altered
biomass structure, and the degradation of lignin. This was discussed
in Section 3.2, and corresponds to the marked area �a� in Fig. 3b. It
shows that the selected Eucalyptus clone torre�ed at higher tem-
peratures, especially at 300 �C, has higher activation energies than
those of the dried biomass. Tran et al. (2014) observed the same
trend during their study on torre�ed stump materials.

Rocha et al., 2015b worked with the non-isothermal pyrolysis of
Eucalyptus clones. Their reported values of activation energy varied
from 120 kJ/mol to 150 kJ/mol, which were a little lower than the
values observed (185 kJ/mol) in the present study. This variation in
the kinetic parameters could be attributed to the difference in the
experimental procedures adopted. Poletto et al. (2012) reported an
Ea value of 200 kJ/mol for the non-isothermal pyrolysis of Eucalyp-
tus grandis, which is very close to the value (185 kJ/mol) observed
for the Eucalyptus clone pyrolysis in this work.

The activation energy values reported by Jin et al. (2013) for
the non-isothermal pyrolysis of cellulose and hemicellulose are
in the range of 208�381 and 88�348 kJ/mol respectively. Amutio
et al. (2015) studied the fast pyrolysis of eucalyptus wood waste
and reported the activation energy values of 103 and 172 kJ/mol
for cellulose and hemicellulose respectively. Literature survey
shows that the difference in the activation energy values between
hemicellulose and cellulose is very high. But, considering that
hemicellulose is mainly degraded during the torrefaction, the
observed difference in the activation energy values of dried and
torre�ed biomass pyrolysis is not as high as the difference in
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Fig. 4. Theoretical and experimental master plots (g (�)/g (�) 0.5 vs. conversion (�)) for both DEC and TB300. (Check Table 1 for abbreviation).

the activation energy values of the individual biomass compo-
nents. This variation in the activation energy values between dried
and torre�ed biomass pyrolysis could be attributed to the struc-
tural changes in the biomass. Ru et al. (2015) reported that the
structures of hemicellulose and cellulose becomes similar after
the torrefaction. When the results from this study are compared
with published data, the difference in the activation energy val-
ues (184 and 196 kJ/mol for DEC and TB300 respectively) are in
the same range with the published data. For example, Das and
Sarmah, (2015) reported the activation energy values of 186 and
188 kJ/mol for raw and torre�ed (270 �C, 5 min) Douglas �r biomass
respectively.

3.4. Identifying the reaction mechanism

According to Jankovi ·c et al. (2007), the dependence of Ea values
on the conversion represents the presence of a multistep reaction
mechanism. From observing Fig. 3, it can be stated that the pyrolysis
of both dried and torre�ed biomass proceeds with a multistep reac-
tion mechanism. The Ea values obtained from the FWO  method are
used to evaluate the reaction mechanism. A comparative analysis
was conducted between dried biomass and the biomass torre�ed

at 300 �C (TB300) in order to identify the effect of torrefaction on
the reaction mechanism during biomass pyrolysis.

3.4.1. Integral master plots
The theoretical and experimental g (�) curves plotted as a func-

tion of the conversion rate (�) are presented in Fig. 4 for both
the DEC and the TB300 samples. The experimental master plots
were constructed using Eq. (13), and the predetermined average
activation energy values from the FWO  method, that is, 184 and
196 kJ/mol for DEC and TB300, respectively. From Fig. 4, it can be
observed for DEC that, if the conversion rate (�) is less than 0.6,
then the experimental curve is close to the theoretical master plots
of diffusion order models (D1, D2 and D3). When � is greater than
0.6, the same experimental curve is close to the second order reac-
tion model. Similar results were reported by Mishra and Bhaskar
(2014); Poletto et al. (2012) and Vlaev et al. (2003). In the case of
the torre�ed biomass (TB300), when the conversion rate (�) is less
than 0.5, the experimental curve is close to the �rst order reaction
model and for conversion values greater than 0.5 the decompo-
sition mechanism is controlled by diffusion reactions. The results
show that the decomposition process for both dried and torre�ed
Eucalyptus clone proceeds with complex multistep reactions.
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(a)

(b)

Fig. 5. Coats-Redfern graphs for dried and torre�ed biomass (TB300) at various
reaction models (a) DEC (b) TB300. (Check Table 1 for abbreviation).

