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Abstract. As the world shifts from a fossil-based to bio-based economy, energy production via the
valorization of biomass residues is promising. However, raw biomass utilization for energy
production proves to be challenging owing to their low bulk densities and hygroscopic nature. These
problems are addressed through briquetting. This work focuses on the utilization of sugarcane bagasse
(SCB) — an abundant agricultural residue in the Philippines — with lignin as a binder for solid fuel
briquettes. The effects of SCB-to-lignin ratio and compaction pressure on the fuel characteristics and
quality of the briquette were investigated. Briquetting experiments were carried out in a Carver press
at a constant pressing temperature of 150°C and varying compaction pressures (CP = 5, 8 and 11
MPa) and binder content (BC = 4, 8 and 12%). Briquetting of SCB resulted in an increase in bulk
density by 7 to 8 times (0.817 £ 0.006 - 0.974 £ 0.029 g/cm?) compared to loose SCB (0.110 £ 0.000
g/cm?). From ANOVA, it was found out that CP significantly affects bulk density (p < 0.05). The
higher heating value (HHV) and compressive strength (CS) rose to as high as 19.7 + 0.1 MJ/kgdb, and
113.14 + 2.81 MPa, respectively. It was found out that BC significantly affects the HHV (p < 0.05)
but has an insignificant effect on the CS (p > 0.05) while CP has insignificant effects on both HHV
and CS (p > 0.05). Overall, SCB-lignin briquettes are able to overcome storage and handling
challenges through improved bulk density, stacking capability of up to ~550,000 briquettes at the
lowest achieved CS, retarded moisture uptake rate (0.0611 + 0.0017 wt% per hr) and an equilibrium
moisture content of 8.02 = 0.15 wt%, making this fuel viable for domestic usage as determined by
current briquetting standards.

Introduction

At present, the world is strongly dependent on the use of fossil fuels for energy production and
continued dependence will ultimately lead to depletion of fossil reserves, as well as aggravate the
effects of global warming. A statistical review of world energy by British Petroleum Global showed
that the fossil fuel demand in 2023 constitutes 81% of the world’s energy consumption. Fossil fuels
include oil, gas and coal contributing 32%, 23%, and 26%, respectively in the global energy mix[1].
Around the world, initiatives have been done to move from today’s fossil-based economy to a more
sustainable economy that is based on renewable resources such as biofuels from biomass residues as
alternatives for fossil fuels and coal. Utilization of biomass residues not only effectively closes the
carbon cycle [2] but also eliminates the problem biofuel production poses on the food industry where
the production of biofuels competes with the food industry for raw materials [3].

The Philippines, being an agricultural country, generates a considerable amount of biomass
residues. According to a 2020 report by the Philippine Statistics Authority (PSA), 53.7% of the total
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agricultural output is attributed to crop production. Sugarcane has the highest production percentage
out of all the agricultural crops, amounting 17.408 million metric tons for the 1* two quarters of 2020
[4]. From this thriving agricultural crop, 15.1 kg of dry trash per 100 kg stalks or harvested cane could
be recovered for utilization as a bioenergy source [5]. A type of residue that is produced from the
processing of sugarcane is sugarcane bagasse (SCB). It is the fibrous residue of sugarcane after the
crushing and the extraction of juice. SCB is mainly composed of cell-soluble matter, cellulose,
hemicellulose, lignin, ash, crude protein, and glucose [6].

Over the last two decades, the country has endeavored to improve the management and operation
of the biomass residues through the implementation of several national laws such as the “Renewable
Energy Act of 2008 (RA 9513). In the aspect of utilizing biomass residues to generate energy, SCB
is directly burned to generate heat. Although direct combustion practically consumes the entirety of
the biomass fuel and gives off energy, it is possible that the fuel is not utilized to its fullest potential
due to certain factors such as high moisture content, irregular shape and sizes, and low bulk density.
These factors pose difficulty for transportation, storage, handling and energy content [7]. Thus, a
more efficient method would be to densify the biomass. Biomass densification is a means of
increasing the energy density of biomass by mechanical or thermochemical means before feeding it
for combustion [8]. Mechanical densification involves the application of pressure to densify the
material. Briquetting and pelletization are examples of mechanical densification techniques. This is
a relatively simple and cost-effective densification technique compared to thermochemical
densification such as pyrolysis which is described as a relatively complex process that entails
additional energy and cost [9]. Bales, pellets, and briquettes are products of mechanical densification
whereas bio-oil and bio-char are products of thermochemical densification [9].

Briquetting is a mechanical treatment to compress loose biomass into a product with higher
density, energy content and with less moisture [10]. Briquettes and their characteristics mainly depend
on the feedstock, process conditions and equipment used. For instance, the HHV of the fuel is mainly
dictated by the inherent calorific value of its biomass components. The compacting pressure affects
mainly the briquette strength, density and consequently loss of moisture of the biomass fuel [13]. The
moisture uptake and equilibrium moisture content of the fuel is highly dictated by the storage
conditions (e.g. relative humidity, temperature) and feedstock characteristics. The particle size of the
components also affects the compressive strength and density of briquettes [13].

Briquettes may also be enhanced with binders. Binders aid in the agglomeration of the biomass
particles through adhesion and cohesion forces, attractive forces between solid particles, mechanical
interlocking and solid bridge type mechanisms [14]. This results in improved mechanical strength of
the briquette while also reducing the energy required for compression of biomass [15]. A promising
binder to be used in solid fuel applications is lignin. Lignin is a biopolymer which comprises ~20%
of lignocellulosic material. It is a waste product of industries that are based on cellulose,
hemicelluloses, and their derivatives [16]. Such industries include pulp and paper, textile, and
bioethanol production. Utilization of this by-product as a binder and fuel additive is attractive since
it is capable of forming solid bridges between particles which increases the mechanical integrity of
the densified biomass [17] while positively contributing to the fuel calorific value with increasing
binder concentrations [18,19]. A study by Hu et al. [20] showed that bio-char pellets added with 10%
lignin as binder have increased compressive strength, decreased compression energy, and lowered
ignition temperature. However, moisture uptake increased with increasing binder concentrations but
still within acceptable limits. The improvement in these properties showed that lignin binders show
good potential for utilization in biofuels.

