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Abstract: Solid recovered fuel (SRF) is highly suited for thermal treatment, but its low 

bulk density and other physical properties limit the number of compatible energy systems 

that can effectively process it. This study presents the findings on SRF energy utilisation, 

focusing on mechanical treatment and a novel approach to its small-scale co-combustion 

with certified softwood (SW) pellets and catalytic flue gas control. In this study, the pro-

cesses of certified SRF feedstock characterisation and mechanical treatment were thor-

oughly examined. Unique SRF pellets of proper mechanical properties were experimen-

tally prepared for real-scale experiments. Mechanical and chemical properties, such as 

mechanical resilience, toughness, moisture and heating value, were examined and com-

pared with standard SW A1 class pellets. The prepared SRF pellets possessed an energy 

density of 30.5 MJ∙kg–1, meeting the strict requirements from multiple perspectives. The 

influence of pelletisation temperature on pellet quality was investigated. It was found that 

increased resilience and a water content of 1.59% were achieved at a process temperature 

equal to 75 °C. Moreover, the moisture resilience was found to be significantly better (0.5 

vs. 14.23%) compared with commercial SW pellets, while the hardness and durability val-

ues were reasonably similar: 40.7 vs. 45.2 kg and 98.74 vs. 98.99%, respectively. This study 

demonstrates that SRF pellets, with their improved mechanical and energy properties, are 

a viable alternative fuel, from a technical standpoint, which can be fully utilised in existing 

combustion units. 
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1. Introduction 

As a by-product of a highly urbanised population, industrialisation, and develop-

ment growth, billions of tonnes of municipal solid waste (MSW) are produced every year 

[1]. Actual trends in environmental sustainability create waste management systems to 

recover materials from MSW, and importantly, to reduce landfilling [2]. MSW contains a 

reasonable amount of non-recyclable materials that diminish its energetical potential. 

Therefore, fractions of MSW, such as plastics, textiles, rubbers, and paper, are being sep-

arated and further processed into solid recovered fuel (SRF). SRF refers to a certified, high-

quality alternative fuel produced from non-hazardous waste, often including both munic-

ipal and industrial waste streams [3]. The advantages of SRF are its excellent combustibil-

ity, considerably high heating value, low and relatively stable moisture content, and rela-

tively low ash content [2]. Such properties make SRF suitable not only for combustion, but 

also for other thermochemical conversion processes such as gasification [4], pyrolysis [5], 

torrefaction [6], hydrothermal carbonisation [7] or carbonaceous sorbents [8], and liquid 

hydrocarbon production [9]. This also makes the fuel logistics relatively easy in compari-

son to commonly used types of biomass. The downside is its heterogeneous composition, 

which may vary not only by supplier, but even by the place of origin or season [1].  

Pelletisation is one of the recent trends in the environmental sustainability frame-

work [10] and is a tool for the production of reliable and cost-efficient solid fuels. Pelleti-

sation enables material densification to reduce or utterly eliminate the problems associ-

ated with direct SRF utilisation in conventional technologies. Moreover, densification re-

duces the transportation demands and storage space requirements, which are important 

from the point of view of the logistics of such fuels, especially when small- and medium-

scale customers are considered. Overall, the improvements for SRF feedstock after pellet-

isation lie in enhanced energy density, increased homogeneity, lower moisture content, 

and the possibility of thermal pre-treatment [11]. All of these properties make the utilisa-

tion of SRF pellets technically feasible in stationary combustion appliances, which are 

available on the market [12]. 

Although the technical complexity of SRF pellet combustion is high, many European 

countries are interested in developing and using SRFs, which could subsequently be used 

for the generation of electricity and heat [13]. The combustion of SRFs might create some 

doubt regarding the associated emissions of dioxins and furans. However, the strict con-

trol of emission limits below the value of 0.1 ng∙Nm−3, as advised by the WHO [14], could 

limit its influence on the environment and human health. In fact, in 2018, only 26.7% of 

the global dioxin and furan emissions came from waste incineration, while 31.2% came 

from open burning processes [15]. For comparison, for regions with a well-developed 

waste incineration infrastructure, the contribution of incineration to the total emissions of 

dioxin and furans was even lower, being 17.4% and 0.4% for Western Europe and the 

USA, respectively [15]. This indicates that a proper waste management system, along with 

well-managed waste incineration, can reduce the problem of dioxins and furans. None-

theless, the termination of the declining trend in global dioxin is worrying and requires a 

comprehensive response, especially in developing countries. 

