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Article 
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Abstract: In this work, dry and hydrothermal carbonization (DC and HTC) of RDF pellets were conducted to 
evaluate the physical, chemical, and fuel properties of the produced chars. In the dry carbonization tests, 
biomass sawdust was incorporated in different proportions on the samples to minimize agglomeration caused 
by the melting of the plastic fraction. The experiments were carried out in a temperature of 400°C (DC) and 
250-300°C (HTC), in a residence time of 30 minutes. The respective chars and hydrochars were characterized 
according to their mass yield, apparent density, proximate, elemental, and mineral composition, chlorine 
content, high heating value, thermogravimetric profile, and surface functional groups. The results showed that 
dry carbonization of RDF pellets with biomass incorporation, followed by a washing step, resulted in the 
production of chars with improved properties such as higher fixed carbon and HHV (25-26 MJ/kg) and lower 
ash and chlorine content. Additionally, the HTC experiments demonstrated that hydrochars showed improved 
properties without the need for biomass addition and washing, however, with no significant difference in the 
HHV (20-21 MJ/kg). Therefore, DC of RDF pellets with 10% biomass incorporation seems to be a promising 
option to overcome the constraints of RDF utilization as an alternative fuel. 

Keywords: refuse-derived fuel; pelletization; dry carbonization; hydrothermal carbonization 
 

1. Introduction 

Energy recovery from waste is an established strategy for reducing the amount of waste sent to 
landfills while simultaneously generating energy from alternative resources [1]. In the last decades, 
several works had focused on improve waste valorization techniques to produce alternative fuels 
more efficently and minimize the associated environmental impacts [2–4]. However, the production 
of solid fuels with higher energy content, improved fuel properties and lower levels of pollutants 
remains an ongoing challenge in the domain of waste utilization. Several factors such as high 
heterogeneity, high moisture content, ash content, and the presence of contaminants, play significant 
roles that can hinder or altogether obstruct the transformation of waste into a viable energy source 
[5,6].  

RDF production is an efficent strategy to improve municipal or industrial residues 
characteristics by selecting the high calorific fraction for energetic purposes [7]. Even though the RDF 
approach enhances the homogeneity and reduces moisture content when compared to the raw 
material, the combustion of this waste fraction leads to technical issues regarding the different 
combustion behavior of its components, as well as the emission of chlorine species from the plastic 
fraction [8].  

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 June 2024                   doi:10.20944/preprints202406.1905.v1

©  2024 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202406.1905.v1
http://creativecommons.org/licenses/by/4.0/


 2 

 

To address these challenges, it is essential to subject the waste to various pre-treatments to 
enhance its physical properties or combustible characteristics, rendering it a potential alternative to 
fossil fuel sources [9]. 

The carbonization of waste as pre-treatment for the production of alternative fuels with 
attractive characteristics to be used in combustion or gasification is justified by the improvement of 
the physical properties and/or fuels of biomass or residue, associated with increased economic 
efficiency and reduction of associated environmental impacts [10]. Furthermore, the co-carbonization 
of different waste fractions plays a significant role in improving energetic waste valorization, since it 
can overcome some physical and chemical constraints reported during thermochemical valorization 
processes [11–14]. The combined effect of the co-carbonization of different waste streams may 
enhance the chars' properties and increase the process efficiency [15]. Rago et al. [16] concluded that 
the synergistic effect of the co-carbonization of biomass and plastic intensified the increase in calorific 
value and maximized the mass yield of biochars since the melting of plastics inhibited mass transfer 
during co-carbonization with biomass. Similarly, Shen et al. [17] and Yao and Ma [18] found that 
combining biomass and plastics with high chlorine content enhances dechlorination efficiency and 
improves fuel properties. 

In addition to using thermochemical recovery methods, densification of RDF offers significant 
logistical benefits, which can play a crucial role when deciding on the most suitable waste energy 
recovery method. Although the densification of raw biomass has already been widely described as a 
method that enhances the energy recovery logistics of this material [19,20], the densification of MSW 
or RDF presents a challenge. Unlike biomass, which contains lignin serving as a natural binding 
agent, additional components are often required for efficient pelletization. This constraint can 
potentially impact the technical and economic feasibility of the RDF pelletization process [22]. Zaini 
et al. [23] reported that the presence of lignin in the RDF composition increased mechanical resistance 
and played a crucial role in the stability of pellets during the pyrolysis process. The co-pelletization 
of RDF with pine biomass in the form of sawdust in different proportions was described by García et 
al. [24], as a viable process for producing alternative fuels suitable for industrial use. 

