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ABSTRACT

Background and Objective: Technical complexity, power source, cost, and product value are some
challenging considerations in briquetting. Most of the available briquetting options are not sustainable
due to these challenges, therefore, improved intermediate technology options requiring low
energy consumption, high-energy product and acceptable combustion characteristics to meet these
challenges are justified by developing a multiple-piston hydraulic briquetting press (HBP) and
characterizing the briquettes produced from Gmelina arborea sawdust and newsprint binder.
Materials and Methods: Sorted Gmelina arborea sawdust was mixed with pulped newsprint fibers in
5 ratios 10, 20, 30, 40 and 50%, respectively, to produce briquettes. The briquettes were characterized
using American Society for Testing and Materials (ASTM), British Standard (BS), and International
Standards Organization (ISO) test procedures to determine briquette characteristics. Results: The machine
output capacity was 96 briquettes/hour, with low production cost (NGN40, 000.00). The briquettes
produced are structurally stable with dimensions: 15.00 mm internal hole, 80.00 mm external diameter,
and 60.00 mm height. Low binder briquettes (90:10% wt/wt) are fragile and brittle, while higher binder
briquettes are strong and durable. Binder concentration positively improves the combustion
characteristics, while the time spent cooking 1 kg of yam is not significantly different for rice.
The briquettes thermal efficiency in stove was significantly affected by binder concentration and stove
characteristics. Conclusion: The outcomes of this study including high machine output capacity,
briquettes’ stability, luminous flame and reduced smokiness showed positive quality contributions to
densification study and hence, suitability for domestic heating.
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INTRODUCTION
Energy primarily sourced from fossil fuel remained a critical socio-economic determinant of quality
of life and played a pivotal role in the development of socio-cultural and economic life of any nation in
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general and the people in particular’. Conventionally, fossil fuels are doubtless the primary energy supply
source for most applications, however, the over-dependence, overbearing price increases and degrading
consequences of global political turbulence are rapidly leading to energy disaster, increased emission of
Greenhouse Gases (GHGs) and accelerated climate change®’. The rising cost, non-availability and
environmental hazard effects of fossil fuel have made biomass a suitable alternative energy due to its
availability in large quantities and energy contents®. The global energy insecurity and environmental
unsustainability addressed through resource diversification prompted the promotion of more viable
renewable energy (biomass) sources®. The current supply chain of renewable energy accounted for
approximately 15% of the global energy supply and by 2050, it was predicted to increase from 55 to
75% by 2060, biomass utilization for energy generation will exceed 200 exajoules compared to the 1990s

values>®8,

Due to its accessibility and low cost, biomass has maintained an all-time high level of acceptance for home
cooking throughout most of Nigeria. Despite these favorable qualities, however, there are restrictions on
using biomass as a direct feedstock for power generation®. Among them are high particle wetness, poor
energy density, hydrophobicity and high oxygen content, as well as the smoke generation that is over the
allowed limit for home applications®. Additionally, because of its stiff and fibrous structure and difficulty
in grinding, lignocellulosic biomass must be prepared for fuel using a lot of energy®. These characteristics
limit their ability to be replaced as fossil fuels for the generation of energy and make transportation,
processing, preservation and conversion processes challenging®.

Densification is an applicable technological solution that can create desirable feedstock suitable for the
manufacturing of good products with properties similar to fossil fuel, which is what this study set out to
achieve®'°. Biomass densification and utilization for domestic and industrial energy production (modern
bioenergy) are expected to increase in the future due to climate change mitigation, implying increased
pressure on forest resource use''. Densification employs agglomeration technologies for the conversion
of loose agro-forest residues under the action of external forces into solid fuels'. Briquetting technology
is no longer new to biofuel development technology in Africa, however, it is advanced in Asia,
America and Europe' and the type of briquetting technology employed is significant to the efficient use
of biomass in high-energy applications to produce higher calorific value products'®. According to the
extent of pressure application, briquetting is classified either as high-pressure or low-pressure compaction,
principally, governed by two processes; binder and binderless briquetting processes'”.

Binder briquetting is largely used in low-pressure and some medium-pressure applications. High-pressure
compaction requires no binder and sometimes requires external heating as applicable to some
medium-pressure briquetting'®. Several types of research have been published on briquette production
and theoretical and experimental evaluations, focused on low-moisture (<25%, dry basis) residue
compression at low, moderate and high-pressure (>5 MPa). Conversely, sufficient pressure is required to
delaminate material cell walls allowing join up of two different materials depending on inter-particle
networking and specific material characteristics. In other high-pressure processes, heat may be required
before or during densification to trigger natural binding agents such as lignin, in-built in the material.

