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Abstract. Thermal degradation and kinetic for biomass materials wood residues and Gorse (Ulex 
europaeus) have been evaluated under pyrolysis (N2) conditions, using a non-isothermal thermogravimetric 
method (TGA) from 25°C to 900°C at different heating rates of 10, 20, 30 and 40°C min-1. In DTG curves 
the temperature peaks at maximum weight loss rate changed with increasing heating rate. The maximum 
rate of weight loss (%s-1) was obtained at a heating rate of 40°C/min of 0,38 and 0,46 (%s-1) for wood 
residues and Gorse, respectively. Activation energy calculations were based on selected non-isothermal 
methods (Kissinger, FWO, KAS, and Starink). For Gorse, the energy activation was 195.41, 194.44, 214.39 
and 179.42 kJmol-1 by Kissinger, FWO, KAS, and Starink methods, respectively. In the other hand, the 
energy activation for wood residues was 176.03, 221.75, 243.08 and 198.26 kJmol-1 by Kissinger, FWO, 
KAS, and Starink methods, respectively. The results showed that Gorse has a lower activation energy than 
wood residues, which represents a great potential to be used as a feedstock in thermochemical technologies. 
The Levelized Cost of Electricity (LCOE) was calculated for gasification of wood residues and Gorse, 
which was 186 and 169 USD/MWh, respectively.  

1. INTRODUCTION 

 Nowadays, the need for new renewable energy sources 
to supply growing demands of energy, diversifying the 
energy matrix and reducing the use of fossil fuels is 
widely recognized. The  environmental impact of the 
greenhouse gases (air pollution, global warming and acid 
rains), which are emitted by fossil fuels, are of great 
concern in different contexts [1, 2].  
 
One of the most promising renewable energy sources is 
lignocellulosic residual biomass, not only because of its 
availability worldwide but also because of remarkable 
advantages such as being CO2 neutral and promoting a 
large annual generation rate [3]. An example of this type 
of biomass is residual wood, which is produced during 
tree pruning activities. 
 
In Bogotá, Colombia,  approximately 5.856 t of trimming 
residues are disposed annually into the landfill [4]. This 
value excludes residues of Gorse (Ulex europaeus), 
which is an exotic species and it is listed as one of the 
most invasive species in the world, because of its high 
reproduction rate, rapid growth, high germination 
potential, high ability to disperse its seeds, resistance to 
different environmental factors and it burns easily.  

 
 
For all these reasons, Gorse outcompetes native species 
and is a fire hazard.  
 
Approximately, 15.000 hectares are invaded by Gorse in 
Bogotá and there are about 72.000 ha with a high 
probability of being invaded by this lignocellulosic 
material [5]. Local Authorities have been looking for an 
effective way to eradicate it but have not succeeded yet. 
At the moment, Gorse expansion is being limited putting 
underground the gorse into plastic bags to ensure its 
degradation [6]. This situation represents an opportunity 
to study and evaluate the conversion of energy of the 
Gorse and the wood residues for power generation in the 
capital district. 
 
Biomass can be transformed into other forms of energy 
by different ways such as biological, chemical and 
thermochemical conversions. The latter is used for 
electricity and heat generation using heat and pressure. It 
is appropriate for dried biomass. In contrast, the 
biological route which is known as bio-digestion, uses 
microorganisms to produce gas and it is suitable for moist 
biomass.  
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The chemical route is used to produce biofuels such as 
ethanol and other chemical products using enzymes [7, 8]. 
 
Thermochemical conversion includes transformations 
such as pyrolysis, direct combustion and gasification. As 
a separate technology and the preliminary stage of 
combustion and gasification, pyrolysis involves 
complicated chemical processes and complex physical 
processes such as heat and mass transfer. It has a 
significant effect on the gasification process. As a result, 
a deep understanding of pyrolysis kinetics is key to 
provide guidance on the design, feasibility of industrial 
gasification reactors and optimizing the operating 
conditions [9] . 
 
