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A B S T R A C T   

Energy generation from non-hazardous waste streams, which are unfeasible to be reused or recycled, can help 
overcome some of the problems related to fossil fuel depletion, global increase in energy demand and waste 
generation management under restricted landfilling. One of the main drawbacks of waste-to-energy strategies is 
the poor combustion properties of waste, which densification could help to circumvent. This work studies the co- 
pelletization of refused derived fuel (RDF) and pine sawdust (PIN) in a continuous pilot pellet mill that resembles 
industrial pelletization. The effect of RDF contents up to 90 wt% on a set of parameters has been assessed: 
pelletization energy consumption, physical properties (durability, particle and bulk densities), net calorific value 
and energy density of the obtained pellets. In addition, slagging, fouling and corrosion, phenomena associated 
with combustion, were estimated from the ash composition. Results showed that obtaining pellets with a low 
RDF loading (2–9 wt%) was feasible. They accomplished ISO 17225-2 solid biofuels standard for industrial use, 
and presented low deposition and corrosion risks. On the other hand, pellets with 30–90 wt% RDF were also 
manufactured and complied with the UNE-EN 15359:2012 solid recovered-fuel standard for energy recovery in 
incineration and co-incineration plants. All the produced pellets presented durability and net calorific value 
above 96.9% and 10.7 MJ/kg, respectively. Energy density higher than 10.6 GJ/m3 was obtained for pellet 
formulations with RDF content up to 50 wt%. It was demonstrated that the blends of RDF and PIN can provide 
high-quality pellets with a high load of waste material, under the same operational conditions required for PIN 
pelletization. It is a versatile process that can be tailored to different product requirements depending on the end- 
use. It promotes energy recovery and generates value out of a waste fraction with no relevant use, adding 
economic and environmental benefits.   

1. Introduction 

A 1% growth in the national income of any country accounts for a 
0.69% increase in the amount of waste generated (Białowiec et al., 
2018). Global increase in energy demand, constant growth of waste 
generation and fossil fuel depletion are three main issues our society will 
have to deal with in the short term (Nobre et al., 2019). 

Landfilling has traditionally been the most common waste disposal 
method. However, it presents a series of disadvantages: large surface 
occupation for centuries (Chalermcharoenrat et al., 2015), greenhouse 
gas emissions (mainly CO2 (Rezaei et al., 2020) and CH4 (Kara, 2012)), 
leachates formation, unpleasant odors, fires/explosions or landslides 
risk, posing a hazard for both environment and human health (Boni 
et al., 2006) and urging a need for alternatives. A European waste 

management system has been implemented (EU 2008/98/CE directive 
(EU Parliament, 2008)) to promote, in this order, waste reduction, reuse, 
recycling, energy recovery and disposal of non-hazardous pre-treated 
waste (Bessi et al., 2016). It aims at reducing the waste disposed of in 
landfills from the current 45% to 10% by 2035 (Pio et al., 2020). 

In this context, the use of waste as a fuel has attracted significant 
interest in the last decades, also urged by the rise in fossil fuel prices 
(Puig Ventosa et al., 2012). Waste interest as a fuel has focused on the 
replacement of fossil fuels in cement kilns and energy production plants 
(incineration with energy recovery, combustion, gasification or 
co-generation of heat and power in combined heat and power (CHP) 
plants (Lombardi et al., 2015)), but also in steel blast furnaces. It led to a 
notorious decrease in the amount of waste landfilled in the EU from 61 
Mt in 1995 to 11 Mt in 2015, while the quantity of incinerated waste 
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grew from 32 to 64 Mt in the same period (ERFO-CemBureau, 2015). 
Waste-to-energy strategies present doubtless advantages: promote 

circular economy development, limit landfilling issues, enhance the ef-
ficiency in the use of resources and permit the partial replacement of 
fossil fuels by cheap and renewable sources (Sever Akdağ et al., 2016). 
Furthermore, waste materials present broad availability and continuous 
production, which would reduce the external dependence on fuel im-
ports while promoting the diversification of the energy sources (Pio 
et al., 2020). Besides, approximately 50% of the carbon content in 
non-hazardous wastes has a renewable origin (Lombardi et al., 2015) 
that contributes to greenhouse gas emissions mitigation. 

Waste is heterogeneous, usually has a low density and poor calorific 
value (Jewiarz et al., 2020). If only non-hazardous waste (organic and 
mineral matter, glass, plastic, textile and paper/cardboard) included in 
municipal solid waste (MSW), industrial waste (IW), commercial waste 
(CW) and construction and demolition waste (CDW) are considered, 
different fractions can be identified according to the quality of the 
original waste used as feedstock and the treatment employed: Stabilized 
Organic Fraction (SOF), Solid Recovered Fuel (SRF) and Refused 
Derived Fuel (RDF) (Fig. 1) (Martignon, 2020). 

SOF is the product obtained after bio-stabilization, drying, separa-
tion, and classification of easily degradable organic matter from non- 
hazardous waste. This product accomplishes no standardization and is 
commonly used as compost and for restoration of damaged green areas, 
but it has a relatively high heating value due to its high amount of 
organic matter (Adani et al., 2002). SRF is the finest fuel obtained from 
non-hazardous waste, but it requires the most expensive pre-treatment. 
Since it is produced for energy recovery in incineration plants, it must 
accomplish the UNE-EN 15359:2012 solid recovered fuel specification 
regarding Cl and Hg contents and lower heating value (LHV) (CEN--
AENOR, 2012; Rada and Andreottola, 2012), which makes necessary a 
more exhaustive treatment of the waste. Despite standardization efforts, 
the lack of common normative and variety of denominations (CSS, CDR 
and CDR-Q in Italy; BPG 1–3 and SBS 1–2 in Germany; CSR A/1 to D/4 in 
France (Martignon, 2020) or SRF class 1 to 5 for EU standards (CEN--
AENOR, 2012)) makes it difficult to compare qualities within Europe. 

