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A B S T R A C T   

Wood waste and waste Polyethylene Terephthalate (PET) bottles are two of the solid wastes 
posing severe challenges to waste management facilities and constituting nuisance to humans and 
the environment in Nigeria due to poor management. These wastes could be utilized to produce 
solid biofuels for various energy applications to reduce CO2 emissions. This study, therefore, aims 
to investigate the potential of converting these wastes locally into solid waste-derived fuels 
(SWDF) briquettes in a bid to present an alternative approach to managing them. Four types of 
SWDF briquettes were produced from mixed wood waste and waste PET bottles in blend ratios of 
100:0, 60:40, 50:50, and 40:60 using a screw press briquetting machine with single extrusion die. 
The effect of PET plastic amount on different properties, such as net calorific value, ash content, 
durability, and density, of the produced briquettes was investigated. In addition, obtained results 
were compared with the quality standards of densified fuels specified by the European Pellet 
Council. to ascertain the quality of the produced SWDF briquettes. The results revealed that the 
SWDF briquettes made only from mixed wood waste exhibited the lowest calorific value (17.15 
MJ/kg) and highest ash content (2.74 %), while the SWDFs made from blends of mixed wood 
waste and PET bottles had higher calorific values (17.85–20.77 MJ/kg) and lower ash contents 
(1.05–1.37 %). Moreover, except for density and chlorine content (<750 kg/m3 and <0.03 wt% 
respectively), all the produced SWDFs complied with the quality standards of densified fuels 
specified by the European Pellet Council. These results suggest that these blends could yield 
SWDFs with improved quality and combustion properties, and could present a new way of 
managing these solid wastes.   

1. Introduction 

Sustainable management of municipal solid waste (MSW) has been among the most significant challenges bedeviling urban 
communities around the world. In Nigeria, like in several developing countries, MSW is posing a major problem to the environment 
and human health. Population growth, increased socio-economic and industrial activities as well as changes in lifestyle and con-
sumption pattern is being accompanied by an increase in per capita MSW generation rates [1,2]. The lack of coherent policy and vivid 
strategy for MSW management has exacerbated the challenge of managing MSW in the country [1,2]. Hence, indiscriminate dumping 
of wastes in dumpsites, street corners, roadsides, road medians, open spaces, around residential buildings, and drainage systems across 
the nation is common, resulting in flooding, an unsightly environment, and air pollution. 
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Since 2007, the yearly consumption of plastics in Nigeria has been increasing by 5 % per capita, rising from 4.0 kg in 2007 to 7.5 kg 
in 2020 [3]. About 80 % of these plastic wastes are poorly managed and indiscriminately discarded [4,5]. The use of Polyethylene 
Terephthalate (PET) bottles in packaging is quite popular and has dominated the consumer markets over the years, resulting in the 
generation of about 200 million waste PET bottles per day in Nigeria [6,7]. PET bottles account for a great fraction of plastic wastes 
generated and inundating in dumpsites and the environment across the country. This is because only a small fraction of them is 
harnessed for recycling by recycling companies and re-used in the local retail markets by small businesses to package their products 
like locally made beverages and dispense other products in smaller amounts The lack of a robust national policy on plastic waste 
management coupled with the nonchalant attitude of citizens to waste management [8,9], has seen waste PET bottles constituting a 
nuisance to animals, the environment, and humans in cities across the country. 

Another threat to waste management facilities in Nigeria is wood waste. Nigeria is endowed with vast hectares of forest and other 
wooded lands, about 11 million and 5.5 million hectares respectively [10]. A significant volume of wood waste is produced yearly in 
Nigeria from wood processing at the forests and wood industries across cities in the country. These include about 295 thousand tonnes 
per year in Lagos [11], about 1430 tonnes per day in Abeokuta [12], and an estimated 5.2 million tonnes per year from Nigerian 
sawmills [13]. These wood wastes are usually burnt in the open air at industrial sites or disposed into water bodies by industries 
located close to rivers, with adverse consequences to humans, animals, and the environment [14,15]. According to a study by Ref. [16], 
the number of wood wastes will constantly be on the increase in Nigeria; due to poor timber recouping at both the forests and wood 
processing industries, the use of antiquated instruments and manufacturing procedures, and increasing requests for wood and woody 
products in the country. 