The goal of this work was to improve biomass briquette quality with the addition of lignin from
industrial black liquor. Despite the potential of lignin as a fuel additive and binder, studies in literature
focusing on lignin-binder biofuels have been scarce. In order to address this gap, as well as the
viability of using lignin-binder SCB briquettes for fuel applications, this study aimed to investigate
effects of SCB:lignin ratio and compression pressure on the briquette quality (bulk density, higher
heating value and compressive strength) and fuel characteristics (briquette proximate composition,
combustion indices, burning rate and equilibrium moisture content). A 32 factorial design was
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employed to evaluate the effect of SCB:lignin ratio (4%, 8%, 12%) and compaction pressure (5 MPa,
8 MPa, 11 MPa) at constant briquetting conditions of 150°C at 30-minutes pressing time.

Materials and Methods
Sample Acquisition and Preparation.

SCB was sourced from BOMEDCO, a sugar-milling company in Bogo, Cebu. The collected
samples were sun-dried then milled using a Wiley Mill (Thomas-Wiley Model 4, New Jersey, USA)
equipped with a 2-mm mesh aperture screen. The milled SCB were stored in polypropylene boxes
for subsequent characterization and briquetting.

Lignin (LGN) was sourced from the waste degumming liquor of the fiber-processing plant of the
Department of Science and Technology - Philippine Textile Research Institute (DOST-PTRI) in
Taguig City. The precipitation procedure followed was based on the study by Alriols et al. [21]. One
(1) liter of liquor was transferred to a 2-L glass beaker. The liquor was then acidified to pH 2 by
slowly adding concentrated sulfuric acid. Brown precipitates of lignin are expected to appear during
the pH adjustment. The resulting mixture was placed in a water bath (25°C) until the precipitate settled
at the bottom of the vessel and formed a big clump. The supernatant liquid was removed and the
precipitate was filtered using a cheesecloth. The filter cake was then washed with warm water and
the pH of the spent wash was measured using a pH meter after each washing. The washing step was
stopped after the pH of the spent wash became constant (around pH 5.5). The washed solids were
then dried in a vacuum tray dryer at 60°C and 300 mmHg until a constant weight reading was achieved
in the dryer balance. The dried solids were then reduced in size with a 1000W food processor at
20,000 rpm (BNI1000W Gorenje) and stored in a polypropylene container for subsequent
characterization and briquetting.

SCB and LGN Characterization.

The dried SCB was characterized in terms of the mean particle size, loose and tapped bulk density,
proximate composition namely, moisture content (MC), volatile matter (VM), fixed carbon (FC) and
ash, higher heating value (HHV), whereas LGN was characterized in terms of the proximate
composition and HHV only.

SCB and LGN Characterization: Particle Size Distribution.

Pre-weighed standard Tyler sieves with sieve apertures of 2mm, 850um, 450um, 250um, and
180um were stacked in descending order of mesh size. About 50 g of milled SCB was placed on top
of the sieve having 2mm aperture size and covered. The stack of sieve trays was then mounted to a
sieve shaker (Mod. A5911, Interest Benelux, Netherlands), and was shaken for 15 minutes. After
shaking, the mass of SCB retained on each of the sieve was determined [13]. The mean particle size
was then calculated using Equation 1.

m.
Ay = Z m_;dave (1)

where m; (g)is the mass of sampled retained on a particular sieve tray, d .. (mm) is the average
size of the mesh through which the SCB samples have passed through and on which it was retained,
and mr (g) as the total mass of the sample.

SCB and LGN Characterization: Loose and Tapped Density Determination.

The loose and tapped densities of the raw SCB were determined based on the standard method in
ASTM D7481-09 [22]. A pre-weighed and pre-dried 100-mL graduated cylinder was placed on an
analytical balance and tared, SCB was poured into the cylinder until a set mass was obtained. The
loaded cylinder was weighed to the nearest 0.1 mg. The loose density p, ., was determined using

Equation 2.
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where Myyq4eq 18 the mass of the loaded graduated cylinder, and Myt (g) is the mass of the

empty cylinder, and v;,,s. (mL) is the volume occupied by the loose biomass. For tapped bulk density

Prappeds the cylinder was tapped for 500, and 1250 times from a height of 3 mm onto a flat and hard

surface to settle the loose biomass and their corresponding volume measurements were recorded. If
the difference between the volume of the biomass tapped for 500 and 1250 times was less than 1 mL,
the volume reading tapped at 1250 times will then serve as the tapped volume of the biomass. If the
difference was greater than 1 mL, additional tapping (increments of 1250 taps) will be done until the
difference of less than 1 mL was achieved. The value was then used as the tapped volume Viqppeq

and was then used in Equation 3.

Mioaded — Mempty

Ptapped [%] = 3)

vtapped

SCB and LGN Characterization: Proximate Analysis.

The standard test method for chemical analysis of wood charcoal by the American Society for
Testing and Materials (ASTM) procedure D1762-84 [23] was used for proximate analysis. SCB,
lignin, and SCB briquettes were characterized in terms of their proximate components, namely
moisture, volatile matter, ash, and fixed carbon. The proximate analysis was carried out twice for
each sample following the method described in NREL/TP-510-42622 [24] and ASTM D1762-84
[23]. To ensure that any residual materials adhering to the crucibles and their covers were volatilized,
the crucibles and covers were pre-fired by heating them at 950°C for 1 hour, and cooling to room
temperature, prior to the analysis. About 1 gram of sample (SCB, Lignin, or SCB briquettes) was
weighed (to the nearest 0.0001 g) into the pre-fired and pre-weighed crucibles. Moisture content was
determined by placing the sample-containing crucibles in a convection oven (Memmert Oven, Model
UNS50) at 105°C for 2 hours then cooled in a desiccator for 30 minutes prior to weighing using an
analytical balance (Kern ABJ-NM/ABS-N, Model ABS 220-4N). The drying procedure was repeated
until a constant weight was obtained, that is, the change in the calculated moisture content is less than
0.05 %. The percent moisture content, MC (wt.%) was then calculated using Equation 4.

s — [(Mscmc — (mc)empty]
ms

MC (%) = = x 100 % )

where my is the mass (g) of the sample before drying, m, is the mass (g) of the dry crucible, and
mg,. is the mass (g) of the crucible containing the sample, ()¢ is the mass (g) of the crucible
containing the sample after MC determination. Volatile matter content was then determined by
covering the crucibles containing the samples obtained from moisture analysis with pre-fired crucible
lids before placing in a furnace (PF3/SPEC, Vecstar, UK) set at 950°C. With the furnace door open,
the crucibles were placed on the outer ledge of the furnace for 2 minutes, then moved to the edge of
the furnace for 3 minutes. Afterwards, the crucibles were then transferred to the rear of the furnace
with the furnace door closed. The crucibles were then taken out from the furnace after 6 minutes,
allowed to cool for 15 minutes in a stainless-steel tray, then placed into the desiccator for 30 minutes
before weighing. The percentage of volatile matter, VM (wt.%), was calculated using Equation 5.
The lid was not included in the weighing.

