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Abstract
The conversion of waste to energy through briquetting has the potential for providing energy, while simultaneously 
reducing wastes and their environmental health risks. The current study developed and evaluated high-energy fuel 
briquettes from mixtures of coal dust, biowastes and postconsumer plastics. Five waste mix ratios (wt%) of coal dust 
(C), postconsumer plastics (P) and sawdust (S) were tested: (1) C50-40–S10, (2) C-60–P30–S10, (3) C70–P20–S10, (4) 
C-80–P20–S0 and (5) C-80A–P0–S20. Waste mix ratio had a significant effect (p < 0.05) on water absorption, shatter 
index, compressive strength and energy values, but had no effect on density. The densities (1.1–1.3 g/cm3) and shat-
ter indices (94–98%) of all briquettes conformed to international standard specifications for fuel briquettes, indicating 
that the briquettes had acceptable handling properties. A waste mixture ratio of 50% coal dust, 40% plastics and 10% 
sawdust (C50–P40–S10) produced a briquette with the best overall combination of handling and energy properties. The 
high-energy briquettes had calorific values of 26.5–33.8 MJ/kg, which were significantly higher than or comparable to 
the maximum values reported for high-energy coal (27 MJ/kg), while the compressive strength was 0.7 MPa. Potential 
applications of the briquettes include (1) household and institutional heating and cooking and (2) industrial heating in 
kilns, furnaces, smelters, curing and drying of crops (e.g., tobacco barns. Further work is required to address the following: 
(1) evaluation of the detailed physicochemical, combustion and emission properties, (2) optimization of the briquetting 
process, (3) cost estimation of the briquettes relative to existing competing solid fuels and (4) comparative performance 
evaluation of the briquettes versus conventional solid fuels in the various applications.
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1 Introduction

Sub-Saharan Africa (SSA) experiences severe shortages 
of energy and relies on biomass fuels for household 
heating and cooking [23, 35]. The over-reliance on bio-
mass fuels partly accounts for the severe deforestation 
in SSA. Yet SSA generates large quantities of energy-rich 
biowastes and industrial and municipal solid wastes, 
posing significant human and environmental health risks 
[17, 29]. In terms of biomass availability, in Zimbabwe 
alone, approximately one million tonnes of dry biomass 
were burnt in 2012, resulting in the production of 70 
tonnes of nitrogen dioxide and 2700 tonnes of methane 
[46]. Here, we posit that waste-to-energy systems have 
the potential to address the energy and waste problems, 
which constitute a waste-energy nexus.

The conversion of waste to energy has recently 
attracted a lot of research attention in both developed 
and developing countries. Literature on waste-to-energy 
systems is dominated by studies on the pyrolysis and gasi-
fication of coal dust, plastics and biowastes as individual 
materials to produce liquid and gaseous fuels [21, 36]. 
Although solid wastes may contain high chemical energy, 
their application as fuel sources is constrained by their 
loose nature, which implies low energy value per unit vol-
ume, high transport costs and poor handling properties 
[51]. Briquetting of waste materials into solid fuels has the 
potential to overcome these challenges and enable the 
use of wastes as precursor materials for the production 
of solid fuels [10]. Briquetting is a densification process 
in which pressure is applied to loose precursor materials 
with or without a binder to obtain a compact, durable and 
high-quality solid fuel [4]. Briquetting reduces the costs 
of handling, transportation and storage and increases the 
volumetric calorific values by increasing the bulk density 
and reducing moisture content [26, 44]. The strength and 
energy properties of the briquettes depend on various fac-
tors, including (1) solid/binder ratio, (2) pressing pressure 
and time and (3) properties of the precursor materials [4, 6, 
51]. To date, some studies have investigated the develop-
ment and evaluation of fuel briquettes using biomass [4, 
20], but biomass briquettes tend to have low fixed carbon 
and low energy values [17]. A few studies have developed 
and evaluated briquettes from coal wastes [10, 41, 51]. 
However, limited data exist on the handling and energy 
properties of fuel briquettes incorporating various waste 
mixtures such as coal dust, biowastes and postconsumer 
plastics. Moreover, the capacity of low pressing pressures 
typical of manual presses and low-cost binders such as 
molasses to produce high-energy briquettes with accept-
able handling properties from such complex waste mix-
tures remains poorly understood.

In SSA, waste-to-energy systems for decentralized 
energy provisions such as the production of fuel briquettes 
from wastes should fulfill the following preconditions: (1) 
use low-cost equipment such as manual presses that can 
be fabricated locally using readily available materials, (2) 
should be operated without electricity, which is in short 
supply and often unreliable, (3) should require minimum 
skills to operate and maintain, (4) the precursor waste 
materials should be readily available for free or at a low 
cost and (5) the energy value of the briquettes should be 
similar to or higher than that of conventional solid fuels 
such as charcoal, firewood or coal. In this regard, waste-
to-energy systems that generate liquid and gaseous fuels 
via pyrolysis [40] that require complex reactor designs and 
control systems may not be ideal in SSA.