To curtail the menace of MSW to public health and the environment in Nigeria, the country needs to upgrade its waste management 
policy to transcend “pick up the wastes and dump them in dumpsites” to include the adoption and implementation of engineering 
solutions that are designed to mitigate the number of wastes going to dumpsites as well as improve material recycling and energy 
recovery. Amongst the tenable engineering solutions is the concept of waste-to-energy in which MSW is transformed to solid biofuels 
such as solid waste-derived fuel (SWDF). This study therefore aims to contribute to sustainable solid waste management in Nigeria by 
investigating the potential of producing SWDFs from blends of wood waste and waste PET bottles. 

SWDF (or refuse-derived fuel (RDF)) is a densified fuel obtained from MSW/biomass after the non-combustible fractions (like 
metal, glass, etc.) have been removed. SWDF technology (or briquetting technology) involves compacting low-density and loose 
organic materials into densified solid biofuels of various shapes, mainly cylindrical. Fig. 1 shows the production process of SWDF. 

Besides contributing to keeping the environment clean, SWDF technology provides solid biofuels, with higher energy content than 
the municipal solid waste fractions [17], which can be used as substitute fuel in electrical power generation plants [18], cement kilns in 

Fig. 1. SWDF production process.  
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cement industries, and for cooking [19–22] to reduce CO2 emission. Several studies have demonstrated the feasibility of obtaining 
SWDF from MSW and biomass. The studies investigated the influences of certain parameters like feedstock properties, moisture 
content, size, and blend ratios, on the properties of SWDFs. Effects of other factors such as use of binders, production temperatures and 
die pressures were also investigated. Some of the studies considered different solid wastes such as palm kernel shells [23,24]), rice husk 
[25,26], Norway spruce [27], rice straw [28], corn stover [29], barley straw [30], Maize cob [31], wheat straw [32,33], sorghum 
stover [17], sawdust [21,34]. While Other studies considered blends of various MSW fractions and agro-wastes such as palm kernel 
shell and palm fibre [35], sawdust and wheat straw [36], sawdust and rice-powder wastes [37], charcoal and pinewood dust [38], 
bamboo and rice straw [39], rice husk and wheat straw [40], corn stover and switch-grass [41,42], hospital solid waste, plastic waste, 
and biomass [43], garden waste and Polyethylene Terephthalate plastic wastes [44], rice husk and bran [45], corncob and oil palm 
trunk bark [46], banana peels and sawdust [47], groundnut shells, rice husk, sawdust, and wastepaper [48], oil palm fibre and kernel 
meal residues [49], and corncob and rice husk [20]. 

Ajimotokan et al. [38] studied the combustion properties of SWDFs made from charcoal particles, pinewood sawdust and their 
blends using gelatinized cassava peels. They reported that different blend ratios of the raw materials had a considerable impact on 
every characteristic studied. The proximate and ultimate analyses, and calorific values of the obtained fuel briquettes revealed that 
they possess great combustion characteristics in contrast to the raw materials used. Therefore, they concluded that the obtained SWDFs 
could serve as a high-quality fuel for use domestically and in the industries. Liu et al. [39] reported the successful production of SWDF 
using bamboo and rice straw. The produced biofuels that had an ash content less than 8% and a calorific value greater than 17.5 
MJ/kg. Hence, they recommended the utilization of mixed solid wastes for the production of solid waste-derived fuels. Auprakul et al. 
[50] investigated the properties of SWDF produced from densification of mixed plastic wastes and corn stover at a pressure of 150 MPa. 
They concluded that mixing plastic wastes with corn stover improved the quality of the produced SWDFs in terms of physicochemical 
properties, higher calorific value and lower ash content than SWDFs produced from corn stover alone. The study observed that the 
optimum blend ratio of raw materials was 55:45. Manatural et al. [51] studied the combustion properties of SWDFs made from a 
mixture of waste polyethylene terephthalate and teak sawdust using a polyethylene terephthalate to sawdust ratio of 9:1. They 
discovered that briquetting at this ratio yielded SWDFs with uniform dimension that could be handled, stored, and transported as 
easily as woody briquettes. Furthermore, they concluded that the properties of the SWDFs made from blend of PET and teak sawdust, 
including a high calorific value of 19.20 MJ/kg, indicated that they were suitable for combustion. 