Moisture content and particle size are important factors that affect the efficiency of RDF 
densification. According to Rezaei et al. [25], having moisture levels below 20% in the material 
increases the amount of energy needed for pelletization, while higher values can decrease the 
durability and mechanical resistance of the pellets. Sprenger et al. [22] found that the optimal 
production of RDF pellets occurs with 15% moisture and approximately 20% ash content. Some 
studies have shown that using thermochemical methods along with densification can enhance the 
properties of pellets produced from biomass residues [26–29]. Regarding RDF, reducing the particle 
size and achieving a more uniform distribution of char particles can lower the energy required for 
crushing. However, the reduced proportion of this fraction in RDF composition makes it challenging 
for lignin to bind the waste particles, needing the use of binding agents which increases the process 
costs [30] and the moisture absorption capacity [31], leading to a decreased in the calorific value of 
the material.  

This work aims to assess the physical, chemical, and fuel properties of pellets produced from 
RDF after undergoing dry and hydrothermal carbonization processes aiming at the production of 
high-quality solid biofuel. 

2. Material and Methods 

2.1. Refused-Derived Fuel Pellet Sample 

The carbonization tests in this work were carried out with a pelletized RDF sample, supplied by 
the Waste Recovery Center (CVR), produced from municipal solid wastes (Figure 1a). For the dry 
carbonization tests, lignocellulosic biomass waste (LBW), mainly pine waste from furniture recycling, 
was supplied by CMC Biomass S.A., a biomass waste management company. The waste was used in 
sawdust form with a particle size smaller than 5 mm (Figure 1b). 
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Figure 1. RDF pellets and biomass used in the carbonization tests. 

The RDF sample used in the pellets production was provided by Braval, S.A., a Portuguese waste 
management company. This waste is composed of plastics (28.7 ± 3.0%), textiles (22.9 ± 3.9%), 
paper/cardboard (15.1 ± 3.7%), wood (2.6 ± 0.4%), aluminum (2.4 ± 0.3%), and miscellaneous particles 
(30.8 ± 2.6%). The miscellaneous corresponds to a mixture of all fractions with low granulometry. The 
aluminum fraction was removed manually from the samples before the carbonization tests. The 
produced RDF pellets had 12.6% of moisture content, 97.7% of mechanical durability and 0.3% of fine 
particles. 

2.2. Carbonization Tests 

The dry carbonization tests were conducted at a temperature of 400°C in a muffle furnace 
(Kilper®, CK 25-E) with a capacity of 80L. The residues were carbonized in covered porcelain 
crucibles with a capacity of 250 mL for a residence time of 30 minutes and removed from the muffle 
30 minutes after turning it off. The experiments were carried out using RDF pellets samples alone 
and with 10% and 25% biomass incorporation. The aim of incorporating biomass was to reduce 
particle agglomeration caused by the melting of the plastic fraction and to assess any physical, 
chemical, and fuel enhancements in the produced char.  

The hydrothermal carbonization tests were conducted using only RDF pellets, without the 
inclusion of biomass. The tests were performed at temperatures of 250°C and 300°C, with solid-liquid 
(S/L) ratios of 1:2.5 and 1:5. The purpose was to assess the impact of raising the temperature and the 
amount of liquid in the reactor on the physical, chemical, and fuel properties of the hydrochars. After 
the test, the reactor was allowed to cool to room temperature and then carefully opened to release 
internal pressure. The material was then filtered to separate the hydrochars and HTC effluent. The 
hydrochars were dried in a stove (Memmert®) at 105°C for 24 hours, and the liquid fraction was 
stored for further analysis. Table 1 summarizes the carbonization conditions for both dry and 
hydrothermal experiments conducted in this study. 

Table 1. Sample composition and carbonization conditions. 

Thermochemical 

process 
Sample 

Sample composition (%) S/L  

ratio 

T  

(°C) 

t  

(min.) RDF Biomass 

Dry  

carbonization (DC) 

100P 100 - - 

400 30 90P10B 90 10 - 

75P25B 75 25 - 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 June 2024                   doi:10.20944/preprints202406.1905.v1

https://doi.org/10.20944/preprints202406.1905.v1


 4 

 

Hydrothermal 

carbonization 

(HTC) 

100P 100 - 
1:2.5 250  

30 

1:5 300 

2.3. Chars Characterization and Fuel Properties 

The chars and hydrochars produced under various carbonization conditions were characterized 
based on their physical, chemical, and fuel properties. These properties included mass yield (Eq.1), 
apparent density (Eq.2), proximate composition (CEN/TS 15414-3:2010, EN 15402:2011 and EN 
15403:2011, for moisture, volatile matter and ash content, respectively), elemental composition 
(Thermo Finnigan—CE Instruments Model Flash EA 112 CHNS series, San Jose, CA, USA), ash 
mineral composition (ICP-AES, Horiba Jobin-Yvon Ultima, France), chlorine content (Thermo 
Scientific Niton XL3t GOLDD + XRF analyzer, Waltham, MA, USA), and high heating value 
(calorimeter IKA® C200, Staufen, Germany). 