Overall, the effectiveness of SRF pelletisation varies considerably, depending on in-

put variables such as the temperature, moisture content, particle size distribution, addi-

tives, and type of chosen output diameter and compression matrix dimensions [16]. The 

study by Del Zotto et al. [13] showed that it was not economically feasible to pelletise SRF 
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material and then pulverise it to co-combust the same way as pulverised coal. Published 

studies have been aimed at the SRF pelletisation process, however, the crucial process 

details as well as the proper pellet characterisation are missing [17]. Some pelletisation 

processes use high temperatures to ensure the melting of PE and PP plastics [1]. In the 

study by Ridout et al. [18], SRF pellet sizes from 3 to 6 mm were tested in order to find the 

best pyrolytic behaviour. As predicted, a smaller size increased the heat transfer rate and 

favoured vapour formation. Evaluating the economic feasibility of preparing bulk mate-

rial for pelletisation is crucial, as the comminution process is complex and requires an 

optimised balance between the particle size, material dosage, and equipment operating 

conditions [19]. Velis et al. [20] recommended achieving a moisture content lower than 

10% when trying to process SRF into hard pellets. The same information was validated by 

De la Torre-Bayo et al. [21]. To improve pellet quality, implementing a cooling system is 

essential to prevent degradation during the cooling process [22]. The lowest pelletisation 

temperature for SRF was 29 °C [21] and 40 °C for co-pelletisation with pine dust [23]. 

SRF classification and specification were researched and developed by the European 

Committee for Standardisation [24]. The findings were described in the form of a technical 

report [25]. Class codes were developed to identify SRF quality, but they are considerably 

simplified and the classification cannot predict the actual behaviour of the material in the 

energetical units. Furthermore, SRF research is mainly concerned with combustion, and 

in particular, co-combustion, often with coal [26] or biomass [27]. The process of the pro-

duction and utilisation of SRF should be examined from the environmental, economic, 

and social perspectives. However, to appropriately characterise SRF, chemical, biological 

and physical-mechanical descriptors should be identified [20]. 

There is a gap in the research with regard to a description of the least energy intensive 

but still feasible SRF pelletisation method, ensuring its good mechanical-physical proper-

ties for proper handling, transportation, and storage. The pellet production of SRF repre-

sents an option that contributes to resource recovery and efficient waste management as 

an alternative to waste disposal in landfills. 

The hereby presented study demonstrates the feasibility of high-quality SRF pellet 

production out of non-hazardous feedstock and its subsequent application in a small-scale 

combustion unit. The novelty and originality of the hereby presented paper lie in the in-

novative approach of using the experimentally prepared pellets from solid waste (munic-

ipal/industrial)-derived non-woody SRF as a feedstock for a commercial rotary burner 

initially designed for certified wooden pellets, which was additionally equipped with an 

oxidation catalyst for the flue gas pollutants’ mass concentration reduction. The main ob-

jectives were to prevent waste landfilling and improve energy and resource efficiency. 

Similar studies utilising this specific scientific approach do not currently exist. 

In this study, the pelletisation process including a detailed description of the input 

and output material in comparison to the certified softwood (SW) pellets, was experimen-

tally examined. The importance of this study lies in the delivery of crucial analyses neces-

sary for the subsequent handling of the feedstock and its utilisation in thermochemical 

processes. 

2. Materials and Methods 

The experimental section describes the input SRF material and the process of the 

modification of properties through a binder-free pelletisation process. The experiments 

were carried out in the experimental laboratories of the ENET Centre, Centre for Energy 

and Environmental Technologies, and in the laboratory of Bulk Materials Centre, Depart-

ment of Mining Engineering and Safety, Faculty of Mining and Geology, VSB—Technical 

University of Ostrava, Ostrava, Czech Republic. 
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2.1. Input Material 

The fuel used for the purpose of this study was based on a SRF delivered by the OZO 

Ostrava s.r.o. waste-managing company situated in Ostrava, Czech Republic. This waste 

collection and utilisation company operates across the region of Moravia-Silesia, where 

industrial and municipal waste fractions including separated biowaste are collected and 

delivered to the sorting and processing line. The description and environmental impact 

of this modern and advanced line are described in the study of Výtisk et al. [28]. The final 

product is sold mainly to cement producers, while the capacity of incineration power 

plants is negligible nowadays. 

Following the specific demand, wood-free SRF was delivered in a fluff form for fur-

ther processing, analyses, and utilisation in a combustion unit. Granulometry of the input 

feedstock was in the range of 1 to 25 mm. The material composition was estimated to 

consist of approximately 60 wt.% of plastics, 20 wt.% of paper including cardboard, 15 

wt.% of textiles, and 2 wt.% of inert fractions such as non-ferrous metals, glass, etc., ac-

cording to the producer’s information (Figure 1). 

 

Figure 1. Input raw SRF material. 

2.2. Pelletisation Process Description 

The main objective of the mechanical treatment, specifically the pelletisation process, 

is to increase the energy density of materials and improve their thermochemical proper-

ties for subsequent processes [29]. As a suitable material for pelletisation, the following 

thermochemical conversion could be considered: biomass (including the alternative bio-

mass), SRF and various other waste materials, or sewage sludge. This process has several 

advantages, but there are also a few concerns that are important to consider. The draw-

backs of pelletising are mainly related to the intensive energy consumption of the process 

itself. High temperatures and pressures must be applied to achieve the desired pellet 

properties. If such energy is generated from fossil resources, the environmental aspects of 

the process are impacted [30]. The energy consumption of pelletising depends on many 

factors such as the type of input material, particle size, moisture content of the raw mate-

rial, and the desired properties of the resulting pellets. In general, it is estimated that the 

pelletisation process requires approximately 16–49 kWh of energy per tonne of pellets 

produced [12]. Such an energy demand is significant, which is important to consider when 

planning the production process and optimising the energy efficiency. 