From the reviewed literature, it has been observed that specific species of wood waste has been shown to be viable raw materials for 
the production of quality SWDFs [21,34]. However, SWDFs produced from blends of wood waste with other types of waste have been 
shown to have higher calorific value, lower moisture content, lower ash content and more durability than SWDFs produced from wood 
waste alone [36,37]. Other studies have blended Polyethylene Terephthalate/other plastic wastes with wood waste/other solid wastes 
in a bid to enhance the properties of SWDFs [43–44, 51]. They reported that more of plastic waste percentage in SWDFs constantly 
increased their calorific value and durability while lowering their ash content. In these studies, the PET bottles were simply shredded 
into tiny pieces of at least 1 mm in size. 

From previous literature, it could be seen that the deployment of blends of mixed wood wastes (a mixture of wood wastes from 
various species of wood) and Polyethylene Terephthalate (PET) plastic wastes as raw feedstock for the production of SWDFs is yet to be 
investigated. Therefore, this paper presents the production of SWDFs from mixed wood waste and its blends with Polyethylene 
Terephthalate (PET) plastic wastes. For this, the effect of the PET plastic wastes amount on the energy content and other properties of 
the obtained solid waste-derived fuel was studied, in comparison with the quality standards of densified fuels specified by the Eu-
ropean Pellet Council. The method of waste PET bottles treatment to powder form is an additional novelty of this work. 

The remaining part of this article is structured thus; section 2 illustrates the materials and methods deployed in the work, in section 
3 the obtained results were discussed, and lastly, in section the concluding remarks from the work were presented. 

Fig. 2. (a) collected wood wastes from the workshop, (b) sieved wood wastes.  
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2. Materials and method 

2.1. Raw materials 

The materials used included wood wastes, waste PET bottles, cassava starch, water, a wooden spatula, a digital weighing scale, 
bowls, a bucket, a pot, a sieve of 2 mm mesh size, PET bottles pulverizing machine and a briquetting machine. 

2.1.1. Preparation of raw materials 
Wood wastes were obtained from the wood workshop at the Faculty of Engineering, University of Benin, Benin City, Nigeria. The 

wood waste collected is a mix of the wastes from the various species of wood utilized at the workshop. The collected wood wastes 
(Fig. 2a) were dried in the sun for a week to lower the moisture in the wood wastes. It was thereafter sieved to achieve uniform grain 
distribution using a 2 mm mesh sieve (Fig. 2b). 

The PET bottles were gathered by picking discarded PET bottles from waste bins in the faculty. The covers and labels of the 
collected PET bottles were removed to get a homogenous sample. The PET bottles were first heated at 260 ◦C to melt them, then the 
melted plastic was left to cool for about 3 min. Thereafter, the melted PET bottles were pulverized using a locally constructed plastic 
pulverizing machine. The machine crushed the melted plastic into powder (Fig. 3) to achieve uniform grain distribution. 

The binder used in this study was cassava starch gel. The gel was prepared by dissolving 50g of cassava starch in a bowl containing 
80 ml of cold water and mixing thoroughly to form cassava starch paste. 150 ml of boiled water was added to the paste and stirred 
thoroughly with a spatula to produce starch gel (Fig. 4). The starch gel was left to cool before application. 

2.1.2. Characterization of raw materials 
The physicochemical properties of the sieved wood wastes and pulverized PET bottles were analysed in accordance with the 

recommendations of the American Society of Testing Materials (ASTM). The ultimate analysis was conducted with a LECO CHNS 932 
analyser following the. 

ASTM D3176-15 [52] method. The proximate analysis was determined in line with the ASTM E870-82 [53] specification. The 
calorific value was determined using a LECO AC-350 bomb calorimeter following the ASTM D5865-13 [54] method. 

