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Abstract
Hydrothermal carbonization of different residues allows to homogenize the products since hydrochar
shows similar properties. Olive tree pruning and off-specification compost, two abundant wastes in
Spain, were selected and treated by hydrothermal carbonization. Hydrochars were blended in different
proportions to assess their behavior during combustion. Thermogravimetric analysis was the tool used
for obtaining necessary parameters such as maximum peak temperature or apparent activation energy,
from which the desired thermodynamic parameters can be calculated. Experimental results of kinetic
and thermodynamic parameters of the blends during combustion were compared with those calculated
with the results of the individual materials. Therefore, co-hydrothermal carbonization and cocombustion were evaluated and compared in terms of combustion performance. Experimental and
calculated thermodynamic parameters were obtained, described and exposed in the text with the final
aim of selecting the optimal blend for its use as solid biofuel.
Keywords: co-combustion, hydrothermal carbonization, olive tree pruning biomass, off-specification
compost, thermodynamic parameters

1. Introduction
The amount of municipal solid wastes is highly increasing due to the urban population
growth. An interesting environmental friendly option for the management of these wastes is
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composting, which has different environmental benefits such as reducing greenhouse gas
emissions, decreasing leachates when landfilling or increasing the calorific value of the
feedstock if it is incinerated (Wei et al., 2017). The main use of the compost in Spain is as
organic soil amendment, but some requirements are needed (Royal Decree 506, 2013). These
make a large part of this compost be not suitable for this use, and be considered as offspecification compost (OSC), which is defined as a bio-stabilised product derived from
different input types including solid wastes, liquors, sludge, and or the oversized material
resulting from screening such product (Environment Agency and Waste & Resources Action
Programme, 2012). Nowadays, this kind of compost represents a huge problem since its
composition does not allow its common uses i.e. organic fertiliser or amendment; therefore
an alternative treatment for this fraction needs to be found.
Thermal treatments like pyrolysis or hydrothermal carbonization (HTC) are useful
for the energy valorisation of the product, being the latter the most proper one since a predrying step is not required and it can convert the organic matter into a carbonaceous material
similar to lignite coal (Funke and Ziegler, 2010). Moreover, Spain as a Mediterranean
country, possess an important amount of olive tree pruning leftovers (OP) that have an
interesting potential for energy recovery if treated by HTC by means of combustion. For that,
it is interesting to conduct a kinetic and thermodynamic study of the samples, since it is
essential to know how the sample behaves during combustion. For that, thermogravimetric
analysis (TGA) is an interesting tool that gives information about the degradation steps of the
material during combustion. Besides, with the information provided by TGA, kinetic and
thermogravimetric parameters can be calculated
The main objective of this study is to analyze the combustion behavior of the
hydrochars obtained from OP and OSC in terms of kinetic and thermodynamic parameters,
and evaluate the synergetic effects that can take place in their blends. For that, experimental
and calculated results were compared to assess co-combustion performance.
This work is divided in three main parts:

selection of two residues that need to be eliminated and abound in Spain. Olive tree
pruning and off-specification compost were selected. Due to the high moisture content in
both materials, hydrothermal carbonization was chosen as a thermal pre-treatment to
homogenize the samples;

evaluation of the kinetic and thermodynamic parameters obtained through
thermogravimetric analysis of the samples;