Briquetting technology employed in densification is equally an important consideration from the viewpoint
of technological complexity, power requirement, cost and product market value. The type of briquetting
technology employed is significant in the efficient use of biomass in high-energy applications to produce
higher calorific value products'. Olorunnisola™ provided a comprehensive review of the mechanical
advantages of briquetting, other research studies'>?? presented some technical characteristics of
briquetting technologies. Most briquetting options are not sustainable when such valuations are made,
therefore, alternative intermediate technology briquetting option capable of producing multiple briquettes
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with low energy consumption in production and high-energy values and combustion characteristics to
meet these challenges is justified. For instance, screw press has better production performance procedure
and product quality but high energy consumption compared to piston presses with lower power
consumption. To reduce power consumption and increased briquette combustion performance in contrast
to the more expensive and complex high-density motorized presses that are not within the affordable
reach of the low and medium-level briquette producers.

MATERIALS AND METHODS

Study area and material: The experiment was setup in Ishiagu Ebonyi State, Nigeria in the
year, 2020-2021 and conducted using sawdust of Gmelina arborea species, derived from primary wood
conversion processes in sawmills within the town.

Feedstock and binder material: Appropriate selection of biomass and binder helps in improved
combustion performance and briquettes strength characteristics during transportation. The lignocellulose
material selected for briquette production is sawdust of Gmelina arborea due to the enormous volumes
generated annually and its utilization in domestic cooking®®®’. Selected binder based on elementary tests
and experience?®? is old stock newsprint sourced from vendors within the town.

Briquetting apparatus description: Prototype machine consists of a four-cylinder hydraulic press with
a piston that has a two-pocket spring balance attached to measure the load the hydraulic jack applies to
the piston. The machine’s angle iron frame, a 5-tonne hydraulic jack, a square pressure plate and
4 split-cylindrical moulds with locking mechanisms, a water drain chute and a 4-piston assembly are its
main parts (Fig. 1). The frame provides support for the hydraulic assembly, the mould cups and the base
rest-board that carries the moulds. The top frame is removable with dimensions 1300950 mm. A 5 mm
spacer bar provided support for the jack in upright position and at the base is a rectangular platform to
support the mould cups. The overall dimensions of the frame structure are 1300x950x540 mm. The jack
was fixed to the frame using a 24 mm bolt and nut welded to the extension bar above and fixed to the
pressure plate with four 8 mm bolt and nuts, which holds the four-piston plates beneath.

Two 50 kg load helical extension spring balances were symmetrically installed at both sides of the jack to
measure the load/force applied to the loaded feedstock under compression. The spring balance also

Fig. 1: Developed hydraulic briquette machine
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assists in the retraction of the base plate when pressure is relieved from the jack through the vent lock.
There are 4 pistons dynamically located and attached to a 3 mm thick flat base plate with each piston
welded to the piston-base plate with a 20 mm diameter pipe and a flat plate 2 mm thick at each ends,
respectively. The piston base plate is constructed of mild steel material, rectangular (340340 mm in
dimensions) and 3 mm in thickness. The baseplate provided supports for the hydraulic jack, the 2 spring
balances and the pistons rigidly welded to the underside of the baseplate and synchronized drilled holes
to accommodate pipes that produce the central holes in the briquette. The piston plate was bolted to the
hydraulic jack with three 8 mm bolts and nuts.

Combustion apparatus: A clay-lined biomass burner was used as the briquette combustion device.
The stove has two compartments: An ash collection compartment and a combustion.

Machine design considerations and equations: The following considerations for the design of the
briquette machine were made:

» Cylinder wall thickness selected should be able to withstand pressures due to the compressive action
of the piston on materials

« All pressure generated by the jack was transmitted to the cylinder wall via the piston surface

» Thickness of the cylinder mould required to resist failure is dependent on the operating pressure,
circumferential and longitudinal stresses acting on the cylinder

» Torque transmitted by the jack to the pistons is sustained without failing

Machine dynamics: The torque, (T) transmitted by the hydraulic jack through the handle is evaluated
using the equation:

T = Fxx (M
where, T is Torque transmitted (Nm), F is the average force required to overcome the load and the
compressible material and x is the distance from the point of application to the applied load

(0.40 m).

The load applied by the 5-tonne hydraulic jack to all four moulds to compress materials in the four
cylinders was used to determine the maximum torque transmitted (796 kNm).

Area of each piston plate: Area under the direct action of the contact loads in (m? at the point of
application of the hydraulic jack expressed as:

A= @

where, D is Diameter of the piston plate (0.09 m). The evaluated total areas of contact for the 4 pistons
is 0.283 m*.

Piston design against buckling: Each piston is considered a rigid column with one fixed and one free
end and applying Euler's equation®, the buckling load is expressed as:

2
p - 47|c_Z El

3)

where, P is buckling load, E is young modulus of elasticity 2.02x10" NM, | is moment of inertia and
L is length of the piston. The piston is a circular sectioned mild steel pipe of length 104 mm:
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nd’
V= 4)
Comparing the maximum load transmitted by the hydraulic jack (1.99 MN) to the pistons with the load
required to buckle the piston pipe (P, = 2.932 MN), this is higher, hence, the piston pipe will not buckle.

Design of cylinder moulds
Determination of cylinder thickness: To determine the cylinder minimum thickness required, the
operating pressure, circumferential and longitudinal stresses are required.