2.2. Production of solid waste-derived fuel (SWDF) 

The detailed procedure deployed for the production of the SWDFs is presented in Fig. 5. 
The pulverized waste PET bottles (PET) and sieved wood wastes (WW) were blended in four different proportions as shown in 

Table 1 to produce four SWDF types: A, B, C, and D. 
100g of each blend was carefully added to 10g of starch gel [23] in plastic buckets and stirred with a wooden spatula to obtain a 

homogeneous mixture. The mixture was then loaded into a pilot screw press briquetting machine to produce densified solid 
waste-derived fuel (SWDF). The briquetting machine has a single extrusion die. The compacted SWDF blends (Fig. 6) were sun-dried 
for 5 days. 

2.2.1. SWDF characterization and testing 
The quality of the dried SWDF types was assessed by evaluating their physicochemical properties, calorific values, bulk density, and 

durability. Obtained results were compared with the specified European standard for densified fuels [55]. Table 2 presents the 
specified European standard for essential properties of densified fuels. 

i. SWDF Durability: Durability (Sd) of the produced SWDF was determined based on mass loss of samples in accordance with ASAE 
Standard S269.4 [56]. Equal mass was weighed out from each SWDF type using a digital weighing scale and recorded. The weighted 

Fig. 3. Sample of pulverized plastic PET bottles.  
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Fig. 4. Cassava starch solution.  

Fig. 5. detail procedure for the SWDFs production process.  

Table 1 
Blends of different SDWF.  

SWDF Type Mixing ratios (wt%) 

SWDF-A 100 wt% WW and 0 wt% PET 
SWDF-B 60 wt% WW and 40 wt% PET 
SWDF-C 50 wt% WW and 50 wt% PET 
SWDF-D 40 wt% WW and 60 wt% PET  
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mass was placed in a vibrating sieve of screen size 3 mm and left for 15 min, after which, the SWDF was removed from the sieve, 
weighed again, and recorded. The test was conducted in triplicate for each SWDF type. The SWDFs’ durability was computed using 
Equation (1). 

Sd = 100 – [z /mi × 100] (1)  

where Sd is the SWDF durability (wt%), z is samples’ mass loss (g), and mi is samples’ initial mass (g).  

ii. SWDF Density: Mass to volume ratio was used to evaluate the density of the SWDFs according to the ASABE standard S269.4 
[56]. The SWDFs were weighed to determine their masses, their volumes were determined from their diameter and length, 
measured using a Vernier calliper. The analysis was conducted in triplicate for each SWDF type.  

iii. Calorific Value: The energy content of SWDF samples was determined with a LECO AC-350 bomb calorimeter following the 
ASTM D5865-13 [54] method. A sample weight of 1 g was placed inside the calorimeter sample cup with the aid of tweezers. A 
nickel fuse wire (10 cm) was connected to the electrodes. Thereafter, the sample cup was carefully positioned inside a cup 
holder, while the nickel wire was placed close to the sample but not touching it. The bomb was thereafter carefully filled with 
oxygen up to 30 atm before ignition. The lid of the calorimeter was closed and thereafter turned on by depressing the start 
button. After sometimes the calorimeter will ignite the SWDF samples and display the calorific value on the screen. Each 
experiment was conducted twice.  

iv. Physicochemical Properties: To determine the basic properties of the produced SWDF types, proximate and ultimate analyses 
were carried out. The proximate analysis of the fuels was determined in line with the ASTM E870-82 [53] specification. The 
ultimate analysis was conducted using a LECO CHNS 932 analyser following the ASTM D3176-15 [52] method. The proximate 
analyses were conducted to ascertain the percentages of volatile matter, ash, and fixed carbon respectively in the produced 
SWDFs. Ultimate analysis reveals the elemental composition of the materials. Generally, the major elements in these SWDFs 
include carbon, hydrogen, nitrogen, sulphur, oxygen, and chlorine. 

Fig. 6. Dried SWDF samples.  

Table 2 
Specified European standard for essential properties of densified fuels [55].  