_ (msc)MC - [(msc)VM - (mc)empty]

VM (%) = - x 100% (5)
S

where (mg, )y, is the mass (g) of crucible containing the sample after heating at 950°C and MC is
the fractional moisture content determined previously. Afterwards, the uncovered crucibles
containing the sample was heated in a muffle furnace (PF3/SPEC, Vecstar, UK) at 575°C for 4 hours.
After heating, the crucibles containing the residue were taken out of the furnace, allowed to cool for



Engineering Innovations Vol. 16 15

15 minutes in a stainless-steel tray, then placed into the desiccator for 30 minutes before weighing.
The percentage of ash, Ash (wt.%) was calculated using Equation 6.

(Msc) asn — (mc)empty

Ash (w/w) = m.(L— M)

x 100% (6)

where (m.) 45, 18 the mass (g) of the crucible containing the sample after heating at 575 °C. The
percentage of fixed carbon of the sample, FC (wt.% of fixed carbon in sample), was calculated by
difference using Equation 7(7).

FC (w/w) = 100% — VM — Ash (7)

SCB and LGN Characterization: Higher Heating Value Determination.

The higher heating value of the pre-treated samples were determined using an adiabatic bomb
calorimeter (Parr 1108 Oxygen Combustion Bomb) and procedures prescribed by the Parr
Instruments operating manual [25, 26] which are compliant with ASTM D2015-96 [27]. About 0.7-
1.1 g of sample, accurately measured to the nearest 0.1 mg, was used for every analysis. Nickel-
chromium fuse wire (Parr 45C10) was used to ignite the samples. About 10 cm of the wire was used
for each run and the length of the wire after ignition was recorded for correction of the actual heat
released by the consumed wire. Temperature readings were recorded prior to firing, at 30-second
intervals for 5 minutes after firing, then at 1-minute intervals for the next 7 minutes. The correction
for nitric acid formation was adjusted using standard sodium carbonate (0.0709 N) titration while
there was no correction for sulfur [28]. The HHV was determined using Equation 8.

M]] _ CAT — (AH1§NO3 + (lwire,i - lwire,f)AH\ilire)
g

HHV [k— - (8)

where C is the calorimeter constant (6.03 kJ/°C), AT is the temperature change from before ignition
to the temperature reading at the 12th minute after ignition (°C), AH 5 no, 18 the heat of formation of
nitric acid (kJ) which is determined by the volume of titrant (4.18 x 10~ kJ/mL of titrant), re; —
Lwires 18 the change in wire length measured before and after ignition (cm), AHy,;,.1s the heat of
combustion of the fuse wire (9.6232 x 1073 kJ/cm for Parr 45C10), and my is the mass of the sample
or standard benzoic acid (grams) used in the ignition. Equation 9 was used to express HHV in dry-
basis.

e (M _ __HEV
ab [@]‘1_%1\/16 ©)
100

Briquetting.

The mold used is an assembly of 3 parts namely the mold piston Fig. 1a, the mold cylinder Fig.1b,
and the mold base Fig. 1c. The mold was designed to produced briquettes with dimensions compliant
to the Austrian ONORM M?7135 standard for briquettes.

Sugarcane bagasse and lignin binder mixtures of 25 grams with different ratios (0 wt.% lignin, 4
wt.% lignin, 8 wt.% lignin, and 12 wt.% lignin) were prepared. Exact amounts of SCB and LGN for
a specific ratio are illustrated in Table 1. A beaker was placed on a top loading balance and tared.
SCB was poured first into the beaker until a specified mass was obtained. LGN was then added to the
beaker until the total mass of the mixture reached 25 g. It was then mixed thoroughly using a spatula.
The prepared mixtures were carefully poured into two of the six cylinders (42.5 mm inner diameter)
using a funnel. The remaining cylinders were loaded with pure SCB (~25g) to act as fillers to avoid
mold damage. After each compartment was loaded with the mixtures, the piston was gently placed
on the cylinders. The mold was placed on the base of the hydraulic press (Carver Hydraulic Press,
Model C) preheated at 150°C (Figure le). The mold was centered well on the preheated base. Once
the briquette mold was in place, the hydraulic jack was pumped to obtain the desired compaction
pressure (5 MPa, 8 MPa, 11 MPa). After the pressure was reached, the pressed biomass was held at
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the desired pressure for 30 minutes. After 30 minutes, the release knob on the hydraulic press was
turned counter clockwise to release the pressure. After releasing the pressure, the briquette mold was
removed from the press and the briquettes were removed from the mold. The weight and the
dimensions of the briquettes were measured directly after compaction and then stored in re-sealable
polyethylene bags for subsequent characterization and testing.

Table 1. Formulations of 25-g briquettes and number of briquettes produced per mixture

proportion.
Mixture proportions Mass of lignin (g) Mass of SCB (g) No.;fol;rli(c]:gttes
0% LGN 0 25 6
4% LGN 1 24 6
8% LGN 2 23 6
12% LGN 3 22 8

In order to assess the briquette quality, European standards for the domestic use of biomass
briquettes were employed. The Austrian ONORM M7135 and the EN 14961-3 were considered in
this study. Although these standards are based on compressed wood and compressed bark, which may
not be necessarily applicable for herbaceous biomass like SCB, they provide a means to classify the
quality of the briquette [13]. Details of each standard are listed in Table 2.

Table 2. European standards for the domestic use of biomass briquettes [29].

. Bulk Moisture Heating Sulfur
Standard Dla?;f:;;{g“;;lgth Density content Potential As?wctool/lt; nt content
(g/cm’) (Wt.%) (MJ/kg) 70 (Wt.%)
O-NORM
M7135 40-100/up to 1000 21 <10 218 <0.7 <0.08
(Austria)
EN 149613 s 125/upto400  20.9 <15 >15.3 <0.7 <0.04

(Europe)
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Fig. 1. Redrawn schematic diagram based on measurements used for fabrication.: (a) Mold piston
isometric, top & front view; (b) 6-cylinder mold isometric, top, & front view; (¢) mold base
1sometric, top, & front view; (d) briquette mold assembly isometric view; (e) Carver press.

Briquetting: Briquette Density.

