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Abstract  

A thermogravimetric analyzer was designed and built for laboratory studies of biomass 
pyrolysis. In order to show that the device can be considered as a laboratory instrument with 
reliable measurements, an experimental study was carried out to evaluate its repeatability, 
reproducibility and validity. Macro ATG pyrolysis tests were carried out by two operators on a 
Cameroonian wood species (Movingui) and on cotton. The equipment was set in dynamic mode 
at heating rates of 5°C/ min and 10°C/min.  Injection of nitrogen into the device during 
experimentation created an inert environment required for pyrolysis. Statistical analysis of the 
wood pyrolysis experimental data was used to evaluate the repeatability and reproducibility of 
the device. In addition, the activation energy (Ea) of the Cotton pyrolysis was estimated using 
the non-linear least squares method with a heating rate of 5°C/min. Analysis of the data obtained 
shows that the device allows the repetition and reproduction of pyrolysis experiments at an 
acceptable level of precision. Given that cotton is mainly composed of cellulose (97%), the 
activation energy value we obtained for cotton (182.00 kJ/mol) was very close to that of pure 
cellulose (187.54 kJ/mol) reported by other authors. Hence  the device can be validated as a 
laboratory instrument.  
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1. Introduction

Africa has large deposits of biomass, including a variety of wood species. Moreover, the local 
use of wood in Cameroon is limited to carpentry work, in the construction of structures and also 
it is used in the production of heat for cooking and heating. According to the International 
Energy Agency, 792 million people used traditional biomass as their main source of energy for 
cooking and heating. This situation leads to hardship, poisoning, fires, burns, limited economic 
opportunities and premature death from respiratory diseases [1].  It is therefore interesting to 
look for other modern energy recovery methods to alleviate this situation. As far as biomass is 
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concerned, pyrolysis and gasification are well-suited for energy recovery. The real problem in 
Africa at this level is the lack of financial means to acquire the technologies necessary for their 
implementation. In addition, scientific research activities  on  pyrolysis and gasification of 
African biomass are also very limited due to the cost of laboratory equipment needed for 
research, such as thermogravimetric analyzers. Faced with this situation, in order to contribute 
to the development of research in Africa, a thermogravimetric analyzer was designed and built 
to be used in the study of the pyrolysis of biomass. As with any measuring instrument, 
repeatability and reproducibility tests are necessary to validate its reliability. The samples 
chosen for these various tests are made up of a Cameroonian wood species, Movingui 
(Distemonanthus benthamianus Baill) and cotton (Gossypium spp.). Movingui is  part of the 
tropical Cameroon wood used in various ways : carpentry, construction of structures, parquet, 
veneer or even in shipbuilding. This article presents the technology of the device developed, 
and the experimental study that were used to characterize the equipment.  

2. Materials and methods

2.1 Equipment 

2.1.1 Presentation of the experimental set-up 

Figure 1 below, represents the schematic diagram of the thermogravimetric analyser we made. 
The device is used to record variations in the mass and temperature of a biomass sample 
subjected to heat. This reactor is equipped with a microbalance (RADWAG- Model PS 510.R1) 
connected to a computer which records the measurements in regular time steps. The sample is 
placed on a steel crucible and suspended from the microbalance. Its temperature is measured 
by means of a type K thermocouple located 1 cm below the sample. The furnace is made of a 
stainless steel cylinder surrounded by a 1600W heating collar. The cylinder is covered with 
glass wool for thermal insulation. As the oven is made of steel, the maximum developed 
temperature was limited to 600°C to avoid any deformation of the structure. The inert 
atmosphere is obtained by the circulation of nitrogen. This gas is injected horizontally in the 
upper part, passes through the furnace and comes out through its lower end. Convective heat 
exchange between the oven and the microbalance, due to hot gas leaks at the top of the 
equipment  is limited by a  ventilation system, which sucks   air horizontally away from the 
microbalance. 
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Figure 1: Schematic diagram of the thermogravimetric Analyser 