The fouling and slagging index of the ashes were calculated using some indicators such as the 
base/acid ratio (B/A), bed agglomeration index (BAI), fouling index (Fu), slag tendency based on the 
silica/alumina ratio (S/A) and total alkali (TA), according to Ovcacíková et al. [32]. 

,%) ݈݀݁݅ݕ ݏݏܽܯ ܾ݀) =  ௠೎೓ೌೝ
௠ೝೌೢ

× 100                  Eq. (1) 

,%) ݕݐ݅ݏ݊݁݀ ݐ݊݁ݎܽ݌݌ܣ ܾ݀) =  ௠೎೓ೌೝ
௩೎೓ೌೝ

       Eq. (2) 

where mchar and vchar are the mass and volume of the chars; mraw is the mass of raw RDF pellet samples.  
In addition, structural analysis by FTIR (Nicolet 174 iS10 FT-IR Spectrometer, Madison, WI, 

USA) and thermogravimetric profile (Q50 TG, TA Instruments, New Castle, DE, USA) were carried 
out. The ignition and burnout temperatures are calculated according to the interception method 
described by Liu et al. [33]. 

2.4. Char Washing and Effluent Characterization 

The char washing process was carried out according our previous work [34]. In brief, the chars 
produced through dry carbonization were washed in hot distillated water in a S/L ratio of 1:5 in open 
beakers, until reaching the boiling point. Thereafter, the sample were left to cool at room temperature 
and filtered to separate the solid and liquid fractions. The chars were then placed in a muffle at 105°C 
for 24h to dry, and the wastewater was stored to further characterization. 

The wastewater from the chars washing and the liquid effluent resulting from the HTC tests 
were analyzed for pH, chemical oxygen demand (COD), chloride concentration, as well as the 
amount of total, volatile, and fixed solids (ash). The pH was measured using a pH meter (Crison 
MicropH 2001 meter, Spain). Total solids and COD were evaluated using methods 2540B and 5220B 
of the Standard Methods for the Examination of Water and Wastewater, respectively. The chloride 
content was evaluated using the titration method according to the methodology described in EPA-
SW-948, test method 9253. All measurements were carried out in triplicate, and the results presented 
correspond to average values. Ash composition was accessed through ICP-AES (as described for 
chars). 

3. Results and Discussion 

3.1. Carbonization Tests and Char’s Characterization 

During the dry carbonization process, it was observed that the sample consisting solely of RDF 
pellets exhibited greater particle aggregation, which gradually decreased with the addition of 
biomass. Under all conditions tested, the chars showed a dark and homogeneous color. The mass 
yield of the chars decreased as the amount of biomass in the sample increased (Figure 2a). The char 
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produced by RDF pellets without biomass incorporation had a mass yield of 66%, whereas the yield 
decreased to 57.3% with greater biomass incorporation. The sample with 10% biomass had an average 
mass yield of 65.2%. Additionally, the apparent density of the chars gradually decreased as the 
biomass content increased. For the sample composed only of RDF pellets, the apparent density was 
0.607 g/cm3, which is an 11.5% decrease compared to the raw RDF pellets (0.686 g/cm3). In samples 
with 10% and 25% biomass content, the apparent density decreased to 0.593 g/cm3 and 0.572 g/cm3, 
respectively.  

The hydrochars produced from RDF pellets had a homogeneous appearance and a dark color 
that varied depending on the temperature applied. The samples produced at 250°C had more 
agglomerates and a slightly lighter brown color compared to the samples produced at 300°C, which 
had a smaller particle size and a black color. As the carbonization temperature rises, there was a 
corresponding decrease in hydrochar yield (Figure 2b), consistent with previous research [35]. 
Additionally, increasing the S/L ratio was found to have a negative impact on mass yield. The highest 
yield was achieved at a temperature of 250°C with an S/L ratio of 1:2.5 (69.3%). Conversely, the lowest 
yield was observed at a temperature of 300°C with an S/L ratio of 1:5 (59.3%). 

 

 

Figure 2. Mass yield and apparent density of the chars (a) and hydrochars (b). 

The increase in carbonization temperature from 250°C to 300°C had a greater impact on 
increasing the apparent density at an S/L ratio of 1:2.5, but this behavior was not observed at 1:5. 
Additionally, increasing the S/L ratio seemed to have a negative effect on the value at 250°C. The 
hydrochars with the highest apparent density were produced at 250°C in an S/L ratio of 1:2.5 (0.564 
g/cm3), while the lowest value was observed in hydrochars produced at the same temperature but in 
an S/L ratio of 1:5 (0.417 g/cm3). The samples produced at 300°C had values of 0.430 g/cm3 at the S/L 
ratio of 1:2.5 and 0.465 g/cm3 at the S/L ratio of 1:5. 