RDF is the broadest denomination for potential fuels obtained from 
waste, which requires a less intensive treatment as it must not accom-
plish a specific standard. They are obtained from non-hazardous waste 
after mechanical treatment (MT; i.e., crushing, sorting, drying and 
shredding (Jewiarz et al., 2020)) or mechanical-biological treatment 
(MBT; i.e., mechanical treatment with additional bio-stabilization and 
bio-drying (Belgiorno and Panza, 2008)) to recover the valuable mate-
rial, partially homogenize and eliminate water, CO2 (Puig Ventosa et al., 
2012), and the non-combustible fraction of the initial feedstock (Zhao 
et al., 2016). RDF consists of a blend of materials in variable quantity. 
Plastic and paper are the main fractions components in RDF (50–80%), 
while the remaining fractions contributors are organics, wood and 
textile (Yang et al., 2021). Thus, the RDF composition usually involves 

10–75% of high and low-density plastics, 12–85% of paper and card-
board, 5–66% of textile, 5–30% of organic matter (including household, 
horticultural waste and wood) and up to 10% of a non-combustible 
fraction (Chalermcharoenrat et al., 2015; Isaac and Bada, 2020; Sever 
Akdağ et al., 2016), which results in un-predictable properties. The 
obtained RDF yield is usually high with a minimum pre-treatment in-
vestment, ranging between 270 gRDF/kgMSW in rural areas to 500 
gRDF/kgMSW in highly populated areas (Jewiarz et al., 2020). As for SOF, 
RDF follows no standard normative, despite it is included as “combus-
tible waste” under code 19 12 10 of the European waste classification 
(Eurostat, 2010). 

Although RDF is a value-added product when compared to regular 
non-hazardous waste (MSW, IW, CW and CDW) (Gera and Gautam, 
1993), it is still highly heterogeneous and presents poor fuel properties 
(i.e., low bulk density, high moisture, ash and chlorine contents and 
poor grindability) when compared to traditional solid fossil fuels and 
commercial biomass. As a consequence, operational issues (slagging, 
fouling and corrosion), higher transport and storage costs and chal-
lenges during handling and conveying could limit the direct RDF use in 
thermochemical processes (Nobre et al., 2019). In this context, densifi-
cation by pelletization can be a suitable solution for most of these issues 
since it enhances the fuel density and provides a regular shape, turning 
more attractive the use of RDF-based fuels in commercial and industrial 
chambers and incineration plants with energy recovery (Liu et al., 
2001). A limitation for RDF pelletization can be its poor lignin content, 
but a feasible compromise solution can be the use of RDF as an additive 
for woody biomass pellet production to deliver a high-quality and 
low-cost fuel. Wood pellets are a worldwide commodity with an ex-
pected consumption growth from 25 Mt/year in 2015 (García et al., 
2019a) to more than 60 Mt/year in 2025 (Nielsen et al., 2020). 
RDF/biomass blends co-pelletization could be an appealing niche mar-
ket to use substantial amounts of waste for energy recovery while con-
trolling waste use and disposal. 

Given the current strict environmental regulations and the aggra-
vation of energy shortages, the research on energy recovery from wastes 
has reached a high interest. Recently published works in literature have 
focused on waste pelletization and co-pelletization for energy purposes 
from different feedstock, such as food waste and yard waste blends 
(Sharma and Dubey, 2020), food waste and molasses blends (Wang 
et al., 2019), agri-food industry byproducts (Nunes et al., 2021), euca-
lyptus wood and coffee growing wastes blends (de Souza et al., 2020), 
tobacco waste (Obidziński et al., 2020), or garden waste (Pradhan et al., 
2021). These studies used different vegetal biomass materials with or 
without thermal pre-treatments as feedstock. On the other hand, 
pelletization of anaerobic granular sludge hydrochar and yard waste 
blends has been studied to integrate the process with the wastewater 
treatment plant for solid biofuel production (Mittapalli et al., 2021). 
Likewise, the energy recovery from municipal organic wastes (MOWs) 
has been suggested by the pelletization of biodried products derived 
from MOWs (Ma et al., 2021) and of biomass blended with plastic wastes 
(Song and Hall, 2020). However, although the use of RDF as fuel in 
thermal processes on its own (Robinson et al., 2017) or blended with 
coal (Isaac and Bada, 2020; Ozfidan et al., 2019; Pinto et al., 2010) or 
biomass (Wang et al., 2019) is a topic more studied in the literature, its 
pelletization and co-pelletization have scarcely been investigated. RDF 
presents a very different nature when compared to vegetal biomass or 
sludge, and particular studies are needed. Blends of plastic, paper, 
household organic, and wood have been self-prepared to simulate 
varying RDF compositions for pelletization (Rezaei et al., 2020a, 
2020b), finding that higher paper content increased the energy con-
sumption to form pellets but generated a higher durable pellet, while 
higher plastic content increased the higher calorific value but increased 
the pelletization temperature. A previous study of RDF pellet production 
revealed that a special die must be used to form RDF pellets with high 
durability and bulk density (Jewiarz et al., 2020). The authors 
concluded that RDF is challenging to work with since dedicated thicker Fig. 1. Waste-to-energy value chain, adapted from (Martignon, 2020).  
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dies (double or more the thickness of biomass presses) should be 
employed for RDF pelletizers. To overcome these drawbacks, the present 
work addresses the pelletization of RDF blended with pine sawdust to 
produce pellets for energy generation. The production of pellets from 
blends of wood with RDF to be used in power or incineration plants is a 
topic which has barely been considered in the literature. 

