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Abstract
Thermogravimetric analysis (TGA) is the most widespread thermal analytical technique applied to waste materials. By way of critical 
review, we establish a theoretical framework for the use of TGA under non-isothermal conditions for compositional analysis of waste-
derived fuels from municipal solid waste (MSW) (solid recovered fuel (SRF), or refuse-derived fuel (RDF)). Thermal behaviour of 
SRF/RDF is described as a complex mixture of several components at multiple levels (including an assembly of prevalent waste 
items, materials, and chemical compounds); and, operating conditions applied to TGA experiments of SRF/RDF are summarised. 
SRF/RDF mainly contains cellulose, hemicellulose, lignin, polyethylene, polypropylene, and polyethylene terephthalate. Polyvinyl 
chloride is also used in simulated samples, for its high chlorine content. We discuss the main limitations for TGA-based compositional 
analysis of SRF/RDF, due to inherently heterogeneous composition of MSW at multiple levels, overlapping degradation areas, and 
potential interaction effects among waste components and cross-contamination. Optimal generic TGA settings are highlighted (inert 
atmosphere and low heating rate (⩽10°C), sufficient temperature range for material degradation (⩾750°C), and representative amount 
of test portion). There is high potential to develop TGA-based composition identification and wider quality assurance and control 
methods using advanced thermo-analytical techniques (e.g. TGA with evolved gas analysis), coupled with statistical data analytics.
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Introduction

Solid recovered fuel (SRF) and refuse-derived fuel (RDF) are 
two major routes to recover energy resources from currently 
unrecyclable fractions of municipal solid waste (MSW). SRF is a 
waste-derived fuel (WDF) typically produced from non-hazard-
ous solid waste in mechanical or mechanical–biological treat-
ment (MBT) plants, meeting national and European Union (EU) 
specifications for co-combustion applications (British Standard 
Institution 15359, 2011; Velis et al., 2010). Co-combustion of 
SRF, for example in power plants (Iacovidou et al., 2018) or in 
cement kilns, is considered an energy efficient waste to energy 
(WtE) technology, to be prioritised as a WtE solution compara-
tively more compatible with a circular economy (European 
Commission, 2017). RDF is another form of MSW-derived fuel 
described by ASTM standards dating back in the 1980s in the 
United States (Milne et al., 1990), often today combusted in dedi-
cated energy from waste plants, for instance with fluidised bed 
reactors (Dalai et al., 2009). Notably, and leading to confusion, 
the terms SRF and RDF are often used interchangeably, due to 
their similar composition, both being produced from MSW. We 
follow here the recent de facto conventions on the different scope 
for the terms ‘SRF’ and ‘RDF’: the former defined as complying 
with the standards established by the European Committee for 
Standardisation (CEN), while the latter being a WDF that does 
not follow the CEN quality management procedures, or any at all 
and, therefore, its content and quality being more variable and 
not sufficiently verified (Velis et al., 2010). Despite this differ-
ence, the similar composition between SRF and RDF served as 
the basis for the term SRF/RDF used in the present study. The 
inherent heterogeneous composition of MSW at multiple levels 
(assembly of items, components, materials, and chemical com-
pounds) is a main limiting factor for turning waste into secondary 
resources, impeding the transition towards resources recovery 
and a circular economy (DOE, 2019; Esbensen and Velis, 2016). 
A fuel with heterogeneous composition may lead to variable ther-
mal behaviour and therefore difficulties in adjusting the thermal 
recovery processes (Beckmann et al., 2012; Fritsky et al., 1994). 
To this end, SRF must fulfil strict quality assurance requirements, 
ensuring a predefined, and most importantly stable, fuel quality 
(Flamme and Ceiping, 2014; Velis et al., 2010).

Thermal analysis could give insights into the thermal behav-
iour of SRF/RDF and therefore prevent risks and optimise com-
bustion performance, leading to confidence on SRF/RDF uptake 
in co-combustion/ dedicated EfW outlets. A wide variety of ther-
mal analytical techniques are available to measure a property of 
an SRF/RDF sample, following a predetermined heating profile 
(Cheremisinoff, 1996). Thermogravimetric analysis (TGA) is 
one of the most widespread thermal analytical techniques, con-
sidered to be rapid, accurate, affordable, and user-friendly 
(Beyler and Hirschler, 2002; Gomes et al., 2018; Ray and Cooney, 
2018). More information on thermal analysis and its application 
areas is reported by Gabbott (2008).

The TGA measures the mass change of a substance as a func-
tion of temperature or time due to decomposition, oxidation, and 

loss of volatiles under a specified temperature programme and 
atmospheric conditions (Garcia et al., 2013; Heal, 2002; Murty 
et al., 1996; Ramalingam and Ramakrishna, 2017). TGA can be 
performed either by gradually raising the temperature of the sam-
ple under a constant heating rate (non-isothermal conditions), or 
by keeping a constant temperature and recording the mass loss as 
a function of time at a fixed temperature (isothermal conditions) 
(Heal, 2002; Vyazovkin and Wight, 1997). The practical problem 
with the selection of isothermal conditions is the partial degrada-
tion of the sample before the desired temperature is reached, 
which leads to loss of significant thermal information (Beyler 
and Hirschler, 2002).

The TGA is often combined with derivative thermogravime-
try (DTG) performing the rate of mass loss (Heal, 2002). 
Thermogravimetry (TG)–DTG curves provide both qualitative 
and quantitative information: qualitative includes identification 
of substances; and quantitative includes percentages of mass loss 
and characteristic temperatures at critical points (Xu et al., 2005). 
In waste materials, a DTG thermogram consists of a curve with 
several peaks/shoulders that correspond to a specific waste frac-
tion that contains materials with similar devolatilisation behav-
iour (Piao et al., 2000). TG–DTG is used for compositional 
analysis and determination of reaction kinetics giving informa-
tion on thermal stability, decomposition profile and moisture, 
inorganic and volatile content of the sample (Murty et al., 1996; 
Ramalingam and Ramakrishna, 2017; Tessier, 2018). The simul-
taneous application of TGA with other thermal analytical tech-
niques, known as simultaneous thermal analysis, that can detect 
physical changes (e.g. glass transition/melting point) is widely 
used to obtain additional information (Heal, 2002).

A disadvantage of TG–DTG, especially for heterogeneous 
fuel mixtures, is that the DTG curves of individual components 
in the mixture cannot be distinguished due to overlapping reac-
tions at similar ranges of decomposition temperature (Heal, 
2002; Piao et al., 2000). For that reason, TGA is often combined 
with evolved gas analysis (EGA), such as Fourier-transform 
infrared spectroscopy, mass spectrometry, and gas chromatogra-
phy, which determine the composition of the gas mixture evolved 
from the heated sample (Warrington, 2002). Several studies com-
bined TGA with EGA for the determination of thermal stability 
of SRF/RDF and MSW (Casu et al., 2006; Cheng et al., 2007; 
Chhabra et al., 2019; Edo et al., 2016; Efika et al., 2015; 
Fernández et al., 2012; Ma et al., 2019; Singh et al., 2012; Zhou 
et al., 2015b).

Here, we provide a first authoritative, comprehensive and up 
to date review on the thermal behaviour of waste-derived materi-
als (WDM) during TGA experiments under non-isothermal con-
ditions, focusing on SRF/RDF derived from MSW. We offer a 
synthesis of comparative findings aiming to establish a theoreti-
cal framework on the use of TGA as a tool for composition iden-
tification of waste-derived items/materials. The objectives of our 
research include: (a) determination of typical SRF/RDF compo-
sition; (b) demonstration of prevalent TGA operating conditions 
used for compositional analysis of SRF/RDF; and (c) identifica-
tion of thermal decomposition profiles of SRF/RDF and its 
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prevalent components at multiple levels. We combine findings of 
(a–c) into suggesting possible research and development needs 
toward turning TGA into a tool capable of composition identifi-
cation of materials present in heterogeneous waste-derived fuels. 
This is followed by practical guidance framing possible relevant 
TGA experiments and laboratory testing.

Methodology

By ways of comprehensive literature review, we collated and 
critically comparatively assessed recent scientific developments 
on compositional analysis of WDM, focusing on typical SRF/
RDF, using TGA under non-isothermal conditions.

Scope and use of Preferred Reporting 
Items for Systematic Reviews and Meta-
Analyses (PRISMA) framework

Due to the lack of acknowledged guidelines for narrative reviews, 
we applied the PRISMA methodology (Ferrari, 2015), a recom-
mended reporting method adopted in systematic reviews (Selçuk, 
2019). According to the PRISMA approach, three main steps 
including identification, screening and eligibility were set to 
address two interconnected research questions related to: (a) 
identification and percentage participation of the most prevalent 
waste items and polymers in commercial SRF/RDF produced 
from MSW (research question 1 (RQ1)); and (b) determination of 
non-isothermal experimental conditions usually applied in TGA 
of SRF/RDF and its components and identification of their ther-
mal profiles (research question 2 (RQ2)). In the first stage, key 
words (RDF, SRF, MSW, plastic, biomass, biopolymer, cellulose, 
lignin, waste, TGA, DTG, composition, and thermal degrada-
tion), scientific databases (Scopus, Web of Science, and Google 
Scholar) and document types were identified, while the topic rel-
evance of findings was assessed during the screening stage.

Eligibility criteria were posed during the eligibility stage. For 
the RQ1, only recent studies conducted over the last 10 years 
(2009–2019) that analysed the composition in commercially 
manufactured SRF/RDF samples were included in Table 1 
whereas related existing review papers (if any) were included in 
the critical analysis for comparison. Older studies were excluded 
due to the dependence of MSW composition and therefore SRF/
RDF on time leading to misinformed estimation of the current 
fuel composition (Abdel-Shafy and Mansour, 2018; Brunner 
et al., 2004; Pomberger et al., 2017). For example, the global 
production of plastics was increased by nearly 18% from 2010 to 
2015 (Hannah and Max, 2019). More importantly, the reduction 
of landfill disposal rates (approximately 36% for the period 
1995–2014) and the increased recycling and composition rates 
(27%) over the last decades due to legal requirements resulted in 
increased WtE rates (nearly 13%) in EU-28 (Pomberger et al., 
2017). We included studies that simulated the SRF/RDF compo-
sition using synthetic mixtures to gain further insights about 
prevalent component thermal behaviour. We did not pose any 
time restriction for the identification of biomass polymers (e.g. 

cellulose) in prevalent waste item categories, such as wood and 
paper, as their composition is not considerably affected by the 
time. In regard to RQ2, the main eligibility criterion was the 
inclusion of studies that conducted only non-isothermal TGA of 
prevalent post-consumer items/materials, plastic and biomass 
polymers, and SRF/RDF. A last eligibility criterion was posed for 
the determination of thermal behaviour of prevalent polymers. 
We kept only studies that were conducted using TGA under inert 
atmosphere, due to a large amount of related studies and obtained 
awareness of the wide use of inert atmosphere during TGA of 
SRF/RDF and waste items/materials.

Data processing

The conditions applied to the TGA experiments (heating rate, 
atmosphere, sample mass, and maximum temperature) in several 
studies were analysed and graphically presented. The results of 
the selected heating rates were presented in terms of TGA experi-
ments (not based on studies), because some researchers con-
ducted more than one TGA experiment with different heating 
rates. Descriptive and inferential statistics (lower and upper con-
fidence interval (LCI–UCI) at 0.1 significance level: α = 0.1) 
were visually summarised in boxplots (αTIBCO Statistica™ 
13.3.0 software), reporting on: (a) the range of cellulose, hemi-
cellulose, and lignin content in several biomass waste items/
materials present in SRF/RDF expressed on dry basis (% w/wd); 
and (b) the percentage participation of prevalent fossil-based 
plastic polymers in the plastic fraction of SRF/RDF (% w/w).