3.4.2. Kinetic compensation effect
The model �tting methods can be applied to the region where

the activation energy (Ea) is approximately constant. In this study,
Coats-Redfern method was used to �nd a set of Ea and A values for all
the reaction models presented in Table 1 at different heating rates.
Based on Fig. 3, the Coats-Redfern graphs are divided into three
stages, as shown in Fig. 5a�b, where model-free analysis indicates
constant activation energy values. The evaluated kinetic parame-
ters for TB300 at � = 20 �C/min. are presented in Table 3, and for DEC
they are presented in Table S1in the Supplementary information.

The kinetic compensation parameters (a, b) at different stages
of the conversion for four heating rates for DEC and TB300 samples
are presented in Table 4. Fig. 6 shows the relationship between Ea
and ln A at different stages of conversion of TB300 for � = 20 �C/min.
The linear relationship between ln A and Ea shows the presence of
a compensation effect. It can be seen that the values of a and b are
close to each other for different heating rates. Once the compensa-
tion parameters are evaluated, the pre-exponential factor, (A�), and
the conversion function, f(�), are evaluated for different E� values,
as discussed in Section 2.3.5.2. Fig. 7 shows a comparison between
the theoretical f(�) and the experimental f(�) curves for the DEC
and TB300 samples. For the DEC, when the conversion rate (�) is
less than 0.3, the experimental curve is close to the 2D diffusional
model, and when � is greater than 0.3, the reaction mechanism is
shifted towards the �rst order reaction model. In the case of tor-
re�ed biomass (TB300), when the conversion rate (�) is less than
0.6, the experimental curve is close to the �rst order reaction model
and for the conversion value greater than 0.6, the curve is shifted
towards the third order model.

The experimental curves for the master plots and the kinetic
compensation effect methods both show the same overall trend.
The results showed that torrefaction pretreatment has a signi�cant

Table 3
Kinetic parameters of Coats-Redfern method for Torre�ed biomass (TB300) at dif-
ferent stages of conversion.

Reaction Model � Ea (kJ/mol) A (sec�1) R2

First order (F1)
0.05�0.6 197 1.25E + 14 0.9968
0.6�0.7 76 8.39E + 03 0.9815
0.7�0.8 15 2.54E � 02 0.9936

Second order (F2)
0.05�0.6 229 7.69E + 16 0.9999
0.6�0.7 130 5.25E + 08 0.9873
0.7�0.8 37 7.83E + 00 0.9982

Third order (F3)
0.05�0.6 264 2.00E + 20 0.9984
0.6�0.7 198 8.99E + 14 0.9901
0.7�0.8 67 1.38E + 04 0.9988

1D-difussional (D1)
0.05�0.6 346 1.08E + 26 0.9879
0.6�0.7 86 2.79E + 04 0.9751
0.7�0.8 12 5.84E � 03 0.9807

2D-difussional (D2)
0.05�0.6 364 1.79E + 27 0.9913
0.6�0.7 107 9.87E + 05 0.9784
0.7�0.8 19 2.27E � 02 0.99

3D-difussional (D3)
0.05�0.6 383 1.87E + 28 0.9944
0.6�0.7 134 5.15E + 07 0.9816
0.7�0.8 30 7.08E � 02 0.9948

Contracting area (R2)
0.05�0.6 181 2.74E + 12 0.9926
0.6�0.7 55 4.99E + 01 0.9762
0.7�0.8 6 9.78E � 04 0.9759

Contracting volume (R3)
0.05�0.6 187 5.87E + 12 0.9945
0.6�0.7 61 1.37E + 02 0.9783
0.7�0.8 9 1.55E � 03 0.986

effect on the reaction mechanism of the biomass pyrolysis. Finally,
from Figs. 4 and 6, it can be concluded that the pyrolysis of DEC
follows diffusional models at the initial stages, and reaction-order
models towards the end. The same order of reaction mechanisms
were also observed by Poletto et al. (2012), Lu et al. (2009) and
Mishra and Bhaskar, (2014). In the case of TB300, a reaction-order
model was observed at the start of the pyrolysis, and a diffusional
model at the end. At higher conversion rates, that is, when � is
greater than 0.7, the reaction mechanism shifted to a third order
model.