In this work, pyrolysis of wood residues and Gorse (Ulex 
europaeus) has been studied with the goal of evaluating 
their thermal decomposition kinetics and estimate their 
energy potential. 

2. Experimental 

2.1 Samples 
 
Gorse (Ulex europaeus) and wood residues samples were 
supplied by the Botanical garden José Celestino Mutis of 
Bogotá.  The material included trunks and branches 
without leaves. The samples were ground and sieved into 
a particle size less than 250 µm in preparation for the 
thermogravimetric analysis. 
  
2.2 Material characteristics  
 
Proximate analysis was performed after a drying process 
at 40°C for 60 h, according to ASTM D7582-12. The 
ultimate analysis was conducted using a CHNS/O 
analyzer (TruSpec micro, LECO) according to ASTM-
5373-08. The high calorific value (HHV) was carried out 
in a calorimetric pump (plain jacket calorimeter 1341, 
PaarTM,) according to ASTM D-2015. The biochemical 
analysis was performed using a fibre analysis system 
FiberCapTM according AOAC methods 962.09 and 978.10.  
 
The proximate, ultimate and biochemical analysis results, 
as well as the high calorific value (HHV) of the 
lignocellulosic samples are listed in Table 1. 

 
 
2.3 Method 

2.3.1 Thermogravimetric analysis 

Thermogravimetric tests were performed in a 
thermogravimetric analyser (TGA/DSC1, Mettler 
Toledo), where the weight loss of a sample was measured 
continuously at atmospheric pressure, under a constant 
volume flow rate of nitrogen at 50mL/min, at different 
heating rates.  
 
First, the sample was heated to 105°C for 30 min. Then, 
the pyrolysis process was carried out from 25°C at four 
different constant rates of 10, 20, 30 and 40 °C/min to 
900°C. A sample of 10±2 mg was used, and all the 
experiments were made in duplicate.  

2.3.2 Theory 

The primary pyrolysis process of biomass is represented 
by the following reaction scheme: Biomass→ char + 
(volatiles + gases). The global kinetics of the reaction can 
be described as: 

dα/dt = k(T)f(α)    (1) 
 
where α is the fraction of conversion, α=(W0 - Wt)/(W0-
W∞). W0 and W∞ are sample masses at the beginning and 
at the end of the mass loss reaction, respectively. Wt is the 
sample mass at time t/temperature T.  
 
 
f(α) is the differential function of conversion. T is 
temperature, k(T) is the rate constant which is described 
by Arrhenius equation, k(T)= A e(-E/RT), where A is the 
pre-exponential factor, E is the apparent activation energy, 
R is the gas constant (8.314J/mol K). Eq. (1) can be 
converted into Eq. (2) expressed as: 
 

dα/dt= A f(α) e(-E/RT)                (2) 
 

 
 

 
Table 1. Proximate, ultimate, Biochemical and HHV analyses of Wood residues and Gorse analysis. 

 

 Proximate 
analysis (wt% a)   Ultimate 

analysis (wt% a)   Biochemical 
analysis b   Calorific power 

 Wood 
residues Gorse   Wood 

residues Gorse   Wood 
residues Gorse   Wood 

residues Gorse 

Volatile matter 91,11 85,73  C 53,60 52,20  Cellulose 17,39 6,35  HHV 
(kCal/kg) 4099 4177 Fixed carbon 8,55 13,04  H 4,80 5,30  Hemicellulose 15,00 21,85  

Moisture b 10,70 8,13  O 40,50 39,30  Lignin 41,11 51,50     
Ash 0,35 1,70  N 0,35 1,10         
    S 0,40 0,40         

a Dry basis, b As received basis 
 

Table 2. Model-free non-isothermal methods 
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For no isothermal TGA experiments at linear heating rate 
(β=dT/dt), equation (3) can be written as:  
 

dα/dT= (A/β) f(α) e(-E/RT)                (3) 
 

This equation expresses the fraction of material 
consumed per unit of time. The activation energy was 
obtained from non-isothermal TGA. The methods used to 
calculate kinetic parameters are called model-free non-
isothermal methods and require a set of experimental 
tests at different heating rates [9, 10]. 
 