In this study, pelletisation was carried out on a 14–175 flat-bed pelletising press 

(Amandus Kahl, Reinbek, Germany). This laboratory pellet press combines a robust de-

sign with advanced technology, a power of 3 kW, and a capacity of 10–50 kg∙h–1, depend-

ing on the material used. The energy consumption of 0.06–0.3 kWh∙kg–1 can be considered 

reasonable. However, industrial applications of larger scale possess with increased cost-

effectiveness. This pelletising press has two cylindrical rolls with a diameter of 130 mm, 

width of 29 mm, matrix with an outer diameter of 175 mm, and hole diameter of 6 mm. 
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Together, they enable the compression of raw feedstock into pellets under high pressure. 

The advantage of this equipment is the control system for setting the speed of the rolls 

and determining the temperature of the die. The die temperature was measured with a 

thermocouple, which was placed at the side of the die. The resulting pelletisation temper-

atures were in the range of 50–95 °C. 

2.3. Determination of the Physical Properties  

2.3.1. Particle Size Distribution and Particle Shape 

The CAMSIZER 3D (Microtrac Retsch GmbH, Haan, Germany) is a particle analyser 

and a digital image analysis tool that is used to characterise the morphological features of 

dry, bulk materials ranging in size from 20 μm to 3000 μm. The CAMSIZER 3D was used 

not only for the particle size analysis, but also for the quantification of the particle shape. 

By employing two digital cameras, images of particles are captured during their free fall. 

Two cameras and a dynamic procedure prevent particles from being captured solely in 

one orientation. As the particle falls, it creates a particle track that is used by software to 

determine the width and the length of each particle projection. This method eliminates 

the need for subjective image editing to eliminate overlapping particles. The largest value 

of all length measurements within a particle track is the “3D length”, the largest value of 

all width measurements is the “3D width”, and the smallest value of all width measure-

ments is the “3D thickness” of the particle. The measured parameters are shown in Figure 

2. Moreover, the CAMSIZER 3D adheres to a standardised approach for quantifying the 

particle shape set forth by the International Organization for Standardisation (ISO 9276-6, 

2006; ISO 13322-2, 2008) [31,32]. 

 

Figure 2. CAMSIZER 3D images capturing different particle dimensions during its free fall. 

The CAMSIZER 3D offers both quantitative and qualitative insights. Its dynamic im-

age analysis technology provides detailed visual data, enabling comprehensive qualita-

tive assessments of particle shapes such as circularity, sphericity, and aspect ratio b/l. The 

shape factors show the differences and deviations between the spherical and non-spheri-

cal particles. The particle shape is crucial for particle transportation, storage, and interac-

tions with fluid or chemical reactions [33]. 

The individual particle shape parameters are indicators of the shape of the particles. 

For example, the sphericity parameter SPHT shows the proximity to a perfect circle. The 
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sphericity indicates the roundness of the particle and is determined by Equation (1) 

[33,34]. 

𝑆𝑃𝐻𝑇 =  
4π𝐴

𝑝2    (1) 

A—area of the particle; 

p—particle perimeter. 

The spherical particles have SPHT equal to 1, however, most particles in the industry 

have SPHT < 1 [33]. 

Similarly, the circularity C tries to describe the proximity to roundness and is deter-

mined from the particle area A and perimeter p. For the sphericity, the circularity also has 

a spherical particle C equal to 1, and for those non-spherical, the values are smaller C > 1 

[34]. 

𝐶 =  √
4π𝐴

𝑝2    (2) 

A—area of the particle; 

p—particle perimeter. 

A very useful and often used particle shape parameter is the aspect ratio b/l. It shows 

the ratio of a particle, which, in the case of elongated particles, such as pellets, is a very 

good indicator. As shown in Equation (3), the aspect ratio b/l is the ratio of the minimum 

length (a particle width) b to the maximum Feret diameter (a particle length) l [35]. 

𝑏

𝑙
=  

𝑋𝐶,𝑚𝑖𝑛

𝑋𝐹𝑒,𝑚𝑎𝑥
=

𝑊𝑖𝑑𝑡ℎ

𝐿𝑒𝑛𝑔𝑡ℎ
   (3) 

Spherical or cubical particles incline toward the aspect ratio b/l equal to 1, while an 

elongated particle, such as a needle-like or rectangular particle morphology, inclines to 

lower the aspect ratio b/l below 1 [35]. 

Individual particle shape parameters were measured for 20 particles from each ma-

terial as a representative sample, and the mean and standard deviation were then deter-

mined from the resulting values. 