Property Unit ENplus A1 ENplus A2 ENplus B 

Moisture content %wt (1) ≤10.00 
Ash content %wt (2) ≤0.70 ≤1.20 ≤2.00 
Mechanical durability %wt (1) ≥98.00 ≥97.50 
Net calorific value MJ/kg (1) ≥16.50 
Bulk Density kg/m(3) 600.00 ≤ Bd ≤ 750.00 
Nitrogen %wt (2) ≤0.30 ≤0.50 ≤1.00 
Sulphur %wt (2) ≤0.04 ≤0.05 
Chlorine %wt (2) ≤0.02 ≤0.03 

(1) As received. 
(2) dry basis. 
(3) a maximum of 1 wt% of the pellets may be longer than 40 mm, no pellets >45 mm are allowed. 
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a. Percentage moisture content (%MC) determination: 

Percentage moisture content was determined by weighing out a 10g of the SWDF sample and drying the sample in an open crucible 
inside an oven at 105 ◦C till no further change in mass was recorded. The percentage moisture content was thereafter determined using 
the change in mass of the sample and Equation 2 

%MC=
md

ms
× 100 (2)  

Where, MC = moisture content, md = change in mass of sample and ms = initial mass of sample(g).  

b. Percentage Volatile Matter: 

Volatile matter indicates the type of gases (both combustible and non-combustible) present in any solid fuel. The volatile matter 
(VM) percentage was ascertained by placing 10g of dried SWDF sample in a covered crucible and heated inside a muffle furnace at 
950 ◦C for 10 min. The sample was thereafter cooled in a desiccator and weighed. VM was then computed using Equation (3). 

%VM=
md − mc

md
× 100 (3)  

Where, md = change in mass of sample after oven drying and mc = mass of sample after heating in the furnace.  

c. Percentage ash content: 

Percentage ash content (%Ash) was determined by heating 10g of the SWDF samples in a muffle furnace at 600 ◦C for 45 min. The 
residue after heating the sample was cooled in a desiccator and weighed. %Ash was thereafter computed using Equation (4). 

%Ash=
ma

md
× 100 (4)    

d. Percentage fixed carbon: 

Fixed carbon is the residual solid portion of solid fuels after their volatile matter has been distilled off. Percentage fixed carbon (% 
FC) was obtained from the algebraic subtraction of the sum of %VM and %Ash from 100 as highlighted in Equation (5). 

%FC= 100 − (%VM+%Ash) (5)    

e. Ultimate Analysis: 

Ultimate analysis reveals the various elements (Carbon, Hydrogen, Nitrogen, Sulphur, and Oxygen) in solid fuels. Ultimate analysis 
was carried out in a a LECO CHNS 932 analyser CHNS analyser following the ASTM D3176-15 [52] method. Oven-dried SWDF samples 
was grinded into fine powder and kept in a desiccator before analysing in the a LECO CHNS 932 analyser. 

3. Results and discussions 

3.1. Physicochemical properties of raw materials 

Table 3 highlights the proximate and ultimate analyses as well as the calorific value (CV) of the raw materials (waste PET bottles 
and wood wastes) utilized in this study. It can be observed from the tabulated results that the PET wastes had lower moisture and ash 
contents compared to the wood wastes, but had higher percentages of volatile matter, chlorine, and calorific value than wood wastes. 
According to results reported by Refs. [57,58] the nature of the plastic material could be the reason for this. 

Table 3 
Physicochemical properties of the raw materials utilized in the study.  

Raw materials Proximate analyses (%wt) Ultimate analyses (%wt) NCV (MJ/kg) 

MC VM FC Ash C H O N S Cl 

PET 4.8 83.76 9.35 2.09 76.3 11.5 11.77 0.08 0.02 0.33 21.57 
WW 10.78 78.33 8.26 2.63 56.41 6.32 37.1 0.11 0.04 0.02 15.57  
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3.2. SWDF characteristics 

3.2.1. physicochemical properties 
Table 4 shows the physicochemical properties of the SWDF types (A–D) produced in this study. Results of the proximate analysis 

indicate that the SWDFs containing plastics had higher volatile matter than SWDF-A with no plastics They contained volatile matter 
within the range reported by Refs. [43,44]. Obtained fixed carbon ranged between approximately 7 and 10 wt%. SWDF-B was 
observed to have the lowest percentage of fixed carbon, while SWDF-D had the highest percentage of fixed carbon. Usually, after heat 
processes, a portion of the carbon in PET plastics is converted to fixed carbon [44,59], this could be the reason for the observed fixed 
carbon content of the produced SWDFs B-D. 