On the other hand, most of the works focusing on pelletization use 
single pellet press devices where a single particle is subdued to a massive 
pressure load and usually high temperature, which hardly simulates 
industrial processes. Thus, carbonized RDF has been pelletized in a lab- 
scale discontinuous pellet press to determine the pressure needed to 
produce pellets (Białowiec et al., 2018). This single-particle pelletization 
process uses extreme densification conditions, hardly reproducible in 
industrial devices. For this reason, a continuous pellet press device has 
been used in the present work. To the best of the authors’ knowledge, no 
raw RDF/biomass co-pelletization studies have been published using 
continuous pellets mills, neither at pilot nor industrial scale. Therefore, 
the novelty of the present work relies on the co-pelletization of refused 
derived fuel (RDF) and pine sawdust (PIN) in a continuous pilot pellet 
mill that resembles industrial pelletization intending to obtain 
high-quality pellets for energy generation by recycling a non-hazardous 
waste with poor combustion properties by itself. 

The present work addresses the valorization of RDF in co- 
pelletization with pine sawdust. The utilization of non-hazardous 
wastes, not able for reuse or recycling, by blending with pine sawdust 
for pellet production with energy generation purposes is an environ-
mentally friendly option, which contributes to the recovery of resources 
and an effective waste management option, alternative to their disposal. 
It is aligned with the cleaner production objectives of preventing waste 
generation and increasing the efficiencies in the use of energy and re-
sources. This study aims to demonstrate the feasibility of producing 
high-quality pellets for a broad range of end uses by adding RDF loads to 
pine sawdust feedstock. RDF/pine sawdust (PIN) blends were densified 
in a continuous pilot pellet mill that accurately simulates the features of 
an industrial plant. On the one hand, PIN/RDF blends with low RDF 
contents were prepared to produce pellets that accomplish ISO 17225-2 
solid biofuel specifications for industrial use (ISO, 2014). On the other 
hand, the pelletization performance of PIN/RDF blends with high RDF 
loadings was assessed with the aim of obtaining pellets under the pre-
mises of UNE-EN 15359:2012 solid recovered fuel specifications, thus 
focusing on waste incineration (CEN-AENOR, 2012). In both cases, the 
quality of the obtained pellets was assessed and compared with refer-
ence PIN pellets and raw RDF. Additionally, once proven the technical 
feasibility of obtaining high-quality pine sawdust/RDF pellets, a pre-
liminary economic analysis that reinforces the feasibility of the process 
was also performed. 

2. Materials and methods 

2.1. Sample analysis 

Pine sawdust (PIN) was chosen as a base fuel for the new pellet 
formulations, as it is the most commonly used feedstock in commercial 
pelletization in Spain. It was supplied by a local manufacturer (Pellets 
Asturias, S.L.) with a particle size lower than 5 mm. The RDF sample 
selected as raw material for blending with PIN was supplied by a local 
waste management company (Fig. 2a). 

A representative fraction of the RDF sample was hand-sorted, each 
component (cardboard, plastic, textile and organic) identified and 
weighed. The results for RDF triage composition are shown in Fig. 3a. 
Particle size distribution (PSD) of the RDF as received sample was also 
determined (using 0.212, 0.5, 1, 2, 4, 8, 10, 20 and 50 mm mesh sieves) 
and is shown in Fig. 3b1. Both PIN and RDF were dried for 72 h at 35 ◦C 
in a dry room. RDF was also ground in a Retsch SM2000 blades mill and 
sieved below 1 cm before pelletization (Fig. 2b). RDF fraction with poor 
grinding capability (mainly light plastics and textile) was frozen with 
liquid nitrogen before grinding. PSD of PIN and RDF was estimated 
again when they were ready to pelletize (using 0.5, 1, 2 and 5 mm mesh 
sieves) and is shown in Fig. 3b2. 

Proximate and ultimate analyses of the samples, as well as higher 
heating value (HHV) and bulk density (BD) determinations, were per-
formed and the obtained results are summarized in Table 1. Moisture 
content (MC) and ash content (Ash) were calculated according to ASTM 
D7582-10 in a LECO TGA701. Volatile matter (VM) content was deter-
mined as indicated in ISO 562 using a Heraeus Electro-Nite muffle 
furnace. Fixed carbon (FC) content was estimated by difference as 100- 
Σ(VM, Ash) (Telmo et al., 2010). C, H and N contents were determined 
according to ASTM D5373 in a LECO CHN2000. S was determined in a 
LECO S632 following ASTM D4239. O was obtained by difference as 
100-Σ(C, N, H, S, Ash) (Obernberger et al., 2006). Chlorine content (Cl) 
was determined by potentiometry in a Mettler-Toledo PerfectION device 
equipped with a chlorine selective electrode. HHV was determined in an 
IKA-Werke C4000 calorimetric bomb according to ASTM D5865. BD was 
measured as the sample mass/volume ratio using a 500 mL test tube in 
an Autotap TDA after 300 taps. Heavy metals content of the samples was 
also measured and the results are shown in Table 2. As, Cd, Cr, Cu. Pb, 
Ni, and Zn contents were determined by ICP-MS in an Agilent 7700x 
device. Hg was determined in a LECO-AMA 254. Besides, the ash 
elemental composition of the samples after combustion at 900 ◦C was 
determined by X-ray Fluorescence (XRF) in a PHILIPS PW2404 spec-
trometer equipped with a PW2540 auto-sampler (Table 3). 