In the current study, we developed and evaluated the 
energy and handling properties of fuel briquettes incor-
porating various mixtures of coal dust, biowastes and 
postconsumer plastics using molasses as a binder. We 
hypothesized that (1) high-energy fuel briquettes with 
higher energy values than conventional solid fuels (e.g., 
firewood, coal) can be developed from waste mixtures 
using a manual press, and (2) the handling properties of 
the fuel briquettes will conform to engineering specifica-
tion. The rationale for these hypotheses is that (1) solid 
wastes such as postconsumer plastics have higher calo-
rific energy (e.g., 43.3–46.5 MJ/kg) than conventional solid 
fuels [49], and (2) briquetting of granular materials mixed 
with binders such as molasses has been reported to pro-
duce solid fuels with acceptable handling properties rela-
tive to precursor materials [51]. For example, coal dust and 
biowastes such as sawdust have energy values as high as 
34 MJ/kg and 17.4 MJ/kg, respectively [4, 24]. In addition, 
plastics easily undergo combustion as attested by anecdo-
tal evidence showing their frequent use to start domestic 
fires in Africa. The objectives of the current study were: 
(1) to develop and fabricate high-energy fuel briquettes 
consisting of various waste mix ratios, (2) to evaluate the 
handling and calorific properties of the fuel briquettes 
relative to specifications and (3) to highlight the potential 
applications of the briquettes in waste-to-energy systems 
in sub-Saharan Africa.

2  Materials and methods

2.1  Precursor waste materials

The three precursor waste materials were: (1) coal dust 
(C), (2) postconsumer plastics (P) in the form of polyeth-
ylene terephthalate (PET) bottles and (3) biowastes in 
the form of sawdust (S). Coal dust was obtained from a 
coal mining and processing plant in Hwange Colliery 
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and was purchased from Harare Thermal Power Station 
in Harare, Zimbabwe. The coal is mined from the Karoo 
coal deposits located in Hwange area in the mid-Zambezi 
Basin, which hosts large coal reserves in Zimbabwe [39]. 
The coal from the Hwange which was used in the current 
study has the following characteristics [31, 33]: calorific 
value: 25.4–35.0 MJ/kg, ash content: 54.7%, fixed carbon: 
23.5%, low sulfur content: 0.99% and dry ash volatile mat-
ter: 26.3%.

The PET plastics were obtained from PETRECOZIM, 
a private company that recycles PET bottles and other 
plastics. At PETRECOZIM, PET plastics are first washed 
using hot water, dried and then crushed into 144 mm2 
flakes (average dimensions: 12 mm × 12 mm). Thereaf-
ter, the PET flakes are then washed in hot water (90 °C) 
to remove residual grit and dirt and then dried. Sawdust 
was obtained from a wood workshop at the University of 
Zimbabwe campus in Harare. All precursor materials were 
further dried for 24 h before use. Coal dust and sawdust 
were passed through a 2-mm sieve to remove large parti-
cles, while waste plastics were used as obtained.

2.2  Overview of experimental work

The experimental work was conducted following the 
sequential steps summarized in Fig. 1. Briefly, this involved: 
(1) determination of waste mix ratios, (2) fabrication of 24 

briquette specimens and their subsequent preliminary 
evaluation to determine those with acceptable shatter 
indices, (3) fabrication of five briquette specimens with 
acceptable shatter indices and subsequent detailed evalu-
ation of handling properties and (4) determination of the 
calorific/energy values of three briquette specimens with 
the best handling properties. Note that the number of bri-
quettes was systematically reduced from 24 (step 2), to 5 
(step 3) and then 3 (step 4) based on testing results at each 
stage. This approach was motivated by the fact that the 
detailed evaluation of a large number of specimens (i.e., 
24) is cumbersome, time-consuming and costly. Thus, the 
systematic reduction of specimens at each step was meant 
to overcome this limitation, while achieving the desired 
high-energy briquettes.

2.3  Preliminary determination of mix ratios

A preliminary factorial experiment consisting of six waste 
mix ratios and four solid/binder ratios was conducted to 
determine the best combinations. The five preliminary 
waste mix ratios (wt%) of coal dust (C), waste plastics 
(P) and sawdust (S) were tested: (1) C60–P30–S10, (2) 
C50–P40–S10, (3) C70–P20–S10, (4) C80–P20–S0 and 
(5) C80–P0–S20. These mix ratios were selected based 
on their theoretical energy values (Eq. 1). The four solid/
binder ratios investigated were 10%, 15%, 20% and 25% 

Fig. 1  A flow diagram highlighting the key sequential steps in the development and evaluation of high-energy fuel briquettes
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molasses. These mix ratios gave a total of 24 briquette 
specimens, each replicated three times to give a total 
of 72 specimens. Replicated (3) briquettes consisting of 
single-precursor waste materials were included as con-
trols, giving an overall total of 81 briquettes.

The five waste mix ratios were determined to give 
fuel briquettes with theoretical energy values similar to 
or higher than that of conventional solid fuels (i.e., fire-
wood, coal). To achieve this, the following energy values 
of the three precursor waste materials were obtained 
from the literature: (1) 25 to 35 MJ/kg for coal dust [31, 
33], (2) 43.3 to 46.5 MJ/kg for waste plastics [49] and (3) 
16.8–19 MJ/kg for sawdust [42]. The theoretical energy 
value of the resultant briquette was calculated as the 
sum of the product of the energy value and dry mass of 
waste in the briquette specimen (Eq. 1):

where Eb is the theoretical energy value of the resultant 
fuel briquette and Ei and Wi are the estimated energy val-
ues and proportion (wt %) of each precursor waste mate-
rial in the briquette, respectively.

2.4  Fabrication and preliminary evaluation 
of briquettes

The 81 briquette specimens were fabricated by mixing 
the appropriate waste mix ratios. The corresponding 
volume of molasses (binder) was then added to achieve 
the target solid/binder ratio. The solid/binder mixtures 
were then thoroughly mixed by hand. The briquette 
specimens were fabricated using a locally made manual 
press (Fig. 2). The manual press had a mold with internal 
dimensions that produced briquettes with a rectangular 
prism shape (225 mm length × 105 width × 65 mm thick-
ness). For each briquette specimen, 2.5 kg of the waste 
mixture was placed in the mold, and ten blows were then 
applied using a manual press. The briquettes were then 
demolded from the mold and air-dried for seven days 
before preliminary testing.