Mixing ratios of PET plastics and wood wastes have a huge influence on the moisture content of the produced SWDF (Table 4). 
Wood wastes contain moisture in their pores, so it is difficult to evaporate, unlike plastics that have it on their surfaces [59]. The more 
the amount of PET plastics in the blend, the lower the water content as indicated in Table 4. A similar trend was reported by Refs. [43, 
44]. This is due to the low moisture content in PET plastics, so when mixed with wood wastes, it affects the moisture content of the 
finished product. The produced SWDF types satisfied the European standard requirement of less than 10 % moisture content value. 

Table 4 also presents the outcomes of the ultimate analyses. The levels of carbon, hydrogen, and oxygen in the SWDFs were 
approximately between 55 and 61 wt%, 5 – 6 wt%, and 34 - 38 wt% respectively. Similarly, the percentage of nitrogen and sulphur 
varied among the SWDFs from 0.06 to 0.1 wt% and 0.02–0.08 wt% respectively. Nevertheless, all the SWDFs met the required Eu-
ropean standard for nitrogen and sulphur limits. The nitrogen and Sulphur contents were substantially low. This implies low emissions 
of oxides of nitrogen (NOx) and sulphur (SOx) could be expected when these SWDFs are used as fuel in combustion or co-combustion 
processes. Higher chlorine amount was observed in SWDF-C and SWDF-D, probably due to the higher amount of PET plastics in them, 
as equally observed in the study by Ref. [50]. Hence, SWDF-C and SWDF-D didn’t meet the required European standard for chlorine 
levels. 

3.2.2. Ash content 
Results in Table 4 show that the more the amount of PET plastics in the SWDF, the lower the ash content. The required European 

standard for densified fuels specified that the amount of ash in solid fuels must not exceed 2 wt%. Except for SWDF-A, other SWDF 
types met the European standard specification. Liu et al. [39] reported that the combustion process and composition of feedstocks 
influence the percentage of ash in SWDF. PET plastics had very low ash content, while wood waste exhibited a higher ash content than 
PET plastics as revealed by the proximate analysis (Table 4). From Table 4, SWDF-A with the highest wood wastes proportion had the 
highest ash content (2.74 %), while SWDF-D with the highest PET plastics proportion had the lowest ash percent (1.05 %). This is an 
indication that the low ash content of the PET plastics influenced the final ash content of the SWDF types. A similar trend was also 
reported by Refs. [43,44]. 

3.2.3. Net calorific value 
Moisture levels of fuels directly influence their energy content. Hence, higher moisture levels lead to a decrease in calorific value 

[60], and this distinguishes the combustibility of fuels. Furthermore, Nath et al. [32] reported that the raw material composition of 
SWDF profoundly affects its calorific value. Table 4 highlights the SWDFs net calorific values (NCV) obtained in this study. From 
Tables 4 and it could be seen that the higher the amount of wood waste in the mixture, the lower the calorific value. This is due to the 
moisture content of wood waste, thereby resulting in a decrease in the calorific value, which concurs with the findings of [61]. 
Conversely, the higher the percentage of PET plastics in the SWDF, the higher the calorific values. This agrees with the findings of [43, 
44,50,51,62], that the addition of plastic waste can increase the calorific value of solid waste-derived fuel. Furthermore, it can be seen 
that the calorific value of the wood waste briquette was increased when PET plastic was added. Similar findings were reported by Refs. 
[63,64]. They found that SWDF made from mixed paper had low calorific value due to high ash content. However, when plastics were 
blended with the mixed paper, the properties of the resulting SWDFs were improved. In this work, all SWDFs had calorific values 
(≥16.5 MJ/kg) and satisfied the required European standard for densified fuels. 