According to Lu et al. (2009) and Poletto et al. (2012), at the ini-
tial stage of the pyrolysis, the heat transfer through the biomass
sample and the release of the volatile products from the inside lay-
ers of the biomass takes place through the diffusion. The pyrolysis
reactions at this stage are related to the decomposition of cellulose,
hemicellulose and lignin, and the formation of primary products
such as H2O, CO, CO2, primary tar, levoglucosan, Furfural and char
etc. Torrefaction treatment increases the ordered cellulose regions
in the biomass (Park et al., 2013), and these high-ordered cellu-
lose regions create the dif�culty to the heat transfer during the
pyrolysis (Poletto et al., 2012). In other words, it can be said that
the thermal stability of the biomass increases with torrefaction
treatment. The same can be seen in Fig. 1b, where the pyrolysis
starting temperatures of DEC and TB300 are 270 and 330 �C respec-
tively. According to Poletto et al. (2012), at temperatures higher
than 350 �C the ordered cellulose, which are low-molecular-mass
chains, acts as a centers for random nucleation and growth. Lu et al.,
2009; reported that the apparent �rst-order reaction mechanism
in the temperature range of 300�500 �C is because of the formation
of small molecules from the secondary cracking of the products. At
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Table 4
Kinetic compensation parameters for dried biomass (DEC) and Torre�ed biomass (TB300).

DEC

� (�C/min) Stage 1 (� = 0.05 � 0.3) Stage 2 (� = 0.3 � 0.6) Stage 3 (� = 0.6 � 0.8)

b (mol kJ�1) A r2 b (mol kJ�1) A r2 b (mol kJ�1) a r2

5 0.196 �5.066 0.9896 0.210 �6.857 0.9734 0.210 �7.280 0.9991
8  0.188 �4.513 0.9853 0.198 �5.988 0.9623 0.205 �7.195 0.9971
12  0.187 �4.498 0.9859 0.196 �6.022 0.9610 0.203 �7.223 0.9970
20  0.184 �4.517 0.9858 0.194 �6.076 0.9605 0.201 �7.262 0.9970

TB300

� (�C/min) Stage 1 (� = 0.05 � 0.6) Stage 2 (� = 0.6 � 0.7) Stage 3 (� = 0.7 � 0.8)

b (mol kJ�1) A r2 b (mol kJ�1) A r2 b (mol kJ�1) a  r2

5 0.187 �3.988 0.9891 0.266 �8.989 0.9734 0.271 �8.762 0.9773
8  0.187 �3.669 0.9947 0.219 �8.022 0.9818 0.276 �8.831 0.972
12  0.185 �3.690 0.9947 0.218 �8.055 0.9812 0.272 �8.83 0.9723
20  0.182 �3.678 0.9947 0.207 �7.809 0.9877 0.267 �8.793 0.9737

Fig. 6. Compensation plot (ln A vs. Ea) of model-�tting kinetic parameters for (a)
DEC and (b) TB300 samples at 20 �C/min heating rate.

elevated temperatures i.e. >300 �C, the primary products from the
cellulose pyrolysis, such as levoglucosan and primary tar are further
converted into low molecular mass compounds and char through
secondary cracking reactions (Patwardhan, 2010) (Anthony Dufour,
2016). As the pyrolysis starting temperature is higher for torre�ed
biomass compared to raw biomass (i.e. >300 �C), levoglucosan and
primary tar could be readily converted into small molecular mass
compounds (CO, CO2, H2, CH4 etc.) and char through secondary
cracking reactions. This could also be one possible reason for the
increased CH4 and H2 and the reduced tar content in the prod-
uct distribution of torre�ed biomass pyrolysis. Ren et al. (2013b)
observed the rise in the CH4 and H2 content in the volatiles and
Wannapeera et al. (2011) observed the signi�cant reduction in the
tar content in case of torre�ed biomass pyrolysis in comparison

with raw biomass pyrolysis. Based on the above discussion, the
observed reaction order models for the torre�ed biomass pyrol-
ysis could be attributed to the formation of low molecular mass
products. Torrefaction treatment also alters the lignin structure and
reduces its thermal stability (Arshanitsa et al., 2016). As the high-
ordered cellulose is already degraded during the initial stage and
the lignin thermal stability is low, there is no dif�culty for the heat
transfer through diffusion. This could be the reason for the observed
diffusion mechanism at the end of the torre�ed biomass pyrolysis.
In their study, Poletto et al. (2012), discussed the details of the dif-
fusion order and the random nucleation models and related them
to the biomass pyrolysis.