Table 1: Thermogravimetric Analysis Data Sheet 

Category ATG Macro 
Scope of application Chemistry, Recycling, Energy 

Measured elements Mass and temperature variation  

Samples Biomass  

Oven Temperature-controlled heating resistance 

furnace  

Detection method Balance, thermocouple 

Balance stabilization time 2s 

Precision of the balance 0,001g 

Required gases Nitrogen, synthetic air 

Power supply 230 V, 50/60 Hz 

Accessories    02 computers, one Arduino board 

(MEGA2560), one nitrogen bottle equipped 

with a pressure reducer 

2.1.2 Temperature control and regulation 

In order to successfully control and regulate the temperature inside the oven according to the 
desired profile, a digital cascade control was  developed using an Arduino kit (MEGA 2560). 
Preliminary experiments allowed us to choose this control model because it led to a limitation 
of the undesirable  effects of thermal inertia at the level of temperature control. The system set 
up has two thermocouples that ensure simultaneous control of the resistance (heating element)  
temperature and the crucible temperature. The system has two solid state relays. The first relay 
is used to supply power to the heating resistor, and the second is used to couple or decouple a 
rheostat, which modulates the electrical current to achieve the desired temperature profile. The 
heating speed is controllable and can reach 15°C/min with a maximum temperature of 600°C. 

Porcelaince ring 

Balance 

Fan 
 

 
Glass wool insulation

Entry of inert gas Entry of inert gas

Steel cylinder

Heating glove 

Crusible 

Gaz outlet Gaz outlet 

Furnace thermocouple

Sample thermocouple 
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A computer connected to the arduino board records the temperature values of the furnace and 
crucible in regular time steps. 

Figure 2: Electrical  Circuit of the Thermogravimetric Analyser 

Figure 3: Block Diagram for the Control system of the Thermogravimetric Analyser 

2.1.3 Presentation of samples 

Tables 2 and 3 below show the chemical composition of Movingui and Cotton.  

Table 2: Percentage by mass of C, H, O, N and S in Movingui [4] and cotton [3]. 
C (%) H (%) O (%) N (%) S (%) 

Movingui 49,3 5,2 45,2 0,3 - 
Cotton 42,23 5,91 46,87 0,00 0,00 
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Table 3: Chemical composition of Movingui [2] and Cotton [3] & [10]. 
Relative 
humidity 

(%) 

% 
Cellulose 

% 
Lignin 

% 
Hemicellulose 

% 
Ash 

Movingui 12,0 37,0 27,0 12,5 2,7 
Cotton 60 –  70 95,0 – 97    – – 0,9 

2.2 Methods 

2.2.1 Sample Preparation 

The geometric characteristics (size, shape and mass) of each sample must be defined for the 
study by macro-analysis.  For this purpose the wood samples were shaped into cylindrical rods 
of diameter 11 mm and height 15.5 mm with initial masses of 1.06 ± 0.03 g. The cotton samples 

were maintained in a rounded form (1.08 ± 0.04 g) by means of steel wire. 

2.2.2 Experimental Protocol 

The initial mass (mo) of the sample was previously weighed on the crucible before starting the 
device. The experiment begins with a nitrogen sweep for 05 min at room temperature to expel 
air (containing oxygen) from the reactor. Without stopping the injection of nitrogen, the 
temperature of the crucible was raised and maintained at 105°C for a given time (30 min in our 
case), during which the sample was being dried. After the drying phase, the crucible 
temperature adopted a ramp (10°C/min) profile  until the end of the experiment. Throughout 
the experiment the microbalance and thermocouples measured respectively the mass variations 
produced at the level  of the sample and the temperature variations for the furnace and crucible.   