Operating pressure: Pressure required to compress the material within the compression chambers was
expressed by the equation:

F
Pressure = Force (N) Pa) = L (5)

4. Area (m?) 4A

where, P is pressure exerted by a hydraulic press (N/m?) (Pa), F, is axial load acting on the bearing surface
supported by the hydraulic jack (N), which equals the weight reading on the spring balance scale, Ais area
of each of the 4 pistons with diameter 90.00 mm. Since the machine operates under low-pressure
application (<0.2 MPa)®", the pressures generated at applied load marks of 20, 35 and 45 kg on the spring
balance were used to determine the actual briquetting pressure. The briquetteg pressure obtained at the
corresponding applied load is 0.69, 1.20 and 1.66 kPa, respectively. The highest value of 1.66 kPa at the
45 kg mark was chosen as the operating pressure for briquetting since all the evaluated pressures are
below 0.20 MPa.

Circumferential stress acting on each cylinder is given by the expression:

_ Total operating pressure _ Pd 6
Area of resisting section 2t 6)

c

where, g, is circumferential stress, L is length of the cylinder (0.155 m), dis diameter of the diameter
(0.088 m), t is thickness of the cylinder (0.002 m) and P is applied pressure (1.70 kPa)

Longitudinal stress on the cylinder: Considering each cylindrical mould subjected to the same applied
pressure, the cylinder has a tendency to split into 2 pieces due to internally applied
pressure. The longitudinal stress acting was determined using Eq. 7:

T2
- = Total pressure _ P Z(d) d _pd
' Area of resisting sector Ldzt 4t %
4

where, g, is longitudinal stress, P is applied pressure, d is diameter of the cylinder and t is thickness of the
cylinder wall.

Thickness of cylinder wall: It is evident that circumferential stress has a greater impact on the mould
than longitudinal stress, therefore the cylinder wall thickness used was satisfactory compared with the
result reported by Huda and Ajani.** i.e, o, < o,

Cylinder design against failure: Considering the cylinder mould as a critical element in a briquette
machine, it has to be designed against failure. The pressure applied on load by the piston, which was
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transmitted to the cylinder wall was determined using Eq. 7 above. This pressure acted on the material
and the internal surface of the cylinder wall, therefore failure could only occur in the mould, if the stress
is more than the material yield stress i.e.:

o, >0 = 220 MPa

Since the applied stress 0.18 MPa is much less than recommended material yield stress of 200 MPa*, the
mould cannot fail during compaction.

Design of cylinder hanger, bolts and nuts against compressive failure: The supporting brackets, each
of length 120 mm have a 13 mm bolt and nut at each extremity holding the cylinder assembly firm in
position during production, the compressive stress exerted on the nut and the screw is derived from
Alizadeh et al* as:

W
o=— =
n[dc+dp] 8)
4 2

where, W is load applied, 441.45 N, d,, is threaded pitch diameter (13 mm) and d_ is shaft core diameter
(12 mm). Thus, the value of the compressive stress is lower than 650 MNm~ for the alloy steel material
from which the nuts and screw were made* . Therefore, the bolts and nuts will not fail due to induced
compressive stress.

Power requirement: At any applicable load, the power required to compress material in the mould is
given by:

P=FxV="1r 9)

where, L is lever displacement is expressed as the distance moved by the lever under load in one stroke
(0.3 m). The number of strokes multiplied by the length of one stroke determines total lever displacement,
F is applied force and T is time taken to complete one stroke (5 sec).

Design of helical extension spring

Spring stiffness: Spring stiffness, K is the extent to which a spring will resist deformation in response to
an applied force. As 2 symmetrically helical extension springs (Fig. 2) connected in parallel to the frame
and the mould frame by hook and loop at both ends were incorporated to return the hydraulic jack and
other compression members back to their original position. The force displacements (8) produced by each
spring are equal (i.e,, &; = 6; = §, = 20 mm).

Fig. 2: Displacements in parallel and symmetrical springs

https://doi.org/10.17311/tas.2023.169.188 | Page 174



Trends Agric. Sci,, 2 (2): 169-188, 2023

Fig. 3(a-c): Binder preparation
Fr= F+F, = K,8,+K,8, =8+K,5; (10)

The total applied force, exerted by the hydraulic jack on the springs is expressed as:

c>')|_|'n

=

(1)

eq

The equivalent spring constant K., can be determined by the use of Hooke's law:

where, F; is applied force (assumed 20 kg), Kis spring constant in Newton per meter (N/m) and
S is the resulting displacement.

Feedstock and binder preparation: The sawdust samples were obtained from sawmill located along
Okue road in Ishiagu. The materials were sorted for foreign matter contents and used as received,
requiring no size reduction. The materials were sundried to reduce the moisture content to 8-10% dry
basis, reported as favourable for the production of stable briquettes. The newsprint stocks were shredded,
soaked in water (Fig. 3a), drained, mechanically stirred to homogeneous pulp, compressed, compressed
and sun dried to prevent biological degradation (Fig. 3b), then ground in a burr mill to isolate individual
fibers (Fig. 3c) and stored for briquetting.