Three characteristic temperatures indicating the reactivity of a 
sample and its conversion behaviour can be obtained from the 
TG–DTG thermogram: (a) onset temperature (To), at which fuel 
starts to thermally degrade (drying and partial volatilisation); (b) 
peak temperature (Tp), at which the rate of mass loss is maximum 
(decomposition); and (c) endset temperature (Te), at which the 
rate of mass loss decreases to 1% w/w min–1 (He et al., 2013; 
Hilber et al., 2007). Here, we present comparative tables on the 
composition of SRF/RDF based on prevalent waste items/materi-
als and polymers along with their characteristic decomposition 
temperatures (To, Tp, and Te). However, most researchers deter-
mined arbitrarily the temperatures at which the sample decompo-
sition begins and completes, without referring to any definition. 
Therefore, these temperatures might be slightly different from 
the onset (To) and endset (Te) temperatures. For convenience, we 
used the terms To and Te. In addition, the maximum rate of mass 
loss obtained from the DTG curve was not considered, because 
of inconsistencies in the relevant units, and often missing infor-
mation (e.g. sample mass) for the conversion unit.

SRF/RDF composition

Prevalent waste component categories 
(items/materials) in SRF/RDF

Table 1 features data on the composition of SRF/RDF determined 
by both manual sorting and TGA. Comparison between the two 
techniques can be obtained only at the level of two main fractions 
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Table 1. Typical composition of commercially produced solid recovered fuel (SRF)/refuse-derived fuel (RDF) samples from 
municipal solid waste, based on most prevalent waste item categories over the last 10 years (from 2009 to 2019), expressed in 
‘as received’ reporting basis.

Paper/ cardboard 
(% w/w)

Plastics
(% w/w)

Textiles
(% w/w)

Wood
(% w/w)

Fines
(% w/w)

Other
(% w/w)

Geographical location References

30 33 10 8 13 6 Finland Nasrullah et al. (2016)
82 13 5a United Kingdom (UK) Wagland et al. (2011)
19 45 13 23b Latvia Porshnov et al. (2018)
47 31 7 4 1 10 UK Velis (2010)
11 30 8 11 40c Poland Stępień et al. (2019)
59–65d 28–31d UK Water and Resources Action 

Programme (2009)
10–40 10–40 0–20 0–20 2–7 2–40 UK Department for Environment, 

Food and Rural Affairs (2014)
13e 28 e 10e 0–3 45e* 1–4e Austria Sarc et al. (2014)
11 20 9 0–1 51* 8–9 Austria Sarc et al. (2019)
30 28 14 0–10 5 13–23 Italy Di Maria et al. (2013)
56f 27f 17 United States of America Robinson et al. (2016)
79f 21f UK Efika et al. (2015)
46–82f 18–54f Greece Skodras et al. (2009)

Notes: a5% included wood, textiles and miscellaneous combustibles; b defined as unidentified materials (composition derived from three dif-
ferent RDF samples); c the highest proportion of the fuel was unidentified and mineral waste (31.6% w/war); d defined as the residual stream 
after material recovery for recycling; e values derived from two different SRF qualities, intended for main burner fuel and hot-disc fuel; * fines 
defined by the cumulative passing <11.2 mm; and f defined as cellulosic and plastic fraction using thermogravimetric analysis.

of SRF/RDF (biomass and plastic content) since TGA results 
described the composition based on just these two fractions due 
to overlapping thermal degradation areas among waste items/
materials (discussed onwards). By comparing the composition of 
SRF/RDF conducted through TGA with that of manual sorting at 
the level of biomass-based and plastic-based content, the two 
techniques (TGA and manual sorting) demonstrate similar SRF/
RDF composition (Table 1).

In a weight-related descending order, the most prevalent 
waste items in commercial SRF/RDF produced from MSW are 
paper/cardboard, plastics, textiles and wood (Table 1). This is in 
agreement with Vainikka et al. (2011), who collected literature 
findings from older studies to identify a typical SRF composi-
tion. Specifically, paper/cardboard fluctuated in a range of 40–
50 w/w, plastics 25–35 w/w, textiles 10–14 w/w, and wood 
3–10% w/w. The comparison between the old ranges (from 2003 
to 2009) reported by Vainikka et al. (2011) with the updated typi-
cal composition of SRF/RDF (between 2009 and 2019) in Table 
1, indicate that SRF/RDF composition is more dependent on 
other factors rather than on time. Higher variability of SRF/RDF 
composition is observed among the recent studies noted in Table 
1 (over the last ten years) rather than between Vainikka et al. 
(2011) and Table 1. This might be attributed to the different qual-
ity of SRF samples depending on the type of waste input and 
multi-stage processing configurations (Sarc et al., 2019), season-
ality (Beckmann et al., 2012), geographical location (Kljusuric 
et al., 2015), off-taker specifications (Sarc et al., 2019), and/or 
the potential bias in composition determination. ‘Fines’, consist-
ing of several materials with particle size usually defined by the 
cumulative passing <15 mm or less, constituting soil, dust, plas-
tic fragments, glass, ferrous, organic, lythoid, ferrous, and other 

fragments (Di Maria et al., 2013; Velis, 2010) can considerably 
affect the quality of SRF/RDF (Nasrullah et al., 2016). Fines is 
typically an unwanted waste fraction because it reduces the calo-
rific content of overall SRF/RDF due to its high content of non-
combustible/inert materials; and because it concentrates 
contaminants such as potentially toxic elements (PTEs) 
(Nasrullah et al., 2014; 2015). Nasrullah et al. (2016) examined 
the mass flow of PTEs during SRF production in an MBT plant, 
finding that 45% of mercury and arsenic content of the input 
waste was present in the fine fraction that was produced in pri-
mary shredding and screened out as reject fraction, whereas SRF 
contained only 30% of total mercury and arsenic content of the 
input waste.

However, many waste products consist of a variety of compo-
nents with different properties. For example, beverage cartons 
consist of paper (approximately 75% w/w), aluminium (approxi-
mately 5% w/w), and low density polyethylene (LDPE) (approxi-
mately 20%) (Korkmaz et al., 2009). Each waste component 
category at item level, such as textiles, wood, paper or plastics 
accommodates for a tremendous variability at material or chemi-
cal compound level indicating that they are arbitrarily and loosely 
defined. In textiles, natural materials, such as cotton, wool, and 
silk fibres, or synthetic materials, such as polyester, polyamide 
(PA) and acrylic fibres, or a combination of them under different 
proportions are used for the production of textile products (Pohl, 
2010). Natural fibres are mainly composed of cellulose, which is 
a natural biomass polymer, whereas synthetic fibres are manufac-
tured from mainly fossil-based polymers (Miranda et al., 2007). 
The different chemical composition between natural and syn-
thetic fibres results in a wide range of properties and thermal 
behaviour of textiles at item level (Miranda et al., 2007; Pohl, 
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2010). Similarly, in the waste item category of paper/cardboard, 
raw materials used for papermaking can be divided into two cat-
egories: wood materials, such as softwood and hardwood fibres; 
and non-wood materials, such as grasses, cereal straws, corn 
stalks, bamboo, and bagasse (Liu et al., 2018). In Europe, hard-
wood fibres from oak, beech, poplar, birch and eucalyptus and 
softwood fibres from pine and spruce are mainly used in the 
papermaking industry (Statistica, 2020). The fibre type and pulp-
ing process (e.g. chemical or mechanical) can lead to considera-
bly different paper properties (Hubbe et al., 2007; Liu et al., 
2018). In several species of solar biomass, the percentage partici-
pation of cellulose, hemicellulose, and lignin varies considerably. 
In general, hardwood and softwood have similar thermal behav-
iour, with the difference being that softwood has higher fire retar-
dancy due to higher char formation (Wong et al., 2014). Pine and 
poplar wood are, respectively, representative of softwood and 
hardwood, found in MSW as, for example, fruit boxes and ply-
wood (Cozzani et al., 1995).

Prevalent polymers in SRF/RDF

The identification of polymer composition can give a deeper 
understanding of SRF/RDF thermal behaviour compared to that 
of waste items, which feature higher variability. The identification 
of polymer composition can provide also valuable information on 
the quality of SRF/RDF such as its heating value, an economic 
attribute of the fuel (Water and Resources Action Programme, 
2009). For example, high content of lignocellulosic material tends 
to lower the heating value of the WDF, because of higher heating 
value (HHV) range at 12–21 MJ kg–1 (Boumanchar et al., 2017; 
Zhao et al., 2016), whereas fossil-based plastics with HHV at 
20–47 MJ kg–1 increases their average heating value (Tsiamis and 
Castaldi, 2016).

Even within the same polymer type, considerable differences 
can be observed related to its macromolecular structure, which 
can affect the thermal stability of the polymer (Ray and Cooney, 
2018). Specifically, all of type and concentration of functional 
groups, polymer size as defined by the degree of polymerisation 
(DP) and molecular weight (Francuskiewicz, 1994), degree of 
branching, cross-linking, crystallinity, and amorphousness have 
impact on the thermal behaviour of a polymer (Ray and Cooney, 
2018). For example, a branched polymer presents lower thermal 
stability compared to a polymer with linear structure, whereas the 
presence of hydrogen bonding enhances the thermal stability of 
polymers. In addition, cross-linked polymers, such as polyethyl-
ene (PE), have higher resistance to thermal degradation. 
Crystalline structures have higher stability than amorphous areas, 
whereas the higher the polymer size the higher the resistance to 
thermal degradation (Ray and Cooney, 2018). SRF/RDF is 
mainly composed of two fractions including a wide variety of 
polymer molecules: biomass (biogenic, i.e. of plant or animal ori-
gin) (Séverin et al., 2010); and fossil-based plastic.

Biopolymers content analysis of SRF/RDF. Biomass mainly 
features three biopolymers: cellulose; hemicellulose; and lignin 

(Pérez et al., 2002), although other materials such as extractives, 
ash, and trace elements are also present (Dufresne, 2012). SRF/
RDF contains significant amounts of these polymers. Conesa and 
Rey (2015) determined the biomass content in three MSW-
derived commercially produced SRF samples at 86.5% w/w, of 
which 61.1% w/w was cellulose, 31.3% w/w lignin, and 7.6% 
w/w hemicellulose.

Cellulose is widely used in papermaking, building, pharma-
ceutical, food and textile industries (Lavanya et al., 2011; Osorno 
and Castro, 2018; Shokri and Adibkia, 2013). Cellulose is a lin-
ear polysaccharide composed of glucose monosaccharide units. 
Each of its monomers bears three hydroxyl groups, which are 
involved in several hydrogen bonds either within the chain (intra-
molecular) or with other molecules (intermolecular) resulting in 
different crystalline arrangements (Dufresne, 2012; Park et al., 
2010). The degree of crystallinity, the size, and the orientation of 
the molecular chain determine the structure of the polymer. There 
are four different types of cellulose according to its crystalline 
structure: cellulose I, present in the majority of lignocellulosic 
plants, also known as natural; and the regenerated types of cel-
lulose II, cellulose III and cellulose IV – as detailed further else-
where (Nunes, 2017; Park et al., 2010; Roy Choudhury, 2017). 
The degree of crystallinity of cellulose is variable depending on 
the type of fibre. For example, cellulose from cotton has 70% 
degree of crystallinity (Wood, 1988), whereas in wood and plant 
fibres the degree of crystallinity ranges between 55–70% and 
60–70%, respectively (Petroudy, 2017). In addition, DP of cellu-
lose widely varies between 1000 and 27,000 (Dufresne, 2012; 
Hallac and Ragauskas, 2011). For example, the DP in wood fluc-
tuates nearly by 10,000, whereas in cotton it is approximately 
15000 (Zhang and Lynd, 2004). Cellulose microfibrils that form 
the cellulosic fibre have variable orientation and length depend-
ing on the source (Béguin and Aubert, 1994; Dufresne, 2012). A 
seminal study stated that the degree of crystallinity, the DP, and 
the chain orientation considerably influence the thermal behav-
iour of cellulose (Basch and Lewin, 1973).

