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The aim of this work is to perform a physicochemical and
thermal characterization of three biomass waste samples
with high availability in Uruguay. The chemical kinetics
of the different stages during the combustion process was
also modelled. Given the complexity of the processes that
involves simultaneous chemical reactions, heat and mass
transfer phenomena and heterogeneous reactions, we
performed macroscopic analysis. This work aims to shed
light on the potential utilization of Uruguayan biomass
waste in large fired boilers for energy production.

Abstract.

This work presents kinetic and thermal data of
three different biomass wastes with high availability in Uruguay.
Samples were analysed by proximate, ultimate and
thermogravimetric analyses, transient plane source, and a cone
calorimeter. DTG results at different heating rates allowed us to
identify different stages during the thermogravimetric analysis.
Kinetic modelling per stages was realized for each stage observed
during the heating of the biomass samples. The kinetic was
modelled minimizing the square difference between the
experimental data and theoretical values obtained with the model.
Activation energy values were obtained for each stage, with
values in the range 164-217 kJ mol-1 for the decomposition of
cellulose and hemicellulose, and between 190-507 kJ mol-1 for
the decomposition of lignin.

2. Methodology
A. Raw material: selection and classification

Key words
Biomass waste samples were chosen due to its high
availability in Uruguay. Selected biomasses are: grape
pomace (GP), eucalyptus grandis (EG) and rice husk
(RH). GP samples are from a vineyard located in Melilla,
Montevideo Department, Uruguay during the grape
harvest, and correspond to Tannat type. EG samples
come from a 17.5 year-old tree from Piedras Coloradas,
Paysandú Department, Uruguay. RH samples were
collected from a rice producer located in Rio Branco,
Cerro Largo Department, Uruguay and correspond to
large seeds of Tacuarí variety. All samples were dried at
105 °C for 24 hours, crushed and sieved to a particle size
below 50 mesh.

Kinetic modelling, thermal analysis, biomass, combustion,
cone calorimeter.

1. Introduction
Biomass as an energy source is gaining interest each year,
mainly as a result of governmental policies [1]. The
utilization of biomass as energy sources have different
advantages, for example: it is of renewable nature, its
combustion decreases the greenhouse gas emissions
(compared to fossil fuels), the utilization does not compete
with agricultural feedstocks, among others [2, 3].
Therefore, nowadays different studies are being developed
aiming to develop the direct and indirect utilization of
biomass waste as an energy source [3, 4].

B. Ultimate and proximate analysis
The quantification of C, H, N, S was carried out with a
CHNS/O instrument Thermo Scientific FLASH 2000.
The oxygen content was determined by difference.
Proximate analysis was performed following the UNIT
NBR 8112/1986 standard, using ceramic crucibles and an
Isotemp Fischer Scientific muffle.

The utilization of biomass waste as an energy source
requires knowing the biomass composition, the thermal
transport properties (e.g. thermal conductivity, thermal
diffusivity and volumetric heat capacity), as well as the
behaviour under different heating rates, the chemical
kinetics and the combustion performance.
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C. Heating value
The higher heating value (HHV) was determined with a
bomb calorimeter Parr 1341, equipped with a 6672precision thermometer. The determination was performed
with ca. 0.5 g of sample. The correction for heat of
formation of acid was applied, according to the
calorimetric bomb manual [5].

(3)

In equation 3, β represents the heating rate and γ is the
reaction order. The kinetic parameters (k∞, γ y Ea) were
obtained by means of an iterative process using Microsoft
Excel, and minimizing the square of the total error
difference between the experimental data and the values
obtained with the Equation 3.

D. Thermal transport properties by transient plane source

G. Effective heat of combustion

Transient plane source tests (3 for each sample) were
carried out at 303 K using a constant heat power of 50 mW
and a sensor with a radius of 9.868 mm of Kapton
material. Thermal conductivity (k), the thermal diffusivity
(Ω) and the volumetric heat capacity (ρ.Cp) were
determined. The sensor was located into a cylindrical
recipient (4 cm of radius and 10 cm of height) containing
the samples. Temperature histories of each sample were
recorded. A relaxation time of 11520 seconds and a
probing depth of 13-15 mm were used in all the
experiments.

A cone calorimeter (Fire Testing Technology, i-Cone)
was used to quantify the effective heat of combustion
(EHC). A sample holder (100x101x20 mm3) was placed
horizontally at 2.5 cm under a conic heater in order to be
exposed to different heat fluxes (20, 40 and 60 kW m-2).
Experiments were conducted in well ventilated
conditions, at an airflow rate of 24 L s-1 and using a spark
to force the ignition. Measurements were made according
to the standardized norm ISO 5660-1. The calculation of
the EHC for each sample was determined during the
flaming process using the following Equation 4:

E. Thermogravimetric analysis
Thermogravimetric analysis (TGA) was carried out with a
Shimadzu TGA-50. For this analysis, 7.5 ± 0.2 mg of
sample was used in a platinum pan. The air flow was 50
mL/min and the temperature ranging from ambient to 950
°C. Heating rates used were 5, 10, 20, 30, 40 and 50 °C
min-1. In order to ensure reproducibility, each sample was
analysed twice.
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where A is the heat transfer area, HHR(t) is the heat
release rate, to is the initial flaming time, tf is the burnout
time and mc is the mass consumed between to and tf..