Briquette production

Material mix ratios determination: The proportion of different materials on binder are known to
significantly affect the final product strength as well as combustion performances. Selection of the
feedstock to binder ratio was based on weight proportions® rather than experience or preliminary testing.
According to Korentz and Marcinowski®, the mix ratio was calculated by weighing out quantities
(in grams) of each binder and Gmelina sawdust to obtain the percentage ratio of the biomass-binder mix
of 90:10, 80:20, 70:30, 60:40 and 50:50%.

Operating conditions for briquettes: The residence duration and operating pressure are two operating
factors taken into account during the briquette-making process. The compressed material was allowed
to It has been reported that dwell time does not significantly affect briquette durability, but has a
significant effect on the relaxation properties of compressed material, therefore a dwell time of 5 min was
allowed for the material to stay under compressive load for a maximum of 5 min before being ejected
from the mould in this study*’. Preliminary studies carried out revealed that stable briquettes were
produced above 35 kg load and a corresponding operating pressure of 132.10 kPa. However, for this
experiment, an axial load of 45 kg was used and a corresponding pressure of 169.80 kPa was selected for
briquette production.
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Fig. 4: Sample briquettes produced

Table 1: Standard tests for briquette characterisation and references

Briquette property Method summary standard test Standard method
Unit density Ratio of cylinder mass to volume DD CEN/TS 15405*
Moisture content Mass lost in drying at 105°C +2 BS EN 14774-2%
Compressed and relaxed densities Densities measured during and after 30 days of drying ISO 31314
Shattering resistance Mass lost in drop from 1 m height ASTM D440*4
Briquette moisture Moisture measured after drying ASTM D3173
Water absorption Mass gained after soaking in water at room temperature BS EN 772-21%
Ignition time and flame spread Time taken for briquette to light ASTM- E1321-13%
Proximate analysis Volatile matter, ash(%), fixed content, HHV ASTM D121

Producing briquettes: Before production, the mould cups and piston plates were lubricated with SAE 90,
lubricant to reduce friction in production. The mixed charge was manually fed into the moulds and the
piston base plate was set such that the pistons aligned on the mould cup. The jack pressure vent is
securely locked and manually operated by priming the centrally positioned hydraulic jack on the machine
until it reached the 45 kg load point corresponding to 169.80 kPa load pressure. The material remained
under compression load for a residence time of 5 min for material stabilization, then the briquettes were
ejected from the mould. During production, sawdust and binder pulps were weighed and mechanically
mixed in a bowl***? then water was added and blended to facilitate bonding in the resulting material
charge which was fed into each moulding cups. Four sets of twin briquettes (designated as (AR1-8) were
produced per unit operation (Fig. 4).

Characterization experiments

Raw material and binder characterization: Material characterisation parameters determined include the
particle size distribution, particle density, geometric mean sizes and particle moisture. Each of these
parameters were determined using ASAE Standard S319.4 test procedures in three replicates for

40,41

analysis™*' . Newsprint basic strength properties needed for utilization as binder include strength, density

and fiber length*?. The fiber length of the sample pulp used were measured using sieve analysis.

Briquette characterization: Briquette characterization tests were carried out using scientific standard
testing methods and analysis which include physical, mechanical and combustion tests*“*® and
summarised in Table 1. Measured variables include, density, compressive strength, durability, water

absorptivity, shattering and abrasion resistance.

Statistical analysis: The IBM SPSS PC Version 20.0 software was used to compare how the binder and
process parameters affected the briquette quality. The briquettes' compressed density, which is the density
measured right after they are extruded from the mould and relaxed density are among the
variables under investigation (i.e., density measured after 30 days of curing), mechanical and combustion
characteristics®*. As 3 replicate samples of mean data obtained were analysed to determine the physical
(briquette density, color, quality and moisture content) and mechanical (impact resistance, shatter
resistance, water absorption capacity), while chemical properties determined include volatile matter, ash
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content, fixed carbon content, high heating value (HHV), fuel ratio, elemental compositions and atomic
ratios. Combustion properties investigated include ignition time, burn rate, fuel consumption and thermal
efficiency. Analysis of variance of the mean for each degree of interaction and the overall average
response was used to evaluate the impact of each variable's interactions®.

RESULTS AND DISCUSSION

Machine designed spaecifications: Performance evaluation of the developed briquetting machine:
The summary of designed parameters for the hydraulic piston press was shown in Table 2. The hydraulic
piston press performance was evaluated based on briquette quality and physical and mechanical
characteristics. The machine produced durable and stable hollow briquettes at an operating pressure of
167 kPa.