After the briquetting process, the briquettes were weighed and corresponding dimensions were
measured. The diameter dj,;q and height hy,;, of the briquettes were measured using a Vernier
caliper. In measuring the diameter and the height of the briquette, 2 sides of the briquette were
measured. The average of the two sides were then calculated and the average value was then used as
the dp,.igand the hy,q. The briquette density was calculated using Equation 10.
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g 4mbriq
= 10
Cm3 T[(dlzn‘iq)(hbriq) ( )

pbriq [

where my,,;, is the mass of briquette immediately after briquetting. The density ratio and degree
of compaction are then determined to evaluate the briquetting performance.

Density Ratio = Dbrig. (D
Ploose
b c . -1 Vbriq
egreee Of ompaction =1 — Mpiomass (12)

Ploose

Briquetting: Moisture Reabsorption.

The moisture reabsorption was determined using procedures prescribed by Conag et al. [28].
Briquette samples were oven dried at 105°C for 3 hours. The dried briquette sample was weighed and
thus taken as the initial mass of the dried briquette. The briquette sample was exposed to atmospheric
conditions for a test period of 15 days. Mass of the briquettes were recorded at fixed intervals (1-hour
intervals for the first 12 hours, then 12-hour intervals in the succeeding days). Weight (in grams)
acquired by the briquette was taken as reabsorbed moisture. Wet bulb temperature, dry bulb
temperature and relative humidity (RH) readings were also determined using a sling psychrometer at
the same intervals as weight readings.

Briquetting: Normalized Burning Rate.

An iron stand with a wire mesh was mounted on a receiving tray on top of a top loading balance.
An alcohol lamp was positioned such that it does not contribute to the total system mass. Briquette
samples of known weight were loaded on the wire mesh and the lamp ignited. The rate of mass loss
of the briquette was monitored at 10-second intervals using a stopwatch until no change in mass was
observed. Ash was not removed for the entirety of the burning period. Readings were recorded as
soon as the flame contacted the briquette.

Fig. 2. Normalized burning rate setup.

The determination of the burning time was based on the work of Chaney et al. [30]. There are three
phases of the burning process: Phase 1 is the ignition phase where no drastic change in mass occurs;
phase 2 is the steady state flaming combustion phase where the fuel is enveloped in a luminous flame
(refer to Fig. 2) and it starts with a sharp decrease in mass which continues to decrease over time and;
phase 3 is when the flame dies and the briquette decomposes further by char combustion mechanism.
Only phase 2 of the burning process was considered. Equation 13 was used to determine the
normalized burning rate.
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% 1055] _ (mbriq,i - mbriq,f)/mbriq,i

NBR [ ; x 100% (13)
min

thurn
where mp,,; and my,;, r initial and final mass of briquette, respectively, and tp,,1s the time
elapsed during the steady state flaming combustion phase.

Briquetting: Compressive Strength.

The compressive strength of the briquette was measured using the Universal Testing Machine
(UTM) WEW-600, Serial no. 195, following the procedures by Emerhi [31]. The briquette samples
were mounted to the UTM and the compressive load was applied to the sample. The load was
increased until the briquette started to fracture and the compressive load was recorded immediately.
Equation 14 was used to calculate the compressive strength, CS.

F,
CS [MPa] = A—C (14)
where F, the compressive load exerted the moment the briquette started to fracture in Newtons,
which was specifically determined by using the stress-strain diagram, and A is the surface area of the
briquette sample (mm?). From the compressive load data F,, the number of stackable briquettes was
calculated.

Fweight of briquette [N] = Mpriquette xXg (15)
F

Nstackable = F (16)
weight of briquette

where my,jgyeete (kg) is the mass of briquette, g (m/s) is the gravitational acceleration constant and
Ngtackabiels the number of stackable briquettes.

Briquetting: Briquette Combustion Indices.

The proximate analysis and higher heating value of the briquetted samples are determined based
on the procedures described in the previous subsections. The potential of the briquettes to be co-fired
with conventional coal was assessed by obtaining the fuel ratio FR [32], combustibility index CI [33],
and the volatile ignitability VI [34]. These were computed using Equations 17, 18, and 19.

_ :/0 FCbriquette (17>
%o VMbriquette

HHYV, 1
cl [ ] ””"“e”e x (115 = % Ashpriguette) X 05 (18)

VI [k ] HHVbriquette - 0-338(% FCbriquette) % 100 (19)

% VMbriquette + % MCbriquette

Experimental Design and Statistical Analysis.

In this study, the Minitab® 19 software [35] was used to map out the design of the experiment and
subsequent statistical analysis. Three response variables namely: bulk density, higher heating value
(HHV) and compressive strength (CS), are of interest in this work. A 32-full factorial experimental
design was employed by varying two input factors: compaction pressure (CP) and lignin content
(LC); with three levels each: low, intermediate, and high. The runs are done in replicates of two,
giving a total of 18 replicates along with 6 replicates of binder-less briquettes used as control. The
factors along with their corresponding levels are tabulated in Table 3.
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Table 3. Factors and corresponding levels of the 32-full factorial experimental design.

Level Compaction Pressure (MPa) Lignin Content (wt. %)

Low 5 4%
Intermediate 8 8%

High 11 12%

An analysis of variance (ANOVA) on the gathered data was also done to identify the significance
of the main and interaction effects.

Results and Discussions
Raw Material Characterization.

Physical properties such as bulk density, particle size, and proximate composition of both SCB
and lignin, as well as their higher heating values (HHV) are summarized in Table 4. The physical
properties such as bulk density and particle size of the biomass are important considerations for
transportation and storage purposes. Sugarcane bagasse (as received) was analyzed to have a moisture
content of 10.21 £ 0.28%. The samples were sun-dried and milled passing through a 2-mm mesh and
physical properties such as bulk density and particle size were determined.

Table 4. Characteristics of sugarcane bagasse and lignin.