Thermogravimetric analysis (TGA) of the raw fuels was performed 
using a Setaram TGA 92. For each test, 20 mg of sample was heated from 
room temperature up to 900 ◦C with a heating rate of 5 ◦C/min in an air 
flow rate of 50 mL/min as an oxidizing agent. The mass loss derivative 

Fig. 2. RDF sample as received (a) and ready to pelletize after grinding and sieving (b).  
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(DTG) shows the temperatures at which the most significant mass losses 
occur. 

2.2. Pelletization 

PIN/RDF blends were prepared according to the physical and 
chemical properties previously measured for the individual PIN and RDF 
samples, intending to produce fuels that accomplish the quality stan-
dards for solid biofuels established by ISO 17225–2 (ISO, 2014). 
Therefore, 5 kg batches of PIN/RDF blends with 100/0 (as reference 
fuel), 98/2, 96/4 and 91/9 wt% compositions were prepared to study 
the effect of adding low RDF loads in the pellets. Likewise, 5 kg batches 
of PIN/RDF blends with 70/30, 50/50, 30/70 and 10/90 wt% compo-
sitions were prepared to study the pelletization performance of mixtures 
with high RDF loadings, focusing on further waste incineration. Thus, 
pellets with eight different compositions were prepared (Fig. 4): PIN100 

(for reference purposes), PIN98-RDF2, PIN96-RDF4, and PIN91-RDF9 to 
accomplish ISO 17225-2 solid biofuels specifications; as well as 
PIN70-RDF30, PIN50-RDF50, PIN30-RDF70, and PIN10-RDF90 to study 
the effect of high waste loads on pelletization. 

If the pelletization procedure applied to the new formulations did not 
significantly change from that used for raw PIN, the pelletization of the 
proposed formulations would be feasible at a large scale. Therefore, 
following the methodology that the research group has implemented for 
PIN pellets production in the pilot device in previous works, the mois-
ture content of the blends was adjusted to 16.6 wt% by spraying distilled 
water onto them (García et al., 2019). The mixtures were then homog-
enized in a Lleal Process V solid mixer and densified in an Amandus Kahl 
14–175 flat die pellet mill. This device has been described in detail 
elsewhere (García et al., 2019b) and it accurately reproduces the per-
formance of industrial pelletizers. The pellet press device used in this 
work is not equipped with a temperature control loop system; instead, 
the temperature value continuously rises by sample-die friction until 
reaching a maximum steady temperature (Tmax) determined by the fuel 
nature. The minimum temperature at which quality pellets are produced 
is 40 ◦C. A representative sample of approximately 1 kg of pellets was 
collected for each blend at a temperature range between 40 ◦C and Tmax. 
The energy consumption (kWh/kg) during pelletization for each mixture 
was also calculated from the average power (kW) measured in the pellet 
press during each experiment and the product flow (kg/h). 

2.3. Pellet characterization 

The mechanical durability of the pellets was determined by sub-
jecting a sample of 100 g of pellets to 3000 turns at 35 rpm in a rotating 
purposely-designed drum (Gil et al., 2010). The fraction of solid matter 
that crossed a 2 mm sieve was weighed and the durability (DUR) 
calculated as shown in Eq. (1): 

Fig. 3. a) RDF composition in wt% as received; b1) RDF cumulative PSD as received; and b2) RDF and PIN cumulative PSD ready to pelletize.  

Table 1 
Proximate and ultimate analyses, chlorine content, higher heating value (HHV) 
and bulk density (BD) of the samples.    

Proximate Analysis (wt 
%, db) 

HHV (MJ/kg) BD (kg/m3) 

MC (wt%) Ash VM FCa 

PIN 8.9 0.4 84.9 14.7 19.98 221 
RDF 8.5 26.0 70.4 3.6 11.40 312  

Ultimate Analysis (wt%, db)   
C H N Oa S Cl 

PIN 50.6 6.0 0.3 42.7 0.0 <0.01 
RDF 46.8 5.4 1.1 20.4 0.3 0.75 

db: dry basis; MC: moisture content; VM: volatile matter; FC: fixed carbon; HHV: 
higher heating value; BD: bulk density. Cl was obtained in wt% of the sample as 
received (a.r.). 

a Determined by difference. 

Table 2 
Heavy metals content of the samples.   

As (ppm) Cd (ppm) Cr (ppm) Cu (ppm) Pb (ppm) Ni (ppm) Zn (ppm) Hg (ppm) 

PIN 0.0 0.0 2 10 4 4 24 0.01 
RDF 2.1 0.3 39 90 35 49 367 0.62  

Table 3 
Ash elemental composition data of the samples obtained by XRF.   

Elemental composition as metallic oxides (wt%, db)  

Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 Fe2O3 SO3 

PIN 1.18 11.30 3.05 20.10 3.77 16.62 37.52 0.21 3.25 3.00 
RDF 3.20 2.20 18.46 48.92 1.49 2.50 12.84 1.03 6.22 3.07 

db: dry basis. 
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DUR=

(

1 −
m<2

m0

)

⋅100 (1)  

where m < 2 is the mass of particles below 2 mm size and m0 is the initial 
sample mass. Higher DUR values indicate higher mechanical resistance 
and better pellet quality. ISO 17225 establishes a durability value of 
96.5% to reach minimum industrial quality standard (ISO, 2014). 

Regarding the physical properties of the pellets, diameter (Ø) and 
length (L) were determined as the average value, measured with a 
gauge, of 20 pellets randomly selected (Pradhan et al., 2018). Particle 
density (ρP) was obtained as the average of the pellet mass/volume ratio 
of 20 measurements. The mass of each pellet was measured on a pre-
cision electronic scale and the volume, including porosity, was deter-
mined from L and Ø (Carone et al., 2011). 