Hemicellulose is a biopolymer with several industrial applica-
tions, such as hydrogels, paper coatings, and adhesives (Farhat 
et al., 2017). Its derivatives are also used in the food and pharma-
ceutical industry (Menon et al., 2010). Unlike cellulose, hemicel-
lulose is a heterogeneous polysaccharide that may be composed 
of several sugar units, such as galactose, glucose, mannose, 
xylose, and arabinose (McKendry, 2002; Pérez et al., 2002). 
Hemicellulose is a branched polymer and the DP can range 
between 80 and 200 (Gatenholm and Tenkanen, 2003; Spiridon 
and Popa, 2008). There are four main types of hemicellulose: 
xylans; mannans; xyloglucan; and β-glucans with mixed linkages 
(Gatenholm and Tenkanen, 2003; Heinze and Liebert, 2012).

Specifically, xylan is the most abundant hemicellulose type 
that is composed of 20–30% of biomass plants (Heinze and 
Liebert, 2012; Pauly et al., 2013). Xylans consist of a linear  
β-(1,4)-linked xylose backbone, which can be substituted with 
acids or other substituents depending on the plant source (Pauly 
et al., 2013). A common type of substitution occurs where the 
xylose backbone is substituted with α-(1,2)-linked glucuronosyl 
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and 4-O-methyl glucuronosyl residues, known as glucuronoxy-
lans (Scheller and Ulvskov, 2010). The absence of a repeated 
structure results in many variations, not all well studied (Heinze 
and Liebert, 2012). In many studies, xylan was selected as a rep-
resentative substance of hemicellulose in WDM (Cozzani et al., 
1997; Heikkinen et al., 2004; Pérez et al., 2002; Raveendran 
et al., 1996; Yang et al., 2006). However, Cozzani et al. (1997) 
reported that the selection of xylans to represent hemicellulose 
could be misleading: it should be considered only as one of the 
common types of hemicellulose. Mannans are mainly used in the 
food industry and can be found in the wall of algae and gymno-
sperms (Pauly et al., 2013). There are different types of mannans, 
such as linear mannan, glucomannan, galactomannan, and galac-
toglucomannan, depending on backbone composition and side-
chain substitution (Scheller and Ulvskov, 2010). The prevalent 
type of hemicellulose in hardwood is glucuronoxylan (approxi-
mately 80–90% of total hemicellulose content), whereas in soft-
wood it is glucomannan (approximately 60–75% of total 
hemicellulose content) (Grønli et al., 2002; Pérez et al., 2002; 
Spiridon and Popa, 2008).

Lignin is the second most abudant substance in nature with 
wide application in several industries, such as building (e.g. dyes, 
paints, and flooring), food, pharmaceutical, cosmetics, textile 
(e.g. fire reduntant coating on textiles), and heat and power plants 
(Berlin and Balakshin, 2014; Mandlekar et al., 2018; Watkins 
et al., 2015). Lignin is the most heterogeneous biopolymer due to 
its variable structure regarding polymer size, composition, cross-
linking, and functional groups (Dence and Lin, 1992). This vari-
ability affects its reactivity and thus, its thermal behaviour 
(Ibrahim et al., 2011). The composition of lignin differs not only 
between plant species, but also between parts of the same plant 
(Gosselink et al., 2004). Lignin is an amorphous polyphenolic 
polymer with high molecular weight that mainly consists of three 
phenylpropanoid units: (a) trans-p-coumaryl alcohol (H unit); (c) 
trans-coniferyl alcohol (G unit); and (c) trans-sinapyl alcohol (S 
unit) depending on the plant species (Ibrahim et al., 2011). Lignin 
in softwoods mainly consists of G units, while in hardwood it is 
composed of G and S units, in a ratio ranging from 4:1 to 1:2 
(Wikberg, 2005). These monomeric units form a randomised 
structure in a three-dimensional network inside the cell wall 
yielding a vast number of functional groups and linkages: (a) 
structure I that can be found in plants, such as grass; (b) structure 
II in the wood of conifer plants; and (c) structure III in the wood 
of deciduous plants (Gellerstedt and Henriksson, 2008; Ibrahim 
et al., 2011; McKendry, 2002; Watkins et al., 2015). Different 
functional groups, such as hydroxyl, methoxyl, carbonyl, and 
carboxylic, can be found in lignin at different proportions (El 
Mansouri and Salvadó, 2007). It is difficult to measure the DP of 
lignin due to the polymer fragmentation during extraction 
(Polymer Database, 2019a).

In addition to the native lignin in its original form, technical 
lignin is produced as a byproduct from pulping or cellulosic etha-
nol processes (Li and Takkellapati, 2018). Gani and Naruse 
(2007) reported a morphological difference between technical 
and native lignin that can affect its thermal behaviour. The 

chemical composition of technical lignin may vary considerably 
depending on the type of raw material, delignification process, 
and pulping conditions (Polymer Database, 2019a; Sameni et al., 
2014). The main technical lignins are kraft, sulphite, and soda 
lignin extracted through kraft, sulphite, and soda pulping, respec-
tively (Lu et al., 2017). The first two pulping processes account 
for more than 90% of the chemical pulp production worldwide 
(Ahvazi et al., 2016).

In Figure 1, we summarise typical ranges of biopolymers con-
tent for four main biomass waste item categories of MSW (there-
fore found also in SRF/RDF): (a) paper/cardboard; (b) wood; (c) 
non-wood biomass materials used in papermaking; and (d) natu-
ral fibresmainly used in the textile industry. The specific prod-
ucts associated with these item categories can either be found 
directly in SRF/RDF (e.g. newspapers in the item category of 
paper/cardboard) or affect the biomass content in SRF/RDF 
through their presence in the manufacturing process of prevalent 
waste items (e.g. straw or hemp in the category of non-wood bio-
mass for papermaking) (see raw data in Online Supplement SI.1). 
Presence of extreme values (Figure 1), indicates the considerable 
heterogeneous composition of biomass materials that can be pre-
sent in SRF/RDF. Paper/cardboard and natural fibres contain 
higher content of cellulose compared to wood and non-wood bio-
mass (Watkins et al., 2015) due to the delignification process in 
papermaking (Viikari et al., 2009) and the need of the textile 
industry to use fibres with high absorbency and whiteness (Jia 
et al., 2018), respectively.

The calculation of confidence intervals (LCI–UCI, α = 0.1) 
using the data in Figure 1, shows that the biomass waste item 
category of paper/cardborad contains cellulose in the range of 
49.2–76.6% w/w, 6.6–19.1% w/w hemicellulose, and 1.5–20.2% 

Figure 1. Typical content (dry basis) of biopolymers – 
cellulose, hemicellulose and lignin – for four main biomass 
waste item categories present in municipal solid waste 
indicating the variable content of biopolymers in the biomass 
fraction of solid recovered fuel/refuse-derived fuel depending 
on the source (between and within biomass waste item 
categories): paper/cardboard; wood; non-wood biomass 
materials used in papermaking; and natural fibres mainly 
used in the textile industry. Non-outlier range defined as ⩽1 
interquartile range (IQR); and extreme values defined as ⩽1.5 
IQR.
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w/w lignin (α = 0.1). Similarly, wood contains 44.4–46.7% w/w 
cellulose, 24.2–28.5% w/w hemicellulose, and 23.1–26.9% w/w 
lignin (α = 0.1). The ranges of cellulose, hemicellulose, and 
lignin fluctuated in a range of 58.7–84.1% w/w, 7.8–19.6% w/w 
and 0.8–16.2% w/w for natural fibress, and 41.7–58.6% w/w, 
18.9– 25.5% w/w and 12.6–20.6% w/w for non-wood biomass  
(α = 0.1). The content of biopolymers for the wood item cate-
gory has a narrower range compared to that of paper/cardboard. 
This difference can also be seen in Figure 1 as the interquartiles 
of paper/cardboard are relatively wide, whereas the interquar-
tiles of wood are the narrowest. This variation may be attributed 
to the dependance of the content of biopolymers not only on the 
fibres type such as wood, but also on the pulping process (Liu 
et al., 2018).

Fossil-based plastics content analysis of SRF/RDF. Unlike bio-
mass polymers, there is a wide variety of fossil-based plastic poly-
mers in MSW with the most prevalent being PE, polypropylene 
(PP), polyvinyl chloride (PVC) and polyethylene terephthalate 
(PET) due to their predominance in plastic packaging, which 
accounts for 40–60% of overall plastics waste generation (Bodzay 
and Bánhegyi, 2016; European Commission, 2018). Only poly-
olefins (PE and PP) accounted for approximately 60% of overall 
plastics production in EU-28 (PlasticsEurope, 2019a; Villanueva 
and Eder, 2014). Figure 2 shows an indicative content of prevalent 
fossil-based plastic polymers that can be present in SRF/RDF 
arising from typical contents of these plastic polymers in the over-
all plastics production and plastic waste arisings (see raw data in 
Online Supplement SI.2). PE is by far the dominant polymer in 
the plastic fraction of SRF/RDF (32–43% w/w, α = 0.1), fol-
lowed by PP (17–22% w/w, α = 0.1), PET (8–13% w/w, α = 0.1), 
PVC (6–14% w/w, α = 0.1), and other plastics including fossil-
based and bio-based plastic polymers (17–30% w/w, α = 0.1).

However, these ranges might differ from the actual ranges of 
fossil-based polymers content in SRF/RDF depending on the par-
ticular sub-fractions of MSW from which SRF/RFD are gener-
ated (e.g household vs. commercial and industrial waste) 
(Nasrullah et al., 2014, 2015), the targeted properties for SRF/
RDF, for example, maximum tolerant level of chlorine (Cl) 
(Department for Environment, Food and Rural Affairs, 2014), 
and the recovery efficiency of both MBT plants (Velis et al., 
2010) and material recovery facilities (MRFs) (Cimpan et al., 
2016; Iacovidou et al., 2017). For example, despite research and 
development efforts that have been conducted for the separation 
of black and highly coloured plastic materials from post-con-
sumer plastic streams (e.g. via colour line camera; Neidel and 
Jakobsen, 2013), it still remains a challenge for MRFs leading to 
the inclusion of these materials in the residual waste stream 
(Forrest, 2016; Hinkel et al., 2019).

Polyethylene can be categorised based on its density, with the 
most common types being LDPE and high-density polyethylene 
(HDPE). Both PE types have similar properties, although HDPE 
has higher tensile strength. HDPE is mainly used for the produc-
tion of bottles, packaging products with short shelf life and pack-
aging of chemicals due to its high stiffness, barrier properties and 
chemical resistance, respectively (Villanueva and Eder, 2014). 
LDPE is mainly used for the production of plastic films due to its 
toughness, transparency, and flexibility (PlasticsEurope, 2019b).

The second most prevalent plastic polymer, PP, is found in 
two forms based on its stereochemical arrangement: isotactic PP 
characterised by high rigidity and hardness; and atactic PP, which 
is amorphous with less strength (Nicholson, 2017). However, the 
vast majority of commercial PP is isotactic (90–95%) (Nicholson, 
2017), and it is found in flexible and rigid packaging products 
(Villanueva and Eder, 2014). Similarly to PE, isotactic PP has 
high tensile strength and chemical resistance (Gabbott, 2008; 
Maddah, 2016; Polymer Database, 2019b).