2.2.3 Elimination of identified adverse effects 

Preliminary experiments permitted the identification of the main sources of measurement error 
on the designed device: 

- Dragging force due to the injection of nitrogen 
- Scale drift due to abnormal overheating of its components 
- Archimedes' thrust in the reactor 

To minimize the effects of drag force, we performed a horizontal injection of nitrogen into the 
reactor. Forced air circulation in the horizontal plane between the furnace and the balance 
allowed us to limit the convective heat exchanges that caused the balance measurements to drift. 
The disturbing phenomenon on which we did not act is the Archimedes' thrust in the reactor. 
So, to evaluate the resultant of all the disturbing variables and correct the mass measurements 
made, the trick chosen was to subtract from the mass measurements the values of the mass 
variations recorded with the empty crucible (blank experiments) under the same temperature 
profile. 

2.2.4- Method used to study Repeatability and Reproducibility (R&R) 

Repeatability is the variation observed when the same operator measures the same sample many 
times, using the same instrumentation, under the same operating conditions, in the same 
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location and following the same procedure. It therefore permits the evaluation of  the sample  
of the measurement variability due to the equipment. Reproducibility, on the other hand, is the 
variation observed when different operators measure the same sample many times, using the 
same instrumentation, under the same operating conditions, in the same place and following the 
same procedure. It therefore permits an evaluation of the amount of measurement variability 
due to differences between the operators of your measuring system [5]. Six (06) pyrolysis 
experiments were carried out with Movingui wood as a sample, to evaluate the repeatability and 
reproducibility of our thermogravimetric analyser by two different operators (p = 2), for which  
three (3) experiments were done by each operator (n = 3). During the various experiments, the 
parameters sought for the study of repeatability and reproducibility were  [6]: 

- Percentage of carbonaceous residue at maximum speed (CRI 1) 

- The  onset temperature at 1% mass loss (CRI 2) 

- The percentage of carbonaceous residue at the final temperature: 400 °C. (CRI 3)              

- The temperature at maximum mass loss rate (CRI 4)                            

Statistical Calculation of Repeatability and Reproducibility (R&R) 

The estimation of repeatability (��) is determined by the following expression [6]:               

�� = �∑�
��� ������

�

���

Where: 

-  � : The average of the operator's measurements 

- �� : Measure i 

- � : The number of measurements performed by the operator 

According to ISO 5725 [7] , the approach using collaborative inter-laboratory (or inter-
operator) statistical studies allows the determination of the combined standard uncertainty 
associated with the reproducibility standard deviation (SR) : 

  �� = ���
� + ��

�   

Where: 

��
� =  

∑
�
��� �����̿�

�

���
−

��
�

�
                

Where p is the number of operators, ��
� inter-operator variance and ��

� repeatability variance. 

Repeatability and reproducibility limits 

 The repeatability limit, denoted as 'r', is the maximum 'acceptable' deviation between two 
measurements when performed in the same laboratory with the same method. The 
reproducibility limit, denoted "R", is the maximum "acceptable" difference between two 
measurements when two different operators perform the measurements [5].  The repeatability 
and reproducibility limits are given respectively by :    

    � = 2.83�� and � = 2.83��     
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2-2-5 Validation of the experimental device 

To validate the designed experimental device, pyrolysis experiments were carried out on cotton 
samples at a heating rate of 5°C/min. Subsequently, pyrolysis kinetics modelling was performed 
to compare the data obtained with those in the literature. The cotton being composed of at least 
95% cellulose [3] & [10], its  degradation kinetic parameters are assimilated to those of pure 
cellulose, which has been well studied in the literature. The validity of our device will be 
obtained by comparing the activation energy of cotton pyrolysis with that of the literature. The 
second validation activity of the TGA, involves the verifying of the coincidence of the curves 
of the experimental readings of the cotton pyrolysis reaction rate with those obtained by the 
Arrhenius theoretical mathematical model. The kinetics of biomass pyrolysis can be modelled 
by Arrhenius' law [8] according to the following equation: 

��

��
= �0��� �−

��

��
� (1 − �)� 

The three kinetic parameters: the activation energy (Ea), the pre-exponential factor (k0 ) and the 
order of reaction (n) were estimated simultaneously by non-linear least squares. For this 
method, the desired values of the parameters are those which minimize the sum of the squares 
of the differences between the calculated and experimental values of the degrees of 
advancement  at a fixed heating rate. The criterion to be minimized is as follows [8]: 

� = ∑
����

���
(�� − ����

� )�    

3- RESULTS AND DISCUSSIONS 

3.2- Repeatability : 

The collected data was used to plot thermogravimetric curves representing the mass variations 
of the massive wood samples (the Movingui) and their variation in temperature  as a function 
of time (m=f(t) and T°C=f(t)) (Figure 5 and Figure 6). Their analyses, using the statistical 
methods presented above, have been grouped in Tables 6 and 7 for each operator.   