2.3.2. Ultimate and Proximate Analysis 

Standardised ultimate and proximate analyses were performed by using the 

CHNS628 device (determination of Cr, Hr, Nr) with the CHNS628S module (Sr) (both Leco, 

St. Joseph, MI, USA). The content of water (Wr) was determined gravimetrically using a 

VF110 electric furnace (Memmert, Schwabach, Germany), and the content of ash (Ar) us-

ing a LEO 5/11 furnace (LAC, Topolová, Czech Republic). The mass concentration of Or 

was calculated following the EN ISO 16993 standard [36]. The definition of lower heating 

value (LHVr) was performed in accordance with the ISO 18125 standard [37] by determin-

ing the higher heating value and consequent recalculation. The chlorine (Clr), fluorine (Fr), 

and mercury (Hgr) mass concentration contents were determined by a ContrAA 700 

atomic absorption spectrometer (Analytik Jena, Jena, Germany), which allows for the se-

quential analysis of traces of metals and other elements. Air and N2O were used as oxidis-

ing agents, while acetylene was used as the fuel gas. 

2.3.3. Wettability Index Determination 

Moisture resistance, referred to as the wettability index (WI), characterises the ability 

of pellets to absorb water or other liquids in the context of pelletisation. This index is one 

of the factors used to evaluate pellet quality and compare the influence of the material 

used and the pelletisation process. Pellets with high WI tend to absorb liquids, which leads 

to degradation and disintegration; therefore, it is essential to store such pellets in dry, 

well-ventilated areas. On the contrary, a low WI indicates that the pellets are resistant 
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toward soaking liquids, reducing the stringent storage requirements. WI was performed 

according to Equation (4), defined by Mahadeo et al. [38] as: 

WI =  
𝑚2− 𝑚1

𝑚1
 × 100  (4) 

m1—weight of the pellet before the test; 

m2—weight of the pellet after the test. 

The performed test consisted of immersing a selected pellet in distilled water for 60 

s. The average value was subsequently calculated from the results. The WI value (in [%]) 

was determined as the average value of ten tests of one sample. 

2.3.4. Pellet Durability Index 

The pellet durability index (PDI) is a crucial factor in industrial pelletisation pro-

cesses, providing essential feedback on the quality of the resulting pellets. The PDI is 

measured through a mechanical test that typically involves rotating the pellets in a drum 

or using another mechanism that simulates the real conditions to which the pellets are 

exposed during storage, transportation, and handling. A higher PDI value indicates that 

the pellets have greater resistance to the simulated forces, and their resistance to with-

stand disintegration or crushing is better. 

In this research, the PDI was measured on an NHP 100 (Holmen, Stockholm, Sweden) 

device [39], which is designed to measure the strength of pellets in accordance with ISO 

17831-1 [40]. Its use principle is that a sample of pellets is placed in a chamber with perfo-

rated walls, and due to an air flow of 70 mbar, the pellets are buoyant and bump against 

each other and the walls of the chamber, causing crumbling. The sample is then sieved 

through a 3.15 mm sieve. The PDI value is defined by Equation (5). 

PDI =  
𝑚2

𝑚1
 × 100 (5) 

m1—weight of the pellet before the test; 

m2—weight of the pellet after the test. 

The test was run for 30 s. According to EN ISO 17225-6 [41], the minimum resistance 

value of bio-pellets and non-wood pellets is set at 96%. The PDI value (in [%]) was deter-

mined as the average value of ten tests of one sample. 

2.3.5. Hardness 

The hardness of pellets is another factor determining the resistance of a pellet to me-

chanical effects. The hardness of the pellets was measured using a Hercules L (Amandus 

Kahl, Germany) device. The test determines the weight load in [kg] at which the tested 

pellet will break or crush. The hardness value was determined as the average of ten tests 

on one sample. This test simulated the compressive stress on the pellets during storage in 

silos and crushing during transportation and handling. The pellet hardness value was 

determined as the average value of ten tests of one sample. 

2.3.6. Bulk Density 

Bulk density is the physical property of a material that indicates the weight of the 

material per unit volume when the material is loosely packed (i.e., not externally com-

pressed), and represents how tightly or loosely the particles of the material are arranged 

in a volume. In our case, this factor allowed us to compare the volume of the raw SRF 

material with its pelletised form and evaluate the impact of the process. The bulk density 

value was determined as the average value of ten tests of one sample. 
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2.3.7. Particle Density 

Particle density in pelletisation is defined as the weight of a pellet per unit volume. 

It is influenced by the input material and the pelletisation process. Higher values may 

indicate pellet compactness and bulk compressibility. Particle density was determined by 

gravimetric measurement using the Archimedes principle (buoyancy method) on a JEW-

DNY-43 (Mettler Toledo, Columbus, OH, USA) device with an accuracy of 0.001 g∙cm–3. 

Particle density was determined as the average value of ten tests of one sample. 

3. Results 

3.1. Characterisation of Raw Input Material and Pelletisation Process 

3.1.1. Particle Size Distribution of SRF 

The particle size distribution characterisation values are shown in Table 1, showing 

d10, d50, and d90, respectively. The volume q3 and cumulative Q3 fractions were measured 

for the length, width, and thickness of the SRF material. The values of d10, d50, and d90 

provide information regarding the particle sizes. The dimensions at which 10, 50, and 90% 

of a sample’s mass is comprised of smaller particles are indicated by d10, d50, and d90, re-

spectively. 