As the pyrolysis reaction mechanism is different between raw
and torre�ed biomass, and the major portion of hemicellulose is
already degraded, a signi�cant variation in the composition of
pyrolysis products between raw and torre�ed biomass is expected.
Ren et al., 2013b; reported that torrefaction treatment increased
the content of sugars, phenols and hydrocarbons and reduced the
organic acids. At the same time torrefaction treatment reduces CO2
and tar content (Wannapeera et al., 2011).

3.5. Differential scanning calorimetry analysis

The impact of the torrefaction can also be studied from the DSC
curves. Fig. 8 shows the heat �ow during the pyrolysis of DEC
and of torre�ed biomass. The heat �ow of Eucalyptus biomass is
exothermic in the temperature ranges 100�260 �C and 310�370 �C.
In the case of TB300, however, the heat �ow curves differ signi�-
cantly compared with dried biomass. From Fig. 8, it can be clearly
seen that the exothermic peak has disappeared in the case of the
pyrolysis of biomass torre�ed at TB300. The exothermic peak was
still present for TB250. The existing literature (Shen et al., 2015;
Stenseng et al., 2001) suggests that hemicellulose and lignin pyrol-
ysis are exothermal, whereas cellulose pyrolysis is endothermal.
Based on this premise, the absence of the exothermic peak for
TB300 supports the belief that hemicellulose is the main biomass
component degraded during the torrefaction. At the end of the
pyrolysis process, that is, between 400 and 500 �C, all the samples
exhibited endothermic behavior. However, the heat �ow in the case
of the torre�ed biomass was  higher than with the dried biomass.
The observed maximum heat �ows for the dried biomass, and for
TB250 and TB300, in the temperature range of 400�500 �C were 2.5,
3.2 and 3.3 mW,  respectively. This shows that heat �ow increased
as the torrefaction temperature increased. This may  be attributed
to the difference in the char yield, and to the structural differ-
ences in the produced char. This analysis suggests that heat �ows
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Fig. 7. Plot of Theoretical and experimental curves of f(�) vs. conversion (�) for both DEC and TB300. (Check Table 1 for abbreviation).
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Fig. 8. DSC curves (heat �ow) for the pyrolysis of DEC, TB250, TB300 samples at
20 �C/min.

during the pyrolysis of the torre�ed biomass were more strongly
in�uenced by the torrefaction temperature. In Section 3.3.1, it was
reported that torre�ed biomass requires more energy to proceed
with pyrolysis reactions, and this statement is supported by the
DSC analysis.

The higher activation energy values of torre�ed biomass decom-
position represent the need for more energy for the cleavage of
the chemical bonds. The reason may  be the altered structure, and
thereby the altered heat transfer properties, of the biomass during
torrefaction. When designing the pyrolysis reactors, for the optimal
conversion of the pretreated biomass, it is important to consider
that kinetic parameters (Ea, A, and f(�)) are varying between raw
and torre�ed biomass. A detailed study on the in�uence of torrefac-
tion treatment on the heat of biomass pyrolysis could be interesting
for future studies.

4. Conclusion

The following conclusions can be drawn from the present study
on the effect of the torrefaction pretreatment on Eucalyptus clone
during its subsequent pyrolysis:

Torrefaction pretreatment had a signi�cant effect on the kinet-
ics, reaction mechanism and heat �ow parameters of biomass
decomposition during the pyrolysis process. Kinetic analysis
showed that torre�ed biomass has higher activation energy values
than the dried biomass. We also observed the kinetic compensation
effect for both dried and torre�ed biomass at various heating rates.
The reported variation in the decomposition mechanism between
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dried and torre�ed biomass could be due to the degradation of
hemicellulose during torrefaction, and thereby the formation of
smaller molecules during the pyrolysis of torre�ed biomass.

The DSC analysis showed that dried Eucalyptus biomass pyrol-
ysis was exothermic at the beginning of the process, that is, for
temperatures less than 260 �C, whereas the torre�ed Eucalyptus
exhibited endothermic behavior.

Finally, the reported variation in the reaction parameter and
heat �ow data of dried and torre�ed biomass pyrolysis can be
attributed to the altered chemical structure of the biomass during
torrefaction.