Sugarcane Bagasse Lignin
Characteristics Experimental Literature Reference Experimental Literature
Values Values Values Values
Bulk Density
[g/cm’]
Loose 0.110 £0.000 0.10 £ 0.00 [34] - -
Tapped 0.1704+0.000  0.15+0.01 [34] - -
Average Particle ¢, o 0.56 % 0.01 [34] ; -
Size [mm]
Moisture (as 1 5} 4 0,08 . . .
received)
Proximate
Components
Moisture, M [%]  8.14%0.10 753 + 08 [34] 8.12+0.19
) 72.08 % 0.56 [34] 59.6Kr;
V"léﬁﬁ,,“{j“er’ 83.10 = 0.24 80.27 [36] 8160093  T281X& [gg]
[7o] 78.60 + 7.70 137] 72,08 [39]
. 18.23+ 0.49 [34] 39.65;
F‘legdfa,,r/b"“’ 14.65 + 0.90 14.72 [36] 17842093  26.195& [gg]
[7o] 0.45 + 2.45 137] 27.16Y [39]
Ashdb @s 226+0.11 9'693?'49 BZH 0.56 + 0.00 08%; [38]
shdb Gs 26+0. 5. 56+0. AN
180 b7 1.00% & 0.79 [39]
Higher Heating 175 [34]
Value, HHV® 182403 16220 671 22.6+0.1 23.6-25.58 [19]
(MJ/kg) oE s

4on dry basis; “*value for Kraft lignin; ¥value for Klason lignin; Wvalue for Willstatter lignin

Lignin used by this study was extracted using an alkaline extraction process devised by DOST-
PTRI and precipitated using an acid precipitation method by Alriols et al. [21]. This is different from
the extraction processes used by the cited references in Table 4 which were obtained using Kraft,
Klason, and Willstatter lignin extraction techniques. The main difference between Klason and
Willstatter hydrolysis extraction methods is that the former uses dilute H2SO4 and the latter uses dilute
HCL
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Raw Material Characterization: SCB Density and Particle Size.

Bulk densities of SCB as determined by this work is 0.110 £ 0.000 g/cm® (loose) and 0.170 +
0.000 g/cm’® (tapped), which is only slightly higher compared to literature with values of 0.10 +
0.00 g/cm® (loose) and 0.15 = 0.01 (tapped) g/cm>[34]. The loose and tapped density are used to
characterize the flowability of particles. At large scale productions of briquettes, the ease of handling
the raw materials would be a significant factor to efficiency, thus it is important to determine the
loose and tapped densities.

The particle size of biomass is important in terms of storage and transportation since fuel with very
small particle size could get easily blown by the wind thus needing additional storage equipment and
more expensive equipment to transport. For briquetting, the particle size of the feedstock also has an
effect on the quality of the produced briquette.
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Fig. 3. SCB particle size distribution from sieve analysis.

The milled SCB used for briquetting in this study has an average particle size of 0.61 £ 0.01 mm
with a particle size distribution as shown in Fig.3. Particles with sizes ranging from 0.45 to 0.85 mm
make up 58.93% of the distribution. Generally, biomass particles of 6 to 8 mm in size give the best
briquetting results. However, it is also desirable to have a random distribution of particle size to make
sure that there is an adequate amount of small particles that is present for embedding in the larger
particles [41]. The longer fiber lengths of the biomass promote mechanical interlocking between the
particles increasing the strength of the resulting briquette [42]. The SCB used has a wide particle size
distribution, with particles having sizes greater than 0.45 mm making up 59.01% while those less
than 0.45 mm making up 40.99%. The presence of particles with different sizes improves the packing
dynamics and contributes to a high strength [43], making the SCB feedstock used suitable for
producing strong briquettes.

Raw Material Characterization: Proximate Analysis and Higher Heating Value.

After drying and milling, a separate sample of SCB was further characterized for its proximate
components. For solid fuels, moisture is an unwanted component as it significantly lowers the heating
value of the solid fuel and may result in incomplete combustion of the combustible matter, the
deposition of unburnt carbon around the equipment and might cause a difficulty in ignition.
Decreasing the moisture content of the biomass before briquetting is also important in complying
with briquette standards. The moisture content of as-received SCB decreased from 10.21% to 8.14%
after drying and milling, therefore is desirable since the chosen standards for briquette quality allows
at most 15% moisture. Also, a study by Grover & Mishra [41] observed that when a feedstock has 8-
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10% moisture, the briquettes would be strong, free of cracks and the briquetting process would be
smooth. Compared to other biomass used for densification listed in Table 5, moisture of SCB was
within the range of values found in literature. Aside from moisture, the amount of volatile matter
(VM) and fixed carbon (FC) significantly influences the heating value of the biomass. The VM and
the FC represent the components of carbon, hydrogen and oxygen present in the biomass. VM
volatilizes when heated, leaving FC as the remaining source of carbon in the biomass. Heating value
is proportional to the carbon and hydrogen content of the biomass thus, HHV is assumed to be a
function of FC and VM. Compared to other biomass, The FC of SCB falls within the range of values
found in literature, however, the VM of SCB is relatively higher compared to literature. This explains
why the HHV of SCB has a larger HHV value compared to the mentioned biomass, thus making it a
desirable feedstock for solid fuels. Ash is a non-combustible component that lowers the heating value
of the solid fuel as its amount (wt%) increases. Also, the ash content of a biomass is an indicator of
slagging behavior of biomass. Generally, the greater the ash content, the greater the slagging
behavior. In Table 5, SCB has the lowest ash content compared to the other biomass. [18, 19, 37, 44,
45].

In this study, SCB and lignin were found to have heating values of 18.18 + 0.20 and 22.30 + 0.44
MlJ/kg, respectively. Both materials are found to have HHV values close to their respective literature
values in Table 4 [19, 28, 37]. The difference between the raw material HHVs can be traced back to
the difference in their respective proximate components. The VM of SCB is only slightly higher
compared to that of the lignin samples, however, there is a large difference between their FC and ash
contents as observed in Table 4. The FC of SCB is lower than that of the FC of lignin and the ash
content of SCB is higher compared to that of the SCB samples. This explains the higher HHV of
lignin compared to SCB where it coincides with a study done by Cordero et al. [46] that VM, ash and
FC content has increasing significance to the HHV value of lignocellulosic and carbonaceous
materials. Lignin contains very low ash content, low MC, and high values of FC and MC, thus making
it a desirable feedstock for biomass fuels. In addition, it has good binding properties making it a very
suitable fuel additive and binder.

Table 5. Proximate compositions and higher heating values of common feedstocks used in

densification.
Proximate Composition (%wt.) HHV
Biomass Feedstock Reference
. (MJ/kg)
Moisture Ash FC VM

Sugarcane bagasse  8.14+0.10  2.26 +£0.11* lg'ggaﬂ: 83';23: 18.19 £0.30*  This study
Rice bran 11.40£0.08 16.17+0.71 17.14+£0.19 66.69 £ 0.64 17.18+0.14 [13]
Rice husk - 16.22 16.08 67.70 15.442 [20]
Rice straw and 68.18 —

Sugarcane leaves® 42-6.2 7.84—-12.85 9.06 -13.63 74.67 16.33 -17.83 [47]
Corn cob 9.71 2.97 71.21 16.11 16.65 [48]
Pigeon pea stalk 5.96 10.62° 7.25° 83.132 14.81° [49]
Cotton stalk 10.2 12.132 14.002 73.87% 15.722 [49]
Soy stalk 11.84 10.392 7.222 82.392 14.66% [49]

%on dry basis ®range of compositions from pure rice straw to pure sugarcane leaves.
Briquette Characterization: Proximate Analysis.