2.3.3 Model-free methods 
 
Activation energy was obtained from non-isothermal 
TGA trough the following model-free non-isothermal 
methods: Kissinger, Flynn-Wall-Ozawa (FWO) and 
Kissinger-Akahira-Sunose (KAS) and Starink. These 
methods allow to obtain the kinetic parameters such as 
activation energy (E) of a solid state reaction without 
knowing the reaction mechanism [10]. A summary of 
used methods is given in table 2.  

2.3.4 Levelized Cost of Energy (LCOE) 

The Levelized Cost of Electricity (USD/MWh) was 
calculated for gasification technology using as a 
feedstock wood residues and Gorse according to equation 
(4).  
 

LCOE= (I-D+C-S)/P                             (4)  
 
Where the parameters represent:  
I= Initial investment (USD) 
D= Depreciation costs (USD) 
C= annual costs (USD) 
S= value of assets at the end of the life cycle (USD)  
P= total power generation (MWh). 
 
 
 
 
 
 
 

 

 
Fig.   1 (a) TG and (b) DTG profiles of Wood residues at 
different heating rates. 

3. Results and analysis 

3.1 characterization of fuels 

According to the proximate analysis results of the 
samples, it can be observed a low moisture content 
(8,13% and 10,70) and a high amount of volatiles ranging 
from 85,73% to 91,11% of these lignocellulosic 
biomasses. 

 

 

 

Method Model Plot Energy activation 
(kJmol-1) Ref 

Kissinger Ln(β/ Tm
2)=ln(AR/E)-(E/RTm) 

Tm denote the temperature peak of DTG 
curve 

Ln(β/Tm
2) against 

1000/Tm at different 
heating rates 

E= -slope⋅R 

[10] FWO 

Ln(βi) = ln(Aα⋅Eα/R⋅g(α))-5.331-
1.052(Eα/RTαi) 
i and α denote heating rate and conversion, 
respectively. 

Ln(βi) against 1000/Tαi E= slope ⋅ R/-1.052 

KAS Ln(βi/Tαi) = ln (Aα⋅R/Eα ⋅g(α))- Eα/RTαi Ln(βi/Tαi
2) against 

1000/Tαi 
E= -slope⋅R 

Starink Ln(β/T1.8) = Cs -1.0037 E/RT Ln(β/T1.8) against 1/T at 
different heating rates 

E= slope ⋅ R/-1.0037 [9] 

(a) 

(b) 
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This indicates that wood residues and Gorse can be 
considered as desirable feedstocks for thermochemical 
processes. Furthermore, the lower ash content of both 
samples represents an advantage for the pyrolysis process 
because a high ash content will result in fouling 
production on the reactor [11]. 

3.2 Thermal degradation characteristics 

 The TG and DTG profiles of Wood residues and Gorse 
(Ulex europaeus) at different heating rates of 10-
40 °C/min under nitrogen atmosphere are illustrated in 
Fig. 1 and 2, respectively. As can be seen from the plots, 
the devolatilization process started at approximately 
235°C and proceeded rapidly with increasing temperature 
and then the weight loss decreased slowly to the final 
temperature. The residue at the end of the process was 
between 25-31% of the initial weight for both samples.  

The pyrolysis processes can be divided into three 
different zones from DTG curves. While zone (I) 
corresponds to the mass loss due to evaporation of water 
and light volatiles, zone (II) shows the main pyrolysis 
stage caused by devolatilization and zone (III) illustrates 
degradation of carbonaceous in the residue. In this last 
zone, little mass loss is observed [11, 12].  

 

 
 

 

Fig.   2 (a) TG and (b) DTG profile of Gorse (Ulex europaeus) 
at different heating rates. 
 