evaluation of the calculated parameters taking into account the individual materials
with the comparison of results, and drawing conclusions obtained from this assessment.
2. Materials and methods
OP was collected from the company “Castillo de Canena” in Jaén (Spain) while OSC
was collected from the municipal waste treatment plant in León (Spain). First, OSC was
manually separated from stones, glasses, plastics and metals that were big enough to be
clearly visible. Then, blends of these two materials were made at 25, 50 and 75 (wt. %) of
the compost. They were named as 25C-OP, 50C-OP and 75C-OP, respectively and further
submitted to the thermal treatment selected. HTC tests were conducted in a 2L stirred
pressure reactor (APP Parr reactor, USA) at the reaction parameters of 250 °C and 3 hours.
50 g of every sample was mixed with deionized water at a 1/20 sample/water ratio. Solid
hydrochar was separated from the liquid phase by vacuum filtration and further oven-dried at
90 °C for 24 hours.
For thermogravimetric analysis, a SDT Q600 thermobalance (TA Instruments, USA)
was used. Mass loss and differential mass loss were recorded continuously at different
heating rates of 20, 30 and 40 °C/min with an air flow of 100 cm3/min. By using the data
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obtained from these tests, parameters like activation energy (Eα), thermodynamic changes of
enthalpy (ΔH), entropy (ΔS) and Gibbs free energy (ΔG) were calculated. Ozawa Flynn-Wall
iso-conversional method (OFW) was used for obtaining the activation energy depending on
seven different conversion degrees, α (0.1, 0.2, 0.3, 0.4, 0.5, 0.6 and 0.7) (Doyle, 1962;
Flynn and Wall, 1966; Ozawa, 1965). In this work, only the thermodynamic parameters will
be evaluated based on the activation energies calculated by using OFW method.
The equations used for evaluating the thermodynamic changes are the followings:
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where Eα is the apparent activation energy at the corresponding conversion degree (α);
Tα is the temperature at the corresponding α; Tp is the temperature at the maximum peak of
devolatilization; KB is the Boltzmann constant (1.381x10-23 J/K); and h is the Plank constant
(6.626x10-34 Jꞏs).
3. Resutls and discussion
One of the objectives of this work is to evaluate the possible interactions between
the selected materials during combustion, which is an important concern in many
applications. For this reason, thermogravimetric curves of the experimental tests were
represented. With the data of the individual materials (OSC and OP), the theoretical curves
for the blends were also calculated using the following equation:
Yblend = XOSC ꞏ YOSC + XOP ꞏ YOP

(4)

where XOSC and XOP are the mass fraction of OSC and OP in the blends, respectively;
and YOSC and YOP are the corresponding values of mass loss rate (%/sec). The higher the
interaction between the components in the blend during combustion, the higher the
separation degree that can be seen in the experimental and calculated DTG curves. Fig. 1
shows the experimental individual curves of the products at the three selected heating rates
of 20, 30 and 40 °C.

Fig. 1. Thermogravimetric profiles of the OSC and OP samples at the heating rates of 20, 30 and
40 °C/min
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OSC curves show a main degradation peak along a large range of temperature,
between 250 and 500 °C for the three heating rates; while OP profiles show a first shoulder
between 300 and 400 °C, mainly due to the volatile matter combustion, and the main peak
between 400 and 550 °C due to the fixed carbon combustion. First, devolatilization and
combustion of volatiles take place, which are more reactive parts, and then combustion of
more complex and thermally stable structures and char take place (Kok and Özgür, 2013).
The height of the DTG peaks gives information about the reactivity of combustion since they
are proportional. As can be seen, OSC profiles exhibit lower maximum loss rates than those
of OP, owing to its composition. OSC has a high content in ash, reducing the volatile matter
and fixed carbon content in the sample, which lead to an inhibition of the combustion. With
thermogravimetric data, activation energy could be calculated. This is an important
parameter when kinetics is concerned and it is a necessary value for obtaining
thermodynamic parameters. The average results of apparent activation energy obtained for
all the samples by OFW iso-conversional method are exposed in the following Table 1.
A trend of increasing Ea with the OP concentration in the blend is clear. This
indicates a positive influence of blending these components in terms of decreasing Ea to
facilitate combustion performance. If we know how the two components behave separately,
it is possible to see the interactions between them when they are burned together. To
accomplish this, experimental and calculated thermogravimetric profiles of the blends are
represented in Fig. 2.
As it can be seen in profile a), corresponding to the 25% OSC blend, the calculated
curves display a first shoulder that is the same as the one of the experimental curves at every
heating rate, and match the first shoulder of the OP profile and the main peak of the OSC
curve.
Table 1. Summary of average apparent activation energy for the samples
Sample
Ea (kJ/mol)