Table 1. Particle size distribution characterisation values of d10, d50, and d90 for the SRF pellets (ISO 

13322-2) [32]. 

 d10 
Standard 

Deviation 
d50 

Standard 

Deviation 
d90 

Standard De-

viation 

 [µm] [µm] [µm] [µm] [µm] [µm] 

Length 4541 341 9389 724 15,749 1716 

Width 3588 265 8494 662 12,808 1063 

Thickness 3588 265 8494 662 12,808 1063 

3.1.2. The Ultimate and Proximate Analysis 

The results of the ultimate and proximate analysis of the pelletised SRF and certified 

SW pellets are presented in Table 2. 

Table 2. Ultimate and proximate analysis of the used fuels. 

Parameter Unit SW SRF Standard Uncertainty  

Lower heating value 

(LHVr) 
[MJ·kg–1] 17.41 30.5 EN 18125 [35] 3.0% 

Volatile matter (Vr) [wt.%] 75.75 83.13 EN ISO 22167 [42] 1.9% 

Water (Wr) [wt.%] 7.12 1.59 EN ISO 18134-2 [43] 3.1% 

Ash (Ar) [wt.%] 0.24 10.27 EN ISO 18122 [44] 9.0% 

Carbon (Cr) [wt.%] 47.09 66.9 EN ISO 16948 [45] 4.6% 

Oxygen (Or) [wt.%] 39.70 10.42 EN ISO 16993 [36] - 

Hydrogen (Hr) [wt.%] 5.63 8.61 EN ISO 16948 [45] 3.1% 

Nitrogen (Nr) [wt.%] 0.20 0.57 EN ISO 16948 [45] 6.1% 

Total sulphur (Sr) [wt.%] <0.02 0.09 EN ISO 16994 [46] 6.4% 

Chlorine (Clr) [wt.%] <0.01 1.18 ISO 11724:2019 [47] 37% 

Fluorine (Fr) [wt.%] <0.02 <0.02 ISO 18806:2019 [48] - 

Mercury (Hgr) [mg·kg–1] <0.1 0.1 ISO 15237:2016 [49] 0.01% 

The results of the ultimate and proximate analysis of the SRF pellets and certified SW 

pellets showed a significant LHV difference of more than 13 MJ∙kg–1 in favour of the SRF 

pellets. This also indicates a higher Cr and reduced Wr in the material. The disadvantage 
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of the SRF material compared with SW pellets was the higher Ar content (nearly fiftyfold). 

The higher Ar is given mainly by the inert fraction in the input material. The increased 

value of volatile matter in the case of SRF pellets may mean a necessity of slightly different 

requirements for the combustion chamber dimensions [50]. A significant difference was 

observed in the Or content, where the SRF value was 10.42 wt.% compared with 39.7 wt.% 

for the SW pellets. Pelleted fuels with higher Or content offer several advantages, such as 

enhanced combustion efficiency, usually resulting in better energy release and reduced 

emissions. Additionally, the increased Or supports faster ignition, improving the overall 

combustion efficiency. However, there are also disadvantages including an increased risk 

of oxidation during storage and the potential for spontaneous combustion if not properly 

managed. Additionally, their stability over extended periods is diminished, making them 

unsuitable for long-term storage [51]. 

The Nr content for both materials was relatively low (not exceeding 0.6 wt.%), while 

in the case of the SRF pellets, the Nr was about three times higher than in the case of SW 

pellets, which could cause a more intense formation of fuel NOx during the combustion 

process, as was presented in previous studies with alternative fuels [29]. Moreover, the 

significantly higher LHV in the case of SRF pellets could cause a completely different com-

bustion process course connected with local temperature peaks, resulting in the higher 

presence of thermal NOx in the flue gas [52]. 

Quite similar energy values to our study were achieved by Tokmurzin et al. [1], who 

utilised SRF material of the following composition: 80 wt.% mixed plastics from packag-

ing, 10 wt.% wastepaper and woody biomass, and 10 wt.% HDPE. The LHV of this mate-

rial was 24.7 MJ∙kg–1, and the Cr and Ar contents were 68.86 wt.% and 9.21 wt.%, respec-

tively. Notably lower LHV of 20.86 MJ∙kg–1 for the SRF, composed mainly of wastepaper, 

plastic, and wood at undefined ratios, was presented in the study by Wu et al. [53]. This 

was mainly caused by a higher Wr (5.2 wt.%) and significantly lower Cr (58.0 wt.%). In the 

study of Čespiva et al. [54], an SRF feedstock of 40 wt.% wood, 30 wt.% plastics, 15 wt.% 

paper, 10 wt.% textile, and 5 wt.% defined as other, was used in a fixed-bed gasification 

reactor with outstanding results. Taking the diversity of the SRF compositions into con-

sideration, which differ according to the input feedstock quality and composition, sorting 

technique, etc., it is very difficult to directly compare these fuels with each other. 

The Clr content in the SRF was relatively high and originated from the PVC, being 

one of the main components. The reached value was in the range of previously presented 

studies aimed at SRF, such as the studies by Daouk et al. [55] (0.3 and 1.1 wt.%), Sarc et al. 

