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In order to produce briquettes that meet the needs of consumers, different combinations of raw materials and
methods were used to produce rice-husk briquettes using a locally fabricated multi-piston press. Particle size,
husk-bran ratio, drying method, and water temperature for briquetting were the main influencers of the hard-
ness of rice-husk briquettes at constant pressure. The briquetting process increased the density of rice husk
from 120 to 600 kg/m>. The average time for making nine briquettes (loading, compressing, ejection, and transfer
to drying tray) was 3.6 min (150 briquettes/h) using the locally fabricated piston press. Briquettes produced
using fine particles (<0.3 mm), hot (97 °C) water, husk-bran ratios of 0:1, 1:2, 1:1, 1:0, 2:1, and dried in the
sun for 21 days had mean hardness values of 132, 89, 76, 62, and 31 N. Four types of fuel briquettes were pro-
duced: husk-bran-palm press fiber (HBF), husk-bran-palm press sludge (HBS), husk-bran only (HBO), and
husk-biochar-clay (HBC). The four types of briquettes recorded shorter start-up time (<5 min) than charcoal
(10 min). The average flame temperatures of HBF, HBS, and HBO during the first 20 min were higher (898 °C)
than the average temperature of charcoal (546 °C). The characteristics of HBF and HBO briquettes provide the
best option for consumers, especially those in the rice parboiling industry, as these briquettes recorded the fol-
lowing values for hardness (170 and 101 N, respectively), start-up time (2 and 3 min), burning rate (126 and
145 g/min), specific fuel consumption (121 and 136 g/1), and flame temperature (684 °C and 728 °C). It was con-
cluded that briquettes could be produced from rice-milling by-products with acceptable quality using this afford-
able technology.

© 2015 International Energy Initiative. Published by Elsevier Inc. All rights reserved.

Introduction

The generation of revenue from rice-milling by-products is very low
in SSA. Although rice bran is highly nutritive (Saunders and Betschart,

Rice (Oryza spp.) is an important source of calories in sub-Saharan
Africa (SSA) and production is likely to increase to satisfy the ever-
increasing demand. In 2014, SSA produced about 22.1 million tonnes
(Mt) of paddy, equivalent to 4.6% of the world’s production (IRRI,
2015). On average, paddy consists of 72% rice, 5%-8% bran, and 20%-
22% husk (Prasad et al., 2001). Thus, the milling of 22.1 Mt of paddy
will generate about 4.8 Mt of husk. Since the 2007-2008 food crisis,
African governments and their development partners have established
programs for increasing rice production with an expected increase in
rice milling by-products.

Abbreviations: ASTM, American Society for Testing and Materials; GLM, generalized
linear model; HBC, husk-biochar-clay; HBF, husk-bran-palm press fiber; HBO, husk-
bran only; HBS, husk-bran-palm press sludge; HHV, higher heating value; RHA, rice-
husk ash; WBT, Water Boiling Test.

* Corresponding author. Tel.: +229 66077113 or +237 676484705; fax: +229
642278009.
E-mail address: S.Ndindeng@cgiar.org (S.A. Ndindeng).
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1979; Amissah et al., 2003), this by-product is mainly used in SSA only
as an ingredient in the production of livestock feed. However, when
bran is mixed with husk, as is the case when rice is milled in Engelberg
type mills, the use of this product as a livestock feed is not desirable due
to the high amount of silica in husk (So et al., 2008). Studies have dem-
onstrated the potential of using rice bran in the production of useful
chemicals (Li et al., 2012), oil (Rohman, 2014), biodiesel (Saravanan
et al, 2007; Lin et al., 2009; Gunawan et al., 2011), soluble fiber (Wan
etal., 2012), phenolic compounds (Pourali et al., 2010), activated carbon
(Suzuki et al., 2007), and beverages (Faccin et al,, 2009). Unlike bran, the
majority of rice husk produced in SSA is disposed of by burning in open
fields or abandoned behind rice milling facilities. This pollutes the
air and land, and generates greenhouse gases such as methane (CHy),
nitrous oxide (N,0), and unburnt carbon (Lim et al., 2012a; Mai Thao
et al., 2011). Very few of the technologies that add value to rice husk
have been tested in SSA. These include the use of rice husk as biofuel
for the generation of heat and electricity (Sookkumnerd et al., 2005;
Goyal et al., 2008; Lim et al., 2012a), biosorption of heavy metals from