Characterization of G. arborea sawdust: A comprehensive results of the physical characteristics of
G. arborea sawdust samples had been reported in Bello et al.?®. The particle size distribution, associated
mean measured particle lengths, mean standard deviation of 4594 and maximum standard error of
2.27 at a 95% confidence interval were deemed adequate for briquetting without grinding in accordance
with Bergstrém et al°>' and Alvarez-Alvarez et al.*?. These results were equally in agreement with
Paulrud et al.>® and Zhang and Song* and showed that good feedstock required no size reduction before
densification. The mean particle density determined at mean moisture content of 9.41% showed a similar
range of values for the 3 replicate sample tests with a mean average value of 159+0.02. The sawdust
sample from Gmelina arborea has a low ash level (2.19%), a low carbon content (17.10%) and a high
volatile matter content (72.93%), according to the proximate analysis. These result values were consistent
with other values published in the study findings>*® and largely agreed with them. Sawdust has a calorific
value of 17.38 MJ kg™

Binder characteristics: The newsprint pulp contained residues with a short life-cycle, shorter fiber
length (~0.2-0.6 mm) and a density of ~0.4 g per cubic centimeter. The percentage ash content was
higher (35%) compared to other print paper (12%). Judging from the observed characteristics, durability
and combustion characteristics of newsprint may be adversely affected.

Briquette characterization: The sample briquettes for characterization experiments required drying to
reduce their moisture content to an equilibrium state for stability, storage and evaluation®'.

Briquette’s physical characteristics

Briquette colour: The colour of briquettes produced at different binder concentrations varied from brown
colours (for low binder concentrations) to deep brown for high binder concentrated briquettes.
The briquettes have a smooth exterior and inner surfaces with no apparent surface cracks. They are
cylindrical in shape and have internal or central holes with mean internal and external diameters of 15 and

Table 2: Designed values of hydraulic briquetting machine

Parameter Value

Load applied by jack 1.99 MN
Maximum torque transmitted 79,738.82
Cylinder dimensions H=51.36,dia. = 78.50 mm
Height of briquettes produced 50-60 mm
Buckling load 2.932 MN

Area of each piston plate 0.071
Briquetting pressure 1.66 kPa
Circumferential stress on cylinder 3.735Nm™
Longitudinal stress on cylinder 1.87 Nm™
Compressive stress exerted on hanger 6.35 M Nm—
Power requirement to compress materials 26.49 Nm sec™’
Spring constant 9.81 kN m~
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Table 3: Physical properties of briquettes

Weight (g) Dia. (mm) Height (mm)

Binder ratio mmmmmmmmmmmmmmmmm e e Volume
(%wt/wt) W0 W30 External  Elongation (%) HO H30 Elongation (%) (cmd)

90:10 143.45 49.31 79.65 1.41 52.21 53.67 2.80 267.45
80:20 150.86 49.86 79.73 1.51 49.12 50.48 2.77 252.06
70:30 160.76 52.51 79.84 1.65 49.58 50.89 2.64 254.81
60:40 156.23 51.26 79.54 1.27 49.86 50.85 1.99 252.70
50:50 162.16 50.22 79.54 1.27 48.41 49.56 2.38 246.29

Mean dimensions of newsprint briquette samples

80 mm, respectively. The representative samples of briquettes obtained are stable, with the exception of
samples with a binder concentration of 90:10 %wt/wt, which are weak and rapidly crumble under low
pressures. Quality examination after 7 days of approximately 6 hrs of sun-drying per day showed the
briquettes being able to stack for transportation without physical damage. These quality characteristics
agreed with the report of Bot et al.*’.

Briquette diameters: In general, the mean external and internal dimensions do not vary significantly for
all briquettes. The mean external (D) and internal (d) diameters of briquettes produced varied from
79.72,79.84 and 80.23 mm and 14.85, 14.78 to 15.16 mm. Variation in these values is significantly minimal
compared with values obtained briquetting other biomass in literature®*” that significant expansion takes
place primarily along the axial load direction than the diametral axis.

Briquette weights: The compressed weights of briquettes at production and relaxed weights after drying
for 30 days at different binder ratios for briquettes produced varied between (148.83-169.27 g) and
(47.07-49.88 g), respectively. These values fall within the range of values obtained by Chin and Siddiqui*®
and also concluded that briquettes with higher binder concentrations have the highest compressed and
relaxed weights, which predicts corresponding higher densities. The mean gravimetric and dimensional
values of briquettes at production (HO) and after drying (H30) are presented in Table 3. The height of
compressed briquettes slightly increased with an increase in binder level, while the relaxed heights after
30 days slightly decreased with negligible £0.10 mm variations. From these results, it can be established
that the differences in briquette heights and binder ratios are not significantly different, thereby agreeing
with the reports of Chin and Siddiqui®®. The physical characteristics of briquettes produce have similarities
with the values obtained by 58 which conforms to the literature values for low-density briquettes.

Briquette dimensional stability: Briquette stability was measured by the linear expansion in dimensions
of briquettes after production. To determine the extent of briquette expansion, observed dimensional
changes in diameters and heights of briquettes were used to evaluate the briquette %elongation
(Table 3). The tables showed that percentage diametral and height elongation briquettes varied from
(1.27-1.65%) and (1.99-2.80%), respectively. Li and Liu* reported <5% length elongation for log briquettes
produced from oak sawdust and 5-15% pine sawdust briquettes at approximately ~10 to 16% moisture
content, wet basis. From these results, the briquettes produce are more stable than most of the literature
values.