3. Results and discussion
F. Kinetic modelling

A. Physicochemical results

TGA data was used to perform the kinetic modelling of the
different stages of the combustion process. The
fundamental equation that describes the extent of the
conversion with the temperature, considering that the
kinetic constant follows an Arrhenius expression, can be
described by Equation 1:
ாೌ
݀ߙ
= ݇ஶ ݁ ିோ் . ݂(ߙ)
݀ݐ

Tables I and II show the characterization results obtained
for the different biomass (ultimate and proximate
analysis, respectively). RH showed the highest ash
content, with lowest C, H and VM content. These
differences may be responsible for the low HHV of the
RH, which is around 30% lower than the other two
samples studied.

(1)

where k∞ is the pre-exponential factor, Ea is the activation
energy, R the universal gas constant, T the absolute
temperature, f(α) is a function that describes the reaction
progress as function of the conversion and α is the
conversion that can be expressed by the Equation 2:
ߙ=

݉ − ݉௧
(݉ − ݉ஶ )

Sample
GP
RH
EG

(2)

O*

S

35.7
37.8
46.7

0.2
0.1
0.0

*by difference = 100- C - H- N –S -Ash
Table II. - Proximate analysis and calorific value
VM
FC
ASH
HHV
Sample
Wt. % d.b
MJ kg-1
72.7
19.9
7.4
20.6
GP
64.4
12.8
21.8
14.7
RH
88.5
11.3
0.24
18.7
EG

where mo, mt and m∞ are the sample mass at the initial, at
the time t and at the end of each process, respectively. The
kinetic modelling consists on substituting f(α) as αγ and
subsequently obtain the solution of the differential
equation that describes the conversion progress as a
function of the temperature. The model developed is
shown in Equation 3
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Table I. - Ultimate analysis
C
H
N
Wt. % d.b
48.8
6.0
1.9
35.3
4.7
0.3
48.2
5.9
0.0

VM: volatile matter, FC: fixed carbon. All the values are
expressed in dry basis (d.b)
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heating power for the other biomass is not as strong as
the observed for GP. The low combustion efficiency
obtained for GP can be explained by the low thermal
properties obtained in Table III.

B. Thermal characterization
The values obtained for the thermal conductivity, the
volumetric heat capacity and thermal diffusivity
determined by means of TPS are reported in Table III.

C. Thermogravimetric analysis and kinetic modelling
Sample
GP
RH
EG

Table III. - Thermal transport properties
k
ρ Cp
Ω
W m-1 k-1
MJ m-3 K-1
mm2 s-1
0.096 ± 0.002
0.114 ± 0.003
0.069 ± 0.002

0.913 ± 0.074
0.947 ± 0.076
0.431 ± 0.035

The thermogravimetric analysis for the biomass samples
was carried out at different heating rates under air
atmosphere.
Differential
of
the
mass
loss
thermogravimetric analysis (DTG) as a function of the
temperature is shown in Fig. 1. Different reaction steps
can be identified to occur during the combustion process.
This data allowed us to develop a kinetic model for the
different steps identified.
During the heating and combustion of the biomass
samples, different processes are taking place. For GP and
EG it was possible to identify four processes: moisture
loss (1), decomposition of cellulose (2) and hemicellulose
(3) and decomposition of lignin (4). Nevertheless, RH
sample showed one combined stage for 2 and 3, as both
processes take place in the same temperature range. In
order to analyse the behaviour of the combustion process
during the heating of the samples, the combustion
characteristic index (S), was calculated. The S value is
used as an empirical index with high accuracy that
describes the combustion processes and it can be
expressed by the Equation 5 [7]:

0.106 ± 0.006
0.120 ± 0.007
0.161 ± 0.009

The thermal conductivity value of the RH sample is
approximately 19% and 65% higher than the GP and EG
values, respectively. This fact can be explained due to the
high inorganic content (ash) of the RH sample. It is well
known that the higher the metal content the higher the
thermal conductivity of the material [6].
On the other hand, EG presents a high void space. This
effect provokes an increment in the air availably of the
sample, which in turn, decreases the thermal conductivity,
as the air conductivity if considerably lower than the solids
studied. In addition, the ash content in EG is low, which
makes the conductivity lower as it was aforementioned.
Regarding to the values obtained for the thermal
diffusivity, EG shows the highest value, which means the
EG has better ability to transfer the heat wave in
comparison to the other samples. Comparing the
volumetric heat capacity, which is related with the ability
for storing the heat, EG showed the lowest value. This
means that EG require less time to reach a certain
temperature than the other samples studied.