Figure 5: Temperature profile curves for 03 experiments of operator 1 
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Figure 5 above illustrates the temperature profiles of the sample over time during the 03 
pyrolysis experiments performed by Operator 1. For each experiment, it is observéd that  three 
(03) levels were present . The first one corresponds to the period of injection of nitrogen only, 
during this phase no temperature rise is recorded, the sample remains at room temperature. In 
the second step, the temperature of the sample is raised to approximately 105 °C and is kept at 
this value for 30 min to allow drying. The third stage is marked by a temperature variation 
following a ramp (10°C/min). 

 Figure 6: Curves of mass variations (a) and reaction rates of pyrolysis ((b) for 03 tests on the 
Movingui carried out by Operator 1.  

Figure 6 (a), shows for three tests, the variation over time of the variation in mass for  the wood 
sample during the three phases: nitrogen sweeping, drying and pyrolysis. Figure 6 (b) shows 
the reaction rates for these three experiments during the pyrolysis phase. 

 Table 6: Repeatability measurements of operator 1 
Samples CRI 1 CRI 2 CRI 3 CRI 4 
Sample 1 48,89% 389,00 37,87% 140,50 
Sample 2 47,11% 378,00 37,44% 154,00 
Sample 3 58,80% 371,25 40,63% 145,00 
Average 0,52 379,42 0,39 146,50 
1000*��

� 3.96 80270.83 0,30 47250,00 

r 17,82% 25,36°C 4,90% 19,45°C 
CRI1: The percentage of carbonaceous residue at maximum speed; CRI2: The tCRI3: The percentage of 
carbonaceous residue at the final temperature: 400°C. ; CRI4: The temperature at which degradation begins at 

1% mass loss; CRI5: The temperature at which the carbonaceous residue is removed from the final 
temperature: 400°C. maximum rate of mass loss. 

The above table groups the values of the different criteria defined for the calculation of 
repeatability and reproducibility on a number of 03 identical samples by operator 1. The mean 

values of these criteria, the repeatability standard deviations (��) and repeatability limits (�) are 
also mentioned. The calculation of the mean standard deviation of the pyrolysis reaction rates 

of the measurements of operator 1 was: 1.48592*10��.  

Operator 2, after  reproducing  the same experiments as Operator 1 under the same conditions. 
Obtained the results that follow. 
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Figure 7: Temperature profile curves for 03 operator tests 2 

Figure 6: Curves of mass variations (a) and reaction rates of pyrolysis ((b) for 03 tests on the 
Movingui carried out by operator 2.  

 Table 7: Repeatability of operator measurements 2 
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Sample 1 50,72% 384,25 38,98% 140,00 
Sample 2 47,54% 378,25 31,66% 137,00 
Sample 3 48,79% 374,75 37,70% 142,00 
Average 0,49 379,08 0,36 139,67 
1000*��

� 0,26 23083,33 1,53 6333,33 

r 3,98% 11,94°C 9,71% 6,25°C 
CRI1: The percentage of carbonaceous residue at maximum speed; CRI2: The tCRI3: The percentage of 
carbonaceous residue at the final temperature: 400°C.    ; CRI4: The temperature at which degradation begins 

at 1% mass loss; CRI5: The temperature at which the carbonaceous residue is removed from the final 
temperature: 400°C. maximum rate of mass loss. 