Pellet HHV, MC, Ash, and BD were determined as explained above 
(section 2.1) for raw samples. Their values were used to calculate the net 
calorific value (NCV) and energy density (ηe), as shown in Eqs. (2) and 
(3): 

NCV 
(

kJ
kg

)

=
HHV

1 + MC
100

(2)  

ηe

(
GJ
m3

)

=HHV⋅BD (3) 

Finally, the tendency to deposition in hot and cold zones during fuel 
conversion was estimated using ternary diagrams (Vassilev et al., 2012) 
with data obtained from the ash composition XRF analysis. 

2.4. Economic analysis 

The physical and energy properties of densified fuels are crucial to 
assess the associated transport and storage costs. A preliminary eco-
nomic analysis was performed as explained in previous works (García 
et al., 2020; García Fernández et al., 2013). The overall cost includes: 
production cost (PC, €/t), which is the sum of feedstock, pretreatment 
(grinding), and manufacturing (pelletization) costs (Eq. (4)); net energy 
cost (NEC, €/kJ), which is the cost per unit of energy obtained excluding 
moisture and ash contents (Eq. (5)); transport cost (TC, €/(kWh⋅km)), 
which considers a price of 1.318 €/km to move a 24 t truck in Spain 
(Ministerio de Transportes Movilidad y Agenda Urbana, 2020) (Eq. (6)); 

and store construction cost (SC, €), which considers the storage volume 
required to feed 30 days (t) a reference boiler of a known power (P) and 
the material market price (CYPE Ingenieros, 2017) (Eq. (7)).  

PC = raw matter + grinding + pelletization                                        (4) 

NEC=
PC

HHV⋅(1 − (MC + Ash))
(5)  

TC=
1.318

BD⋅NCV
(6)  

SC=
P⋅t

BD⋅NCV
(7)  

3. Results and discussion 

3.1. Sample analysis 

As it can be observed in Fig. 3a, RDF mainly contains plastics, 
cardboard and textile alongside a small content of household organic 
matter. The PSD of the RDF sample as received (Fig. 3b) indicates that 
more than 80% of the sample has sizes between 1 and 6 cm, which are 
unfeasible to reach a successful pelletization. After grinding and sieving, 
a more homogeneous distribution was obtained for RDF in the 1–5 mm 
range, which is adequate to get a homogeneous blend with PIN (most in 
the range of 0.5–2 mm). Average sizes of 1.1 and 2.6 mm were obtained 
for PIN and RDF, respectively. 

Regarding the proximate and ultimate analyses (Table 1) and heavy 
metals content (Table 2), RDF presents much higher amounts of Ash, N, 
S, Cl and all the measured heavy metals when compared to PIN. It in-
dicates that the PIN/RDF blends need to be carefully balanced to 
accomplish international standards for industrial pellet use. Besides, 
XRF analysis (Table 3) revealed that RDF presents a high level of alkalis 
(e.g., Na) and Si, which are elements commonly related to high depo-
sition tendency (Wang et al., 2017). On the other hand, RDF’s energy 
content is much lower than that of pine sawdust (Table 1). 

Assessing the combustion behavior, the DTG profile (Fig. 5) for PIN 
shows two sharp peaks. The first peak is associated with the mass loss 
due to volatile matter release at 396 ◦C, while the second peak shows the 
mass loss due to char combustion at 558 ◦C. However, RDF presents a 

Fig. 4. PIN/RDF pellets produced in this work: a) PIN100, b) PIN98-RDF2, c) PIN96-RDF4, d) PIN91-RDF9, e) PIN70-RDF30, f) PIN50-RDF50, g) PIN30-RDF70 and 
h) PIN10-RDF90. 
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DTG profile with three less defined peaks in the temperature range be-
tween 390 and 551 ◦C, which can be related to different mass losses due 
to organic material, paper/cardboard and plastics volatilization, and 
char combustion (Gunasee et al., 2016). 

3.2. Effect of the RDF content on pellets quality 

PIN/RDF mixtures consisting of 2, 4, 9, 30, 50, 70 and 90 wt% RDF 
were pelletized. Different parameters were calculated to evaluate the 
pellets’ quality and compare them with PIN pellets: maximum steady 
pelletization temperature (Tmax), pelletization energy consumption 
(kWh/kg), pellet durability (DUR), particle density (ρP), pellet diameter 
(Ø), net calorific value (NCV), bulk density (BD) and energy density (ηe). 
Fig. 6 shows the results obtained for all these parameters. 

As it can be observed, both Tmax (Fig. 6a) and pelletization energy 
consumption (Fig. 6b) decrease with higher RDF loads in the blend. Both 
parameters are related to the friction in the die of the pellet press. The 
lower friction in the die facilitates the pelletization process and, hence, 
lowers the pelletization temperature and energy consumption. Tmax 
decreases from 80 ◦C for PIN100 to 55 ◦C for PIN10-RDF90. Pelletization 
energy consumption is similar for PIN100 and the formulations with 2, 
4, and 9 wt% RDF, but it decreases as the RDF content in the blend in-
creases up to 90 wt%. It reaches a minimum value of 0.093 kWh/kg for 
PIN10-RDF90, which means a 47% of reduction compared to PIN100. It 
indicates that the RDF presence in the blend at concentrations higher 
than 30 wt% reduces friction in the die, hence easing the pelletization 
process. 