The proximate composition of the raw RDF, chars and hydrochars is detailed in Table 2. The 
moisture content of samples without the addition of biomass averaged 2.5%, increasing to 3.0% with 
the inclusion of 10% biomass. However, when the biomass content was increased to 25%, the 
moisture content reduced to 2.6%, indicating a non-uniform pattern in relation to the biomass 
addition. Carbonization led to the production of more hydrophobic chars with lower moisture 
content compared to the raw waste. Additionally, the process release moisture and volatile matter 
from the raw waste, which leads to higher fixed carbon in chars, especially in the dry carbonization 
process. 

Table 2. Proximate composition of the raw wastes, chars and hydrochars. 

Sample Proximate composition (%)  
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Moisture 
Volatile 

matter* 
Ash* 

Fixed 

carbon* 

Raw RDF pellet 12.6 ± 0.3 76.9 ± 3.7 15.9 ± 1.1 7.2 ± 2.9 

LBW 10.7 ± 0.2 76.0 ± 1.0 6.2 ± 0.5 17.8 ± 1.4 

100P   2.5 ± 0.1 63.1 ± 1.3 26.3 ± 0.7 10.6 ± 1.5 

90P10B 3.0 ± 0.1 60.8 ± 1.0 25.0 ± 0.3 14.2 ± 1.2 

75P25B 2.6 ± 0.1 55.2 ± 0.6 21.6 ± 0.4 23.1 ± 0.8 

100P 250°C 1:2.5  2.7 ± 0.0 70.1 ± 1.3 22.5 ± 1.4 7.0 ± 2.2 

100P 250°C 1:5  1.8 ± 0.0 72.8 ± 1.0 21.0 ± 1.7 6.2 ± 0.6 

100P 300°C 1:2.5  1.9 ± 0.1 70.6 ± 2.5 17.2 ± 2.2 13.3 ± 0.8 

100P 300°C 1:5  2.7 ± 0.0 71.4 ± 0.9 20.3 ± 0.5 8.3 ± 1.2 

*In a dry basis. 

The volatile matter and ash contents decreased with the increase in the percentage of biomass in 
the samples due to the greater devolatization of this fraction at the applied carbonization temperature 
(400°C) and the higher ash content present in the RDF components compared to biomass [36]. 
Consequently, the sample without biomass had the highest value of volatile matter in chars (63.1%), 
while the sample with the highest biomass content exhibited the lowest value (55.2%). Char produced 
with 10% biomass showed an intermediate value (60.8%). The ash content exhibited the same trend, 
with the highest value of 26.3% found in the RDF pellet char sample and gradually decreasing to 
average values of 25% and 21.6% in samples with 10% and 25% biomass incorporation, respectively. 
The fixed carbon content raised proportionally to the increase in biomass incorporation into the 
sample. Adding 10% biomass led to a 33.4% increase in fixed carbon content, from 10.6% to 14.2%. 
With 25% biomass incorporation, the fixed carbon content more than doubled compared to the 
sample without biomass, reaching 23.1%. 

Regarding the hydrochars, it was observed that the moisture content is affected by both 
temperature and the S/L ratio. Higher temperatures and S/L ratios were seen to reduce moisture 
content, with the lowest value of 1.6% observed in hydrochars produced at 300°C with an S/L ratio 
of 1:5. Conversely, the highest moisture content at 2.7% was found in samples at 250°C with the same 
S/L ratio. When considering volatile matter, the S/L ratio had a more significant effect than 
temperature. An increase in volatile matter was noticed in samples with a 1:5 S/L ratio, with 
percentages of 72.8% and 71.4% for hydrochars produced at 250°C and 300°C, respectively.  

The ash content did not showed a consistent pattern, with 250°C samples ranging from 21.0 to 
22.5%, and the lowest percentage occurring at an S/L ratio of 1:5. At 300°C, the trend was reversed, 
with the lowest ash content at 17.2% in the 1:2.5 S/L ratio sample, which then increased to 20.3% at a 
1:5 ratio. As the carbonization temperature rose, there was a corresponding increase in fixed carbon 
content, which was inversely related to the S/L ratio. For example, hydrochars produced at 300°C 
with a 1:2.5 S/L ratio had an average fixed carbon content of 13.6%, while those produced at 250°C 
with a 1:5 ratio had only 6.1%. 

The elemental composition of the raw wastes, chars, and hydrochars is showed in Table 3. Both 
carbonization processes increased the concentration of carbon and nitrogen compared to the raw RDF 
pellet sample. This rise was more noticeable in the dry carbonization tests with an increase of 21.2% 
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of carbon content for chars produced at 400°C. Additionally, there was a significant reduction in 
oxygen concentration and the absence of sulfur in the chars, which is a benefit of the dry 
carbonization process. 