[56] (1.08 to 1.38 wt.%), and Edo-Alcón et al. [57] (0.64 to 1.71 wt.%). Moreover, it was 

completely in accordance with the previous study by Dziok et al. [58], representing the Cl 

analysis for different SRF batches. The Cl in coal usually ranges between 0.005 and 1 wt.%, 

while the increased values are mainly represented by British, American, and Indian coals 

[59]. The Cl content could be a source of potential problems when it comes to combustion, 

with special emphasis on two issues. One is connected to the potential formation of de-

posits on the heat exchanging surfaces of appliances (boilers), which is caused by the for-

mation of salts such as NaCl or KCl [60]. The other is related to formation of polychlorin-

ated dibenzodioxin and polychlorinated dibenzofuran (PCDD/F) [61]. However, a corre-

lation between the Cl content and PCDD/F is not straightforward, and the formation of 

the carbon–Cl bond is a complex process, related to the conditions of the combustion pro-

cess and fly ash characteristics. 

Fr was detected in the SRF pellets. Hgr was also found in an amount of 0.1 mg∙kg–1. 

This value is in line with the previously presented studies by Bury et al. [62] (up to 0.85 

mg∙kg–1), Hilber et al. [63] (0.1 to 0.16 mg∙kg–1), and Stogiannis et al. [64] (0.322 to 0.548 

mg∙kg–1). The Hg content in coal ranges between 0.003 and 1 mg∙kg–1, while the mean 
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values of the analyses of wide pallet of fuels from different sources, were taken into ac-

count in the study by Zhao et al. [65]. 

3.1.3. Pelletisation Process 

No further mechanical treatment or additives were required for the pelletisation pro-

cess, which supports our objective of SRF pellet production without an added production 

cost. During the pelletisation of SRF material using a laboratory pellet press, 21 kg of pel-

lets were produced per hour with an energy consumption of 1.9 kWh. After conversion, 

the consumed energy amounted to 90.48 kW per tonne of SRF pellets. The particle size 

distribution of the raw SRF material clearly exceeded the standard size range of SW used 

for pellet production, which has consequences for the pelletisation itself. At the beginning 

of the process, at a low matric temperature equal to 45 °C, the quality of the pellets did 

not meet the requested hardness, and obvious particle degradation occurred. As the tem-

perature of the matrix was gradually increased, the pellets became harder, and the quality 

of the material plasticised. The die temperature was measured using a thermocouple sen-

sor installed on the pellet press. To find the best pellet quality with various temperatures 

used for pelletisation, three temperatures were selected, at which samples were taken for 

testing. By increasing the temperature to 55, 65, and 75 °C, the material heated up, the 

plasticisation permeated the whole pellet, and the pellet structure changed, as shown in 

Figure 3. 

When the temperature reached 90 °C, full plasticisation occurred, the material 

melted, and pelletisation was interrupted. The pellets at this temperature showed the best 

structure and quality, however, due to the interruption of the pelletisation process, the 

pellet quantity was not sufficient nor suitable for high volume production. The physical 

properties were measured for pellets at temperatures of 55, 65, and 75 °C. 

 

Figure 3. The produced SRF pellets for pelletising temperatures of 55 °C, 65 °C, 75 °C, and 90 °C. 

The outputs of the pelletisation were four batches of SRF pellets with a diameter of 6 

mm, produced in four different temperature settings. The resulting SRF pellets (75 °C) are 

shown in Figure 4 (left). The commercial EN plus A1 certified SW pellets are shown in 

Figure 4 (right). 
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Figure 4. Pellet materials—(left) SRF pellets, (right) SW pellets. 

3.2. Physical Properties of Pellets 

The measured physical properties of the produced pellets were a crucial aspect for 

the selection of the pellet variant that was considered for the following studies on the 

combustion process evaluation. 

Particle size distribution graphs show the undersieved fractions, where the particle 

size is shown on the x-axis and either the cumulative percentage or volume fraction on 

the y-axis. The cumulative curve Q3 indicates the percentage of undersieved particles 

smaller than a specific size, while the volume fraction curve q3 shows the proportion of 

total particle volume within the size range. The particle size distribution of the raw SRF is 

shown in Figure 5. 

 

Figure 5. The particle size distribution (volume q3 and cumulative Q3) for the SRF feedstock’s 

length, thickness, and width. 

3.2.1. Particle Size Distribution of Pellets 

The particle size distributions of the SRF and SW pellets are shown in Figures 6 and 

7. The volume q3 and cumulative Q3 fractions were measured for the length, width, and 

thickness of the pellets. Figures 6 and 7 only present the q3 and cumulative Q3 curves for 

the length and thickness, as the width and thickness measurements were identical due to 

the shape of the pellets. This uniformity is a result of the characteristic elongated shape of 

the pellets, which is inherent to their production process. 
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Figure 6. The particle size distribution (volume q3 and cumulative Q3) for the SRF pellets’ length 

and thickness. 

 

Figure 7. The particle size distribution (volume q3 and cumulative Q3) for the SW pellets’ length 

and thickness. 