Briquette compressed and relaxed density: The average maximum densities calculated instantly after
manufacture and densities calculated after 30 days. from production) are 536 to 658 and 184-206 kg m~3,
respectively. The compressed and relaxed densities of all briquettes have a similar mass-to-volume ratio
and density variations, therefore exhibiting the same physical characteristics. It was equally observed that
binder ratios increased with a decrease in relaxed density i.e., the density decreased with an increase in
percentage binder ratio. This could be attributed to the low gram-weight per unit volume of paper

products used and the reduction in the charge void spaces filled by water before compression®.
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The relaxed densities of 90:10 %wt/wt are lower than the recommended minimum durability values for
briquette transportation and safe storage of 600 and 200 kg m~ for compressed and relaxed densities,
respectively®. This observation was validated through losses incurred when these products are being
handled during curing.

Briquette mechanical characteristics

Briquette durability tests: Briquette durability test is a qualitative durability test essential to know how
well a briquette responds to handling, transportation, storage and weather conditions. The Table 4 shows
the shatterindex and shatter resistance. The shatter index shows the capability of the briquette to produce
fewer broken pieces during handling. The maximum weight loss occurred in low binder briquettes and
decreased as the binder concentration increased.

The effects of binder concentration on briquette durability showing shatter index (K) and shatter
resistances are shown in Fig. 5. The shatter index decreased with an increase in binder concentration. Low
binder briquettes experienced higher weight losses (shatter index) and increased shatter resistance as
binder concentration increased. This implied that higher binder briquettes are more resistant to impact
damage than lower binder briquettes. Davies and Davies* reported a similar trend for briquettes
produced from cashew nutshell and paper binders. This observation could be explained by the inter-
particle adhesive bonding between feedstock and binder fibers.

Effects of binder concentration on impact resistance index (IRI): The impact resistance index (IRI)
measured a briquette's capacity to bear sudden orimpact loads. From Table 4 the impact resistance values
at various binder concentrations increased as the binder concentration increases. In the same manner,
the number of broken pieces per drop from 2-m height reduced with increase in binder concentration.
At higher binder ratios (Fig. 6), the briquettes still retained pieces >5% of the initial briquette mass after
dropping each briquette for a maximum of 9 drops. Ajiboye et al."” reported a similar occurrence after
about 30 drops of briquettes produced from charcoal-sawdust. In addition, from the Table 4, the impact

Table 4: Shatter and resistance index table for briquettes

Binder ratio Initial Weight after Shatter Shatter No of Pieces

(%wt/wt) weight (g) drop (g) index (K) resistance (%) drops (N) >5% (n) IRI
90:10 49.31 25.87 47.54 52.46 1 7 14.29
80:20 49.86 3434 31.13 68.87 4 7 57.14
70:30 52.51 41.23 21.48 78.52 3 4 75.00
60:40 51.26 4734 7.65 92.35 4 3 13333
50:50 50.22 48.36 3.70 96.30 6 4 150.00

Mean dimensions of newsprint briquette samples
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Fig. 5: Briquette durability index showing shatter index and resistances
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Fig. 6: Effects of binder concentrations on IRI of briquettes

Table 5: Percentage weight gain resistance capacity of briquettes in water

Weight (g)
Mix ratio (%) Initial 15 min 30 min 45 min 60 min PWA (%) WRC (%)
90:10 5.60 13.60 25.60 26.50 27.40 373 96.27
80:20 5.50 19.40 25.40 26.20 26.90 3.76 96.24
70:30 5.40 24.10 24.70 25.50 25.60 372 96.28
60:40 5.40 26.40 26.10 27.30 26.10 4.06 95.94
50:50 5.80 26.70 26.50 27.40 26.90 372 96.28

AR sawdust+Newsprint binder

resistance index of briquettes varied from (14.29-150%). The impact resistance index lower than 90% has
a greater tendency to break on impact according to Falemara et al®' which implied that the lower
briquettes have very high tendencies of breaking on impact.

Briquette weight gain and dispersion in water: The briquette weight gain as presented in Table 5
showed a decrease with an increase in binder concentration for about 30 min, then decreased as binder
concentration increased. This could imply the complete filling of all pore spaces with water within the
briquette. Furthermore, an increase in binder concentration resulted in a slight increase in water
absorption for all briquettes. Each briquette immersed exhibited high resistance to disintegration in water,
which probably could be attributed to the additive water-repelling characteristics of paper cellulose
fibers® , implying that exposing briquettes to moisture for a short period of time will not cause them to
disintegrate.

Percentage water absorption and water resistance capacity: Briquette water resistance test was
conducted to know the extent to which water and humidity could affect the quality of briquettes.
As 2 parameters, percentage water absorption (PWA) and water resistance capacity (WRC) were evaluated
for briquettes. From Table 5, briquettes exhibited relatively low PWA and consequently very high water
resistance capacity.

Briquette chemical characteristics: The proximate (% ash, VM, FC), ultimate (elemental composition) and
heating values of briquette samples were shown in Table 6. The tables equally showed the derived values
of the fuel ratio and the atomic ratios (H/C and O/C) for each briquette.