Compared to as received loose SCB (MC = 11.09 + 0.83%), and dried SCB samples (MC = 8.14
+ 0.10), majority of the briquettes had lower moisture contents ranging from 5.06% to 8.25%. This is
due to water evaporating from the heating of the mold at 150°C for 30 minutes during the briquetting
process. All the briquettes pass the moisture content standard for O-NORM M7135 (< 10%) and EN
14961-3 (< 15%). The other incombustible component of the solid fuel briquette is the ash content.
Ash content from the briquettes produced range from 1.83 — 2.50% which are higher than the
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prescribed ash content by the above-mentioned standards (< 0.7 wt%). However, the ash content of
the briquettes produced, which have an average ash content of 2.28 + 0.00%, are relatively lower
compared to other common biomass fuels (0.5 — 19.2%, average of 4.65%) [51].
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Fig. 4. Proximate composition of solid fuel briquettes with varying compaction pressure (5 MPa, 8
MPa, 11 MPa) and binder content (0%, 4%, 8%, 12%).

Fig. 4 shows the proximate composition of all the briquettes studies. There is no significant change
in the proximate composition of the briquettes with the addition of lignin. This may be due to the fact
that the SCB and lignin have similar compositions (refer to Table 4). The values of VM and FC range
from 75.18% - 79.23% and 12.63% - 15.51%, respectively. The amounts of VM and FC are
responsible for the heating value of the solid fuel. However, it is not enough to determine the total
amount of VM and FC that the solid fuel has but it is also rather important to calculate the ratio of
FC and VM, also called the fuel ratio, a combustion characteristic of a solid fuel. Further discussions
on the combustion characteristics and other implications of the proximate composition are discussed
in the previous subsections.

Briquette Characterization: Density.

The density of the briquette is an important property to consider when producing briquettes, it
mainly affects the storage requirements of these solid biofuels. Briquettes with high density are
desirable since they take up less space when stored and they are more energy dense compared to the
loose biomass [7, 49]. Standards for briquettes require their densities to be greater than 0.90 g/cm? at
the minimum, these are based on European Standards EN 14961-3. Fig. 5 shows the densities of the
briquettes at different lignin contents and compaction pressures.
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Fig. 5. Briquette density at various binder contents and compaction pressures. Error bars represent
standard deviations for two replicates (n = 2).

By doing an analysis of variance (ANOVA) with a 95% confidence interval, only the compaction
pressure has a significant effect on the density (p < 0.05) while lignin content has no significant effect
on the density (p > 0.05). Effects of interactions between the two factors are also not observed.
Increasing the pressure from 5 to 8 MPa for briquettes with 8% binder content increases from 0.843
+0.018 to 0.941 + 0.012 g/cm?® (11.59% increase) while further increasing the pressure to 11 MPa
brings the density up to 0.974 + 0.029 g/cm® (3.50% increase). Higher pressures exert more force
onto the biomass, forcing the particles to fill the void spaces within the briquette and thereby
increasing its density [13]. As shown in Fig. 5, only briquettes made with compaction pressures of 8
and 11 MPa meet the standard (0.90 g/cm?) while those made using a pressure of 5 MPa fall short of
the standard with densities of around 0.838 g/cm?. Compared to the loose biomass, which has a
density of 0.121 + 0.000 g/cm? (loose), the densities of the briquettes range from 0.817 £ 0.006 to
0.974 £ 0.029 g/cm>. The SCB was compressed by about 85 to 88% with densities of about 7 to 8
times the density of the raw biomass.

Briquette Characterization: Higher Heating Value.

The HHV determines the energy the biomass gives off when burned which means a high HHV is
desirable for briquettes and fuels in general. Fig. 6 shows the HHVs of the briquettes. From the graph,
it can be observed that, for the ranges chosen in the experiment, HHV increases as the lignin content
is increased while increasing compaction pressure does not have a significant effect on the HHV
between briquettes of the same lignin content. For instance, increasing the lignin content from 0% to
12% for a briquette with a compaction pressure of 8 MPa increases the HHV from 18.2 +0.2 to 19.4
+ 0.8 MJ/kg (6.59% increase) while increasing the compaction pressure from 5 MPa to 11 MPa for a
briquette with 4% lignin content does not affect the HHV much (18.5 £ 0.6 to 18.6 = 0.0 MJ/kg).
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Fig. 6. Higher heating value of briquettes at various lignin contents and compaction pressures. Error
bars represent standard deviations for replicates of two (n = 2).

By analysis of variance at a confidence level of 95%, only the lignin content significantly affects
the HHV (p < 0.05) while the effects of the compaction pressure are not found to be statistically
significant to the HHV of the briquette (p > 0.05). Effects of interactions between the two factors are
not observed. Increasing the lignin content would logically increase the HHV since the heating value
of the lignin binder is higher than the raw SCB. On the other hand, the compaction pressure would
not directly affect the HHV other than the leaching out of the extractives within the biomass [13].
Several studies have shown that the heating value of biomass is proportional to its lignin content [18,
52, 53] since the heating value of lignin is higher than the other two components of lignocellulosic
biomass (cellulose and hemicellulose). The higher heating value of lignin compared to the other
components is due to its higher carbon content [50], thereby the addition of lignin to the SCB before
briquetting would contribute to an increase in the overall HHV of the mixture. Generally, all of the
briquettes produced have HHV values that fall between the HHV of raw SCB (18.2 = 0.3 MJ/kg dry
basis) and the HHV of pure lignin (22.6 + 0.1 MJ/kg dry basis), which is to be expected. The European
standard (EN 14961-3) for non-industrial wood briquettes requires the HHV to be a minimum of
15.3 MJ/kg wet basis [54], briquettes produced in this work have a minimum HHV of 16.6 +
0.4 MJ/kg wet basis and can go up to 18.3 = 0.1 MJ/kg wet basis which is above the standard, given
that it was set for wood briquettes.

Briquette Characterization: Compressive Strength.

The compressive strength is an important metric of mechanical strength in order to estimate the
tolerable load a briquette can withstand [11]. In this regard, no standard minimum strength has been
determined for commercialized briquettes. However, briquettes with high compressive strength are
desirable.