For chars, the concentration of carbon and nitrogen exhibits a marginal rise upon the addition 
of biomass compared to the sample consisting solely of RDF pellets. Hydrogen content showed a 
modest increase with a 10% biomass incorporation, then declines as biomass content reaches 25%, 
while sulfur was absent in all samples. The increase in carbon concentration associated with the 
decrease in hydrogen concentration reduces the H/C ratio of char and improves its fuel properties 
[37]. Oxygen content falls with a 10% biomass addition but escalates at 25%, predominantly due to 
the decreased hydrogen and ash quantities. 

In hydrochars, the temperature increase did not affect the carbon concentration significantly, but 
it led to a slight increase in the nitrogen concentration. Regarding the increase in the S/L ratio, the 
carbon content showed an increase at 250°C, while it remained nearly constant at 300°C. However, 
the temperature rise caused a small reduction in the hydrogen content and an increase in the nitrogen 
and oxygen concentrations. Throughout all samples, the sulfur concentration accounted for 0.2% of 
the total. 

Table 3. Elemental composition of the RDF pellet chars produced by dry and hydrothermal 
carbonization. 

Sample 
Elemental composition (%, daf) 

C H N S O 

Raw RDF 45.8 ± 1.9 5.9 ± 0.4 1.0 ± 0.2 0.1 ± 0.0 31.3 ± 2.5 

LBW 49.4 ± 0.2 6.3 ± 0.1 0.9 ± 0.1 0.1 ± 0.0 37.1 ± 0.3 

100P   55.5 ± 1.7 6.9 ± 0.3 1.5 ± 0.2 0.0 ± 0.0 9.8 ± 1.0 

90P10B 60.0 ± 1.1 7.2 ± 0.2 1.7 ± 0.1 0.0 ± 0.0 6.2 ± 0.3 

75P25B 61.7 ± 1.8 6.4 ± 0.3 1.7 ± 0.2 0.0 ± 0.0 8.5 ± 0.8 

100P 250°C 1:2.5  47.8 ± 1.1 5.5 ± 0.2 1.5 ± 0.1 0.2 ± 0.0 20.4 ± 1.5 

100P 250°C 1:5  49.6 ± 1.1 5.9 ± 0.2 1.3 ± 0.1 0.2 ± 0.0 21.9 ± 1.6 

100P 300°C 1:2.5  49.7 ± 1.6 5.4 ± 0.3 1.7 ± 0.2 0.2 ±0.1 24.2 ± 1.2 

100P 300°C 1:5  49.5 ± 1.3 5.3 ± 0.2 1.6 ± 0.1 0.2 ± 0.0 22.9 ± 1.5 

The Van Krevelen diagram (Figure 3) indicates that the reduction in the O/C ratio was much 
more pronounced in char samples, with values similar to bituminous coal, while the reduction 
observed in hydrochars led to values closer to lignite. The incorporation of biomass in the samples 
was found to lower this ratio compared to the sample consisting only of RDF pellets, although a 
proportional reduction to the biomass addition was not observed, where the lowest value was in the 
sample with 10% biomass. In the case of hydrochars, the lowest S/L ratio demonstrated to have a 
greater influence than the carbonization temperature. The decrease in oxygen concentration is 
primarily caused by the dewatering, dehydration, and decarboxylation reactions that occur during 
both carbonization processes. However, these reactions were more noticeable in the dry 
carbonization experiments, possibly due to the higher temperature severity [38].  
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In terms of the H/C ratio, the reduction was more subtle compared to the raw RDF. The increase 
in biomass content in chars was directly related to the reduction of this ratio, while in hydrochars, 
the increase in the S/L ratio had a greater impact on reducing the value. For all the chars and 
hydrochars produced, the H/C ratio ranged from 1.23 to 1.49, while for the raw RDF it was 1.53. This 
demonstrates a less noticeable reduction compared to the O/C ratio as observed in other studies [39]. 

 
Figure 3. Van Krevelen diagram from the chars and hydrochars pellets. 

The HHV of the chars is represented in Figure 4a. It has been observed that the incorporation of 
biomass does not significantly affect the HHV of chars. The HHV for pellet chars without biomass 
incorporation is 25.0 MJ/kg, and with 25% incorporation, it is 25.1 MJ/kg. However, the sample with 
10% biomass showed a lower value of 23.6 MJ/kg. On the other hand, it has been found that the 
washing process is associated with an increase in the HHV of chars. In all conditions, the char 
exhibited a higher HHV value than the chars before the washing process.  