OSC
113.69

75C-OP
117.87

50C-OP
131.71

25C-OP
153.52

OP
164.84

Fig. 2. Comparison of experimental and calculated thermogravimetric profiles of the blends at the three
heating rates. a) 25C-OP; b) 50C-OP; c) 75C-OP
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The main peak in the experimental curves is lower and appears at lower temperatures,
however, in the calculated curves it appears at higher temperatures and it is much sharper
due to the high percentage of OP in the sample. This comparative points out that the
interactions between these two materials make this high peak disappear and the combustion
lengthen along more time at lower mass loss rates, indicating that the OSC has more
prominence in the sample although only 25% of it is part of the blend. Something similar
happens in profile b), corresponding to the blend at 50% of OSC. In this case, for the
calculated curves, the main peak of the experimental profiles turns into a shoulder followed
by a rather more pronounced main peak, related to the one corresponding to the OP curve,
but in this case lower than the curve a) because the OP percentage in this blend is lower.
For curve c), corresponding to the blend at 75% of OSC, the first peak in the
experimental curves is higher than the one seen in the calculated curves because of the larger
percentage of OSC in the blend, but the shoulder that follows this peak in the experimental
profiles, now turns into the main peak in the calculated profiles. The maximum mass loss
rate of the experimental curves is lower than that corresponding to the calculated ones.
Taking into consideration all of this, it can be said that interactions at lower temperatures
slow down the combustion process of the blend. Besides, at higher temperatures there is also
an interaction that accelerate the combustion process and the higher differences indicate that
there are chemical interactions between the components (Huang et al., 2016).
Based on OFW study thermodynamic parameters such as enthalpy, entropy and free
Gibbs energy were calculated. These parameters are plotted as a function of conversion
degree (α) for the experimental and the calculated blends at the different heating rates, and
they are shown in the following figures. Depending on the parameter, the variations with the
heating rate and with the conversion degree are different. For example, changes of enthalpy
(Fig. 3) do not vary with the heating rate because the temperatures at the specific conversion
degree are almost the same, with differences lower than 10 °C. For this reason, only one
heating rate (20 °C/min) was represented in the plot. However, changes of enthalpy with α
are more noteworthy because of the temperature at the specific α. In this case, the differences
can reach more than 200 °C.
It is known that enthalpy changes are due to the energy difference between the raw
component and the complex activated species formed during combustion. If this change is
small, the formation of activated complex is favoured, as the potential energy barrier is low
(Maia and de Morais, 2016).
A positive value of ΔH indicates that the combustion process is endothermic, so an
external source of energy is required to raise the energy level of the reagents to their
transition state (Huang et al., 2016). Moreover, higher values of enthalpy show a less
reactive system, while lower values correspond to more reactive systems. This is related to
the activation energy values, which are in accordance with ΔH results.