During preliminary testing, only shatter index of the 
briquettes was measured as an indicator of handling and 
strength properties. Evaluation of shatter index of the 
27 specimens yielded only five briquettes conforming 
to international standards for fuel briquettes (i.e., shat-
ter index ≥ 90%). All the five briquettes with acceptable 
shatter indices had a binder/solid ratio of 25%. Table 1 
presents the waste mix ratios of the five briquettes, 
which were subjected to detailed evaluation (Sect. 2.5).

(1)Eb =

i=3
∑

i=1

Ei ×Wi

2.5  Detailed evaluation of briquette properties

Shatter index, density, water absorption, compressive 
strength and energy values were determined to evalu-
ate the strength, water resistance and energy properties 
of briquettes. The measurement procedures for each of 
the five parameters were destructive. Therefore, for each 
of the five briquette specimens, three replicates were 
fabricated for each of the five properties, giving a total 
of 75 briquettes. All tests were conducted using standard 
procedures described in the literature (i.e., British Stand-
ards (BS), ASTM). Handling and water absorption proper-
ties were determined in laboratories in the Departments 
of Civil Engineering, and Soil Science and Agricultural 
Engineering, while calorific values were determined at 
the Institute of Mining Research at the University of Zim-
babwe campus in Harare.

2.5.1  Strength properties

The shatter index was determined using the drop test in 
accordance with BS 1016-108-108.1:1992 [11]. The initial 
mass of the briquette was measured, and the briquette 
was placed in a closed container. The container was then 
subjected to gravitational fall three times at a constant 
height of 2 m. The contents of the container were passed 
through a 2.36-mm sieve, and the mass of the briquette 
retained on the sieve was recorded. The shatter index 
was calculated as follows (Eq. 2):

where K is the shatter index (%), Bz is the mass of the bri-
quette retained (kg) and B is the initial mass of the bri-
quette (kg).

The compressive strength values were determined 
according to BS EN 12390–3:2009 [14] using a compres-
sion testing machine equipped with a digital reader at 
a load rate of 0.05 N/mm2/s. Compressive strength (CS) 
was calculated according to Eq. (3):

where CS is the compressive strength (MPa), F is the maxi-
mum compressive force applied (kN) at the point of bri-
quette failure and A is the surface area of the briquette 
 (m2).

Density (ρ, kg  m−3) was determined according to 
ASTM-D2395 as the ratio of the mass (M, kg) to the 

(2)K =
Bz

B
× 100

(3)S =
F

A
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corresponding volume (V,  m3) of briquette specimens 
(Eq. 4):

Fig. 2  Precursor waste materi-
als (a), manual press (b), 
fabricated high-energy fuel 
briquettes (c) and their surface 
and internal morphological 
characteristics of briquettes (d 
and e)

Table 1  Waste mix ratios (wt%) 
of fuel briquette specimens 
conforming to standard 
specification for shatter index. 
All specimens had a binder/
solid ratio of 25% (wt)

# Coal dust (C) Plastic waste 
(P)

Sawdust (S) C–P–S mix ratio Briquette acronym

1 60 30 10 1:6:3 C60–P30–S10
2 50 40 10 1:5:4 C50–P40–S10
3 70 20 10 1:7:2 C70–P20–S10
4 80 20 0 0:8:2 C80–P20–S0
5 80 0 20 2:8:0 C80–P0–S20
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2.5.2  Water resistance properties

Water absorption was measured according to BS EN 13523-
25:2014 [13] to evaluate the resistance to water/humidity 
during storage and transportation. The initial dimensions 
of the briquettes were measured. The briquettes were then 
immersed in water for 10 min, and their dimensions were 
measured thereafter. The water absorption (R) was calcu-
lated as ratio of the change in dimensions after immersion 
to the initial dimensions (Eq. 5):

where R is the water absorption (%), ∆x is the change in 
dimensions after water immersion (m) and x is the initial 
dimensions before immersion (m).

Based on the water absorption results, two briquettes 
(C60–P30–S10 and C80–P0–S20) were discarded because 
they had water absorption exceeding the maximum 
acceptable value of 30%. Thus, only three briquettes, 
namely C50–P40–S10, C70–P20–S10 and C80–P20–S0, 
were taken to the next stage for the determination of calo-
rific values (Sect. 2.4.3).

2.5.3  Energy/calorific values

The energy values were determined for three briquettes 
(C50–P40–S10, C70–P20–S10 and C80–P20–S0) using a 
digital bomb calorimeter (IKA C5000) in accordance with 
BS 7420:1991 [12]. Briefly, a known mass (1 g) of the bri-
quette was placed into a crucible and placed in the bomb 
calorimeter, and then ignited. A known volume of distilled 
water was then poured into the base of the bomb which 
was charged with oxygen to 2500 kPa. The energy values 
were directly read from the digital calorimeter.

2.5.4  Indicative energy balance analysis for briquettes

In the current study, the energy required to produce the 
briquettes was not directly quantified. Energy requirement 
for briquetting is a critical parameter, but this aspect was 
inadvertently overlooked; hence, this was beyond the 
scope of the current study. Lacking experimental data, 
indicative energy requirements were estimated based on 
the literature [42]. Therefore, based on published data for 
the drying and crushing (plastics) of precursor materials 
and subsequent briquetting, an indicative energy bal-
ance analysis for the briquettes was conducted. Specifi-
cally, the following estimated energy requirements were 

(4)� =
M

V

(5)R =
Δx

x
× 100

used: (1) 2.25 MJ/kg for drying of each precursor material, 
(2) 0.41 MJ/kg for crushing waste plastics and (3) 0.04 to 
0.10 MJ/kg for briquetting [42]. For each briquette, the 
energy value for each process was adjusted accordingly 
to account for the proportion (wt%) of each precursor 
waste material. Using data on total energy used, and the 
energy values of the briquettes, the following ratios were 
estimated: (1) energy used to energy gained, and (2) net 
energy gained to total energy consumed. These ratios are 
proxy indicators of whether converting the waste mix-
tures into briquettes results in overall negative or positive 
energy balance.