In the main pyrolysis zone, it can be observed one peak, 
one shoulder and one long tailing for each DTG curve. 

The shoulder represents the fastest conversion of 
hemicellulose, the peak corresponds to the decomposition 
of cellulose and the tailing mainly corresponds to the 
lignin degradation [11].  

It can be seen from the DTG curves that Gorse had a 
higher hemicellulose and lignin content than Wood 
residues, which is supported by the biochemical analysis 
results (Table 1). This experimental results are in good 
agreement with the reported results of the pyrolysis of 
Cellulose, hemicellulose and lignin  [12]. 

In order to describe the properties of the pyrolysis 
process of these samples under the effect of varied 
heating rates, some characteristic parameters were 
calculated from the TG-DTG curves and are listed in 
Table 3. The highest degradation was obtained at a 
heating rate of 10°C/min and the obtained solid residues 
were of 25,31% and 28,47% for wood residues and Gorse, 
respectively.  This occurred because of the lower ash 
content and higher volatile matter of Gorse [13]. 
 
On the other hand, the Figs. 1(b) and 2(b) show that a 
higher heating rate, the weight loss rate is greater. 
Biomass had some resistance to the reaction, so peaks in 
DTG curves moved to the right (table 3). These results 
have been reported by other authors with lignocellulosic 
materials such as [10, 14]. However, the highest weight 
loss rate, 0.46 %/s and 0,38% for Gorse and wood 
residues correspondingly, was obtained at 40°C/min. 
 
Table 3. Characteristic parameters of Wood residues and Gorse 

during pyrolysis process. 
 

Sample 
Heating 

rate 
(°C/min) 

TV 

(°C) Tp (°C) DTGmax 
(% s-1) 

Residue 
(%) 

Wood 
residues 

10 236,17 344,67 0,10 28,47 
20 246,67 358,33 0,20 31,83 
30 249,00 364,50 0,27 31,65 
40 255,67 369,00 0,38 31,53 

Gorse  

10 247,33 333,83 0,13 25,31 
20 253,33 344,33 0,24 28,64 
30 260,50 351,00 0,37 26,85 
40 265,67 355,00 0,46 31,09 

 
TV - the devolatilization temperature (°C), Tp - the 
corresponding of the peak rate of weight loss (°C), 
DTGmax - the maximum weight loss rate (% s-1) and the 
residue % (compared to the initial sample weight) of each 
sample and heating rate 

3.3 Kinetic parameters 

The TGA data were analysed using model-free methods 
for determination of apparent activation energies of the 
pyrolysis. The Kissinger, FWO, KAS and Starink 
methods were used to calculate the activation energy as a 
function of the conversion (α =0,1- 0,7).  
 

(a) 

(b) 
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Table 4. Apparent energy activation (E) and correlation coefficient (R2) deduced from FWO, KAS, Kissinger and Starink methods for 
Wood residues and Gorse. 

 
Sample Wood residues Gorse 

α 
FWO KAS Starink FWO KAS Starink 

E 
 (kJmol-1) R2 E 

 (kJmol-1) R2 E 
(kJmol-1) R2 E 

 (kJmol-1) R2 E 
(kJmol-1) R2 E 

(kJmol-1) R2 

0,1 176,97 0,974 195,00 0,976 166,59 0,951 173,38 0,976 191,40 0,979 149,62 0,998 
0,2 195,79 0,984 215,22 0,985 181,00 0,984 182,25 0,995 201,12 0,995 163,68 0,999 
0,3 218,10 0,983 239,01 0,984 197,01 0,986 195,73 0,999 215,60 0,999 178,97 0,999 
0,4 243,81 0,985 266,37 0,986 209,86 0,989 198,73 0,998 219,00 0,998 187,48 0,998 
0,5 243,47 0,992 266,28 0,993 211,73 0,991 200,16 0,999 220,70 0,999 189,90 0,998 
0,6 237,06 0,996 259,77 0,996 213,51 0,997 198,70 1,000 219,32 1,000 192,89 0,997 
0,7 237,05 1,000 259,94 1,000 208,08 1,000 212,12 1,000 233,62 1,000 193,37 0,999 