 
Figure 4. High heating value of the RDF pellet chars (a),and hydrochars (b). 
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The increase in this parameter was gradual to the incorporation of biomass, where the highest 
value obtained was 25.9 MJ/kg in chars with 25% biomass. The sample composed only of RDF pellets 
presented a value of 25.4 MJ/kg, while in the sample with 10% biomass incorporation the value was 
25.6 MJ/kg. The increase in HHV of chars after the washing process was also reported in previous 
work [34]. The HHV of hydrochars can be seen in Figure 4b. Increasing the temperature from 250°C 
to 300°C demonstrated an influence on the HHV of hydrochars produced at the S/L ratio of 1:2.5. At 
the lowest temperature, the HHV was 19.7 MJ/kg, while at 300°C this value was 21 MJ/kg. At the S/L 
ratio of 1:5, the HHV was slightly higher in the sample produced at 250°C (20.5 MJ/kg) when 
compared to the sample produced at 300°C (20.0 MJ/kg). 

The composition of chars and hydrochars ashes is represented in Table 3. CaO and Al2O3 
correspond to the largest fraction in all samples. The incorporation of biomass in a greater proportion 
caused a reduction in these components in relation to RDF pellets, however the addition of 10% 
demonstrated a slight increase.   

Table 3. Ash mineral composition from the chars and hydrochars. 

Ash mineral  

composition 

Dry  

carbonization 

Hydrothermal  

carbonization 

100P 90P10B  75P25B 
100P 

250°C/1:2.5 

100P 

300°C/1:2.5 

 

 

 

 

Oxides  

(%, w/w) 

Al2O3 13.9 14.1 12.5 19.6 13.8 

CaO 30.8 32.6 29.4 35.6 22.1 

Fe2O3 5.4 4.3 3.7 4.8 3.1 

K2O 3.2 3.4 3.3 1.3 0.8 

MgO 9.0 9.5 9.8 5.3 4.4 

Na2O 1.8 1.9 1.9 0.8 0.5 

SiO2 0.2 0.3 0.4 6.7 0.5 

TiO2 0.6 0.6 0.7 0.3 0.2 

Fouling and 

slagging index 

B/A 3.4 h 3.4 h 3.5 h 1.8 h 2.1 h 

BAI 1.1 l 0.8 l 0.7 l 2.4 l 2.3 l 

Fu 7.5 h 7.6 h 7.6 h 0.1 l 0.4 l 

S/A 0.0 l 0.0 l 0.0 l 0.3 m 0.0 l 

TA 5.0 h 5.3 h 5.2 h 2.0 h 1.3 h 

Chlorine (%) 0,4 0.4 0.4 1.0 1.1 

Ash (%) 26,3 25.0 21.6 17.2 21.0 

l - low; m - medium; h – high. 

Apart from Fe2O3, which reduced its concentration with the incorporation of biomass, and K2O, 
which remained at constant levels, the other elements showed an increase in relation to char 
produced only by RDF pellets. This increase was most evident in MgO concentrations, characteristic 
of the biomass composition [40]. In relation to hydrochars, the increase in the carbonization 
temperature led to the reduction of all analysed elements. 
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The reduction of alkaline compounds such as K, Mg, and Na in hydrochars led to a reduction in 
the base/acid ratio (B/A) and, more significantly, in the fouling index (Fu). This reduction meant that 
these samples were categorized as having a low tendency to form scale (<0.4) compared to char 
samples. The agglomeration index (BAI) was low in all samples, with hydrochars showing a lower 
trend. A lower BAI value (<0.15) indicates a higher probability of agglomerate formation in the 
reactor bed. The tendency for slag formation (S/A) was low in all samples (<0.3), except for the 
hydrochar sample at 250°C, which fell within the medium trend category. The potential for the 
formation of ash layers (T/A) was high (>0.3) in all samples, but there was a significant reduction in 
hydrochars [32]. 

The chlorine content of the chars is represented in Figure 5a. Prior to the washing process, only 
the sample with the highest biomass incorporation had a value lower than 1% (0.9%). However, due 
to the heterogeneity of the RDF composition, variation in this value does not guarantee that this 
composition produces chars with chlorine contents within the permitted limit for use as an alternative 
fuel. After washing, the samples exhibited a significant reduction in this parameter, with the final 
concentration at around 0.4% for all three samples. This reduction ranged from 73.4% in the sample 
without biomass to 61.7% in the sample with the highest percentage of this fraction. 

 
Figure 5. Chlorine content on the unwashed and washed chars (a), and hydrochars (b). 

Figure 5b shows the chlorine content of hydrochars, where increasing the carbonization 
temperature demonstrated a slight increase in this parameter. Conversely, increasing the S/L ratio in 
the HTC process led to a significant reduction in chlorine content. At a temperature of 250°C, the 
increase in the S/L ratio represented a 39.6% reduction in chlorine content (0.6%) compared to the S/L 
ratio of 1:2.5 (1.0 %). Similarly, at a temperature of 300°C, the chlorine content decreased by 44% when 
the S/L ratio was increased from 1:2.5 to 1:5. 