2.6  Data analysis

The experimental design and subsequent data analysis 
used in the current study were based on univariate sta-
tistics. First, the Kolmogorov–Smirnov and Levene tests 
were used to evaluate the normality and homogeneity 
of data on briquette properties, respectively. Then, data 
obeying these two assumptions were subjected to a one-
way analysis of variance (ANOVA) to determine the effects 
of waste mix ratios on the properties of briquettes. Data 
that violated the ANOVA assumptions were either trans-
formed to attain normality and homogeneity of variance 
or analyzed using the nonparametric Kruskal–Wallis test. 
The least significant difference (LSD) was used to sepa-
rate means in cases where significant differences were 
observed. A one-sample t test was used to compare the 
observed mean data on briquette properties to standard 
specifications and values in the literature for conventional 
solid fuels such as coal, charcoal and firewood. All data 
analyses were done using SPSS version 16 at a probability 
level (p) of 0.05. All summary data on briquette properties 
are presented as the average ± the standard error of the 
mean of three replicates.

3  Results

3.1  Prototypes of fuel briquettes

Figure 2c, d, e shows specimens of the high-energy fuel 
briquettes developed for detailed evaluation. The bri-
quettes had a rectangular prism shape and showed no 
evidence of deformation or cracks even after curing. The 
cured briquettes were dense and easy to handle, with no 
evidence of flaking or disintegration during handling. 
These observations generally indicate that the manual 
press and waste mix ratios investigated in the current 
study can be used to produce briquettes with acceptable 
handling properties. These visual observations were con-
sistent with the results of strength properties (Sect. 3.2).
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3.2  Strength properties of briquettes

Shatter index varied significantly (p = 0.002) among 
the briquettes containing the various waste mix ratios 
(Fig. 3); 70% coal dust, 20% plastics and 10% sawdust 
(C70–P20–S10) and 80% coal dust, 0% plastics and 20% 
sawdust (C80–P0–S20) gave briquettes with significantly 
higher shatter indices than those containing 60% coal dust, 
30% plastics and 10% sawdust (C60–P30–S10) and 50% 
coal dust, 40% plastics and 10% sawdust (C50–P40–S10). 
However, all briquettes had shatter indices above the mini-
mum acceptable value of 90% [10].

The densities of the briquettes were statistically similar 
(p = 0.071) among the various waste mix ratios (Fig. 4). All 
briquettes had high densities (1.1–1.3 g/cm3), which were 
about two times higher than minimum acceptable value 
of 0.6 g/cm3 [54]. This indicates the manual press provided 
adequate compressive stress to increase the density of the 
loose precursor materials.

The waste mix ratios had a significant effect (p < 0.001) 
on the compressive strength of briquettes (Fig. 5). The 
compressive strength significantly decreased in the order: 
C80–P20–S0 followed by C50–P40–S10 and C70–P20–S10, 
then C60–P30–S10 and lastly, C80–P0–S20. The compres-
sive strength values were marginal compared to the ideal 
value of 1.0 MPa for high-quality fuel briquettes [10]. Com-
parison of Figs. 3 and 4 versus Fig. 5 shows that the effects 
of waste mix ratios on compressive strength were more 
pronounced than on density and shatter index.

3.3  Water absorption properties

Waste mix ratios had a pronounced and significant effect 
(p < 0.001) on water absorption properties of briquettes 
(Fig. 6a). Three briquettes (C50–P40–S10, C70–P20–S10 
and C80–P20–S0) had acceptable water absorption values 
(< 30%) [4]. The water absorption of the three briquettes 
significantly decreased in the order: C50–P40–S10, then 
C70–P20–S10 and lastly C80–P20–S0. The remaining two 
briquettes (C80–P0–S20 and C60–P30–S10) had signifi-
cantly higher water absorption than the other three bri-
quettes. Moreover, the water absorption values for these 
two briquettes exceeded the maximum acceptable values 
for fuel briquettes. Figure 6b shows a significant inverse 
linear relationships between water absorption (WA) and 
compressive strength (CS) ( WA = −74.2 × CS + 70.6 ; 
r2 = 0.84, p < 0.001). This indicates that briquettes with low 

Fig. 3  Effect of different mix ratios (wt%) of coal dust (C), waste 
plastics (P) and sawdust (S) on shatter index of fuel briquettes. In 
all figures, data shown are mean ± the standard errors of the means 
of three replicates, while different letters indicate significant differ-
ences at a probability level p = 0.05. The minimum shatter index for 
fuel briquettes according to British standard is shown by horizontal 
line

Fig. 4  Effect of different mix ratios (wt%) of coal dust (C), waste 
plastics (P) and sawdust (S) on density of fuel briquettes. The mini-
mum density for fuel briquettes according to British standard is 
shown by horizontal line

Fig. 5  Effect of different mix ratios (wt%) of coal dust (C), waste 
plastics (P) and sawdust (S) on compressive strength of fuel bri-
quettes. The minimum compressive strength for fuel briquettes 
according to British standard is shown by horizontal line
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compressive strength absorbed more moisture than those 
with higher compressive strength values.