Average 221,75 0,988 243,08 0,989 198,26 0,987 194,44 0,995 214,39 0,996 179,42 0,998 
Kissinger 176,03 0,993     195,41 0,999     

 
Table 4 illustrates the kinetic parameters and the R2 fitted 
from the plots of each method. The correlation coefficient 
(R2) was in range from 0,951 to 1,000 for all cases. The 
Figure 3 shows the apparent energy activation for (a) 
wood residues and (b) Gorse against the conversion 
obtained by the four methods. It can be observed that the 
apparent activation energy for KAS and FWO and 
Starink methods was not similar for all conversions, 
which indicates the existence of a complex multi-step 
mechanism that occurs in solid state.  
 

 

 
 

Fig.   3  Activation energy as a function of conversion for (a) 
Wood residues and (b) Gorse. 
 
The average of the energy activation from Kissinger, 
FWO, KAS and Starink methods was 195.41, 194.44, 
214.39 and 179,42 kJ/mol, respectively for Gorse and  
 

176.03, 221.75, 243.08 and 198,26 kJ/mol, respectively 
for wood residues. It can be observed that activation 
energy is lower for Gorse than for wood residues. These 
results show the ability of Gorse to be transformed by a 
thermochemical process. It needs lower energy to be 
transformed compared with wood residues. Additionally, 
the high calorific value of Gorse is greater than that of 
wood residues. This characteristic could increase the 
conversion through a thermochemical route such as 
gasification. 
 
It has been reported many studies of wood gasification. 
However, there are few studies about thermochemical 
conversion of Gorse. A study of power generation using 
Gorse gasification was carried out in a downdraft reactor 
with a coupled system of  power generation in which a 
peak of 13.8 kW was obtained [5].   

3.4 Levelized Cost of Electricity (LCOE) 

 

 

The levelized cost of electricity of gasification of wood 
residues and Gorse is illustrated in Fig. 4. The LCOE for 
Gorse gasification was 169 USD/MWh which was lower 
as compared to LCOE for wood residues gasification, 
which was 186 USD/MWh. For the purpose of 
comparison, the cost of electricity from the local supplier 
of 192 USD/MWh [15].  
 
In the same way, a study of power generation from 
gasification of corncobs reported a LCOE of 170 

Fig.   4  Levelized Cost of Electricity in Bogotá, Colombia  

(b) 

(a) 
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USD/MWh, which indicates that using residual biomass 
for power generation in Bogotá is a viable option to 
supply part of the local energy demand [16].  These 
results showed that gasification of Gorse and wood 
residues represent an opportunity to promote eradication 
and control processes of this invasive species and take 
advantage of the energy potential of these lignocellulosic 
biomasses to supply part of the increasing energy demand. 
 
 
  4 Conclusions 
 
In this work, thermal characteristics of wood residues and 
Gorse (Ulex europaeus) have been studied. Experiments 
were performed under inert atmosphere, revealing that 
pyrolysis of analyzed lignocellulosic biomasses has a 
complex multi-step mechanism that occurs in solid state. 
This is due to different structural and elemental 
characteristics. Also, activation energy was determined 
and compared with four different methods and It was 
found that activation energy for pyrolysis of gorse is 
lower than required energy for pyrolysis of wood residues, 
which implies a great potential to be transformed trough 
thermochemical technologies. 
The LCOE for gasification of wood residues and Gorse 
were calculated. Using lignocellulosic biomass for power 
generation could be cheaper than the cost of energy from 
the local supplier if residues are gasified in-situ. The 
effect of blends of Wood residues and Gorse over the 
gasification and LCOE will be studied in a future analysis. 
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