Proximate analysis: The proximate analysis showed a percentage ash contents of 14.25%, volatile matter
contents of 69.03% and fixed carbon contents of 6.77%. These results showed high concentrations of
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Table 6: Mean values of proximate and ultimate analysis performed on briquettes

Proximate analysis

Ash VM (%) FC (%) MC (%) HHV (MJ kg™

14.25 69.03 6.77 9.95 13.04

Ultimate analysis

@ H O H/C o/C Fuel ratio
3572 4.63 34.92 0.13 0.98 0.14

VM: Volatile matter, FC: Fixed carbon, MC: Moisture content and HHV: High heating value

non-combustible materials resulting in low fixed carbon and calorific values which were higher than the
recommended maximum value of 4%° . However, the maximum value of 14.25% obtained in this study
was lower than the 13.78% obtained by Jittabut et al.*> who provided a justification for the value obtained
that the biomass and binder materials used for the experiment had different attributes and process
conditions. The ash content signified the quantity of unburnt material left after burning. The volatile
matter contents obtained (69.03%) implied that newsprint has the potential of burning by flame
combustion. The highest volatile matter contents were recorded at higher binder levels while the least
values occurred at lower binder levels. These results revealed that volatile matter increased as binder
concentrations increased and reduced as binder concentrations decreased. These observations agreed
with Chin and Siddiqui®® and Saeed et al.*.

The fixed carbon refers to the amount of carbon accessible for char burning and is expressed by the
percentage fixed carbon it contained according to Achebe et al.*°. Each briquette's fixed carbon content
revealed the percentage of char retained after the devolatization procedure, which affects its heating
value. The briquette has lower fixed carbon contents at higher binder concentrations, which can only be
explained by the volatile matter content in a binder material. These outcomes are compared favourably
with the reports of Chin and Siddiqui®® and Adegoke et al.*®. The higher the heating value signified the
energy potential available in a given mass of Azeez et al.”’. In general, fuels with higher heating values
produced more energy than fuels of equal volume from other sources. The higher heating values recorded
in this study briquettes are found to be lower than values reported by Onuegbu et al.®® for the heartwood
of Gmelina arborea (Roxb). A broad analysis of the proximate elements and calorific values for all types
of briquettes showed that fixed carbon enhanced the HHV while volatile matter decreased it, meaning that
the HHV of fuel increased with the presence of fixed carbon and decreased with the presence of volatile
matter. This statement could be explained by the fact that the energy requirement in burning low volatile
matter content was lesser. This observation was in good agreement with the report of Dhaundiyal et al.%
experiment conducted on elephant grass and Imperata cylindrical with a blend of coal.

Ultimate analysis of briquettes: The ultimate analysis results showed that values obtained (C = 35.72,
H = 4.63 and O = 34.92%) do not vary significantly from values obtained by Ahmed et al.”® for co-firing
large percentage of biomass at 100% fuel switch. The low oxygen and hydrogen contents made them burn
with less smoke than other materials with higher oxygen contents™. The ability of each fuel to generate
heat was predicted by the atomic ratios (H/C and O/C) as assessed in Table 6. These values were lower

than those produced by Nhuchhen et al.’> and within the same range””""2.

Briquette combustion characteristics

Briquette ignition and burning characteristics: Each briquette was burned in the open air to test the
effects of various process variables such as ignition time, burn rate, flame propagation, etc.
The self-ignition period under observation was 3-4 min. After the self-ignition period, all of the briquettes
burn steadily, but rapidly propagating with luminous flame for a period of 10-15 min before reaching the
decomposition stage. Oyelaran et al.”” reported that flame propagation in briquettes depended on
feedstock material properties and briquette density. The observed stages of flame propagation and
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Fig. 7: Normalised mass decrease for briquettes

burning correspond to the three stages of phase-burning of briquettes”. The briquette mass reduction
experiment showed the rate at which each briquette mass decayed as it burns. Each briquette was ignited
in free air and the mass reduction was recorded till the briquette mass had been reduced to between 3-5%
of its initial weight. Figure 7 shows the mass reduction plotted against time during phase burning. At 5%
level of significance, the briquette decayed exponentially following the patterns reported in the literature™.

Briquette smokiness: Briquettes’ smokiness depended on how much volatile matter, oxygen and
hydrogen they contained. More smoke is produced by briquettes with more volatile ingredients and
oxygen than by those with less. Therefore, according on the experimental data, newsprint briquettes burn
with a significant amount of smoke at ignition, which then decreases during phase burning, then disperses
at burnout. The briquettes have lower VM and oxygen contents than the newsprint briquettes, hence their
smokiness reduced during the experiment compared with this result®.

Briquette performance characteristics in a stove: The briquettes’ performances were evaluated by
burning them (water boiling test, WBT) in a developed biomass briquette stove to determine the burn rate
and thermal efficiency. During the WBT, the time required to bring the temperature of the water in the
pot to 100°C was compared. Newsprint briquettes have good flame propagation in the stove and took
approximately 14.46 min to burn 137.33 g of briquette to raise the temperature of 1.4 kg of water from
30 to 90°C. To determine the burn rates, an established equation used by Bello et al.”” was adopted and
the results shown in Fig. 8 depicted a graphical representation of experimental values. It was observed that
burn rates increased with an increase in binder concentrations.