Table 7 groups the values of the different criteria defined for the calculation of repeatability 
and reproducibility on a number of 03 identical samples by operator 2. The mean values of 
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these criteria, the repeatability standard deviations (��) and repeatability limits (�) are also 
mentioned. The calculation of the mean standard deviation of the pyrolysis reaction rates of the 

measurements of operator 2 was: 1.1167*10�� 

Analyzing the data in Tables 6 and 7 above, we find that the repeatability limits of the criteria, 
CRI 1, CRI 2 and CRI 4 for operator 1 are higher than those of operator 2.  While for the CRI 
3 criterion it's operator 2's that's weaker. In addition, the mean standard deviation of the reaction 
speeds for the experiments of operator 2 is smaller than that of operator 1. In view of these 
observations, we can therefore say that the experiments carried out by operator 2 are better 
repeated than those of operator 1. We then retain the results of operator 2 as data for comparison 
with those available in the literature. 

Table 8 below compares these results with those of the SETARAM TGA 92 thermogravimetric 
analyser used in the work of Khelfa A. et al.,  [6], which studied the primary stages of the 
thermal degradation of lignocellulosic biomass. 

Table 8: Comparison of experimental results of the level of repeatability with those in the 
literature. 

Repeatability CRI 1 CRI 2 CRI 3 CRI 4 

 �  4,54% 13,60°C 18,88% 7,12°C 

�� [8] 10,00% 10,00°C 8,00% 25,00°C 

(� − ��) -5.46% +3,60°C +10,88% -17,88°C 

rL: Repeatability value from the  literature         r: Repeatability of the study

Table 8 above groups together for each criterion: the statistical estimate of repeatability for the 
tests of operator 2,  obtained by Khelfa et al.,  [8] as well as the difference between our data 
and his. It can be seen that CRI 1 and CRI 4 are lower than those in the literature. For these two 
criteria, our TGA does a better job of replicating the experiments. CRI 2 obtained from our 
equipment is superior, but close to that of literature. At this level, the repeatability performance 
is almost identical. The CRI 3 is larger and this means that at this level our device is less 
performant than that in the literature. Based on these results, on average for the 04 criteria, we 
can say that our TGA, repeated both the pyrolysis experiments and those carried out by Khelfa 
et al.,  [8] during her study on the primary stages of the thermal degradation of ligno-cellulosic 
biomass. 

It can be seen in Figure 6(b) that the velocity 2 of the mass  loss  curve is very visibly different 
from the other two. In figure 8(b), it is the speed curve 1 which moves away from the other two. 
So for a study of the kinetics of wood pyrolysis, these two curves will not be selected. We can 
therefore conclude that for our analyser, an experiment should be performed at least 02 times, 
as there is a risk of significant errors. 
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3.3- Reproducibility  

The reproducibility study parameters for the two (02) operators are grouped in the following 
table: 

Table 9: Reproducibility analysis results 

Operators Samples CRI 1 CRI 2 CRI 3 CRI 4 

1 
Sample 1 48,89% 389,00 37,87% 140,5 
Sample 2 47,11% 378,00 37,44% 154,00 
Sample 3 58,80% 371,25 40,63% 145,00 

2 
Sample 1 50,72% 384,25 38,98% 140,00 
Sample 2 47,54% 378,25 31,66% 137,00 
Sample 3 48,79% 374,75 37,70% 142,00 
1000*��

� 2,11 51677,08 0,91 26791,67 

1000*��
� 0,00 0,00 0,02 14416,67 

1000*��
� 2,11 51677,08 0,93 41208,33 

           R 13,00% 20,34°C 8,63% 18,17°C 

Table 9 above gathers for the two operators, the values of all the 04 criteria used and also the R 
values of the reproducibility level between these two operators for each criterion. The 
reproducibility results reflect the influence of the change of operator on the results of the 
equipment. Then for an operator judged able to use our TGA, the above values of R, represents 
the expanded uncertainty which will be used to evaluate and define the accuracy of its 
measurements.  

3.4- Validation of the experimental device 

3.4.1 Identified Parasitic Effects 

During the blank tests, the temperature profiles of the empty crucible remain identical to those 
of the samples during the pyrolysis experiment.  