The information provided in this work could provide valuable
insights into increasing the understanding of the pyrolysis of tor-
re�ed biomass.
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h i g h l i g h t s

� Torrefaction condensate is a good
substrate for anaerobic digestion.

� Torrefaction temperature affects both
condensate composition and the
methane yield.

� Anaerobic digestion under mesophilic
conditions yielded better methane
yield.

� Under optimized conditions, a
maximum methane yield of
492 mL/g VS was observed.
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a b s t r a c t

Organic compound rich torrefaction condensate, owing to their high water content and acidic nature,
have yet to be exploited for practical application. In this study, microbial conversion of torrefaction con-
densate from pine wood through anaerobic batch digestion (AD) to produce methane was evaluated.
Torrefaction condensate exhibited high methane potentials in the range of 430�492 mL/g volatile solids
(VS) and 430�460 mL/g VS under mesophilic and thermophilic conditions, respectively. Owing to the
changes in the composition, the methane yields differed with the torrefaction condensates produced at
different temperatures (225, 275 and 300 �C), with a maximum of 492 – 18 mL/g VS with the condensate
produced at 300 �C under mesophilic condition. The cyclic batch AD experiments showed that
0.1 VSsubstrate:VSinoculum is optimum, whereas the higher substrate loading (0.2�0.5) resulted in a reversi-
ble inhibition of the methane production. The results suggest that torrefaction condensate could be prac-
tically valorized through AD.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The European Union has set the political targets of increasing the
primary energy consumption from renewable resources up to 20%
by 2020 and 27% by 2030 (Thrän et al., 2016). Co-�ring biomass in
existing coal power plants is being considered as one option to

achieve these renewable energy targets. In order to enhance the fuel
properties, biomass needs to be pre-treated before being fed into the
existing coal-�ring power plants. Torrefaction is one such
pre-treatment process, which enhances fuel properties of the
biomass by increasing the energy density and hydrophobicity and
by reducing the moisture content and the required grinding energy
(Doddapaneni et al., 2016). Torrefaction is carried out in the range of
200�300 �C. The degradation mainly occurs between 275�300 �C
and the product distribution also signi�cantly varies in this temper-
ature range. The thermal devolatilization of biomass proceeds with

http://dx.doi.org/10.1016/j.biortech.2016.11.073
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strong exothermic reactions in the range of 270�290 �C (Fagernas
et al., 2015). According to Thrän et al. (2016), the quality of the tor-
re�ed biomass depends on its degree of torrefaction and the degree
of torrefaction depends on the temperature and the residence time.
To maximize the solid product yield, generally torrefaction is
carried-out at low temperature and long residence time in commer-
cial torrefaction equipment.

Torre�ed biomass is being considered for a variety of industrial
processes such as pyrolysis, gasi�cation, cement kilns, as a substi-
tute for coke in the steel industry and, in addition to all of this, it
can be used as a fuel for co-�ring in coal-�red power plants (Thrän
et al., 2016). In spite of these advantages, still torrefaction needs
to be proved for its technical and economic feasibility (Koppejan
et al., 2012). As listed by Koppejan et al. (2012), several issues in
the development of the torrefaction technologies, for example,
energy integration, volatile gases handling and applicability of multi
feedstock are need to be addressed. To improve the technical and
economic feasibility, the energy integration within the process must
be optimized and at the same time additional value should be gen-
erated through the byproducts like the torrefaction condensate.

Torrefaction condensate produced from different feedstock and
at different operating conditions have been characterized in the
past e.g. (Liaw et al., 2015; Tumuluru et al., 2011b, and Fagernas
et al., 2015). The majority of the compounds (i.e. acids, alcohols,
aldehydes, furans and phenols) at the concentration as present in
the torrefaction condensate are water-soluble (Fagernas et al.,
2015). Among the water soluble compounds, acetic acid, methanol,
furfural, formaldehyde, hydroxymethylfurfural and phenol con-
tributes to 80�90 wt.% of the total organic fraction of the conden-
sate (Fagernas et al., 2015).

In general, the torrefaction volatiles are combusted to meet the
heat energy requirements within the process (both drying and tor-
refaction units), and according to Liaw et al. (2015), it has very lit-
tle effect on the process integration and overall economic viability
of the process. In spite of having several valuable chemicals, owing
to their complex composition, the torrefaction condensate has not
yet been studied for its actual potential (Fagernas et al., 2015).