3.4  Energy values of briquettes

Waste mix ratios had a significant effect (p = 0.041) on 
the energy value of the briquettes (Fig. 7). A briquette 
consisting of 50% coal dust, 40% waste plastics and 10% 
sawdust (C50–P40–S10) had significantly higher energy 
values than the other two briquettes. The energy values 
of C70–P20–S10 (26.5 MJ/kg) and C80–P20–S0 (27.9 MJ/
kg) were approximately two times higher than those of 
low-energy coal (~ 15 MJ/kg), but similar to that of high-
energy coal (27.9 MJ/kg). The energy value (33.8 MJ/kg) of 
the best briquette (C50–P40–S10) was significantly higher 
than that of high-energy coal. In terms of energy value, 

water absorption and strength properties, C50–P40–S10 
was the best overall briquette.

3.5  Indicative energy balance analysis 
for briquettes

Based on the estimated energy used for drying (2.25 MJ/
kg), crushing of plastics (0.41  MJ/kg) and briquetting 
(0.04–0.10 MJ/kg), the total energy consumed ranged 
from 2.29 to 2.51 MJ/kg (Table 2). C50–P40–S10 had the 
highest total energy, followed by C70–P20–S10 and then 
C80–P20–S0. As expected, higher total energy used for 
briquetting C50–P40–S10 than the other briquettes was 
attributed to the energy required for crushing a relatively 
high proportion of plastics (40%). The total energy for the 
production of briquettes accounted for just 7–9% of the 
energy value of the briquettes (26.5–33.8 MJ/kg), giving 
net energy gained of 24.07 to 31.35 MJ/kg (Table 2). Thus, 
the conversion of the waste mixtures to high-energy fuel 
briquettes increased the net energy gained by factors 
of 9.9 to 12.7. Overall, the briquettes have a positive net 
energy balance, equivalent to approximately one order of 
magnitude relative to total energy used (Table 2).

4  Discussion

4.1  Development and fabrication of briquettes

The development of fuel briquettes from nonconventional 
precursor materials could be cumbersome and time-con-
suming due to the need to develop and evaluate a large 

Fig. 6  (a) Effect of different mix ratios (wt%) of coal dust (C), waste 
plastics (P) and sawdust (S) on water absorption of fuel briquettes. 
The maximum water absorption for fuel briquettes according to 
British standard is shown by horizontal line. (b) Inverse linear rela-
tionship between water absorption and compressive strength

Fig. 7  Effect of different mix ratios (wt %) of coal dust (C), waste 
plastics (P) and sawdust (S) on the energy values of fuel briquettes. 
The average maximum and minimum energy values of coal are 
shown by the horizontal lines
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number of briquette specimens with various waste mix 
ratios (i.e., a total of 81 in this case). To overcome this draw-
back, a sequential protocol was developed for the rapid 
determination of appropriate waste mix ratios of coal dust, 
biowastes and waste plastics, giving briquettes with high 
energy values and adequate handling properties. In this 
protocol, briquettes failing a given criterion at each stage 
were disregarded in subsequent steps. This generic pro-
tocol was considered ideal for developing regions such 
as SSA, because it enables rapid prototyping and saves 
resources, time and effort.

The use of readily and freely available waste materi-
als and a locally made manual press was motivated by 
the need to demonstrate the feasibility to develop high-
energy fuel briquettes using locally available resources. 
The manual press used in the current study can be fabri-
cated from scrap metal, and its estimated cost is approxi-
mately US$50. Manual hand presses similar to the one 
used in this study attain compressive pressures of approxi-
mately 0.05–4 N/mm2 [1, 34] compared to 15 N/mm2 for 
automated press systems [8]. The use of a manual press 
was motivated by the fact that some of the target end 
users of the technology in SSA (i.e., households, coop-
eratives, small-scale enterprises) often lack access to elec-
tricity, which is often expensive and unreliable. This is in 
contrast to automated press systems, which are relatively 
more expensive, require electricity and are more sophis-
ticated to design and fabricate; thus, they are not readily 
available in SSA.

4.2  Strength properties of briquettes

The shatter index indicates the percentage of fuel 
retained on a sieve of a given aperture (i.e., 2.36 mm in 
this case) after subjecting the briquettes to a drop test. 
The shatter indices for all the briquettes were high and 
above the recommended 90% (Fig. 3), indicating that the 
briquettes retained their form [9, 10]. The shatter index 
values observed in the current study are similar to those 
reported for briquettes made from biomass [4, 30] and 
coal fines [33]. The shatter index values were consistent 
with the high density observed for the briquettes (Fig. 4). 
The observed high density values (1.1–1.3 g/cm3) were 

more than three times higher than those reported by 
Lubwama and Yiga [30] for biomass briquettes made from 
groundnut shells (0.259 g/m3) and bagasse (0.183 g/m3). 
The high density values show that the waste mixtures, 
molasses binder and pressing conditions applied in the 
current study effectively densified the waste mixtures. The 
high density values indicate that the briquettes are highly 
resistant to mechanical irregularities [4].