3.2.4. SWDF durability 
Durability is essential to ascertain the quality of SWDF. High durability has been linked to high-quality SWDFs [47,65]. In this 

study, durability was used as a factor to ascertain the strength of the produced SWDFs. The durability values obtained for the different 
types of SWDF are highlighted in Table 5. 

The produced SWDFs exhibited high durability (≥96.5 wt%), when compared with the specified European standard for densified 
fuels. All the SWDFs contained a high amount of wood waste, which accounted for the high durability obtained in this study. SWDF-D 
with wood waste and PET plastic ratio of 40:60 had the lowest durability, while SWDF-A with 100:0 of mixed wood waste and PET 
plastics exhibited the highest durability. It can be deduced that more PET plastic decreases durability under similar conditions. 
Additionally, wood waste has fiber, protein and lignin that can enhance pellet durability. This implies that SWDF with high content of 
biomass (wood waste) should be more durable. This agreed with the findings by Refs. [43,50,51]. 

3.2.5. SWDF density 
In evaluating the properties of densified biofuels, density plays a crucial role in ascertaining their quality, storage space re-

quirements, handling efficiency, and transportation costs, according to several national standards [53,66,67]. The mean values of 
density obtained for the various SWDF types are listed in Table 5. SWDF-C and SWDF-D were found to comply with the specified 
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European standard for densified fuels, while SWDF-A and SWDF-B did not. SWDF-A was found to have the lowest density (565.81 
kg/m3) while SWDF-D had the highest density (664.83 kg/m3). This indicates that the increasing amount of PET plastics in the blend 
increases the SWDF density. These findings were in contrast to those obtained by Refs. [43,50], who reported a decrease in SWDF 
density with increase in plastic content. 

4. Conclusions 

Solid waste-derived fuel (SWDF) was successfully produced from the combination of mixed wood waste and waste PET bottles. Four 
types of SWDFs were made by blending different percentages by weight of mixed wood waste and waste PET bottles. The quality of 
produced SWDFs was ascertained and compared with the specified standards for densified fuels set by the European Pellet Council. 
Obtained results revealed that, except for chlorine content, the produced SWDF types (A, B, C and D) all satisfied the specified 
standards for densified fuels set by the European Pellet Council with regard to the analysed properties (calorific value, ash content, 
durability and density). SWDF-A and SWDF-B exhibited chlorine contents lower than the specified European standard, making them 
more suitable than SWDF-C and SWDF-D as fuel, especially for indoor cooking purposes. The low chlorine content and high net 
calorific value showed by SWDF-B make the blend (60:40) more attractive for use as fuel for energy, and hence is recommended for 
further consideration. The results from this work indicate that SWDF can be successfully obtained from blends of mixed wood waste 
and waste PET plastics. This study presents a new method to manage and utilise municipal solid wastes, especially mixed wood waste 
and waste PET bottles, in a sustainable manner. 
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Table 4 
SWDF physicochemical characteristics and net calorific value.  

SWDF Types Proximate analyses (%wt) Ultimate analyses (%wt) NCV MJ/kg) 

MC VM FC Ash C H O N S Cl 

SWDF-A 9.32 80.69 7.25 2.74 55.34 6.11 38.43 0.1 0.02 0 17.15 
SWDF-B 8.32 81.98 8.33 1.37 57.26 6.01 36.59 0.1 0.02 0.02 17.85 
SWDF-C 5.64 83.78 9.4 1.18 59.82 5.15 34.74 0.07 0.01 0.21 19.88 
SWDF-D 3.85 85.15 9.95 1.05 60.95 4.77 33.93 0.06 0.01 0.28 20.77 

*MC is moisture content, VM is volatile matter, and FC is fixed carbon. 

Table 5 
Average values of durability and density of SWDF types ± SD.  

SWDF Type Durability (Sd) wt% Bulk Density, Bd (kg/m3) 

SWDF-A 97.90 ± 0.02 565.81 ± 0.36 
SWDF-B 97.50 ± 0.02 579.96 ± 0.41 
SWDF-C 96.60 ± 0.01 636.54 ± 1.41 
SWDF-D 96.50 ± 0.03 664.83 ± 1.41 

*SD signifies standard deviation. 
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