26 Engineering Innovations Vol. 16

120.000

115.000

110.000 4

105.000 | I
—0O—5 MPa

100.000 —tr— & MP2

=11 MPa
95.000

Compressive Strength (MPa)

90.000 |

85.000

0% 4% 8% 12%
Lignin Content (W/w)

Fig. 7. Compressive strength of briquettes at various lignin contents and compaction pressures.
Error bars represent standard deviations for replicates of two (n = 2).

Fig. 7 shows the compressive strength of briquettes at different binder contents and compaction
pressure. No apparent trend was observed over all the data, however there is a positive trend observed
when lignin content is increased for briquettes compressed at 11 MPa. The highest compressive
strength obtained was also at 113.13 + 2.81 MPa by a briquette with 12% lignin content and
compressed at 11 MPa. By analysis of variance, both of the factors, compaction pressure and lignin
content, do not have significant effects on the compressive strength at a confidence level of 95% (p
> (.05). Effects of interactions between the factors were not observed. The results in this work are
contrary to that of a previous study with a similar range of pressures [13] and even to another study
with a wider range of pressures [55], both of which prove that the compaction pressure significantly
affects the briquette strength. Ideally, briquette strength increases as the compaction pressure
increases [56], but this may have been affected by the compacting procedure, especially since an
external binder such as lignin has been added, which affects the layers distribution in the briquette
and its strength [56]. Some studies [57-59] have theorized that the softening of lignin by high
temperatures and its subsequent cooling while under pressure is a key factor in improving the
briquette strength with lignin. The briquetting procedure employed in this study, which is mainly
based on the work of Navalta et al. [13], does not include a cooling step in the total compression time.
Lignin is an amorphous thermoplastic material which undergoes plastic deformation at its glass
transition temperature range and low compaction pressures [59], at this point the lignin fills the gaps
between particles. Cooling under pressure allows the softened lignin to solidify and form stronger
solid bridges between the particles in the briquette while preventing it from going back into its relaxed
state [57]. In future works, it may be advisable to include a cooling step in the procedure to see if
there is any effect on the strength.

The range used in the study for lignin concentrations may have been too low for it to exhibit any
significant effect on the strength. However, some studies which also use lignin as an additive in low
pressure briquetting/pelletizing makes use of a similar range of lignin concentrations [50, 60, 61] and
shows a clear positive effect in the improvement of briquette strength. The main difference between
this study and the cited studies is that the other studies make use of wood biomass in their
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briquettes/pellets while the biomass used in this study is an herbaceous biomass. Studies on non-
woody biomass briquettes with lignin as an additive are scarce. A recent study by Chang and Byung
[62] on non-woody biomass pellets made from an energy crop, Miscanthus sacchariflorus, with Kraft
lignin as an additive had a similar observation with this work. The study concluded that the addition
of lignin additive up to 5% w/w showed only a little to no increase in the compressive strength of the
pellet which the study attributed to the weak bonding between the lignin additive and the biomass.
The studies mentioned, however, did not statistically determine the significance of the effect of lignin
as an additive in briquettes/pellets.

Nevertheless, the briquette with the lowest compressive strength (8% lignin, 5 MPa) obtained in
this work can accommodate up to ~550,000 stacked 25-g briquettes (diameter = 42.5 mm), which is
more than sufficient for practical transport and storage of briquettes. In a previous study by Navalta
et al. [13], at least ~300,000 of 25-g briquettes could be stacked even with the lowest compressive
strength achieved, also noting that the quantity of stackable briquettes is more than enough for
practical transport and storage.

Fuel Characteristics of the Best Briquette.

As a result of the investigation performed, the conditions that produced the best briquette with the
highest HHV and CS obtained in this study were found to be at a formulation with 12% lignin content,
pressed at a compaction pressure of 11 MPa. Further characterization was performed on the best
briquette obtained. The additional briquette characterization steps are summarized in Table 6, and
results are then compared across various briquetting systems found in literature.

Fuel Characteristics of the Best Briquette: Moisture Reabsorption Rate and Equilibrium
Moisture Content.

Since high moisture content is unwanted in solid fuels, one way to assess a solid fuel quality is by
determining the moisture uptake rate and the equilibrium moisture content the fuel can hold at normal
conditions. To determine these, a control briquette (0% Lignin, 11 MPa) and the best briquette was
exposed to an environment with temperature ranges of Twb = 26.4 £ 1.8°C and Tdb =31.9 + 1.8°C,
and relative humidity (RH) of 63.4 + 7.8%.

10.00% 0.25%

< 9.00% =

S 3

32 800% £ 0.20%

£ 2

o 7.00% -

[y -

g &

S 6.00% = 0.15%

Q [=]

E 5.00% g

2 4.00% 2 010%

£ g

S 3.00% 2

= 1)

= 200% 3 005 7

= 2 g 005% /

S 1.00% s /
0.00% LFEER 0.00% /
E0% Lignin - 5 MPa  @0% Lignin - 8 MPa E0% Lignin-5MPa 0% Lignin - 8 MPa
2] A S BEL TR AU TS B L e =0% Lignin - 11 MPa  E212% Lignin - 11 MPa

(a) (b)
Fig. 8. Equilibrium moisture content (a) and moisture reabsorption rate (b) of binderless briquettes
compressed at the different compaction pressures and the optimum briquette (LC = 12% w/w; CP =
11 MPa). Error bars represent standard deviations for replicates of two (n = 2).
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As presented in Fig. 8, the equilibrium moisture of the best briquette (8.09%) is found to be higher
than that of binder-less briquettes compressed at 8§ MPa (7.63%) and 11 MPa (7.24%). It was also
observed that the addition of a binder (lignin) increased the equilibrium moisture. This is due to the
presence of oxygen-containing functional groups of lignin. Comparing the briquette with 12% lignin
content compressed at 11 MPa (12% Lignin — 11 MPa) with the binder-less briquette compressed at
11 MPa, the briquette with lignin had a larger equilibrium moisture content by 1.19%. In a similar
study conducted by Hu et al. [63], it was observed that increasing the binder (lignin) content of the
rice husk bio-char pellets from 5% to 20% increased the equilibrium moisture content from 4.69% to
6.48%.