Both the SRF and SW pellets exhibited identical width and thickness measurements, 

attributed to their characteristic elongated shape. This distinctive shape makes it challeng-

ing to fully describe the pellets using a single set of volume and cumulative distribution 

curves. The d10, d50, and d90 values for the respected measurements are provided in Table 

3. 

Table 3. Particle size distribution characterisation values of d10, d50, and d90 for the SRF and SW 

pellets (ISO 13322-2) [32]. 
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  d10 
Standard 

Deviation 
d50 

Standard 

Deviation 
d90 

Standard 

Deviation 

  [µm] [µm] [µm] [µm] [µm] [µm] 

SW 

pellets 

Length 7892 497 10,004 710 13,433 1236 

Thickness 6069 73 6182 69 6349 84 

Width 6069 73 6182 69 6349 84 

SRF 

pellets 

Length 9264 723 13,911 1141 15,538 1461 

Thickness 6826 89 8162 171 9641 231 

Width 6826 89 8162 171 9641 231 

The SW pellets were slightly larger in diameter, which was due to the commercial 

production technology, which is probably different from the machine used for SRF pro-

duction. The purchase of the SW pellets was associated with their original packaging and 

transport. This handling degraded the pellets, which can be seen in the particle size dis-

tribution curves. Although the SW pellets had a similar appearance to the experimentally-

produced SRF pellets, their length was shorter due to breakage during handling. 

The SRF pellets were longer than the commercial SW pellets and had a regular cylin-

drical shape. The cylindrical shape was caused by the production technology, where the 

pellet is forced through a hole of the following diameter of the pellet. This produces a 

uniform width and thickness of the pellets, which is given by the diameter size. 

3.2.2. Particle Shape 

The particle shape parameters of sphericity SPHT, circularity C, and aspect ratio b/l 

were measured on a CAMSIZER 3D. Twenty particles of each material, SRF pellets and 

SW pellets, were selected as a representative sample, and their mean values and relative 

deviations are given in Table 4. To calculate the shape parameters, Equations (1)–(3) were 

used, and the standard deviation was calculated in Excel software. 

The SW pellets were gathered as EN plus A1 certified SW in a bulk. Their particle 

shape parameters showed less spherical particles in comparison to the SRF pellets (Table 

4). This is due to the fact that their delivery was subjected to packaging and transport. The 

SRF pellets were produced in the laboratory and were thus not subjected to such signifi-

cant degradation during transport. 

Table 4. The particle shape parameters of sphericity SPHT, circularity C, and aspect ratio b/l for the 

SRF and SW pellets. 

 Sphericity SPHT [–] Circularity C [–] Aspect Ratio b/l [–] 

 Mean 
Standard 

Deviation 
Mean 

Standard 

Deviation 
Mean 

Standard 

Deviation 

SRF pellets 0.37 0.06 0.61 0.05 0.67 0.06 

SW pellets 0.68 0.09 0.82 0.06 0.70 0.07 

3.2.3. Wettability Index 

The results of the wettability index are shown in Figure 8. The test was performed for 

the pellets produced at 55 °C, 65 °C, and 75 °C and for the certified SW pellets. 
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Figure 8. WI for the pellets formed at temperatures 55 °C, 65 °C, and 75 °C and for the certified SW 

pellets. 

The data revealed significant differences between the certified SW and SRF pellets. 

The presence of plastic material in the SRF pellets provided undeniable advantages, with 

the lowest temperature resulting in nearly half the SW value. The most notable effect of 

pelletising temperature on WI occurred between 55 °C and 65 °C, where even a 10 °C 

increase notably improved the quality of the SRF pellets. Pellets produced at 75 °C 

achieved the best WI results, reaching 0.5%. For the wood pellets, water adsorption is a 

critical limiting factor from a storage perspective. While the WI of wood pellets can be 

significantly reduced through aftertreatments like torrefaction—as demonstrated in the 

study by Grycová et al. [66] where the WI reached 0.59%—it is important to consider the 

substantial weight loss and reduced energy density associated with torrefaction as well as 

its impact on combustion behaviour [63]. Additionally, the study by Sykorova et al. [67] 

highlighted the positive influence of binders, such as lignosulfonate and flour, on improv-

ing the WI of hay pellets. 

3.2.4. Hardness and Pellet Durability Index 

The resistance of pellets to mechanical wear is one of the basic indicators of pellet 

quality. The graphs in Figure 9 show the results of pellet hardness and the PDI measure-

ments. 

 

Figure 9. Hardness (left) and PDI (right) for the pellets formed at temperatures 55 °C, 65 °C, and 75 

°C and for the certified SW pellets. 

Similarly to the WI data, there were again differences between the SRF pellet produc-

tion temperatures. As the pelletisation temperature increased, the pellet hardness also in-

creased. This course also continued above 75 °C in the case of Khaya senegalensis biomass, 

however, for the used SRF, it was impossible to hold the higher pelletising temperature 

as aforementioned [65]. While the WI showed the greatest change between the values 
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obtained from pellets produced at temperatures of 55 °C and 65 °C for the hardness test, 

there was the most notable change between the temperatures of 65 °C and 75 °C when the 

pellet hardened significantly. The value reached at 75 °C was very similar to the SW com-

mercial pellets. 