Biochemical conversion of torrefaction condensate into useful
products could be one potential option for its valorization. Anaer-
obic digestion (AD) is a biochemical process of converting complex
organic material into methane and carbon dioxide using a consor-
tium of microorganism. AD comprises of different stages, initially
the complex organic material is converted into volatile fatty acids
(VFA) through hydrolysis and acidogenesis. In the later stage VFAs
are further converted to acetic acid, CO2, H2, NH+ etc. through
acetogenesis. In the �nal stage, the intermediate products are
further converted into CH4 and CO2 by methanogens (Fabbri and
Torri, 2016). As torrefaction condensate has high water content
(50�85%), and acetic acid (5�15%) and other organic acids like
formic acid and lactic acid (Tumuluru et al., 2011a and Liaw
et al., 2015), which are readily anaerobically converted, torrefac-
tion condensate could be an optimum feedstock for AD process
and it is expected that the methane yields could be higher in com-
parison with other complex substrates. However, at the same time
the inhibitory effects on AD by the presence of compounds such as
furfural and phenolics in the torrefaction condensate should also
be considered (Liaw et al., 2015).

On the other hand, the earlier studies on bio-oils are mainly
focused on the biochemical conversion of pyrolysis oil. Fabbri
and Torri (2016), studied linking the pyrolysis with AD and
suggested that AD of pyrolysis volatile fractions is one of the best
approaches to increase the energy recovery but there is a
knowledge gap in these kinds of process integration in terms of
multidisciplinary interface. Hübner and Mumme (2015), studied
the AD of the aqueous liquors from the pyrolysis of digestate
obtained from on-farm biogas plant and reported that volatile

organic compounds (VOCs) except cresols present in the pyrolysis
aqueous phase where degraded below the detection limit. Lian
et al. (2012), studied the yeast fermentation of carboxylic acids
separated from pyrolysis aqueous phase and proved its feasibility
for lipid production through oleaginous yeast. In their study, Lian
et al. (2013) reported that, the fermentation of levoglucosan
obtained from the pyrolysis oil is one possible approach for the
biofuel production. Torri and Fabbri (2014) studied the AD of aque-
ous pyrolysis liquid and reported that addition of bio-char
increased the methane yield by reducing the inhibition level of
the pyrolysis oil to the microorganism.

Even though there is a signi�cant difference in the composition
between torrefaction condensate and pyrolysis oil, the earlier
knowledge on the biochemical conversion of pyrolysis oil could
be useful while working with torrefaction condensate. At the same
time, to our knowledge there is only one study reported on the AD
of torrefaction condensate. Liaw et al. (2015), studied the mesophi-
lic batch AD of the torrefaction condensate (310 �C, the residence
time 7.5 and 10.8 min) from different biomass spices (i.e. corn
stover, pea hay, sorghum etc.) They concluded that the methane
yield from this process depends on the concentration of
hydroxyl-acetate and phenols in the torrefaction condensate,
owing to their inhibitory effects.

For the better understanding and optimizing the process inte-
gration between torrefaction and AD, the AD of torrefaction con-
densate produced at different temperatures should be studied.
The in�uence of the varied concentration of the torrefaction con-
densate on the methane production should also be studied; it helps
to understand better the potential level and type of the inhibition
to the microorganism. In the earlier studies, it was reported that
torrefaction (Liaw et al., 2015) and pyrolysis condensates (Fabbri
and Torri, 2016 and Hübner and Mumme, 2015) are inhibitory to
the microorganisms at higher concentration. However, it was not
clear whether the inhibition is reversible or irreversible, which is
essential to be understood when the process is to be scaled up. Fur-
thermore, the methane production and inhibition may be affected
by the temperature of AD as it in�uences the dynamics of microbial
population and the chemistry of the condensate (Franke-Whittle
et al., 2014 and Diebold, 2000).

The objective of this study was to assess initially the feasibility
of AD of the torrefaction condensate from pine wood. Pine is a soft
wood, which is widely used in industrial applications like pulp and
paper, bioenergy and construction sectors (South and Smidt, 2014),
and there is interest to �nd new uses in various biore�nery appli-
cations. For this purpose, AD of the torrefaction condensate pro-
duced at different temperatures i.e. 225, 275 and 300 �C, was
studied using the bio-methane potential (BMP) batch assays under
mesophilic and thermophilic conditions. Furthermore, in order to
understand the potential inhibitory effects of the condensate, dif-
ferent organic loading and cyclic batch AD were carried out.