Figure 8: Crucible temperature profiles during the blank test. 

The figure above shows the temperature variation over time of the crucible during the blank 
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at 105°C for 30min. The last phase is marked by a temperature variation following a ramp at a 
constant heating rate of 5°C/min.  

The average of the mass change values for three blank tests at a heating rate of 5°C/min allowed 
us to graphically represent the result of the parasitic effects that taint mass measurements with 
errors. 

  . 

Figure 9: Curve of blank mass variation versus time (a) and curve of blank mass variation 
versus temperature (b) 

The graph in Figure 9(a) above shows the evolution over time of the blank mass (empty 
crucible) during pyrolysis. It can be seen that there is a horizontal stage line that illustrates the 
constancy of the disturbance during nitrogen sweep at room temperature. Thereafter, there is a 
gradual decrease in mass over time. Figure 9(b) shows the same variation but this time as a 
function of temperature. For this last curve, we notice that The parasitic effects are constant 
during nitrogen sweep at room temperature. However, as the temperature rises during drying to 
105°C and changes during pyrolysis at a heating rate of 5°C/min, these effects evolve and 
become increasingly important.  

3.4.2 Cotton pyrolysis 

The mass loss and reaction rate curves are shown in Figure 8 below: 

Figure 8: Curve of loss of mass and reaction speed of cotton 
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In figure 8 above, the curve, which has a horizontal step and then gradually decreases, 
represents the evolution over time of the variation of the cotton mass. It can be seen that during 
pyrolysis, the loss of mass of the sample evolves and cancels at the end of the process. The 
second curve represents the variation of the reaction speed during the experiment. This curve 
shows us that during the pyrolysis, the reaction speed increases progressively, reaches a peak 
and then decreases to zero at the end of the process. 

Expression of the mathematical model of the reaction rate of cotton pyrolysis�
��

��
�, obtained 

from Arrhenius' theoretical model and whose parameters were estimated by the non-linear least 
squares method is as follows: 

��

��
= 4.2312 ∗ 10�� ∗ ��� �−

1.8176 ∗ 10�

� ∗ �(�)
� ∗ (1 − �)�.���� 

Where � represents the degree of progress of the reaction and T(t) the temperature at time t. 

To validate the experimental reaction rate data, the experimental reaction rate curve and the 
theoretical model curve are plotted on the same graph. The superposition of these two curves 
shows a good level of coincidence (see figure 9).  

Figure 9: Superposition of theoretical and experimental curves 

Given that cotton is about 95% cellulose [3], the activation energy for its pyrolysis should be 
close to that of cellulose. According to Zhiqiang Wu et al [9], the mean value of the activation 
energy of cellulose is 187.54 kJ/mol. For our experiments, we found 182 kJ/mol. We can see 
that these values are quite close, and this allows us to conclude that our device provides 
acceptable data. 

4- CONCLUSION AND PERSPECTIVES  

In this article, we have described the characterization of a thermogravimetric analyzer that we 
have designed and constructed for pyrolysis study of Cameroonian biomass. The work involved 
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the evaluation of the equipment’s repeatability, reproducibility and validity. The Cameroonian 
wood species (Movingui) and cotton were used as samples. Macro-scale pyrolysis experiments 
were carried out. The results of the repeatability study obtained showed that the Analyser could 
repeat experiments  as those available in the literature.  

The maximum uncertainty to be adopted for measurements on the device was defined by the 
results of the reproducibility study. Cotton being at least 95% cellulose, the activation energy 
value (182.00 kJ/mol) derived from our experimental data was very close to that of pure 
cellulose (187.54 kJ/mol). Moreover, the superposition of the experimental reaction rate curve 
and that obtained by the theoretical Arrhenius model shows a satisfactory level of coincidence. 
In view of these results, we can conclude that our device can be used as a laboratory tool to 
study the kinetics of biomass pyrolysis. In addition, it can also be seen that there is a possibility 
of developing such a laboratory device with simple materials and resources available in Africa 
and thus enable the development of research in the African contexts where the means for 
research are very limited. 
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