Despite the high densities, the compressive strength 
values of the briquettes were moderate and below the 
1.0 MPa often recommended for high-quality fuel bri-
quettes (Fig. 5). Compressive strength indicates the resist-
ance of the briquettes to failure when subjected to com-
pressive forces. Although lower than the standard values 
for high-quality briquettes, the compressive strength is 
adequate to ensure that the briquettes remain intact even 
when subjected to moderate compressive forces during 
transportation and storage. The reason for the relatively 
low compressive strength are unclear. One would have 
expected that the incorporation of plastics could reduce 
the compressive strength given the plastic behavior of 
such materials, and the putative poor particle-to-particle 
contact induced by plastic flakes. However, comparison 
of the compressive strength of the briquette with no plas-
tics (i.e., 0.34 MPa for C80–P0–S20) to those with 20–40% 
plastics (i.e., 0.71 MPa for C50–P40–S10) does not support 
this notion (Fig. 5). Therefore, the compressive strength 
could reflect the complex interactions among properties 
and proportion of the precursor materials, particle–parti-
cle interactions, bonding mechanisms and compression 
process. The mechanisms accounting for the develop-
ment of strength during briquetting are highly complex 
and include (1) increasing particle-to-particle interactions 
such as particle interlocking and (2) formation of bridge-
type bonds between solid particles and molasses [4, 30, 
48]. Overall, the results indicate that the briquettes had 
adequate strength to enable handling, packaging, storage 
and transportation without significant failure.

4.3  Water absorption

Three briquettes (C50–P40–S10, C70–P20–S10 and 
C80–P20–S0) out of the five had acceptable water 

Table 2  Indicative energy balance analysis for the high-energy fuel briquettes

Briquette Total energy used (drying, 
crushing and briquetting) (MJ/
kg)

Energy value of 
briquettes (MJ/kg)

Net energy 
gained (MJ/kg)

Ratio of energy used to 
energy value of briquettes 
(%)

Ratio of energy 
gained to energy 
used (–)

C50–P40–S10 2.45–2.51 33.8 31.29–31.35 7.3–7.4 12.5–12.7
C80–P20–S0 2.29–2.35 27.9 25.55–25.61 8.2–8.4 10.9–11.2
C70–P20–S10 2.37–2.43 26.5 24.07–24.13 9.0–9.2 9.9–10.1
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absorption values (Fig. 6a). The water absorption is indic-
ative of the capacity of briquettes to withstand water 
or high humidity, including swelling during trans-
port and storage [4]. Two briquettes (C80–P0–S20 and 
C60–P30–S10) had water absorption above 30%; thus, 
they are likely to undergo deterioration, including swelling 
and deformation when exposed to water or high humidity 
during transport and storage. However, in some studies, 
briquettes with water absorption values of less than 50% 
per minute have been considered as acceptable [16]. A sig-
nificant inverse linear relationship was observed between 
water absorption and compressive strength (Fig. 6b). This 
relationship suggests that the water absorption capacity 
of the briquettes can be reduced by increasing the com-
pressive strength via increasing the compressive force or 
pressing time.

In briquetting, high water absorption is often associ-
ated with inherent binders such as lignin in lignocel-
lulosic biomasses and externally applied water-soluble 
organic binders such as molasses [4]. Therefore, the two 
briquettes (i.e., C80–P0–S20 and C60–P30–S10) with high 
water absorption capacities should be stored in dry condi-
tions under cover or sheds to avoid deterioration. Besides 

deterioration during storage, high water absorption influ-
ences the combustion properties and heating values of 
briquettes, especially during gasification. For example, 
water vapor in gasification processes creates saturated 
conditions at high temperatures, which may cause bri-
quettes to rapidly disintegrate [4]. In turn, this may reduce 
the overall efficiency of the system via two mechanisms: 
(1) the lose materials may exit the reactor or boiler in 
unburnt form, and (2) the materials may block the airflow 
into the reactor and interfere with the gasification process.

4.4  Energy values of briquettes

The energy values of all the three briquettes were signifi-
cantly higher than or similar to that of conventional solid 
fuels such as firewood, charcoal and coal (Fig. 7; Table 3). 
The energy values were also higher than those reported 
in the literature for biochars [47]. Biochars are formed 
through the pyrolysis of biomass, a process almost simi-
lar to that used for the production of charcoal. Table 3 
presents a comparison of the energy values of the bri-
quettes developed in the current study to conventional 
solid fuels and other briquettes reported in the literature. 

Table 3  Summary of energy values of the briquettes developed in the current study to those in the literature

Solid fuel Energy values (MJ/kg) Remarks and references

A: Current briquettes
C50–P40–S10 33.8 Energy value significantly higher than high-energy coals
C80–P20–S0 27.9 Energy values similar to high-energy coals
C70–P20–S10 26.5 Energy values similar to high-energy coals
B: Conventional
Dry wood 14.4–17.4 High heating values reported based on gross calorific values [24]. Values may 

vary between softwoods and hardwoods
Coal products
(i) Anthracite
(ii) Coke
(iii) Bituminous coal
(iv) Lignite

32.5–34
28–31
17.0–23.3
16.3

High heating values reported based on gross calorific values. Values may vary 
depending on moisture and ash content [24]

Charcoal 28–33 Values reported are for high-quality charcoal [3]
Biochar 16–35 MJ/kg Average high heating values for biochars from various biomass feedstocks [23]
C: Briquettes
Coal briquettes 25–26 Briquettes made from coal fines and sawdust using molasses as a binder [33]
Biomass briquettes 21–23 (carbonized feedstock)

16 (non-carbonized feedstock)
Briquettes were developed from groundnut shells and bagasse using cassava 

and wheat starch binders [30]
Biomass briquettes 25.6 Briquettes were made from charcoal from sugar-cane bagasse fly ash [45]
Biomass briquettes 18.6 Briquettes made from sawdust mixed with burnt engine oil [43]
Biomass briquettes/pellets 15.0–15.7 (pellets)

17.0–17.8 (briquettes)
Briquettes and pellets were made from maize straw [28]

Biomass briquettes 15.1–18.7 Briquettes were made in Nairobi, Kenya from biowastes, including charcoal 
dust, waste paper, maize cob dust and sawdust [37]