The presence of textiles and beverage bottles are the reasons 
that PET is one of the prevalent fossil-based polymers in SRF/
RDF (toughness, high resistance to most solvents, and clear and 
optically smooth surfaces; Villanueva and Eder, 2014) – not all of 
them are collected for recycling and therefore, may de facto and 
for now still constitute part of SRF/RDF. Specifically, polyester 
fibres from PET constitute the most widely used synthetic fibre 
in the textile industry (Ravindranath and Mashelkar, 1984; 
Sarioğlu and Kaynak, 2017; Van der Velden et al., 2014). In 2015, 
nearly 15% of global plastic production was used in textile indus-
tries for the production of synthetic textiles (Geyer et al., 2017). 
PET accounts for 70% of global production of polyester, PA and 
acrylic fibres (Geyer et al., 2017).

Polyvinyl chloride is used in a variety of applications, such as 
construction, building, automobile, and packaging industries due 
to its excellent processing performance, resistance to oil and 
chemical reaction, and high strength (Villanueva and Eder, 2014). 
However, PVC is an unwanted component in SRF/RDF due to its 
high Cl content (46–54% w/w; Phyllis, 2019). The quality of 
SRF based on its Cl content has been specified by the CEN clas-
sification scheme (British Standard Institution 15359, 2011) and 

Figure 2. Typical content of fossil-based plastic polymers 
in overall plastics production and plastics waste arisings 
denoting an indicative content of the most prevalent 
plastic polymers in solid recovered fuel /refuse-derived 
fuel: polyethylene (PE), polypropylene (PP), polyethylene 
terephthalate (PET), and polyvinyl chloride (PVC). Non-outlier 
range defined as ⩽1 interquartile range (IQR); and extreme 
values defined as ⩽1.5 IQR.
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is a key consideration in mechanical processing of MSW into 
SRF (Velis et al., 2012, 2013). Indeed, we demonstrated else-
where how Cl in SRF/RDF is an important technical limiting fac-
tor in co-combustion applications, causing several operating 
problems and, therefore, the fate of Cl during SRF thermal treat-
ment must be monitored (Gerassimidou et al., 2020a). Although, 
near infra-red technology is an applied sorting process in MBT 
plants for the removal of PVC, still PVC fragments are present in 
SRF/RDF.

Composition of synthetic SRF/RDF. A method to obtain insights 
into the thermal behaviour of SRF/RDF is to artificially prepare 
synthetic mixtures with a known composition similar to SRF/
RDF. This approach is undertaken due to the difficulty in con-
ducting compositional analysis in commercially manufactured 
samples. Table 2 presents several examples of synthetic SRF/
RDF samples as prepared in previous studies. The biomass frac-
tion of simulated SRF/RDF is mainly composed of paper and/or 
wood. However, the composition of plastic fraction is more com-
plicated due to the wide variety of post-consumer plastic poly-
mers. According to Grammelis et al. (2009), cardboard and 
magazine paper can represent the biomass fraction of SRF/RDF 
better than other biomass waste items, whereas PE resembles 
more closely the plastic fraction compared to other plastics. The 
main reason that synthetic SRF/RDF samples contain PVC, 
which is the exclusive or the prevalent source of Cl, is that Cl 
should be present in order to resemble the genuine SRF/RDF 
(Gerassimidou et al., 2020a). However, significant inconsisten-
cies can be noticed between the thermal behaviour of synthetic 
and genuine waste samples with similar composition due to the 
presence of plastic additives or other unknown substances in the 
genuine sample (Cuperus et al., 2005; Grammelis et al., 2009). 
For example, heat stabilisers are widely used in food plastic 
packaging to prevent polymer decomposition when exposed at 

elevated temperatures resulting in higher thermal stability com-
pared to their synthetic pure counterparts (Hahladakis et al., 
2018).

TGA of WDM

The SRF/RDF is decomposed in a wider temperature range at 
lower levels compared to fossil fuels due to its low fixed-carbon 
and high volatile matter (Akdağ et al., 2016; Skodras et al., 
2009). For example, the range of decomposition temperature of 
coal is 700–800°C and petroleum coke is 500–700°C, whereas 
for SRF/RDF this range is 200–600°C (under oxidative condi-
tions) (Akdağ et al., 2016). However, SRF/RDF has higher ther-
mal resistance than MSW (Azam et al., 2019). Azam et al. (2019) 
investigated the thermal stability of MSW and RDF reporting 
that the peak decomposition temperature of MSW was lower 
(295°C) than that of RDF (341°C), whereas the range of  
decomposition temperature was wider for MSW (220–560°C) 
compared to RDF (236–554°C).

Experimental conditions in TGA of WDM

The experimental conditions applied in TGA (heating rate, 
atmospheric conditions, sample mass, and maximum tempera-
ture) affect the thermal behaviour of the sample and should be 
consciously selected (Bottom, 2008; Haines, 2002). The selec-
tion of experimental conditions depends on sample characteris-
tics, such as particle size, calorific content, inorganic content, 
impurities, and chemical composition (Heal, 2002). Figure 3 
summarises conditions used in non-isothermal TGA experiments 
for the investigation of thermal behaviour of WDM (see raw data 
in Online Supplement SI.3).

Heating rate affects the range of decomposition temperature 
of the sample (Marsh et al., 2007; Park et al., 2012; Slopiecka 

Table 2. Composition of synthetic solid recovered fuel/refuse-derived fuel (SRF/RDF) samples prepared to simulate the 
thermal behaviour of actual SRF/RDF as received reporting basis.

Paper Plastics Textiles Wood Other References

Biomass 58 15 5a Wagland et al. (2011)
Plastics Polyethylene (PE) 12  

Polypropylene (PP) 8  
Polyvinyl chloride (PVC) 2  

Biomass 46.1 3.1b 2.3c 8.5d Cuperus et al. (2005)
Plastics PE 23  
 PP 16  
 PVC 1  
Biomass 50e Pedersen et al. (2016)
Plastics PE 50  
 PP  
 Polyethylene terephthalate  
Biomass 44–62 Chiemchaisri et al. (2010)
Plastics 38–56  
Biomass 46 Wang et al. (2002)
Plastics PE 50.4  
 PVC 3.6  

Notes: a conifer saw dust; b sackcloth; c pallet; d grass; and e pine wood.
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et al., 2012; Wang et al., 2020; Yurdakul and Atimtay, 2015). 
Increased heating rates result in higher decomposition tempera-
tures and higher rates of mass loss due to the changes in activa-
tion energy and/or different heat dissipation rates (Conesa and 
Rey, 2015; Lin et al., 1999; Park et al., 2012; Quan et al., 2016; 
Yang et al., 2001; Yurdakul and Atimtay, 2015). High heating 
rates can lead to significant overlapping effects between the heat-
ing profiles of the components contained in the sample resulting 
in interpretation problems of the results, for example, in a mix-
ture of plastics that contains polymers with similar ranges of 
decomposition temperature (Bottom, 2008; Luo et al., 2018; 
Marsh et al., 2007). But, too low heating rates are time consum-
ing (Bottom, 2008; Heal, 2002). Figure 3 shows that nearly 55% 
of total TGA experiments of WDM was conducted using a heat-
ing rate of 10°C min–1 or less, with a view to obtaining a com-
paratively better resolution of the decomposition profile of the 
samples. Heating rate can, also, affect the yields of products dur-
ing thermal treatment. For example, Efika et al. (2015) found that 
increasing heating rates during pyrolysis induced higher gas 
yields and reduced liquid and solid yields. In TGA experiments 
conducted for compositional analysis purposes of WDM, the 
heating rate should be relatively low so that the peaks of DTG 
curves of waste components can be as discernible as possible 
(Beckmann et al., 2012).

The gaseous atmospheric conditions used in the TGA experi-
ment is a crucial factor that affects the type of thermal process, 

for example, combustion occurs in the presence of (over)stoi-
chiometric oxygen, whereas pyrolysis occurs in the presence of 
inert, non-oxidising atmosphere, resulting in different thermal 
decomposition profiles of the sample and product formation 
(Bottom, 2008; Conesa and Rey, 2015). The presence of oxygen 
increases the rate of mass loss, and therefore reduces the range of 
decomposition temperature (Grammelis et al., 2009; Skodras 
et al., 2009). Specifically, Conesa and Rey (2015) reported that 
SRF is thermally decomposed in a range at nearly 50°C lower 
during combustion compared to pyrolysis. The majority of the 
studies (76%) selected an inert atmosphere, using mainly nitro-
gen (Figure 3). Studies interested in the thermal degradation of 
SRF/RDF selected an inert atmosphere, whereas studies inter-
ested in the combustion behaviour selected oxidative conditions 
(air or oxygen). The preference for an inert atmosphere is attrib-
uted to the fact that combustion is more rapid than pyrolysis, and 
reactions between oxygen and waste components (e.g. lignin) 
might occur (Conesa and Rey, 2015; Long et al., 2017; Soares 
et al., 1995) making the compositional analysis of the sample 
more complicated. In TGA compositional analysis experiments, 
typically inert gas is preferred, such as nitrogen or argon, to avoid 
oxidation reactions (Bottom, 2008). A few researchers applied 
both atmospheres to draw comparisons (Conesa and Rey, 2015; 
Edo et al., 2016; Grammelis et al., 2009; Skodras et al., 2009).

Sample size selected in TGA experiments should be relatively 
small, in comparison to other analytical laboratory techniques, 

Figure 3. Non-isothermal conditions applied in thermogravimetric analysis (TGA) experiments for the investigation of thermal 
behaviour of municipal solid waste, solid recovered fuel/refuse-derived fuel (SRF/RDF), and several waste items/materials on 
an as received reporting basis, indicating the typical experimental conditions used in TGA compositional analysis of SRF/RDF: 
(a) selected heating rates per TGA experiment; (b) selected atmospheric condition per study; (c) selected sample mass per 
study; and (d) selected maximum temperature per study.
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ranging on the milligram scale at around 10–100 mg, and mainly 
have, as far as possible, the sample exposed to uniform thermal 
conditions (Heal, 2002). Such a small sample mass of SRF/RDF 
can make the acquisition of representative analytical results a 
major challenge, as we established in detail (Gerassimidou et al., 
2020b). Therefore, major attention should be paid on the sampling 
process before TGA (Robinson et al., 2016). A larger sample would 
have required more energy and associated heat transfer to obtain 
uniform reaction conditions throughout the sample body (Robinson 
et al., 2016). Despite the inherent heterogeneity of SRF/RDF, 55% 
of studies selected a sample mass ⩽10 mg, whereas only one study 
(5% of total number) selected 30 mg (Figure 3). However, it is 
worth noting that most of the studies (56%) omitted to report the 
sample mass used in the TG experiments.

Sampling method and sample preparation, known as sub-
sampling plan, can be significant sources of variability of analyti-
cal results, especially for heterogeneous materials (Gerlach and 
Nocerino, 2003; Ramsey and Thompson, 2007). Before TGA, 
samples should be pulverised to fine powders, whilst ideally 
avoiding the evaporation of volatiles (e.g. mercury or moisture), 
melting of fragments with low melting points (e.g. polyolefins; 
Pedersen et al., 2016), and other related processes induced by the 
heat generated during pulverisation (Gerlach and Nocerino, 
2003). Cryogenic shredding is able to produce a fine particle size 
at very low temperature using liquid nitrogen, thus, preventing 

such unwanted processes (Junghare et al., 2017). Robinson et al. 
(2016) examined the influence of sample preparation of RDF on 
the repeatability of TGA results. Several RDF samples were pre-
pared by using a variety of equipment and procedures, such as 
knife milling, quartering milling, and cryogenic milling, finding 
that cryogenic grinding provided repeatable results. The particle 
size of the test SRF/RDF sample defined by the cumulative pass-
ing of sieve must be typically less than 0.25 mm to obtain uni-
form thermal behaviour throughout the sample body (Beckmann 
et al., 2012; Robinson et al., 2016).