݀݉
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Where (dm/dt)max and (dm/dt)media represent the
maximum weight loss rate and the average weight loss
rate of the process respectively. Ti is the ignition
temperature and Tf the burnout temperature of the
process assessed. Higher S values indicates more active
combustion reaction [7].

The performance of the combustion process under
different heat fluxes was studied with a cone calorimeter.
The EHC for each sample was obtained and then
normalized with the HHV obtained from the bomb
calorimeter. Table IV shows the ratios EHC/HHV for each
sample studied. RH presents the highest EHC/HHV ratios,
presumably due to the higher k and ρCp values (see Table
III).

Table V shows the different S values calculated from
Equation 5. As a general trend, the combustion index
increases with the heating rate. This fact can be explained
because when the heating rate increases, the processes
take place at higher temperatures, and therefore the
reaction rate increases. As the ash content increases in the
samples, the combustion efficiency diminishes because
the presence of incombustible material decreases the
combustion efficiency [7]. It was observed that above
heating rates of 40 °C min-1, the S value obtained for EG
is above 2 mg2 s-2 °C-3, which means that the combustion
processes is dynamic and it can be used as fuel in large
fired boilers for energy production [8, 9]. For RH, the
aforementioned behaviour is observed only for a heating
rate of 50 °C min-1.

Table IV. - Combustion performance of the samples
EHC / HHV
Sample
-2
20 (kW m ) 40 (kW m-2) 60 (kW m-2)
0.388
0.556
0.624
GP
0.739
0.754
0.740
RH
0.694
0.651
0.679
EG

In other words, the heat wave is transferred by the sample
with less resistance than the other samples and the amount
of heat stored by RH is also higher. Therefore, the
combustion temperatures are higher, increasing the
combustion efficiency. The influence of the heating power
into the combustion efficiency is important for GP, it’s
increased from 0.388 to 0.624, meanwhile the effect of the
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Figure 1. Differential thermogravimetric analysis (DTG) curves obtained at different scan rate in air atmosphere, for the sample:
a) GP, b) RH and c) EG.

Table V. - Calculated S factor
S (1010 mg2 s-2 °C-3)
β
-1
(°C min )
GP
RH
EG
5
0.01
0.07
0.05
10
0.01
0.08
0.12
20
0.25
0.12
0.44
30
1.20
0.38
1.14
40
1.03
0.57
2.04
50
1.28
2.09
2.47

Process
2

3

To evaluate the kinetic parameters of the processes
involved during the combustion of the samples (e.g.
decomposition of cellulose, hemicellulose and lignin) the
experimental data from TGA analysis was fitted using the
model proposed in Equation 3. The optimized kinetic
parameters for the three samples are summarized in Table
VI. Process 3 for RH is not possible of modelling because
this stage is overlapped with the processes 2. Due to this
fact, both processes were modelled simultaneously.
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Table VI. – Optimized kinetic parameters
Parameter
GP
RH
Log (k∞)
15.31
18.23
Ea
204
168
(kJ mol-1)
γ
1.38
2.15
13.28
Log (k∞)
Ea
165
(kJ mol-1)
γ
2.97
Log (k∞)
29.00
14.48
Ea
349
190
(kJ mol-1)
γ
3.35
3.12

EG
17.15
196
1.26
17.39
217
4.31
37.39
508
4.62

The activation energy for the GP and EG samples
increases with the temperature, meaning that the
combustion process is less favourable. This behaviour is
the opposite observed for the RH sample, whose Ea value
slightly diminish as the temperature increases.
Furthermore, those parameters fit well with the
experimental data obtained at low heating rates. On the
other hand, for high heating rates the model predicts the
values with a 10% of error for some α values.

514

RE&PQJ, Volume No.17, July 2019

solid waste by using thermogravimetric analysis”, Energy
Conversion and Management, Vol. 117, pp. 367-374, 2016.
[9] G. K. Parshetti, A. Quek, R. Betha, R. Balasubramanian,
“TGA–FTIR investigation of co-combustion characteristics of
blends of hydrothermally carbonized oil palm biomass (EFB)
and coal”, Fuel processing technology, Vol. 118, pp. 228-234,
2014.

4. Conclusions
Three different biomass samples were characterized from a
physicochemical, thermal and kinetic point of view. RH
and EG seem to have suitable characteristics to be used in
large fired boilers for the energy production. It is important
to highlight hat these results were obtained for a particle
size less than 50 mesh. In order to study the process at a
larger scale, analyses with larger particle size should be
carried out.
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