As can be seen from the graphs in Figure 9, the hardness of the pellets did not corre-

spond to the PDI, which shows the effect of mechanical wear on the formation of particles 

below 3 mm in size. According to EN ISO 17225-6 [39], the minimum value of pellet re-

sistance was set at 96% PDI. This value was reached by the SW pellets and SRF pellets 

produced at 65 °C and 75 °C, and mathematically, would be met approximately above 57 

°C (considering even less favourable linear dependency). 

3.2.5. Bulk Density and Particle Density 

The effect of pelletisation on the volume reduction in the input raw SRF material and 

the effect of pelletisation temperature on the bulk density and particle density are shown 

in Figure 10. 

 

Figure 10. Bulk density (left) and particle density (right) for the pellets formed at temperatures of 

55 °C, 65 °C, and 75 °C and for the certified SW pellets. 

In a comparison of the bulk density SRF material and formed SRF pellets, there was 

a clear difference (Figure 10). By pelletising the SRF material, a tenfold reduction in bulk 

density could be achieved, from an input material value of 40 kg∙m–3 to a value higher 

than 360 kg∙m–3. Compared with the above results for the hardness and water absorption 

resistance, the effect of changing the pelletisation temperature on bulk density was not as 

reasonable. In this case, it was mainly the length and shape of the pellets and the arrange-

ment of the particles during storage that were affected. The influence of particle density 

became noticeable when we compared the SRF pellets with the certified SW pellets. In 

these comparisons, a higher particle density led to an increase in bulk density. The differ-

ence in the particle density values of the SRF pellets and SW pellets was due to the specific 

weight of the input materials. Similar particle densities were reported for the pellets made 

using the raw and torrefied sawdust. Wang et al. [68] reported pellet densities ranging 

between 1050 and 1098 kg∙m–3 for the raw sawdust pellets and between 951 and 992 kg∙m–

3 for pellets made of torrefied wood, depending on the process conditions of torrefaction. 

Luo et al. [69] obtained lower densities for torrefied sawdust, ranging between 700 and 

900 kg∙m–3, but for higher temperatures of torrefaction. 

4. Conclusions 

In this study, a comparative analysis was conducted based on the chemical and phys-

ical properties of EN plus A1 certified pellets against the experimentally-produced pellets 

from solid recovered fuel. The feasibility and effectiveness of producing high-quality SRF 

pellets from non-hazardous waste feedstock was explored. The chemical properties 
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revealed notable differences, especially in the LHV parameter with a 13 MJ∙kg–1 difference, 

favouring SRF pellets over the SW ones as well as a higher Cr mass concentration (42.0% 

increase) and lower Or (73.8% drop) and Wr (77.7% drop) fractions. On the contrary, the 

SRF pellets suffered a higher Ar mass concentration equal to 10.27 wt.%. 

The subsequently investigated pelletisation process was performed under different 

operational forming temperature conditions. The forming temperature had a significant 

impact on the pellet hardness and PDI, which was found to exceed 96% for the SRF pellets 

produced at both 65 °C and 75 °C. It was found that a higher temperature sufficed, and 

even increased the mechanical resilience, while ensuring a very low mass fraction of wa-

ter. However, the application at 90 °C led to intensive plasticisation and structural disrup-

tion. Thus, the optimal process temperature determined was 75 °C, as a suitable balance 

between outstanding material properties and a reliable process. Generally, it was found 

that a higher temperature made slightly denser pellets. This finding further supports pro-

duction in elevated temperature regimes. 

Compared with the EN plus A1 certified SW pellets, the SRF pellets showed a signif-

icant improvement in the energy content and mechanical properties, although they had a 

higher Ar content. Overall, the pellet hardness, PDI, and density (bulk and particle) were 

the mechanical-physical parameters that indicated better properties compared with the 

unprocessed SRF. The pelletised SRF possessed better transportability, energy density, 

easier handling, and better feeding into the combustion unit. This was based on the PDI, 

indicating pellet robustness for handling and transportation. Additionally, the pelletisa-

tion process resulted in a tenfold reduction in bulk density, significantly improving the 

transportability and storage aspects of the fuel material. The water resistance of the SRF 

pellets was also enhanced with elevated temperatures, reducing the risk of degradation 

during storage and handling. Under the appropriate conditions, the utilisation of SRF pel-

lets could be beneficial. No further mechanical treatments or additives were required for 

the production of the SRF pellets, which supports the environmental and economic objec-

tives. 

The study confirms that the SRF pellets, with their improved mechanical and energy 

properties, meet the strict market requirements and can be fully utilised in existing com-

bustion units without any modifications.  

Future work should focus on optimising the production process further, exploring 

regulatory support, ensuring the reliable sourcing of high-quality waste materials, and 

addressing the high demand for alternative fuels. Moreover, the experimental approach 

of novel pellets testing in real combustion units will greatly broaden their usability. Fur-

thermore, both environmental and economic sustainability should be comprehensively 

assessed by means of life cycle assessment and techno-economic analysis, respectively. 
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