The maximum temperature applied in a TGA experiment 
might not be sufficient to ascertain the sample degradation (maxi-
mum temperature ⩾ Te). It should suffice at least for the main 
stages of sample decomposition (inclusion of DTG peaks). Figure 
3 shows that 24% of the total studies selected a temperature range 
starting from room temperature and ending between 550 and 
750°C, whereas the majority of researchers (51%) selected a max-
imum temperature ranging between 750 and 950°C.

Thermal behaviour of SRF/RDF

The thermal degradation of SRF/RDF is mainly a result of the 
thermal degradation of the biogenic (cellulosic) and plastic frac-
tion (Danias and Liodakis, 2018). Table 3 illustrates the main 
characteristic points of TG–DTG curves arising from the thermal 

Table 3. Characteristic points of thermogravimetry–derivative thermogravimetry (TG–DTG) curves of solid recovered fuel/
refuse-derived fuel (RDF) from municipal solid waste (MSW) including onset temperature (To), endset temperature (Te), 
number of DTG peak/shoulder, peak temperature (Tp), and residue under specific experimental conditions (gas atmosphere 
and heating rate) over the last ten years as received reporting basis.

Atmosp.1 Heat. rate
(°C min–1)

Decomposition 
temp (°C)

No. of 
peak

Tp (°C)4 Residue 
(% w/w)5

References

 To
2 Te

3  

Inert 10 200 800 2 312, 495 13 Efika et al. (2015)
Inert 10 180 750 3 270, 470, 660 n. a. Stępień et al. (2019)
Inert 10 n. a. n. a. 2a 336, 476 20 Edo et al. (2016)
Inert 10 200 500 2 310, 450 25 Silva et al. (2015)
Inert 10 250 500 3 285, 352, 450 15 Bosmans et al. (2014)
Inert 20 250 550 2 348, 480 20 Grammelis et al. (2009)
Inert 20 200 550 2 350, 500 22 Skodras et al. (2009)
Inert 20 230 700 n. a. 320–340 12 Tokmurzin et al. (2019)
Inert 25 180 700 3 342, 472, 670 17 Robinson et al. (2016)
Inert 25 200 500 2 300, 470 n. a. Singh et al. (2012)
Inert 5–50b 200 750 3 325–365, 440–495, 645–710 20–24 Çepelioğullar et al. (2016)
Oxidative 5 235 2–3c 280, 440 n. a. Medic-Pejic et al. (2016)
Oxidative 10 236 554 2 341, 465 9 Azam et al. (2019)
Oxidative 10 200 540 2 340, 460 n. a. Chae et al. (2019)
Oxidative 10 200 600 2d 320, 500 21 Akdağ et al. (2016)
 3d 330, 400, 510 19
Oxidative 10 200 500 3a 225, 331, 461 n. a. Edo et al. (2016)
Oxidative 10 233 700 3 283, 463, 618 n. a. Chen et al. (2018)
Oxidative 20 200 500 2 310, 460 11 Grammelis et al. (2009)

Notes: 1 atmospheric conditions, gas used in the thermogravimetric analysis experiment; 2onset temperature; 3 endset temperature; 4 peak 
temperature at each DTG shoulder; 5 residue, non-volatile matter left after degradation; a data derived from three samples that resemble RDF, 
one from residue of MSW containing plastics, paper, textiles and low amounts of food waste, and the other two from derived-materials con-
sisting of residual MSW after drying and separation of incombustibles and food waste; b eight different heating rates were used – 5, 10, 15, 20, 
25, 30, 40, and 50; c derived from 10 different samples at different seasons and different locations; d two different samples from two different 
cities; and n. a., not available.
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behaviour reported for SRF/RDF. Differences among the decom-
position profiles of SRF/RDF could be due to differing experi-
mental conditions and differing composition of SRF/RDF 
samples between studies, for example, the presence of food waste 
into SRF can lower its To (Edo et al., 2016).

Table 3 shows that SRF/RDF is mainly decomposed in a range 
of 200–600°C and its non-volatile content fluctuates between 10 
and 20%. The DTG thermogram of SRF/RDF mainly consists of 
either two or three peaks/shoulders excluding the peak due to 
moisture evaporation. The first peak represents the degradation of 
cellulosic fraction (200–400°C) and the second represents the 
degradation of plastics (400–600°C) (Edo et al., 2016; Efika et al., 
2015; Grammelis et al., 2009). The thermal decomposition of 
plastics at higher temperatures compared to lignocellulosic mate-
rials reveals the higher thermal stability of the plastic fraction 
(Skodras et al., 2009). The highest rate of mass loss was observed 
either in the first or in the second DTG peak depending on the 
composition of SRF/RDF. A last DTG shoulder might occur at 
elevated temperatures (600–700°C) due to the interaction of char 
with gas (e.g. oxygen) along with ash deformation leading to the 
formation of mineral matter (Çepelioğullar et al., 2016). 
Grammelis et al. (2009) stated that the decomposition behaviour 
of SRF/RDF is comparable with that of beverage cartons, which 
was decomposed into two stages due to degradation of paper 
(200–400°C) and plastic content (450–550°C), respectively.

Older studies conducted before 2009 found similar results 
with the current studies, although the waste composition changes 
over time due to the development of the MSW treatment perfor-
mance, such as increasing recycling and composting rates 

(Pomberger et al., 2017). For example, Lin et al. (1999) reported 
two main distinct stages of mass loss during RDF pyrolysis: the 
first stage due to cellulosic degradation and partial degradation of 
PVC (Tp: 327°C); and the second stage due to plastics (Tp: 
460°C). Similar thermal profiles of RDF decomposition were 
found by Cozzani et al. (1995). There are also older studies that 
reported three DTG peaks at similar temperature ranges to those 
of recent studies (Casu et al., 2006; Cheng et al., 2007).

Figure 4 shows a typical TG–DTG thermogram of SRF/RDF 
based on the most prevalent polymers, including its moisture 
content under inert atmosphere and low heating rate (10°C min–1) 
as perceived from literature findings. Overlapping effects occur 
between prevalent polymers such as cellulose – hemicellulose 
and PE – PP and PET –polyolefins, but lignin and PVC overlap 
with all waste polymers due to their wide range of decomposition 
temperature.

Thermal behaviour of waste component 
categories (item/material)

Table 4 illustrates characteristic points of the TG–DTG curves of 
prevalent waste items/materials present in SRF/RDF categorised 
by the main waste items wood, paper, and textile materials. In the 
case of plastics, researchers used to analyse plastic polymers 
instead of post-consumer plastic materials that is presented in the 
next sub-section. The degradation of the major biomass material 
occurs between 200 and 400°C with a Tp ranging from 355 to 
370°C (Chen et al., 2015; Cozzani et al., 1997; Sørum et al., 2001). 
The decomposition of lignocellulosic components usually consists 

Figure 4. Typical thermogravimetry–derivative thermogravimetry (TG–DTG) thermogram of solid recovered fuel/refuse-
derived fuel (SRF/RDF) based on the most prevalent component polymers: water, cellulose, lignin, xylan, polyethylene (PE), 
polypropylene (PP), polyethylene terephthalate (PET), and polyvinyl chloride (PVC) (represents the chlorine content) under inert 
atmosphere and low heating rate (10°C min–1) as received reporting basis. Main features of the generalised average SRF/RDF 
thermal decomposition behaviour are: (a) considerable overlapping effects between prevalent polymers; (b) wider range of 
decomposition temperature for biopolymers than fossil-based polymers; (c) similar temperature ranges for the degradation 
of prevalent fossil-based plastic polymers except PVC; and (d) complete thermal degradation of most of the prevalent 
components in SRF/RDF at nearly 550°C (axis of DTG curve was omitted due to unit inconsistencies among different studies 
leading to inability to obtain related information).
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Table 4. Characteristic points of thermogravimetry–derivative thermogravimetry (TG–DTG) curves (onset temperature (To), 
endset temperature (Te), number of DTG peak/shoulder, peak temperature (Tp), and residue) of prevalent items/materials in 
SRF/RDF including wood, paper/cardboard and textiles under specific experimental conditions (gas atmosphere and heating 
rate) as received reporting basis.

Waste 
category

Waste component Atmosp.1 Heat rate
(°C min–1)

To (°C) 2 Te (°C) 3 No. of 
peaks

Tp (°C)4 Residue
(% w/w)5

References

Wood Mixed-wood 
pellets

Inert 5 n. a. n. a. 1 348 7 Skreiberg et al. (2011)
20 1 370 14

Oxidative 5 n. a. n. a. 2 315, 443 <1
20 2 340, 464 <1

Pine–spruce mix Inert 10 250 500 2 320, 358 7 Edo et al. (2016)
 Oxidative 10 287 495 2 350, 470  
Pine wood Inert 5, 20, 40 260–280 405–480 2 325–400,

385–450
20 Williams and Besler 

(1996)
Saw dust Inert 20 200 420 1 359 18 Ma et al. (2019)
Poplar wood Inert 2 & 5 177 377 2 257, 362 28 Slopiecka et al. (2012)
 10 & 15 177 467 1 342 26
Poplar wood Inert 10 150 500 2 345, 490 31 Chen et al. (2015)
Hardwood Inert 5 243 369 1 347 18 Grønli et al. (2002)
Softwood 235 375 1 348 23
Hardwood Inert 20 n. a. n. a. 1 371–376 Heikkinen et al. (2004)
Softwood 1 374–381  

Paper/
cardboard

Paper waste Inert 30 230 600 3 370, 516, 575 Chhabra et al. (2019)
Paper waste Inert 10 300 400 1 350 7 Chen et al. (2015)
Paper* Inert 20 n. a. n. a. 1 361–372 n. a. Heikkinen et al. (2004)
Paperboard Inert 20 200 800 2 361, 732 30 Ma et al. (2019)
Glossy paper Inert 5 n. a. n. a. 2 340, >600 21 Skreiberg et al. (2011)
 20 2 362, >600 22
 Oxidative 5 n. a. n. a. 2 317, >600 20
 20 2 337, >600 23
Paper** Inert 20 300 400 1 365–375 20–26 Grammelis et al. (2009)

Oxidative 20 240–260 n. a. 1 334–342 5–23
Tissue paper Inert 10 250 400 1 353 7 Zhou et al. (2015b)
Non-packaging 
paper waste

Inert 10 200 450 1 325 29 Silva et al. (2015)

Newspaper Inert 3–9 250 400 1 351 n. a. Lin et al. (1999)
Toilet paper Inert 3–9 250 400 1 347 n. a.

Beverage carton Inert 20 200 550 2 373, 488 7 Grammelis et al. (2009)
Textiles Textile Inert 30 260 500 2 350, 488 n. a. Chhabra et al. (2019)

Cotton clothes Inert 20 300 410 1 373 10 Ma et al. (2019)
Polyester fabrics Inert 10 375 475 1 438 18 Chen et al. (2015)
Textile waste Inert 10 200 500 2 330, 440 18 Silva et al. (2015)
Textile waste Inert 1, 5, 10,

20, 40, 60
105–119 433–520 3 199–291,

318–392,
377–449

10–12 Muralidhara and 
Sreenivasan (2010)

10 115 474 3 245, 354, 424 11

Notes: 1 atmospheric conditions, gas used in the thermogravimetric analysis experiment; 2 onset temperature; 3 endset temperature; 4 peak 
temperature at each DTG shoulder; 5 residue, non-volatile matter left after degradation; * included cardboard, corrugated paper, egg carton, 
facial tissue, glossy paper, newspaper, office paper, and paper sludge; ** five types of paper were analysed including magazine paper, card-
board, recycling paper, newspaper and copy paper; and n. a., not available.

of two stages: the first stage is attributed to the degradation of 
hemicellulose (200–350°C), cellulose (250–400°C), and partial 
decomposition of lignin (200–400°C); and the second stage is 
attributed to the degradation of the remaining lignin and charring 
of leftover (400–800°C) (Boumanchar et al., 2017; Chhabra et al., 
2019; Heikkinen et al., 2004; Porshnov et al., 2018; Skreiberg 
et al., 2011). In biomass mixtures, the DTG shoulder of hemicel-
lulose might seem as a pronounced shoulder of cellulose rather 

than as a well-defined peak due to their similar decomposition 
ranges resulting in partial overlap (Bosmans et al., 2014; Grønli 
et al., 2002).