The thermogravimetric profile of chars and hydrochars can be seen in Figure 6. For chars, the 
most significant mass loss occurred between 235-540 °C, with a gradual reduction as the temperature 
increased (Figure 6a). Up to 235°C, the reduction ranged from 2.8-5.8%, with the sample composed 
solely of RDF pellets showing a greater reduction, likely due to the higher moisture content of the 
pellets compared to biomass. The temperature range where the greatest mass loss occurred 
represented between 65-66.4%, being proportionally higher with the increase in the incorporation of 
biomass, due to the high degradation of the components of this fraction (mainly hemicellulose and 
cellulose) in this temperature range [41]. In the sample with greater biomass incorporation, the 
temperature range of greater mass reduction extends to approximately 600°C. 

Regarding the hydrochars, the mass loss up to 235°C was like that observed for pellet chars (5.1-
5.4%) in samples produced at the S/L ratio of 1:2.5. However, increasing the ratio to 1:5 resulted in a 
smaller mass reduction up to this temperature (3.8%). The chars produced by HTC exhibited greater 
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thermal resistance, as the mass reduction was lower in the temperature range observed in the chars, 
and at 540°C the mass loss was 57.5-61% (Figure 6b). Furthermore, the temperature at which mass 
loss stability occurred was higher when compared to chars produced from dry carbonization (~ 
600°C). 

The thermal differential graphs indicate that there is an initial peak of greater mass reduction up 
to 150°C, which is attributed to water loss. This is more noticeable in chars (see Figure 6c) due to their 
higher moisture content. The highest peak of thermal degradation starts at 200°C and extends up to 
440°C, being more evident in the sample with 10% biomass incorporation. Although the sample with 
the highest percentage of biomass exhibited a smaller peak in this temperature range, it was broader 
and extended over a greater temperature range. A similar behavior was observed in the second peak 
of maximum degradation, between 700 and 780°C, which was more noticeable at the lowest 
temperature in the sample with 10% biomass. 

Figure 6d shows the thermal degradation rate of hydrochars. The largest peak occurred at 
temperatures close to that observed in chars (around 420°C). However, there is a prominent peak 
between 270-325°C, which may be related to the higher devolatilization of hydrochars due to their 
higher volatile matter content. This peak was more pronounced in the sample with the highest 
volatile content (250°C, S/L 1:5), being higher than the peak observed at the temperature of greatest 
degradation, and less noticeable in samples produced at 300°C. In contrast to chars, two other peaks 
of greater degradation of hydrochars were observed, one between 600-650°C and the other between 
700-780°C. 
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Figure 6. Thermogravimetric profile of the chars (a, c), and hydrochars (b, d) of RDF pellets. 

The ignition and burnout temperatures were estimated according to the intercepted method, 
and the results are represented in Table 4. The maximum degradation temperatures and the 
degradation rate in the two main peaks observed in the DTG are also presented. The addition of 
biomass into RDF pellets in chars demonstrated little influence on Ti and Tb, although there was a 
slight increase in the sample with a higher percentage of this fraction. Conversely, hydrothermal 
carbonization seems to influence the reduction of Ti and increase Tb, except for hydrochar at 250°C 
at the lowest S/L ratio. It is important to note that a decrease in Ti increases the risks of auto-ignition 
of chars during storage and transportation [42], while an increase in Tb requires higher temperatures 
for complete degradation [43] during admission to gasifiers, for example. 

Table 4. Thermal degradation behaviour of the chars and hydrochars from RDF pellets. 

Sample 
Ti 

(°C) 
Tb 

(°C) 
T1 

(°C) 
T2 

(°C) 
DTG1 

(%/min.) 
DTG2 

(%/min.) 

100P 332 765 441 769 6.6 0.7 

90P10B 332 760 422 745 7.0 0.9 

75P25B 337 766 418 782 6.0 0.5 

100P 250 1:2,5 299 732 408 727 6.2 1.2 

100P 250 1:5 310 850 324 757 6.1 1.7 

100P 300 1:2,5 288 796 408 776 4.8 0.9 

100P 300 1:5 300 798 422 764 5.3 1.2 

 
The FTIR profiles of the chars produced only from RDF pellets and with 25% biomass 

incorporation, in addition to the hydrochars produced at 250 and 300°C in an S/L ratio of 1:2.5 can be 
seen in Figure 7. 

The band between 3429-3376 cm-1, which corresponds to the stretching of O-H bonds, was more 
noticeable in the samples composed only of RDF pellets, while in the char sample with biomass 
incorporation this band was more discreet, representing the largest elimination of these elements as 
demonstrated in the Van Krevelen diagram. 
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Figure 7. FTIR spectrum from the chars and hydrochars. 

The bands observed between 2951-2849 cm-1, attributed to stretching vibrations of the C-H 
bonds, were observed in all samples, being more evident in chars, especially in those produced from 
100% RDF pellets. A greater number of bands between 1600-1200 cm-1 in the hydrochars samples, as 
well as a more pronounced band at 755 cm-1, suggests a greater degree of aromaticity of these chars 
[18]. 