2. Materials and methods

2.1. Biomass

Finnish pine wood was used as a raw material to produce the
torrefaction condensate. The selected biomass was a debarked
stem wood and received in the form of wood chips (Kuljetusliike
Viikari Oy, Narva, Finland). The proximate analysis of the biomass
was carried out using thermogravimetric analyzer (TGA; Mettler
Toledo TGA 850) following the method as reported elsewhere with
little modi�cation (Garcia et al., 2013). Considering the restrictions
with TGA operating parameters, the end temperature was set at
800 �C. The proximate analysis of the selected biomass is presented
in Table S1.
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2.2. Torrefaction and condensate collection

Initially, the biomass was dried at 105 �C for at least 24 h in an
air driven furnace and stored in air tight plastic containers. The
schematic of torrefaction reactor system used in this study is pre-
sented in Fig. 1. The reactor was made up of stainless steel with an
electrically heating furnace. The detailed information about the
torrefaction reactor can be found in the literature (Keipi et al.,
2014). The temperature of the reactor was increased from room
temperature (�20 �C) to the selected torrefaction temperature i.e.
225, 275 and 300 �C at around 5 �C/min and maintained for an
isothermal period of 1 h. The volatiles from the biomass were con-
densed using a water circulated tube condenser and collected
using a glass bottle submerged in an ice bath. The un-condensed
gases were left to the exhaust system.

For each run, 1 kg of dried biomass was loaded in the reactor.
Initially, 20 L/min of N2 �ow was used to maintain the inert
environment in the reactor and later the N2 �ow was reduced to
5 L/min once the reactor temperature reached to the set tempera-
ture. The temperature at different locations of the system was
recorded using thermocouples connected with controlling unit as
shown in the Fig. 1. The reactor temperature was also controlled
by altering the mass �ow and temperature of the air circulated
through the closed coils. The sample temperature was measured
using a thermocouple located in the center of the reactor. The tem-
perature �uctuations were maintained within –5 �C limit of the
selected torrefaction temperature. Because of the large reactor size
and relatively large sample volume, the temperature of the sample
could be deviating more from the measured thermocouple reading
at some places of the reactor. The collected torrefaction condensate
was stored at 4 �C to prevent the ageing reactions. However, the
formation of bottom settled tar-like substances, which are viscous
carbonaceous substances formed mainly from lignin derived com-
pounds (Diebold, 2000), was observed during the storage. As tars
are known to clog the processing equipment (Milne et al., 1998)
in the present study these tar-like compounds were separated
through separating �ask before the condensate was used in AD
experiments. Further, the pH of the torrefaction condensate was
adjusted from 2.0 to 7.0 by adding NaOH.

2.3. Bio-methane potential (BMP) assay

The inoculums used in this study were the pre-collected and
stored (at 4 �C) sludge from the existing mesophilic and ther-
mophilic anaerobic digesters, respectively, operated in our labora-

tory with pulp and paper industry sludge. The inoculums were
adapted to the mesophilic (35 �C) and thermophilic (55 �C) condi-
tions for 48 h in an electrically heated oven before using them for
BMP assays.

The batch BMP assays of the torrefaction condensate (sub-
strate), produced at different temperatures (i.e. 225, 275 and
300 �C) were studied using 120 mL serum bottles with a 60 mL of
working volume at 35 and 55 �C as described by Kinnunen et al.
(2014). The volatile solids (VS), VSsubstrate:VSinoculum ratios of 0.1
and 0.2 were tested. A serum bottle with water and inoculum only
served as a blank. The methane yields of inoculum were subtracted
from the methane yields measured in the test bottles with the sub-
strate. All the experiments and analyses were carried out in dupli-
cates and the results were represented as mean and standard
deviation. Fig. 2 gives the process �ow and basic understanding
about the experimental plan.