Table 4 shows that the DTG thermogram of wood contains 
either one or two shoulders. This difference can be attributed to 
the incomplete degradation of lignin when the TGA experiment 
might be completed before the complete lignin degradation 
(around 900°C) or to overlapping effects between cellulose and 
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hemicellulose intensified by high heating rates. Slight differences 
might be observed between the TG–DTG thermograms of soft-
wood and hardwood due to different chemical composition. For 
example, the reactivity of hemicellulose is higher for hardwoods 
than softwoods and, therefore, the degradation zone of cellulose 
and hemicellulose can be better distinguished in hardwoods 
(Grønli et al., 2002). Softwood is less thermally stable and decom-
posed at a wider temperature range compared to hardwood, 
although a common devolatilisation mechanism could describe 
the thermal behaviour of both (Grønli et al., 2002). However, 
additives such as melamine and nitrogenated adhesives used in 
wood furniture manufacturing can considerably affect the TG–
DTG thermogram of wood by lowering the Tp due to their inor-
ganic salt content (Moreno and Font, 2015).

Similarly to wood, paper is decomposed in one or two stages 
depending on its biochemical composition. The first stage is 
attributed to degradation of cellulosic matter (200–400°C) and 
the second (>550°C) caused by the conversion of paper addi-
tives, such as calcium carbonate (CaCO3), to reaction products 
(Chhabra et al., 2019; Cozzani et al., 1995; Skreiberg et al., 
2011). Grammelis et al. (2009) compared the pyrolytic behaviour 
of five different types of paper namely magazine paper, card-
board, recycling paper, newspaper, and copy paper. These paper 
samples presented similar profiles of decomposition temperature, 
but they differed in thermal reactivity (rate of mass loss), with 
copy paper being the most reactive. A pronounced shoulder was 
more evident in the DTG thermogram of newspaper compared to 
other paper samples due to its higher hemicellulose content 
(Grammelis et al., 2009). Catalytic effects induced by inorganic 
substances (e.g. ash) and residues from papermaking (e.g. sul-
phate production process) can also lead to cellulose decomposi-
tion at lower temperatures (Sørum et al., 2001).

Textiles may consist of natural or synthetic fibres which cor-
respond to similar thermal behaviour with that of cellulosic and 
plastic materials, respectively (Cozzani et al., 1995). Table 4 
shows that textiles are devolatilised into one, two or three main 
distinct regions: initial, main and char decomposition (Miranda 
et al., 2007; Zhu et al., 2004). One stage occurs in purely syn-
thetic or natural fibres, whereas three stages occur in blended 
fibres. Two stages are related to natural fibres due to degradation 
of cellulosic matter. In the first stage (100–300°C) the mass loss 
is low, whereas in the second stage the loss is fast and high (250–
400°C). The third stage is due to the presence of synthetic poly-
mers and/or char formation (380–500°C) (Chhabra et al., 2019; 
Miranda et al., 2007; Zhu et al., 2004).

Rubber is a separate waste component category that can be 
found in SRF/RDF at low proportions, which does not exceed 
6% w/w (Nasrullah et al., 2016; Stępień et al., 2019; Velis, 2010). 
Rubber composition varies depending on the elastomer type, 
such as nitrile, fluorocarbon, chloroprene, silicone, polyacrylate, 
polyurethane, styrene–butadiene, and natural (Datwyler, 2020). 
The thermal behaviour of rubber is not described in the present 
study due to the wide variety of chemical constituents used for its 
production and its low proportion in SRF/RDF. However, 

Boumanchar et al. (2017) reported that the decomposition profile 
of synthetic rubber is similar with that of a plastic mixture con-
sisting of PE, PP, and PVC.

Thermal behaviour of prevalent polymers 
in SRF/RDF

Thermal degradation of fossil-based plastics. The mechanism 
for the degradation of plastic polymers is based on the chain scis-
sion of macromolecules following a multistep pathway: (a) initi-
ation, in which free radicals are formed resulting in a more 
reactive and unstable polymer; (b) propagation, in which char is 
formed; and (c) termination, in which inactive by-products are 
formed via radical coupling or radical disproportionation (Ray 
and Cooney, 2018). The stage of propagation consists of a series 
of reactions that involve intramolecular (within a single polymer 
chain) and intermolecular (between polymer chains) hydrogen 
transfer followed by the reverse process of polymerisation, often 
referred as unzipping or depolymerisation (Beyler and Hirschler, 
2002).

The literature findings showed that the most prevalent post-
consumer plastic polymers are PE, PP, PET, and PVC. The ther-
mal degradation of these plastic polymers occurs in a single 
narrow DTG shoulder, except for PVC that consists of two-step 
degradation during pyrolysis (Table 5). The thermal stability of 
polymers in a descending order is as follows: PE > PP > PET > 
PVC (Hujuri et al., 2008; Lin et al., 1999).

During pyrolytic conditions, PE decomposition starts at 310–
450°C and completes at 460–560°C, depending on its density and 
the heating rate, whereas the Tp occurs in a range of 450–490°C. 
Between the most popular types of PE, LDPE, and HDPE, the 
second demonstrates higher thermal stability due to its lower 
degree of branching (Ray and Cooney, 2018). However, both PE 
types have quite similar decomposition profiles (Kuźnia and 
Magdziarz, 2013). PP degradation is quite similar to that of 
LDPE (Park et al., 2012; Sørum et al., 2001), although PP has 
lower thermal stability (Chhabra et al., 2019; Ray and Cooney, 
2018) due to the presence of tertiary carbon in the main chain 
(Beyler and Hirschler, 2002). PP degradation temperatures range 
from 340–400°C to 450–520°C with a Tp between 420 and 490°C 
during pyrolysis (Table 5). Similarly, PET degradation starts at 
360–430°C and completes at 460–550°C with a Tp ranging from 
420 to 465°C (Table 5). In contrast to polyolefins that leave 
almost zero residue at the end of the TGA experiment (<1% 
w/w), the residue from PET is nearly 15%. This high residue can 
be attributed to PET reinforcement with glass fibres, a plastic 
material widely used in many application areas to improve the 
strengthen of PET (Pedersen et al., 2016). The lower stability of 
PET compared to polyolefins is due to the poor stability of ester 
bonds in PET chains (Chen et al., 2015).

The PVC decomposition begins at considerably lower tem-
peratures (200–300°C) (Williams and Williams, 1999) and com-
pletes at higher temperatures (500–580°C) compared to other 
polymers. The low thermal stability of PVC is attributed to the 
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Table 5. Characteristic points of thermogravimetry–derivative thermogravimetry (TG–DTG) curves of prevalent fossil-based 
plastic polymers in solid recovered fuel/refuse-derived fuel including onset temperature (To), endset temperature (Te), number 
of DTG peak/shoulder, peak temperature (Tp), and residue under inert atmosphere as received reporting basis.

Polymer Heat rate
(°C min–1)

To
(°C)1

Te
(°C)2

Number 
of peaks

 Tp
 (°C)3

Residue
(% w/w)4

References

Polyethylene 
(PE)

High-density 
polyethylene (HDPE)

3, 5, 7, 9 443 535 1 470 n. a. Lin et al. (1999)

Low-density 
polyethylene (LDPE)

425 565 468 n. a.  

HDPE 2, 5, 10, 20 350 464–511 1 444–483 n. a. Yang et al. (2001)
LDPE 10 310 497 468 n. a.
LDPE 10, 20, 30, 

40
450 520 1 470 <1 Park et al. (2012)

HDPE 5 446 472 1 464 <1 Mumbach et al. (2019)
Recovered HDPE* 412 474 456 14
LDPE 440 471 466 <1
Recovered LDPE* 429 471 455 3
PE 10–40 408 504 1 463 <1 Wang et al. (2020)
PE 10 400 500 1 <1 Ray and Cooney (2018)
HDPE 10 350 500 1 479 <1 Sørum et al. (2001)
LDPE n. a. n. a. 475 <1
LDPE 10 341 495 1 463 n. a. Hujuri et al. (2008)
HDPE 10 350 500 1 479 <1 Sørum et al. (2001)
LDPE 475
LDPE 10 341 495 1 463 n. a. Hujuri et al. (2008)
PE 15 430 519 1 485 <1 Yu et al. (2019)
HDPE 20 450 550 1 493 n. a. Heikkinen et al. (2004)
LDPE 20 450 550 1 491 n. a.

Isotactic 
polypropylene 
(PP)

Pure PP 5 413 451 1 423 n. a. Mumbach et al. (2019)
Recovered PP* 425 456 443 n. a.  
 10 340 452 1 486 <1 Părpăriţă et al. (2014)
 10 350 495 1 437 n. a. Yang et al. (2001)
 10 337 471 1 446 n. a. Hujuri et al. (2008)
 10 350 500 1 460 <1 Sørum et al. (2001)
 15 390 480 1 447 <1 Yu et al. (2019)
 20 420 500 1 472 n. a. Heikkinen et al. (2004)
 30 400 516 1 480 n. a. Chhabra et al. (2019)

Polyethylene 
terephthalate 
(PET)

PET-bottlers 5, 10, 20, 
40, 50

385–
425

550 1 427–465 12–14 Das and Tiwari (2019)

 5, 10, 15, 
25

366–
398

514–519 1 430–465 85–95 Saha et al. (2006)

 5, 10, 20, 
40

360–
379

460–521 1 419–455 20–22 Özsin et al. (2019)

 10 370 460 1 441 n. a. Yang et al. (2001)
 10 400 460 1 15 Ray and Cooney (2018)
 10 n. a. n. a. 1 384 17 Miri et al. (2019)
 15 430 470 1 433 n. a. Yu et al. (2019)
 20 n. a. n. a. 1 444 n. a. Heikkinen et al. (2004)
 30 380 500 1 450 n. a. Chhabra et al. (2019)

Polyvinyl 
chloride (PVC)

3, 5, 7, 9 210 530 2 380, 443 n. a. Lin et al. (1999)
 5, 10, 20, 

40
235–
240

515–578 2 270–318,
approximately 450

10–12 Özsin et al. (2019)

 10 200 500 3 287, 331, 462 n. a. Yang et al. (2001)
 10 220 580 2 286, 475 n. a. Zhou et al. (2015b)
 10 200 550 2 290, 450 10 Sørum et al. (2001)
 15 297 570 2 330, 460 9 Yu et al. (2019)
 20 260 550 2 305, 467 n. a. Heikkinen et al. (2004)
 20 300 520 2 n. a. Erickson (2007)

Plastic mixture** 10, 20, 30, 
40

260 540 2 300, 450 10 Park et al. (2012)

Notes: 1 onset temperature; 2 endset temperature; 3 peak temperature at each DTG shoulder; 4 residue, non-volatile matter left after degradation; 
* recovered plastic materials from the process of recycling paper scrap; ** mixture of polystyrene, LDPE, PP and PVC; and n. a., not available.
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presence of chloride groups leading to the formation of highly 
unstable free radicals (Ray and Cooney, 2018). Table 5 shows that 
the degradation of PVC consists of two DTG peaks during pyroly-
sis: the first peak (270–380°C) is due to the release of hydrogen 
chloride (HCl) (dehydrochlorination stage); and the second (440–
470°C) is due to the degradation of hydrocarbons (Beyler and 
Hirschler, 2002; Heikkinen et al., 2004). During the stage of dehy-
drochlorination, nearly 60% of mass loss is induced (Ma et al., 
2002) which is almost equal with the Cl content of PVC. Some 
studies reported three DTG peaks for PVC with the first two peaks 
slightly overlapping (Yang et al., 2001; Yu et al., 2016).