3.2. Effluents Characterization  

The characterization of the char washing wastewater and the liquid effluent of the HTC process 
is represented in Table 5. The pH of the char washing wastewater presented a neutral character 
without significant variations with the incorporation of biomass (6.7-6.8), while the HTC liquid 
presented an acidic pH (4.8-5.0) characteristic of these effluents [44].  

Table 5. Characterization of wastewater from chars washing process and HTC effluents. 

Analysis 

Samples 

DC HTC 

100P 90P10B 75P25B 
100P 

250/1:2,5 

100P 

250/1:5 

100P 

300/1:2,5 

100P 

300/1:5 

pH 6.8 6.8 6.7 4.8 4.8 4.8 5.0 

COD (g/L) 4.3 3.4 4.5 61.0 37.3 60.4 37.1 

Chlorides (mg/L) 1.8 1.9 1.3 4.1 2.1 5.6 2.5 

Total solids (g/L) 8.3 8.1 7.7 41.8 14.8 43.4 11.9 

Volatile solids 

(g/L) 

4.4 4.1 4.4 31.2 11.4 24.7 8.7 
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Fixed solids (g/L) 3.9 3.9 3.3 10.6 3.4 18.7 3.2 

Ash 

mineral 

compos

ition 

(w/w%, 

db) 

Al2O3 0.4 0.5 2.7 0.4 0.2 0.6 0.1 

CaO 25.3 20.5 23.1 32.4 15.8 21.4 17.3 

Fe2O3 0.2 0.1 0.3 2.6 1.1 0.3 0.1 

K2O 22.5 22.1 23.6 22.0 6.7 18.0 9.3 

MgO 4.8 4.7 6.6 16.8 2.4 17.9 1.3 

Na2O 17.6 14.1 17.2 12.7 11.7 11.1 7.4 

SiO2 0.9 1.3 6.0 2.3 2.6 3.3 2.4 

TiO2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Regarding COD, no characteristic pattern was observed in the char washing wastewaters, 
varying from 3.4 to 4.5 g/L. Very high values of this parameter were observed in HTC effluents, 
mainly in those produced during carbonization at the S/L ratio of 1:2.5. The increase in temperature 
did not demonstrate a significant influence, being slightly lower in tests at 300°C. On the other hand, 
increasing the S/L ratio to 1:5 was responsible for the 39% reduction in COD values in both samples. 
The same can be observed in the values of chlorides and total solids in the samples. The increase in 
the S/L ratio led to a reduction between 48 and 55% in the chloride content, while the reduction in 
total solids varied between 65 and 73%. 

Regarding the mineral composition of the ash, a gradual increase in the concentration of Al 
oxides (0.4-2.7%), Mg (4.8-6.6%) and Si (0.9-6. 0%) in char washing wastewater with increased 
biomass incorporation. In the case of HTC effluents, increasing the S/L ratio from 1:2.5 to 1:5 
demonstrated a significant reduction in all analysed elements, except for Si at a temperature of 250°C. 

4. Conclusion 

The carbonization of RDF pellets has been found to be effective in producing chars with 
improved combustible properties compared to raw residue. Dry carbonization tests show that the 
RDF pellets have a greater tendency to agglomerate compared to the fluff form. Therefore, 
incorporating biomass waste in the form of sawdust can be an alternative to minimize this issue. 
Adding 10% and 25% of biomass to RDF pellets resulted in the production of chars with fewer 
agglomerates that are more susceptible to the crushing process. Additionally, the incorporation of 
biomass in carbonization at 400°C reduced the O/C and H/C ratios as well as the ash content (- 5.3 – 
17.9%), while slightly increasing the calorific value of chars (+2%). However, the increase in the 
percentage of biomass in the sample reduced the mass yield (- 4.5%) and decreased the apparent 
density of chars (-6.6%). Tests have shown that RDF pellets are more susceptible to self-ignition, with 
combustion occurring in most tests when the temperature is raised above 400°C. Regarding 
hydrothermal carbonization, the S/L ratio of 1:2.5 was not enough to reduce the chlorine content to 
values below 1%. This would not justify the application of this thermochemical method, as a washing 
step would be needed to reduce this value. Considering the hydrochars produced at the S/L ratio of 
1:5, increasing the temperature to 300°C reduced the mass yield by 8.9% while increasing the 
apparent density by 8.1%. Hydrochars exhibited lower Ti and higher Tb compared to chars. 
Furthermore, the increase in temperature reduced the formation of agglomerates in hydrochars, 
resulting in reduced crushing costs and improved combustion and gasification efficiency. In 
summary, the dry carbonization of RDF pellets with 10% sawdust incorporation appears as a viable 
alternative to increase the HHV of chars, reduce the formation of agglomerates, and minimize the 
risk of self-ignition during the process. 
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