Fig. 3. Enthalpy variation (kJ/mol): a) experimental; b) calculated
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The higher Ea calculated corresponds to the OP sample while the lower one is that
obtained from OSC. The blends show values in between depending on the percentage of each
component. In this case, a great change in enthalpy can be seen depending on the blend with
the conversion degree. It is interesting to note that variations in ΔH are lower in OSC and the
samples 75C-OP and 50C-OP, therefore we can conclude that the formation of activated
complex was more favoured in these samples than the others when OP is the predominant
compound. Based on the results depicted in Fig. 3, more heat energy is required for OP than
the other products because of the dissociation of the bonds of the reagent, whereas the
combustion enthalpy of OSC is the lowest one, according to the lower Ea. Moreover, if
differences between the values of Ea and ΔH are low, the product formation would be more
preferred (Müsellim et al., 2018). In this case the variation is approximately 10 kJ/mol,
which reflects the feasibility of the reaction.
Figs. 4-5 show the ΔS values at the three selected heating rates for the experimental
and the calculated results, respectively. Entropy is a measure of disorder and it is also
associated with the formation of complex activation species. A positive value of ΔS indicates
that the reaction increases the disorder of the system and this is favourable, however,
negative values indicates a high degree of arrangement. Besides, low ΔS values indicate that
the material has suffered some kind of physical or chemical aging process bringing it closer
to its thermodynamic equilibrium. At this point, the sample shows little reactivity, which
increases time to form the activated complex (Turmanova et al., 2008). In the opposite case,
when these values are high it can be concluded that the material is far from the
thermodynamic equilibrium making the sample be more reactive, and allowing the faster
production of activated complex. This can lead to reduce the reaction times making the mass
loss rates be faster. In Fig. 5 it can be observed that the maximum values of ΔS correspond to
OP sample while the lowest ones correspond to OSC sample. In the experimental results
differences with the conversion degree are more appreciated. Taking all of this into account,
we can say that during co-combustion process, all the samples are favoured at higher
conversion degrees due to the lower ΔS values. All the results obtained from ΔS are negative,
showing that the degree of disorder of the products produced during combustion due to bond
dissociations are lower than the initial reactants, this means that the activated complex
present a more organized structure compared to the initial substance (Kaur et al., 2018).
Regarding to free Gibbs energy, the changes in these values indicate the total energy
increase of the system. Figs. 6-7 depict the ΔG changes for the experimental and calculated
profiles, respectively. ΔG represents an assessment of the heat flow and the changes in the
disorder (Ahmad et al., 2018). It is influenced by the other two thermodynamic properties,
the changes of enthalpy and entropy of activated complex formation, indicating the stability
of the system. Higher values of ΔS do not favour the reaction, therefore it would advisable to
have lower ΔS values. The experimental results show that the maximum values of ΔS
correspond to OP sample while the minimum ones correspond to the OSC samples at the
heating rate of 20 and 40 °C/min while at the heating rate of 30 °C/min the minimum value is
for the 75C-OP blend. As the value of ΔS for the combustion of OP is significantly larger
than the others, we can conclude that the combustion reaction of this product requires the
introduction of more heat. If we pay attention to the calculated values, the trend changes. In
this case, OSC shows the lowest values which indicates the highest favourability. However,
the blends depict higher values than those of the OP sample, above all at higher heating rates.
This can be explained by the higher influence that OP shows in the calculated
thermogravimetric profiles, which makes the Tp be lower and the Ea be higher for the blends,
and consequently ΔG changes show higher values. Another point is that ΔG does not show
important changes with the conversion degree, it is almost the same due to the peak
temperature at this heating rates, which is quite similar for all the conversion degrees.
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Fig. 4. Experimental entropy changes: a) 20 °C/min; b) 30 °C/min; c) 40 °C/min

Fig. 5. Calculated entropy changes: a) 20 °C/min; b) 30 °C/min; c) 40 °C/min

Fig. 6. Experimental free Gibbs energy changes: a) 20 °C/min; b) 30 °C/min; c) 40 °C/min

Fig. 7. Calculated free Gibbs energy changes: a) 20 °C/min; b) 30 °C/min; c) 40 °C/min

4. Conclusions
The goal of this study was to evaluate the influence of the blend of two materials (OP
and OSC) in terms of combustion behavior by analyzing kinetics and thermodynamics of the
reaction. At this point, it is necessary to point out that not only have thermodynamic
parameters to be taken into account regarding to combustion behavior, but also energy
content of the samples, composition or physical characteristics. However, in this work only
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kinetic and thermodynamic parameters were taken into consideration. Based on these,
calculated thermodynamic results for co-combustion of the blends made with the individual
materials indicate that when OSC is the predominant component in the blend, this shows
better combustion behavior. Calculated enthalpy, entropy and free Gibbs energy parameters
are better for OSC and the blend with high proportion of it, however, experimental results do
not show such a marked difference. This allows to say that co-HTC is a better alternative
than the co-combustion of the individual hydrochars if we only take into account these
results.
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