However, the decomposition profile of pure polymers might 
not fully correspond to the profile of the related plastic items pre-
sent in SRF/RDF due to cross-contamination leading to lower 
thermal stability (Mumbach et al., 2019; Silva et al., 2015). Silva 
et al. (2015) reported that the DTG thermogram, of pure PP dif-
fers from that of packaging PP waste, which had a wider range of 
decomposition temperature with two DTG shoulders instead. 
Similar results were also found for LDPE films extracted from 
mixed waste. In addition, Mumbach et al. (2019) compared the 
thermal behaviour of pure polymers, such as HDPE, LDPE, and 
PP with the respective recovered plastic polymers from the pro-
cess of recycling paper scrap. Pure polyolefins completely 
degraded without leaving any residue (<1% w/w), but recovered 
polyolefins left considerable amounts of residue due to the pres-
ence of impurities and glue materials (Mumbach et al., 2019). 
The thermal stability of recovered PE was lower compared to 
pure PE due to impurities, whereas the stability of recovered PP 
was higher than that of pure PP (Mumbach et al., 2019). The 
higher thermal stability of recovered PP could be explained by 
the presence of biomass materials even at low concentrations. 
Părpăriţă et al. (2014) reported that the thermal reactivity of PP 
was increased in PP/biomass composites either due to the behav-
iour of PP to act as a physical barrier to the volatilisation of bio-
mass or due to the reaction of radicals resulting from PP 
degradation, which otherwise could attack the PP chain, with 
O-containing structures from lignin degradation (Părpăriţă et al., 
2014). Despite cross-contamination, the presence of additives in 
plastic items used to improve the properties of polymers, such as 
flame retardants, can considerably affect the thermal degradation 
of plastic materials (Sabet et al., 2019). For example, the addition 
of 2% w/w nanoglass flakes in PET increases the degree of crys-
tallinity and, therefore, a shift of the degradation zone of PET 
towards higher temperatures (nearly 10°C) can be induced (Miri 
et al., 2019).

Thermal degradation of biopolymers. The decomposition mech-
anism of biopolymers involves four main steps: (a) cross-linking 
of biopolymer chains; (b) unzipping of biopolymer chain; (c) 
devolatilisation and char formation; and (d) further decomposition 
and repolymerisation (Beyler and Hirschler, 2002). More informa-
tion on mechanisms and product formation involved during pyrol-
ysis of biopolymers is given by Collard and Blin (2014). 
Hemicellulose is thermally decomposed first, followed by cellu-
lose and lignin (Beyler and Hirschler, 2002). Xylan is the most 

commonly used substitute for hemicellulose especially in thermal 
analysis of WDM. Depending on the heating rate, cellulose decom-
position typically starts at 250–300°C and is completed at 360–
410°C, while the Tp fluctuates in a range of 320–390°C (Table 6). 
Similarly, xylan degradation begins at temperatures of 190–250°C 
and completes at 250–370°C, with a Tp ranging from 240 to 300°C, 
whereas lignin degradation occurs in a wider range starting from 
100–200°C to 500–900°C (Table 6).

Among the biopolymers, lignin has the lowest rate of mass 
loss and cellulose has the highest (Chen et al., 2019; Giudicianni 
et al., 2013; Lai et al., 2018; Meng et al., 2015a; Quan et al., 
2016; Stefanidis et al., 2014; Wu et al., 2009; Yang et al., 2007; 
Zhang et al., 2016; Zhao et al., 2018). Specifically, the DTG ther-
mogram of cellulose is sharp and narrow due to its homogeneous 
unbranched structure (Stefanidis et al., 2014), whereas the DTG 
curve of xylan is slightly shorter (Giudicianni et al., 2013). Two 
DTG shoulders close to each other during xylan pyrolysis were 
reported (Table 6). This first peak might be attributed to the 
cleavage of bonds between xylan units and the second peak is 
due to the fragmentation of other depolymerised units (Quan 
et al., 2016; Shen et al., 2010). The DTG shoulder of lignin tends 
to have a long tail beyond 500°C due to the large array of chemi-
cal groups (Brebu and Vasile, 2010; Quan et al., 2016). Lignin 
contains hydroxyl and methoxy branched chains, which can eas-
ily break at low temperatures; but, also contains aromatic com-
pounds, which have high thermal stability (Zheng et al., 2019). 
Lignin degradation usually consists of two DTG peaks, the first 
is due to cracking of hydroxyl groups in lateral chains (300–
380°C) (Giudicianni et al., 2013) and the second is due to the 
decomposition of carbonaceous matters (>650°C) (Chen et al., 
2019).

The highest percentage of mass loss occurs in cellulose degra-
dation and the lowest in lignin degradation (Table 6). The mass 
loss of lignin can reach up to 70% at elevated temperatures 
(approximately 900°C) indicating its slow carbonisation (Yang 
et al., 2006) due to the presence of cross-linked aromatic mole-
cules (Stefanidis et al., 2014). The higher residue content in xylan 
compared to cellulose is attributed to the different decomposition 
mechanisms for the variety of sugar units that compose xylan 
(Stefanidis et al., 2014).

The thermal behaviour of biopolymers seems to be more vari-
able than that of fossil-based polymers due to their inherent het-
erogeneous chemical structure. For example, commercial 
cellulose widely used for experimentation (e.g. microcrystalline 
cellulose and filter paper cellulose) has higher thermal stability 
and narrower DTG curves compared to cellulose isolated from 
biomass materials (Galiwango et al., 2019; Zhang et al., 2018) 
due to different crystallinities (Ramiah, 1970; Zhang et al., 2018). 
Xylan is more thermally resistant compared to glucomannan due 
to its different chemical composition, whereas the thermal stabil-
ity of lignin depends on the isolation method (Ramiah, 1970). In 
addition, technical lignin contains impurities that depend on the 
extraction process (e.g. kraft pulping) and biomass source, result-
ing in a variable thermal behaviour and especially charred resi-
due (Sameni et al., 2014). Insights on the thermal behaviour of 
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Table 6. Characteristic points of thermogravimetry–derivative thermogravimetry (TG–DTG) curves of prevalent biopolymers 
present in solid recovered fuel/refuse derived-fuel including onset temperature (To), endset temperature (Te), number of DTG 
peak/shoulder, peak temperature (Tp), and residue under inert atmosphere as received reporting basis.

Polymer Heat rate
(°C min–1)

To
(°C)1

Te
(°C)2

Number 
of peaks

Tp (°C)3 Residue 
(% w/w)4

References

Cellulose Methyl cellulose 
(MC)5

5, 20, 40, 
80

300–325 380–430 1 350–390 8 Williams and Besler (1996)

MC5 5 250 350 1 318 18 Meng et al. (2015b)
MC5 5 327 407 1 337 n. a. Giudicianni et al. (2013)
MC5 10 315 400 1 355 7 Yang et al. (2007)
MC5 10 310 390 1 360 12 Wu et al. (2009)
MC5 10 n. a. n. a. 1 343 21 Meng et al. (2015a); Zhou 

et al. (2015a)
MC5 10 300 400 1 344 9 Zhou et al. (2015a)
MC5 10 300 400 1 335 10 Zhang et al. (2016)
MC5 10 300 400 1 344 9 Long et al. (2016)
 10 257 405 1 335 5 Zhao et al. (2018)
MC5 10 300 400 1 335 n. a. Chen et al. (2019)
MC5 20 300 400 1 350 8 Lai et al. (2018)
MC5 20 280 360 1 339 7 Stefanidis et al. (2014)

α-cellulose 20 260 410 1 375 16 Quan et al. (2016)

Xylan 3, 10, 20, 
80

185–214 354–369 2 234–273, 
267–304

n. a. Shen et al. (2010)

 5, 20, 40, 
80

250–290 320–400 1 285–325 20 Williams and Besler (1996)

 5 227 n. a. 2 247, 333 n. a. Giudicianni et al. (2013)
 10 220 315 1 268 20 Yang et al. (2007)
 10 200 340 2 245, 285 n. a. Chen et al. (2019)
 10 210 320 1 290 45 Wu et al. (2009)
 10 n. a. n. a. 2 250, 274 23 Meng et al. (2015a, 2015b)
 10 200 350 2 245, 296 27 Zhou et al. (2015a)
 10 200 350 2 240, 290 20 Zhang et al. (2016)
 10 200 350 2 245, 296 27 Long et al. (2016)
 20 210 370 2 210, 370 14 Quan et al. (2016)
 20 200 320 2 246, 295 25 Stefanidis et al. (2014)
 20 200 250 n. a. 283 27 Wang et al. (2013)
 20 190 400 2 250, 300 20 Lai et al. (2018)

Lignin Klason 5, 20, 40, 
80

300 430–530 1 380–460 55 Williams and Besler (1996)

Alkali 5 n. a. n. a. 1 363 n. a. Huang et al. (2011)
Alkali 10–40 194 900 1 361 47 Wang et al. (2020)
Alkali 10 160 900 n. a. 46 Yang et al. (2007)
Alkali 10 200 550 1 352 65 Wu et al. (2009)
Alkali 10 220 800 2 300, 680 45 Zhang et al. (2016)
Alkali 10 200 600 1 340 54 Quan et al. (2016)
Alkali 10 210 520 1 315 48 Zhao et al. (2018)
Dioxane lignin (DL)6 10 138 780 2 350, 763 43 Chen et al. (2019)
DL6 10 n. a. n. a. 2 342, 764 40 Meng et al. (2015a, 2015b)
DL6 10 200 800 2 337, 768 46 Zhou et al. (2015a)
DL6 10 200 800 2 338, 768 46 Long et al. (2016)
Klason 20 200 500 1 387 n. a. Cabeza et al. (2015)
Alkali 20 200 550 1 325 55 Lai et al. (2018)
Kraft 20 105 800 1 350 34 Ibrahim et al. (2011)
Kraft 20 140 600 1 380 41 Stefanidis et al. (2014)
Soda 20 105 800 1 360 37 Ibrahim et al. (2011)
 * 200 500 2 280–390,

approximately 
420

Brebu and Vasile (2010)

Notes: 1 onset temperature; 2 endset temperature; 3 peak temperature at each DTG shoulder; 4 residue, non-volatile matter left after degrada-
tion; 5 microcrystalline cellulose; 6 dealkaline lignin produced from the dealkalisation of papermaking black liquid; * derives from a review 
paper on the typical degradation of lignin during pyrolysis; and n. a., not available.
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native lignin are usually obtained by the thermal degradation of 
biomass materials (e.g. wood), as its structure changes during 
isolation (Casillas et al., 2018). This is the main reason that Table 
6 includes information only on technical lignin.