2.4. Cyclic batch AD experiments

In the cyclic batch AD experiments, the initial set-up was as in
BMP assays but after a certain time, a volume of liquid phase was
removed and the same amount of water and/or substrate was
added (Keshtkar et al., 2001). Cyclic batch AD experiments were
carried out starting with three batch set-ups containing, 0.1, 0.2,
and 0.5 VSsubstrate:VSinoculum following the BMP assay procedure
(Section 2.3) using torrefaction condensate produced at 300 �C.
The experiment was carried out for 72 d with two intermittent
feeding points at 30 and 50 d. In the �rst feeding, no gas production
was observed in case of 0.2 and 0.5 VSsubstrate:VSinoculum loading. To
understand the inhibition type of torrefaction condensate on the
inoculum, the 0.2 and 0.5 VSsubstrate:VSinoculum set-ups were diluted
to match approximately the 0.1 VSsubstrate:VSinoculum loading during
the �rst and second feeding, respectively. For this purpose, a part of
the liquid phase in the bottles were removed and the same amount
of distilled water was added to maintain liquid volume of 60 mL.
During each feeding cycles, the aqueous fractions were removed
from the bottles contained 0.1 VSsubstrate:VSinoculum through gravity
settling and fed again with 0.1 VS ratio of substrate along with dis-
tilled water to make up the volume to 60 mL.

2.5. Analytical methods

For the analysis of the chemical composition of the torrefaction
condensate organic acids, aldehydes, methanol and acetol, the
organic fraction of the condensate was extracted with water and

Fig. 1. Torrefaction reactor system.
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the extract was used for the analysis of organic analytes (analyzed
at Nablabs oy, Oulu, Finland). Water content was analyzed with
Karl Fischer titration. Organic acids, formaldehyde, acetaldehyde,
furfural and hydroxymethylfurfural were analyzed with high
pressure liquid chromatographic method based on EPA method
(EPA 8315A). Methanol and acetol 2-hydroxyacetaldehyde were
analyzed with internal method using gas chromatography and
headspace gas chromatography mass spectrometry.

The total solids (TS) and VS (APHA 2540) and chemical oxygen
demand (COD) (APHA 5220 D), were analyzed according to stan-
dard protocols. Soluble COD (sCOD) were measured after �ltration
through a 0.45 l m membrane �lter. The pH was measured using a
TPS WP-81 pH meter.

Methane concentrations were measured in gas chromatography
equipped with �ame ionization detector (Perkin Elmer, Clarus 500,
USA) by comparing against control gas samples containing 30% CH4

and 30% CO2. Helium was used as a carrier gas and operation con-
ditions were: oven 100 �C, detector 225 �C and injector 230 �C
(Kinnunen et al., 2015). Methane concentration results were con-
verted to standard temperature and pressure conditions (STP,
T = 273 K, p = 1 bar) The methane production was calculated as
cumulative methane yield (L CH4) and speci�c methane yield per
VS of substrate added (L CH4/g VS).

2.6. Heating value of torrefaction condensate

The theoretical heating value of the torrefaction condensate
was evaluated by the summation of the heating value of all major
compounds present in the torrefaction condensate, as presented in
the Eq. (1) (Khartchenko and Kharchenko, 2013).

LHV …
X n

i…1
HHVi � ðhfg :mH2OÞ ð1Þ

where, �i’ represents the major compounds present in the torrefac-
tion condensate (i.e. acetic acid, lactic acid, furfural, methanol and
formaldehyde etc.), hfg is the heat of vaporization of water (i.e.
2257 kJ/kg) and mH2O is the mass of water vapor in kg.

3. Results and discussion

3.1. Torrefaction process

3.1.1. Product distribution
The product distribution from the torrefaction process of the

studied pine wood is presented in Fig. S1. The torre�ed biomass
yield was around 82, 75 and 55 wt.% and the condensate yield
was around 7, 18 and 25 wt.% when torrefaction (1 h) was carried
out at 225, 257 and 300 �C respectively. This shows that the tem-
perature has a signi�cant effect on the product distribution with
torrefaction process. The un-condensed gas yield (mainly CO and
CO2) was calculated through the difference (100% � [solid pro-
duct% + condensate%]). The product distribution observed in this
study was in agreement with the torrefaction product of other
woody spices like beech, poplar and spruce (Verhoeff et al.,
2011). For example, during torrefaction (at 300 �C for 1 h) of spruce
biomass, a yield of 29 wt.% of torrefaction condensate was reported
(Fagernas et al. (2015).

3.1.2. Torrefaction condensate composition
The studied torrefaction condensate from pine wood contains

several water soluble compounds among which organic acids,

Fig. 2. Process �ow adopted in this study for the AD of torrefaction condensate.
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