Regarding the physical properties measured as indicators of pellet 
quality, it can be observed that the RDF addition up to 9 wt% does not 
affect pellet durability (Fig. 6c), which maintains the high value ob-
tained for PIN100 (99.1%). However, this value sequentially decreases 
as the RDF content increases, reaching the lowest DUR value (96.9%) for 
PIN10-RDF90. It is probably due to the lower lignin content in RDF, 
which is a natural binder (Cao et al., 2015). This means that the addition 
of RDF at concentrations higher than 30 wt% slightly reduces the me-
chanical resistance of the pellets and hence their quality. Nevertheless, 
all the pellets obtained from PIN/RDF blends showed DUR values above 
the minimum threshold required for industrial use (ISO, 2014). More-
over, their DUR values are in the same range, or slightly above the best 
durability values reported in the literature for pellets containing RDF 
(92.4–98.9%) (Jewiarz et al., 2020; Rezaei et al., 2020a). 

Regarding the particle density (Fig. 6d), it slightly increases as the 
RDF content increases, which means that the addition of RDF improves 
the material compression and hence the pellet quality. This agrees with 
the results obtained for the pellet diameter (Fig. 6e), which slightly 
decreases with the RDF concentration. Both parameters prove better 

compression during pelletization, most probably due to the content of 
light plastics with low melting points that bond the blend when cooled 
down (Jewiarz et al., 2020). 

Concerning the energy parameters, the addition of RDF reduces NCV 
(Fig. 6f), showing a decreasing trend as RDF content increases. It is 
clearly due to the very low HHV of RDF compared to PIN. On the other 
hand, lower values of BD compared to that of PIN100 are obtained for 
low RDF contents (2–4 wt%). A similar bulk density than that for PIN100 
is obtained for an RDF content of 9 wt%, and slightly increased BD 
values are observed for higher concentrations of RDF (around 750 kg/ 
m3), which agrees with the results obtained for the particle density since 
a better compression is obtained during pelletization. Finally, energy 
density, a key parameter when considering pellet management proper-
ties, such as transport, feeding and equipment design, merges the two 
previously explained contrary tendencies for NCV and BD. As it can be 
observed in Fig. 6h, ηe presents values slightly above those of PIN100 
when the RDF concentration is between 2 and 50 wt%. However, for 
RDF contents of 50 and 70 wt%, the bulk density enhancement by the 
RDF addition does not compensate the poor NCV of the pellets obtained 
when very high RDF concentrations are added. 

3.3. Pellet classification 

The best quality class reached for each of the proposed formulations 
in the present work is shown in Table 4. The international standard ISO 
17225–2 regulates solid biofuels for firing and co-firing at industrial 
facilities, defining three industrial pellet qualities: I1, I2 and I3 classes. 
I1 determines the solid biofuels for 100% biomass firing, I2 includes 
pellets for biomass-coal co-firing, while I3 includes pellets for biomass- 
coal co-firing with a maximum of 20% biomass in the biomass-coal co- 
firing blend (García et al., 2019a). According to the results obtained 
from the pellet characterization, the tested formulations with RDF load 
below 30 wt% accomplished all the physical and calorimetric parame-
ters regulated by this standard (moisture content, HHV, DUR, diameter, 
length, and bulk density). The limiting factors are related to the feed-
stock nature, such as ash content and composition (N, S, Cl and heavy 
metals -As, Cd, Cr, Cu, Pb, Hg, Ni and Zn-). For this reason, the chemical 
properties of the raw materials used in this work (Tables 1 and 2) were 
used as a basis to determine the maximum feasible quantity of RDF in 
the PIN/RDF blends to fulfill ISO 17225–2 conditions. Under this 
consideration, maximum concentrations of 2, 4 and 9 wt% of RDF were 
incorporated into the pellet formulations to be expected to reach ISO 
17225–2 I1, I2 and I3 quality, respectively (Table 4). The ash content 
was the limiting factor to fulfill the I1 and I2 requirements at higher 
concentrations of RDF and the Cu content restricted to achieve I3. 

On the other hand, standard UNE-EN 15359:2012, which regulates 
the SRF quality for incineration and co-incineration with energy re-
covery in dedicated plants, classifies SRF in five quality classes (1–5) as a 
function of the Cl and Hg contents, and NCV. Taking into account these 
conditions, according to their Cl and Hg contents, the PIN70-RDF30, 
PIN50-RDF50 and PIN30-RDF70 pellets were classified as class 1, 
while PIN10-RDF90 was classified as class 2. However, none of them 
fulfills the minimum net calorific value established for classes 1 and 2. 
Therefore, all the blends with a RDF percentage ≥ of 30 wt% were 
finally classified as class 3 due to their NCV (Table 4). According to this 
classification, the RDF100 sample (as received) was also classified as 
class 3, due to its Hg content and NCV. 

3.4. Deposition tendency 

Once the adequate physical, chemical and energy properties of the 
pellets fulfilled the standard requirements, the study focused on addi-
tional parameters related to the thermal conversion of pellets obtained 
from biomass/waste mixtures. Key features, such as slagging, fouling 
and corrosion tendencies, are common issues encountered in RDF 
combustion and incineration (Nobre et al., 2019). Those phenomena 

Fig. 5. DTG profiles of the studied samples.  
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create depositions on cold (slagging) and hot (fouling) points of the 
installation, which decrease the efficiency of the process (García et al., 
2015), increasing fumes and aerosol emissions and enhancing mainte-
nance costs (Van Loo and Koppejan, 2010). 

The ternary diagram shown in Fig. 7 uses XRF data of the ash 
elemental composition of the samples (Table 3) to classify the sample 
ashes into four groups: S, C, K, and CK. These groups indicate the ash 
deposition tendency according to three groups of elements: Σ(SiO2, 
Al2O3, Fe2O3, Na2O, TiO2), Σ(CaO, MgO, MnO) and Σ(K2O, P2O5, SO3). 
S- and K-type ashes present high deposition risk due to their noticeable 
tendency to form silicates and high potassium content compounds, 
respectively, which causes low ash melting points. C-type ashes are 

expected to have low deposition risk as high Ca concentrations result in 
high ash melting temperatures. Finally, CK-type ashes are intermediate 
between the C and K groups. On the other hand, sample acidity can be 
classified as high, medium and low according to the sample position in 
the Σ(CaO, MgO, MnO) - Σ(SiO2, Al2O3, Fe2O3, Na2O, TiO2) axis (García 
et al., 2015). 