Biomass briquettes 10–15 Average values reported for various biomasses [47]
Biomass briquettes 16.2–19.1 Data are high heating values (HHV) for solid fuel developed from urban leaf 

litter [38]
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In summary, the energy values of the current briquettes 
were superior compared to briquettes reported in the 
literature. Wood, including sawdust, has relatively low 
energy values (16.8–19 MJ/kg) compared to coal dust 
and waste plastics [42]. Thus, the high energy values of 
the current briquettes could be attributed to the high 
energy values of the coal and waste plastics. The coal 
dust used in the current study was derived from high-
quality coal in Zimbabwe, with energy values ranging 
from 25 to 35 MJ/kg [31, 33]. In addition, plastics have 
been reported to have high energy values of approxi-
mately 43.3–46.5 MJ/kg, although actual values may vary 
among plastic types [49]. The high energy values make 
the briquettes ideal for various applications. Overall, 
the findings support the original hypothesis that high-
energy fuel briquettes with acceptable strength, water 
absorption and energy properties can be developed by 
using the appropriate mixtures of the three energy-rich 
precursor waste materials.

4.5  Indicative energy balance analysis

The net energy gained by briquetting waste mixtures 
exceeded the energy used for the production process by 
an order of magnitude, resulting in positive overall energy 
balances (Table 2). The ratios of energy used to energy 
gained in the current study (7.0–9.0%) were two times 
lower than the values reported for biomass briquettes 
(12.13–17.64%) [42]. The positive energy balances were 
attributed to the high energy values of the briquettes 
developed in the current study (Table  3), which were 
approximately two times those for biomass briquettes 
[37, 42]. Note that the assumed energy required for the 
drying of coal ash and sawdust (2.25 MJ/kg) was based on 
data for wet biomass with a target reduction in moisture 
content of approximately from 60 to 15% [19, 42]. There-
fore, the actual energy values for drying both coal dust 
and sawdust are expected to be lower than those for wet 
biomass. Therefore, in reality, it is likely that the energy 
required for drying, and by inference, the total energy for 
the production of the briquettes could be lower than the 
values reported here. In addition, one study even indicates 
that the energy required for compression and extrusion 
of briquettes using a hydraulic system can be as low as 
12–30 MJ/ton, equivalent to 0.12–0.30 MJ/kg [32]. Thus, 
using such hydraulic systems, scope exists to reduce the 
total energy used, and consequently, increase the ratio 
of energy gained to energy used. In summary, in terms 
of energetics, these indicative positive energy balances 
point to the feasibility of briquetting coal dust, plastics 
and biowastes into a high-energy solid fuel for potential 
applications in waste-to-energy systems.

4.6  Potential applications of briquettes 
in sub‑Saharan Africa

In summary, the superiority of the current briquettes 
includes (1) high energy values comparable to or even 
higher than conventional nonrenewable solid fuels such 
as coal, charcoal and firewood (Table 3) and (2) the puta-
tive better handling properties than the precursor granular 
materials (i.e., sawdust, coal dust, postconsumer plastics). 
In addition, briquetting solid wastes provides a potential 
solid fuel, while simultaneously reducing the health risks 
associated with current disposal practices for such solid 
wastes.

In sub-Saharan Africa (SSA), the bulk of the population 
lack access to the electricity grid system; thus, they rely on 
biomass fuels, contributing to deforestation [37]. In this 
regard, the high energy values of the briquettes coupled 
with adequate handling properties make them ideal alter-
natives to conventional biomass fuels such as firewood 
and charcoal. The high-energy briquettes can be used for 
household heating and cooking, either on their own, or as 
an integral part of an energy mix including conventional 
biomass fuels. At household level, the briquettes could 
be used in traditional ‘three-stone’ cookstoves commonly 
used in SSA, and even in pyrolytic or biochar cookstoves 
[22, 25]. Pyrolytic/biochar cookstoves are more energy 
efficient and release less toxic emissions than traditional 
three-stone cookstoves [22, 25]. The briquettes can also 
be used to provide energy for institutional heating and 
cooking in rural schools and clinics, which often depend 
on biomass fuels for heating and cooking.

The high-energy briquettes can also be used for indus-
trial heating systems. In SSA, high fuel demand for drying 
and curing of crops such as tea, coffee and tobacco has 
been associated with rampant deforestation in countries 
such as Zimbabwe. Moreover, the industrial production 
of fired earth bricks and cement and metallurgical pro-
cesses such as smelting are energy-intensive processes 
that require large quantities of firewood, coal or electricity. 
Therefore, the briquettes can also be used to fire industrial 
boilers, kilns, furnaces, smelters and tobacco curing barns, 
where coal and firewood are currently the predominant 
sources of energy. Examples of such industrial applica-
tions include steel production, pottery/ceramic kilns and 
cement manufacturing plants [50]. In waste-to-energy 
power plants, the briquettes can also be used as an alter-
native to coal and biomass for firing or co-firing of thermal 
power plants. Water-to-energy systems using briquettes as 
an energy source are likely to have lower environmental 
footprints than thermal power plants using conventional 
fuels such as coal and biomass. This is because the bri-
quettes use industrial wastes as precursor materials, rather 
than pristine raw materials such as coal and biomass.



Vol:.(1234567890)

Research Article SN Applied Sciences (2020) 2:1006 | https://doi.org/10.1007/s42452-020-2799-8

The conversion of energy-rich industrial wastes to fuel 
briquettes for household, institutional and industrial appli-
cations is potentially attractive in SSA for various reasons. 
These reasons may also determine the initial uptake and 
subsequent adoption and even the sustainability of the 
briquetting technology. In summary, the reasons are as 
follows:

1. Besides their high energy, briquettes have several 
other potential advantages, including the simplicity of 
the production process using a low-cost manual press, 
which make them an ideal waste-to-energy technol-
ogy for developing regions such as SSA.