An exponentially fitted trend line of normalized burn rates against binder concentrations was plotted
(Fig. 8) along with equations for each curve to calculate the normalized burn rate at various binder
concentrations in order to investigate the effects of density on burn rates and predict briquette
performance (Fig. 8). Burn rate an increase with the increase in binder concentration which implied that
a lesser quantity of briquettes is required in burning as binder concentration increases. The normalized
burn rates and briquette density (x) were satisfactorily suited by the following exponential model.

Stove thermal efficiency: Stove thermal efficiency was determined by burning 3-4 quantities of briquette
samples in the stove and monitoring the temperature change, time and briquette heat capacity in raising
water to 100°C during a water boiling test. The thermal efficiencies obtained range from 65.50 to 84.21%
at their lowest and highest values, respectively. The values obtained ranged from 31.47 to 39.89% (Fig. 9).
According to these findings, the thermal efficiency with increasing binder content. The results are
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Fig. 9: Briquettes’ thermal efficiency in a stove during a water boiling test

consistent with those of other studies®””. From the mean values obtained, torrefaction time does not
significantly affect the thermal efficiency irrespective of binder type. However, when the binder content
increased, the mean thermal efficiency values for briquettes decreased. These findings clarified the fact
that binder concentration had a major effect on thermal efficiency.

Stove performance and control cooking tests (CCT): As 2 varieties of foods (rice and yam) were used
in the control coking test (CCT) to evaluate the performance of briquette in stove. The time spent in
cooking, specific fuel consumption and fuel consumption rates of burning were evaluated. The time taken
to burn briquettes ranged between 29-35 min to cook 206 g of rice and an average of 38 min to cook yam
which implied that the relative time spent cooking 1 kg of yam and rice is not significantly different.

Specific fuel consumption: Table 7 shows the mean values of the stove's specific fuel consumption (SFC)
when cooking 0.206 kg of rice and 0.175 kg of yam (D. rotundata). With increasing binder concentration,
the stove-specific fuel consumption (SFC) increased with mean values of 0.718-0.745 and 0.714-0.748 for
cooking rice and yam, respectively. This observation could be explained by the highly volatile matter
contents of newsprint briquettes which are consistent with literature reports. The SFC values obtained in
this experiment are higher than the 0.48 reported by Bello and Onilude®. The practical implication of this
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Table 7: Specific fuel consumption of briquettes during CCT experiment

SFC SCR
Mix ratios 0.206 kg rice 0.157 kg yam 0.206 kg rice 0.157 kg yam
90:10 0.614 0.718 0.267 0.259
80:20 0.727 0.714 0.271 0.280
70:30 0.738 0.737 0.283 0.287
60:40 0.733 0.748 0.282 0.299
50:50 0.745 0.743 0.313 0.311
Mean 0.732 0.755 0.283 0.287

is that fewer briquettes would be required to cook a known amount of food. A similar observation was
described by Nikiema et al’® in the comprehensive review of combustion characteristics of some
agricultural biomass and sawdust.

Fuel consumption rate (FCR): The fuel consumption rate is an indicator of the number of briquettes
burnt per unit of time in cooking a specific quantity of food. The fuel consumption rate performance for
cooking 206 kg of rice was evaluated and the results showed that FCR increased with an increase in binder
contents. This implied that SFC and FCR have similar characteristic behaviour. Thisimplied that high binder
concentrations have a significant effect on briquette performance in briquetting, an observation in line
with the report of Onuegbu et al.”* on the optimization of briquettes produced from corn cobs.

CONCLUSIONS

According to the objectives of this work, the following conclusions were reached. A multiple-piston
hydraulic briquetting press was developed with output capacity of 96 briquettes/hrs. The representative
sample newsprint briquettes, having 15.00 mm diameter central hole, 80.00 mm external diameter and
60.00 mm height, are stable and satisfied briquette quality requirements, except those produced at 10%
binder ratio which are delicate and easily crumble under light pressure, Binder concentration of 20% was
recommended as minimum binder level required to produce durable newsprint briquettes. Briquette
fames are luminous, with reduced smoke emissions as the binder concentration increases. Binder
concentration has significant effect on specific fuel consumption. However, the time spent cooking 1 kg
of yam and rice is not significantly different.

SIGNIFICANCE STATEMENT

Briquetting technology employed in densification processes is an important consideration from the
viewpoint of technological complexity, power requirement, cost and product market value.
Most briquetting options available are not sustainable considering these valuations, therefore alternative
intermediate technology briquetting option capable of producing multiple briquettes with low energy
consumption, high-energy value products and combustion characteristics to meet these challenges is
justified. Furthermore, this work reduces power consumption and increased briquette combustion
performance in contrast to the more expensive and complex high-density motorized presses that are not
within the affordable reach of the low and medium-level briquette producers.
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