Fig. 7 shows that RDF ashes are S-type with high acidity, which 
suggests high slagging, fouling and corrosion risks. However, PIN ashes 
present low deposition (C-type) and corrosion risks. Accordingly, as the 
RDF content in the blend increases, the risk of operational issues rises. 
The three PIN/RDF pellet formulations proposed in the present work 
classified within industrial pellet qualities according to ISO 17225–2, i. 

Fig. 6. Effect of the RDF loading in the PIN/RDF blend on the pellet quality parameters: a) maximum steady pelletization temperature (Tmax), b) pelletization energy 
consumption, c) durability (DUR), d) particle density (ρP), e) diameter (Ø), f) net calorific value (NCV), g) bulk density (BD) and h) energy density (ηe). The black line 
shows the corresponding value for PIN100 pellets, as a reference. 
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e., PIN98-RDF2, PIN96-RDF4 and PIN91-RDF9, have C-type ashes, 
indicating low acidity and low deposition and corrosion risks. 

Regarding the pellet formulations intending incineration, with RDF 
concentrations in the blend between 30 and 50 wt% (PIN70-RDF30 and 
PIN50-RDF50), showing C-type ashes, although with medium acidity, 
which suggests low deposition and medium corrosion risks. Finally, 
pellet formulations with higher RDF loading, i.e., PIN30-RDF70 and 
PIN10-RDF90, present similar characteristics to raw RDF, pointing out a 
hazardous use due to both possible deposition and corrosion issues. 

3.5. Economic analysis 

A preliminary economic analysis has been developed in the present 
work to compare the competitiveness of the proposed RDF/PIN pellet 
formulations with raw PIN pellets for specific uses. Besides, it also 
benchmarked the proposed pellet formulation with the raw non- 
pelletized RDF sample usually fed to incineration plants. Comparing 
absolute costs for pellet production is a difficult task, as most data in the 
literature are native and the involved cost contributions (location, in-
dustrial facilities, building, personnel salaries, energy or feedstock) 
significantly vary between countries (Nabavi et al., 2020). Values re-
ported in the literature for wood pellets production cost are in the ranges 
of 104.3–107.6 €/t (Nabavi et al., 2020), 136–143 €/t (Visser et al., 
2020) or 130.2–226.0 €/t (Jacobson and Ciolkosz, 2020). The 

comparison for RDF poses additional challenges, as this feedstock lacks 
homogeneity and the quality and properties are variable even within the 
same country. The values reported in the literature for RDF cost, ready to 
use in the installation, vary in the range of 12–70 €/t (Alonso, 2010; 
ERFO, 2010; Karpan et al., 2021). This cost accounts for the transport to 
the consumption site, as the feedstock itself is usually costless. 

In the present work, the most relevant cost contributions related to 
the production and further use of pellets (energy, transport, and store 
construction costs) have been evaluated and the obtained results are 
summarized in Fig. 8. Fig. 8a shows the estimated production cost, PC, 
for the proposed pellet formulations and PIN and RDF reference sam-
ples. It accounts for raw matter, grinding and pelletization. The cost of 
the raw material reports the feedstock delivered at the production site 
and ready to pelletize. For pine sawdust, 85 €/t was the value obtained 
from local producers. Grinding and pelletization costs are calculated 
from the energy consumption of the respective devices, including staff 
and maintenance expenditures. RDF production cost (38 €/t) was 
calculated as an average value from literature data for this material 
conditioned and delivered at the incineration plant. 

As it can be observed in Fig. 8a, the production cost, PC, for the 
proposed pellet formulations varies between 105 (PIN10-RDF90) and 
143 €/t (PIN98-RDF2). It indicates a cost reduction compared to the PC 
for PIN100 pellets (144 €/t), which is due to the low cost of raw RDF (38 
€/t). On the other hand, as the RDF load in the blend increases, the 
grinding cost increases, but the pelletization cost decreases. As 
mentioned above, the energy consumed during pelletization decreases 
as the RDF concentration increases due to die friction reduction. The 
production cost values obtained are in the same range as those reported 
in the literature, and they are also coherent with the production costs 
estimated in Spain (150–160 €/t) and the wood pellets market price 
(average 269€/t) (AVEBIOM, 2021). 

Fig. 8b shows the relative costs for the proposed pellet formulations 
and raw RDF compared with PIN100 pellets (assigned a value of 1). As 
commented above, the PC of the pellets with RDF contents up to 9 wt% is 
similar to that of PIN100 but decreases when the RDF load in the blends 
increases. This tendency can also be observed for NEC, although less 
marked. The unit of net energy cost obtained for pellets with RDF con-
tents from 2 to 50 wt% is similar to that of PIN100. As RDF load 

Table 4 
Most restrictive classes accomplished for each proposed sample.  

Formulation Standard & Quality 

PIN100 ISO 17225–2, class I1 
PIN98-RDF2 ISO 17225–2, class I1 
PIN96-RDF4 ISO 17225–2, class I2 
PIN91-RDF9 ISO 17225–2, class I3 
PIN70-RDF30 UNE-EN 15359:2012, class 3 
PIN50-RDF50 UNE-EN 15359:2012, class 3 
PIN30-RDF70 UNE-EN 15359:2012, class 3 
PIN10-RDF90 UNE-EN 15359:2012, class 3 
RDF100a UNE-EN 15359:2012, class 3  

a As received, before pelletization. 