2. Acute energy shortages, dwindling firewood sources 
and lack of access to highly centralized electricity grids 
create ideal conditions for alternative fuel sources such 
as briquettes. This is particularly true in informal settle-
ments in slums, urban and peri-urban areas in SSA.

3. The waste feedstocks for briquetting are readily and 
freely available in SSA. For example, large coal reserves 
and coal mining operations exist in several SSA coun-
tries (e.g., in Zimbabwe, South Africa, Mozambique, 
among others), which generate enormous quanti-
ties of coal dust, currently lying idle in stockpiles. As 
Gwenzi et al., [23] and Duku et al. [18] indicated in 
the case of Zimbabwe and Ghana, respectively, large 
quantities of municipal solid wastes including post-
consumer plastics are generated annually. Moreover, 
most countries in SSA have agro-based economies, 
which generate large quantities of biowastes from 
agro-processing. These wastes are currently disposed 
of in nonengineered waste dumps or burnt, thereby 
posing human and environmental health risks. Thus, 
the briquetting technology provides a potential win–
win solution for addressing the waste-energy nexus in 
SSA.

4. Potential to create small enterprises and employment 
based on the briquette value chains, particularly 
among the youths in urban and peri-urban areas as 
reported in Kenya [37]. This is particularly important 
in SSA given the high unemployment rates driven by 
rapid population growth, low levels of industrialization 
and economic development.

4.7  Future research

The current study was limited to the development and 
fabrication of briquettes, and subsequent evaluation 
based on univariate statistics. Understandably, a number 
of knowledge gaps need to be addressed before the full 
potential of the briquetting technology is realized. These 
knowledge gaps include:

1. The need for detailed physicochemical analysis, includ-
ing chemical composition and ash properties,

2. The current study relied on univariate statistics (i.e., 
one-way ANOVA) to determine the waste mix ratios 
that give the briquettes with best combination of 
energy and handling properties. Therefore, system-
atic optimization of the production process is required 
using prominent optimization tools in product devel-
opment such as response surface methodology [27]. 
Such future research should investigate the effects of 
various production conditions, including waste mix 
ratios, pressing times and pressures, solid–adhesive 
ratios and their combination.

3. Investigating the use of heated plastic as a binder, a 
process that will require strict automated temperature 
control to allow plastics to form a liquid phase without 
generating volatiles. Such a hot briquetting technol-
ogy may enable the development of a continuous 
industrial-scale briquette production process.

4. Comparative studies are required to evaluate the per-
formance, including combustion characteristics and 
energy efficiencies of the high-energy briquettes ver-
sus conventional solid fuels in the various potential 
applications highlighted in the current study.

5. Development of a business model, including market 
analysis and detailed cost–benefit analysis of the bri-
quettes relative to existing competing solid fuels such 
as coal, charcoal and firewood.

6. Detailed life cycle assessment of the environmental 
footprints of the briquettes, including greenhouse 
gases and toxic emissions relative to conventional 
solid fuels.

7. Comprehensive assessment of the technical, financial 
and socioeconomic feasibility to determine sustain-
ability of the technology under various scenarios.

5  Conclusions and Outlook

The current proof-of-concept study showed that the calo-
rific values of the high-energy briquettes were significantly 
higher than or similar to the maximum values reported 
for conventional solid fuels such as firewood, charcoal 
and coal. The density, water adsorption and shatter index 
of the briquettes conformed to international standard 
specifications for fuel briquettes. The briquette speci-
men containing a waste mixture of 50% coal dust, 40% 
plastics and 10% sawdust (C50–P40–S10) had the best 
overall handling and energy properties. Comparison of 
the energy values and energetics of the current high-
energy briquettes to values reported in the literature for 
other briquettes further showed the superiority of the 
current briquettes. These findings demonstrate that the 
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high-energy briquettes with acceptable strength and 
handing properties can be developed from a mixture of 
coal dust, postconsumer plastics and biowastes using a 
simple manual press. Potential uses of the high-energy 
briquettes include household and institutional heating 
and cooking, industrial heating, curing and drying in agro-
processing, and as feedstock in water-to-energy thermal 
power plants. Given that the current briquettes were fabri-
cated using a manual press, which offered limited options 
to vary the operating conditions (e.g., pressing pressure), 
scope exists to further improve and optimize the prop-
erties by developing and using an automatic press sys-
tem. The fuel briquette technology is particularly ideal for 
countries in sub-Saharan Africa, including Zimbabwe for 
four reasons: (1) the existence of coal reserves and coal 
mining and processing operations generating coal dust, 
which is the main precursor material for the briquettes, (2) 
predominantly agro-based economies, generating read-
ily available biowastes and biomass, (3) large quantities 
of postconsumer plastics from the packaging industries 
and (4) acute shortages of energy, coupled with severe 
environmental pollution from poor solid waste manage-
ment practices. Thus, the fuel briquette technology could 
be a scalable and environmentally friendly win–win solu-
tion to the waste-energy nexus in sub-Saharan Africa, 
with potential to simultaneously creating value chain and 
employment opportunities. However, the evaluation of 
the briquette was limited to strength, water resistance and 
energy properties. Therefore, further work is required on 
the following: (1) the detailed physicochemical analysis, 
including chemical composition and ash properties, (2) 
combustion characteristics and analysis of environmen-
tal footprints, including quantifying toxic emissions and 
greenhouse gases, (3) optimization of the briquetting pro-
cess and (4) development of a business model, including 
market analysis and detailed cost–benefit analysis of the 
briquettes relative to existing competing solid fuels such 
as coal and firewood.
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