The control briquette (BC = 0%, CP = 11 MPa) exhibits a moisture reabsorption rate 0.1660% per
hour, while the rate of moisture reabsorption is much slower for the briquettes densified at the
determined best conditions (BC = 12%, CP = 11 MPa) at 0.0611% per hour. In the study by Hu et al.
[63], lignin binder, rice husk bio-char pellets yielded reabsorption rates of 0.2345 - 0.3240% per hour.
Compared to values obtained from literature, the produced SCB briquettes have higher values of
equilibrium moisture, but lower values of rate of moisture reabsorption. This implies that the
briquettes could be stored for a longer time compared to binderless briquettes since the rate of
moisture uptake is slow. However, long storage periods would cause swelling and disintegration due
to a higher equilibrium MC content compared to the control briquettes. Nevertheless, the equilibrium
moisture of the best briquettes still complies with the chosen standards.

Fuel Characteristics of the Best Briquette: Burning Rate.

The most straightforward technique of unlocking the energy potential in biomass feedstock is
through combustion. Thus, investigating the solid fuel burning characteristics is essential in trying to
describe and understand the behavior of the fuel when subjected to combustion. In this study, the
burning characteristics are mainly gauged by the burning rate and the combustion indices.

The burning rate (BR) of the best briquette is in the range of 1.30 - 1.58 g/min, which translates to
a normalized burning rate (NBR) of 5.31 - 6.43 % mass loss/min, with typically short ignition times
ranging from 0.17 - 0.50 minutes and burning times ranging from 12.33 - 14.83 minutes. A study by
Navalta et al. on bagasse-rice bran briquettes yielded similar results with an NBR of 4.28 - 7.75%
mass loss/ min, ignition times ranging from 0.17 - 1.83 minutes and burning time of 3.67 - 10.67
minutes [13]. Comparing to different briquettes in literature, starch binder empty fruit bunches
briquette (EFB) had a BR of 4.35 g/min and ignition time of 6 minutes with ignition aid [65], and
asphalt binder EFB briquettes with BR of 3.7 g/min and ignition time of 13 minutes with ignition aid
[65]. The briquettes in this study have lower burning rates and shorter ignition times. However,
burning time of coal-biomass briquette systems prove to be longer, spanning from 60-100 minutes
for maize cob-coal and groundnut shell-coal briquettes [66]. This implies that the briquettes produced
are consumed faster compared to coal-based briquettes and large amounts of fuel are required to
sustain burning. This poses a disadvantage in industrial fuels. However, the ease of ignition is a
convenient feature for fuels targeted for domestic/household usage.

Fuel Characteristics of the Best Briquette: Combustion Indices.

For the briquette combustion indices, the fuel ratio (FR), combustibility index (CI), and volatile
ignitability (VI) are considered in this work. The rationale behind obtaining these indices revolves
around the idea that the volatile matter content in the fuel is used as a basis to determine combustibility
and eventually select better solid fuel alternatives for boiler applications [32] and ultimately, these
indices give an idea as to the potential for industrial applicability of the produced solid fuel briquettes.
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In this study, the best briquette bears an FR value 0f 0.2041 + 0.0016. FR ranging from 0.5-3.0 are
commonly used in coal-fired power plants [34]. In thermoelectric power plants, the FR of sub-
bituminous coal is in the range of 0.5-1.0 [33]. The briquettes produced do not meet the FR values to
qualify for usage in power plants. This implies that the solid fuel contains high quantities of volatile
matter and that it leads to challenges in energy recovery due to rapid combustion leading to poor
boiler efficiencies and unwanted gaseous emissions [13, 67]. This is true for solid fuels with low FR.
However, mechanical densification techniques such as briquetting can be used in tandem with other
densification techniques in order to improve FR and other combustion indices [13]. An example
would be torrefaction, a type of chemical densification technique. In a study by Conag et al. [34],
torrefied SCB were determined to have an FR ranging from 0.22 - 1.68. The VI, which is a gauge for
the energy imparted by the total volatile matter, must be at least 14 MJ/kg. For the best briquette
produced in this study, the VI value is at 15.78 + 0.09 MJ/kg. This indicates that the briquettes have
sufficient volatile matter for ease of ignition, as supported by the FR value, proximate analysis, and
the short ignition time observed in burning rate experiments. This is further supported by the fact that
biomass is considered as a more reactive fuel than coal, giving a much faster combustion rate during
the devolatilization phase [45]. The CI can be used to evaluate the suitability of the material for
mixed combustion in coal-fired thermal power plants [33]. The CI appropriate for co-firing must be
in the range of 12.56 - 23.03 MJ/kg [33]. The best briquette yielded a CI value of 96.40 + 1.13 MJ/kg.
The CI values of the briquette is comparable to those of raw biomass feedstock. In a study of Conag
et al., unprocessed SCB had a CI of 82 MJ/kg. On the other hand, torrefaction of SCB significantly
reduced the CI to an acceptable value of 16 MJ/kg, noting that torrefaction at 350°C provided the
best results [34]. Ultimately, it is obvious that the best briquette produced in this work is not fit for
co-firing in industrial boilers.
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Table 6. Fuel characteristics of various densified solid fuels.
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* values obtained in this study **assumed 20-hr test period (as stated by Hu et al. [63]) ®expressed

on dry basis.



Engineering Innovations Vol. 16 31

Conclusions and Recommendations

The effects of SCB:lignin ratio and compaction pressure on the quality and fuel characteristics of
briquettes were investigated in this work. SCB briquettes were found to have improved bulk density
(7 to 8-fold increase), high compressive strength and retarded moisture uptake. Compaction pressure
is shown to have a significant effect on the briquette density (p < 0.05). On the other hand, both
compaction pressure and lignin content do not exhibit significant effects on the compressive strength
(p > 0.05). While the addition of lignin binder lowers the moisture reabsorption rate, the opposite is
true for the equilibrium moisture content.

As for the fuel characteristics, the HHV of briquettes are shown to increase with increasing lignin
content (p < 0.05). Proximate analysis reveals that the briquette and feedstock compositions are
identical, showing high levels of volatile matter. Thus, the briquettes exhibit relatively short burning
times compared to coal and coal-biomass briquettes. Combustion indices determine that SCB
briquettes are not suitable for industrial applications.

To further improve the study, it is recommended that other sources of lignin be explored, and
lignin binder range explored in this study could be expanded (> 12%) to better understand its effects
on the compressive strength and other briquette characteristics. Process conditions during briquetting
could also be altered such as the pressing temperature, time, and pressure to further optimize the
briquetting process. Furthermore, various biomass densification techniques can also be explored,
such as a combination of briquetting (mechanical densification) and torrefaction (thermochemical
densification) techniques.
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Appendix A: Research Design
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