Interaction effects between waste 
materials

Interaction effects between two or more materials occur when the 
total effect produced by the blend of these materials is higher 
(synergy) or lower (antagonism) than the sum of the individual 
materials (Farrow et al., 2013). It has been reported that the inter-
action effects between waste components are negligible during 
TGA experiments (Cozzani et al., 1995; Danias and Liodakis, 
2018; Heikkinen et al., 2004; Skodras et al., 2009). In that case, 
the thermal behaviour of a mixture can be described using the 
weighed sum method (WSM). According to the WSM ‘the ther-
mal degradation curve of a mixture is equal to the sum of contri-
butions of the corresponding individual components’ (Heikkinen 
et al., 2004):

Y = x y + ... + x ymix 1 1 n n
 (1)

where: Ymix is the approximated mass loss rate of the mixture, xi 
is the proportion of i component in the mixture, yi is the mass loss 
rate of i component and n is the number of components.

The WSM has been reported as a useful tool for the quantifi-
cation of waste composition (Cozzani et al., 1995, 1997) or for 
the estimation of waste devolatilisation based on the thermo-
grams of waste components (Fritsky et al., 1994; Heikkinen 
et al., 2004; Lin et al., 1999). Despite the above claims, evidence 
of interactions among waste components (items, materials, and 
chemical compounds) exists. Grammelis et al. (2009) reported 
that the decomposition rate of RDF is higher than those of indi-
vidual waste components. Interaction between PVC and cellu-
lose in the form of cotton or tissue paper was noticed by many 
researchers (Grammelis et al., 2009; Ma et al., 2019; Matsuzawa 
et al., 2001; Sørum and Task, 2001; Yu et al., 2016; Zhou et al., 
2015b). Specifically, the released HCl from PVC reacts with cel-
lulose increasing biomass reactivity.

Interactions among biomass components (Akubo et al., 2019; 
Cabeza et al., 2015; Hosoya et al., 2007; Jaffar et al., 2020) and 
between biomass and fossil-based plastics (Özsin et al., 2019; 
Wang et al., 2020) were identified through kinetic and composi-
tional analysis of pyrolysis products using TGA–EGA. Zhao 
et al. (2018) reported that the presence of lignin reduced the 
pyrolysis rate of cellulose, whereas the presence of cellulose and 
hemicellulose promote the production of more phenolic sub-
stances during lignin pyrolysis. In addition, Long et al. (2016) 
reported that the formation of char from xylan at low temperature 
induced the inhibition of heat and mass transfer processes of cel-
lulose. In contrast, other researchers found the interaction among 
biomass components as insignificant (Cao et al., 2019; 
Raveendran et al., 1996).

Interactions among plastic polymers were also identified. For 
example, Williams and Williams (1999) reported that plastic 
mixtures had a higher yield of pyrolysis products compared to the 
yields of the single plastics. Singh et al. (2019) found that the 
thermal degradation of a plastic mixture (HDPE, PP, PET, and 
polystyrene) started earlier and the rate of mass loss was consid-
erably lower than the degradation of individual polymers. So far, 
there is no clear evidence about whether considerable interaction 
effects occur between waste materials and therefore the use of the 
WSM might be controversial for compositional analysis of WDM 
through TGA.

Discussion

The present study describes the thermal behaviour of SRF/RDF 
during TGA experiments as a complex mixture consisting of sev-
eral components at multiple levels including an assembly of 
prevalent waste items, materials, and chemical compounds. This 
approach offers valuable insights into the presence of overlap-
ping effects among waste components and therefore a better 
understanding of thermal behaviour and properties of a complex 
mixture. However, waste-derived samples constitue a mixture of 
numerous components and the inclusion of TGA thermograms of 
a wider variety of waste items/materials would give a better esti-
mation of SRF/RDF thermal behaviour (e.g. rubber, leather, other 
plastics, fines, and inert materials).

Despite that, the results revealed some neglected aspects that 
should be considered in the future: (a) the content of prevalent 
polymers in SRF/RDF is affected by different factors across the 
supply chain (type of feedstock, process efficiency, and end user 
requirements; Sarc et al., 2019) which are not well known yet; (b) 
despite the great potential of TGA regarding waste composition 
identification, the importance of thermogravimetry for assuring 
quality of SRF/RDF, is far from standardised or sufficiently 
developed in that capacity; and (c) minimum attention has been 
paid to the role of sample preparation and sampling process (sub-
sampling plan), two critical factors for the acquisition of repre-
sentative analytical results, in TGA compositional analysis of 
WDM.

So far, few research efforts related to the compositional analy-
sis of SRF/RDF have been conducted by using the TGA analyti-
cal technique along with the WSM (Cozzani et al., 1995; 
Grammelis et al., 2009; Heikkinen et al., 2004; Skodras et al., 
2009). However, this methodological approach was abandoned 
since recent research evidences the existence of interaction 
effects between waste components (e.g. PVC with cellulose; Ma 
et al., 2019; Yu et al., 2016; Zhou et al., 2015b). Despite these 
claims, the selection of the level (item, materials or chemical 
compounds) at which the waste sample can be sufficiently 
described as a mixture of several components including the iden-
tification of their thermal profiles makes the use of TGA for com-
positional analysis of waste samples quite challenging. This 
difficulty has led to another research direction, the description of 
thermal behaviour of SRF/RDF performing kinetic analysis with 
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the use of TGA (Azam et al., 2019; Bosmans et al., 2014; 
Grammelis et al., 2009), often combined with EGA (Conesa and 
Rey, 2015; Singh et al., 2012). However, kinetics models are 
affected by the sample composition and experimental TGA con-
ditions which are both variable (Conesa and Rey, 2015) and 
therefore they might not be able to describe simultaneous reac-
tions during the decomposition process (Masnadi et al., 2014).

Current research trends in solid waste management have shown 
that machine learning (ML), application of artificial intelligence 
aiming to automate analytical model building (Pezzè and Zhang, 
2014), has been increasingly used for waste modelling. Specifically, 
ML algorithms, such as artificial neural network, support vector 
machine, and regression and decision trees, were developed to 
build models for the prediction of the thermal behaviour of solid 
waste (Çepelioğullar et al., 2016; Pandey et al., 2016), the predic-
tion of regional waste generation (Abbasi and El Hanandeh, 2016; 
Johnson et al., 2017; Kannangara et al., 2018; Kontokosta et al., 
2018; Soni et al., 2019), and the prognostication of solid waste 
properties such as HHV (Rostami and Baghban, 2018).

A novel approach consisting of advanced thermal analytical 
techniques (e.g. TGA–EGA), statistically designed experiments 
(design of experiments) able to simulate the composition and 
thermal behaviour of SRF/RDF (e.g. mixture design; Cornell, 
2011) followed by ML modelling could create robust tools 
(Salmaso et al., 2019) of quality assurance and control for finely 
shredded (fluff/pellet) SRF/RDF (e.g. <40 mm) that is hard/
impossible to identify otherwise (e.g. by manual sorting or TGA 
on its own). However, results showed that simulated waste sam-
ples have different thermal behaviour to genuine waste samples. 
In order to overcome the barrier, the validation and verification 
of waste modelling needs to be conducted by analysisng genuine 
waste samples.

Conclusion

Here we provide a comprehensive review on the use of TGA as a 
tool for compositional analysis of WDM, focusing on SRF/RDF 
produced from MSW. For TGA-based compositional analysis of 
complex and inherent heterogeneous WDM, the investigation of 
the TGA thermogram of SRF/RDF as a mixture of components is 
a recommended approach. Specifically, a complex mixture of 
components at multiple levels including an assembly of waste 
items, materials, and chemical compounds is able to reveal over-
lapping degradation areas. We conclude that:

•	 (1) In SRF/RDF, the most prevalent waste items/materials 
(paper/cardboard, plastics, textiles and wood) are arbitrarily 
and loosely defined as they constitute sub-mixtures of a vari-
ety of components. The wood fraction presented a relatively 
uniform thermal behaviour, whereas paper/cardboard and 
textiles had a more variable decomposition profile due to the 
variety of materials and manufacturing processes applied in 
the paper and textile industries. However, the thermal behav-
iour of plastics was mainly investigated at the level of 

chemical compounds (polymers) indicating the importance to 
determine the thermal behaviour of SRF/RDF at this level.

•	 (2) The dominant polymers in SRF/RDF are biopolymers 
including cellulose, hemicellulose, and lignin (biomass) 
which can be found in biomass waste item categories (paper/
cardboard, wood, non-wood biomass for papermaking, and 
natural fibres) and fossil-based plastic polymers including 
PE, PP, PET, and PVC (plastics). Polyolefins and PET mainly 
represent plastic packaging and synthetic fibres, respectively, 
whereas PVC represents the Cl content in simulated SRF/
RDF samples. Xylan was found to be the most commonly 
used substitute for hemicellulose in thermal analysis of 
WDM.

•	 (3) The thermal stability of polymers depends on their macro-
molecular structure. Biopolymers present a more variable 
thermal behaviour than plastic polymers due to the variety of 
natural sources (e.g. wood species) and/or the extraction 
method (e.g. type of pulping). Lignin is the most heterogene-
ous biopolymer, whereas cellulose is the most homogeneous. 
However, the presence of additives in post-consumer plastic 
materials can considerably change the properties and conse-
quently the thermal stability of plastic materials in SRF/RDF.

•	 (3) Although TGA is one of the most widespread thermal ana-
lytical techniques, it is far from a standardised technique 
regarding assuring quality of SRF/RDF. The majority of TGA 
experiments of WDM were conducted under moderate condi-
tions indicating the difficulty of researchers to deal with both 
complex SRF/RDF composition (heating rate ⩽10°C and 
inert atmosphere) and the maintenance of uniform thermal 
conditions throughout the TGA experiment (sample mass 
⩽10 mg). Therefore, inert atmosphere, low heating rate 
(⩽10°C), sufficient temperature range for the material degra-
dation (maximum temperature ⩾750°C), and a representative 
amount of test portion depending on sample preparation are 
recommended for TGA compositional analysis of SRF/RDF. 
However, many studies omitted to report the sample mass 
indicating that no special attention is paid to this condition 
and therefore the inherent heterogeneity of solid waste might 
be underestimated. In addition, the inconsistency of units for 
the rate of weight loss in the literature did not allow to obtain 
comparable insights on the variability of thermal reactivity of 
commercial SRF/RDF samples.

•	 (4) Differences between the thermal behaviour of synthetic 
and genuine waste samples exist due to cross-contamination, 
the potential presence of interaction effects among waste 
components, and the presence of other unknown substances 
at low concentrations (e.g. extractives, additives, and adhe-
sives). Despite the existence of interaction effects among 
waste components (especially between cellulose and PVC), 
this research aspect is not well known yet, which presents 
contradictory claims.

•	 (5) The TG–DTG thermogram of SRF/RDF typically consists 
of two peaks arising from the degradation of biomass and 
plastic materials in a temperature range of 200–600°C. 
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Overlapping effects can occur in the following combinations: 
cellulose – hemicellulose and PE – PP and PET – polyolefins, 
while PVC and lignin overlap with all prevalent polymers. 
Fossil-based plastic polymers have quite similar decomposi-
tion profiles, except for PVC. The cellulose thermogram is 
similar to hemicellulose (xylan), whereas lignin has a com-
pletely differentiated thermal behaviour.

The main limitations of TGA use for compositional analysis are 
the presence of considerable overlapping degradation areas 
among the individual waste components, the uncertainty on the 
existence of interaction effects, and the difficulty to obtain repre-
sentative analytical results. However, simulation of TGA thermo-
grams of SRF/RDF by statistically designed experiments under a 
well-established sub-sampling plan along with applications of 
artificial intelligence can lead to TGA becoming a strong tool for 
composition identification of WDM.

Our critical analysis can be used to guide choices for TGA-
based compositional analysis of WDM, and it offers a basis for 
the development of quality assurance and control tools combin-
ing advanced thermo-analytical techniques (TGA–EGA) with 
advanced statistical data analytics.
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