Fig. 7. Ternary diagram for classification of the ash deposition tendency and acidity of the studied samples.  
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increases, the difference turns noticeable, being each energy unit 
cheaper as the RDF concentration increases. On the other hand, the 
opposite trend applies to TC and SC, and similar values to those of 
PIN100 for pellets with RDF content up to 30 wt% were obtained, while 
a significant increase in those costs was obtained as the RDF content in 
the blend increases beyond 50 wt% due to the poor energy properties of 
RDF. 

The results therefore demonstrate that the RDF sample studied is a 
feasible binder to deliver high-quality pellets when co-pelletized with 
pine sawdust and it produces cost-competitive pellets. When the for-
mulations focus on high-quality products as solid fuel in industrial in-
stallations (I1, I2 and I3 class) (pellets with 2–9 wt% RDF), costs are 
similar to those of raw pine sawdust pellets, with the additional benefit 
of using a fraction of waste with no other use that is diverted from 
landfill, as highlighted by the EU waste management normative. How-
ever, between these formulations, only the pellets with the lowest RDF 
content are classified as I1 quality, and they could then be used in 100% 
biomass firing. Biomass firing is the most appealing for clean and 
renewable energy production. Therefore, the best formulation for in-
dustrial use in biomass combustion plants would be PIN98-RDF2. 

On the other hand, when lower quality products are manufactured to 
obtain feedstock with enhanced properties compared to as-received RDF 
for incineration with energy recovery (pellets with 30–90 wt% RDF), the 

costs related to the physical and chemical properties (TC and SC) are 
dramatically reduced compared to those of raw RDF. In this case, all the 
formulations with RDF contents ≥30 wt% are classified as class 3. The 
PC and NEC cost contributions slightly decrease when the RDF load in 
the blends increases, but the TC and SC cost significantly increase as the 
RDF content increases. Therefore, the final cost of PIN70-RDF30 pellets 
is quite similar to that of PIN100 pellets, while the final cost of PIN50- 
RDF50 pellets is only slightly higher than that of PIN100 pellets. Thus, 
PIN50-RDF50 would be the selected formulation for incineration plants, 
given the additional environmental benefit of using a higher fraction of 
waste material. Besides, the potential hazardous emissions expected 
from RDF use are lower due to its combination with cleaner biomass 
fuel, like pine sawdust. 

4. Conclusions 

This work addresses the co-pelletization of pine sawdust (PIN) with 
refuse derived fuel (RDF). Pellets with 2, 4 and 9 wt% of RDF fulfill the 
I1, I2, and I3 quality classes, respectively, defined by ISO 17225–2 for 
solid biofuels in industrial uses. Pellets with 30–90 wt% RDF fulfill 
quality Class 3 defined by UNE-EN 15359:2012 for solid recovered fuels 
for energy recovery in incineration and co-incineration plants. RDF 
addition lowered the energy consumption during pelletization 
compared to individual PIN pellets and slightly improved particle and 
bulk densities. However, durability, net calorific value and energy 
density impoverished with increasing RDF content in the blend. It can be 
due to the presence of light plastics with low heating value and low 
melting point, which confer resistance to the blend but decrease its 
energy content. Slagging, fouling and corrosion risks could be significant 
for RDF concentrations above 70 wt%. Despite enhancing grinding cost, 
overall production cost decreases with RDF addition due to the cost-less 
waste and its moderate pelletization energy consumption. However, 
transport or constructive costs gradually increase with RDF concentra-
tion due to the decreasing energy density. 

It can be concluded that it is possible to manufacture high-quality 
pellets for energy recovery in industrial firing and incineration plants 
introducing a wide range of RDF proportions in the formulations. This 
work demonstrates a promising strategy for energy recovery from waste, 
highlighting its associated economic and environmental advantages 
within the current challenges to face the global increase in energy de-
mand and the constant growth of waste generation within a more sus-
tainable society. 
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Obidziński, S., Puchlik, M., Dołżyńska, M., 2020. Pelletization of post-harvest tobacco 
waste and investigation of flue gas emissions from pellet combustion. Energies. 
https://doi.org/10.3390/en13226002. 

Ozfidan, M., Haykiri-Acma, H., Yaman, S., 2019. Co-combustion of lignite with sewage 
sludge and refuse-derived fuel. Environ. Prog. Sustain. Energy 38, 1–10. https://doi. 
org/10.1002/ep.13307. 

Pinto, F., André, R.N., Franco, C., Lopes, H., Carolino, C., Costa, R., Gulyurtlu, I., 2010. 
Co-gasification of coal and wastes in a pilot-scale installation. 2: effect of catalysts in 
syngas treatment to achieve sulphur and nitrogen compounds abatement. Fuel 89, 
3340–3351. https://doi.org/10.1016/j.fuel.2010.03.017. 

Pio, D.T., Tarelho, L.A.C., Tavares, A.M.A., Matos, M.A.A., Silva, V., 2020. Co- 
gasification of refused derived fuel and biomass in a pilot-scale bubbling fluidized 
bed reactor. Energy Convers. Manag. 206, 112476. https://doi.org/10.1016/j. 
enconman.2020.112476. 

Pradhan, P., Arora, A., Mahajani, S.M., 2018. Pilot scale evaluation of fuel pellets 
production from garden waste biomass. Energy Sustain. Dev. 43, 1–14. 

Pradhan, P., Mahajani, S.M., Arora, A., 2021. Pilot scale production of fuel pellets from 
waste biomass leaves: effect of milling size on pelletization process and pellet 
quality. Fuel 285, 119145. 

Puig Ventosa, I., Jofra Sora, M., Calaf Forn, M., 2012. La puerta de atrás de la 
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