0973-0826/© 2015 International Energy Initiative. Published by Elsevier Inc. All rights reserved.
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single and mixed metal solutions (Krishnani et al., 2008; El-Shafey,
2010), vermicomposting for the production of organic fertilizer (Lim
et al.,, 2012b), as animal feed after physical, chemical, or biological
treatment (Vadiveloo et al., 2009), and as a support for solid-state fer-
mentation (Kapilan and Arasaratnam, 2011). Rice husk ash (RHA), a
product of rice-husk combustion, is useful as a material for building
and construction (Khan et al., 2012; Yuzer et al., 2013), glass ceramic
tiles and whiteware (Prasad et al., 2001; Andreola et al., 2013), rein-
forcement of aluminum alloy (Saravanan and Senthil Kumar, 2013),
production of silica powder, activated carbon, and carbon-silica com-
posite (Kumagai and Sasaki, 2009; An et al., 2011).

Fuelwood and farm residues are the most common cooking fuels in
SSA, representing 74% and 12%, respectively, of the total fuel used.
Firewood collection places a substantial time and labor burden on fam-
ilies, particularly women, and can place additional pressure on local
forest resources, particularly in places where wood is scarce (Adkins
et al.,, 2012). In communities where fuelwood is scarce, the use of rice
husks to generate heat for households and the local artisanal food-
processing industry will be a suitable alternative. In addition, the use
of rice husk may serve as a first step toward valorizing the huge quanti-
ties of this rice-milling by-product.

Thermochemical conversion of rice husk to produce heat energy can
be achieved via direct combustion, gasification, and pyrolysis (Lim et al,,
2012a). High-tech systems exist for each of these processes, but their
adoption and sustainability among smallholder processors in SSA
remain to be seen. Small-scale rice-husk gasifier stoves—especially
affordable ones that burn efficiently with a continuous fuel recharging
system—appear to be promising in SSA. Rice-husk gasifier stoves will
be more useful for households in the vicinity of rice milling facilities
(Parmigiani et al., 2014), since the high volatility and low density of
rice husk (120 kg/m?) can cause challenges in handling and transporta-
tion. For households that are not within the vicinity of rice milling
facilities or factories that may require husk or husk-bran mixtures as
raw materials, these challenges can be overcome by densification
(briquetting or pelleting) at husk production sites. In addition, it may
be useful to convert the char produced from the gasification process
into briquettes for use as clean fuel.

Briquetting technologies, such as the heated die screw press
briquetting (Toan et al., 2000; Ahiduzzaman and Islam, 2013) and
single piston and die press (Chin and Siddiqui, 2000; Bhattacharya
et al.,, 2002), and the subsequent use of briquettes as fuel is common
in China, India, Taiwan, Thailand, and Vietnam. Although massive
investments have been made in briquetting in SSA, very few commercial
success stories have been documented (Mwampamba et al., 2013). The
quality, availability, convenience, and price of briquettes appear to be
major factors hindering widespread adoption of briquetting technol-
ogies in the region. In addition, dependency on importation of equip-
ment, spare parts, and after-sales service limits the scale at which
briquetting production can occur and, to a large extent, explains
why there are few briquetting factories in the region (Grover et al.,
1994; Mwampamba et al., 2013).

Although the potential to use briquettes as fuel in SSA is high, the
low price of fuelwood, punitive legal and fiscal requirements for
briquette producers, and supply-driven approaches to industry devel-
opment have limited the growth of fuel briquettes in the region
(Mwampamba et al., 2013). Consumers prefer briquettes that are
sufficiently hard with good burning characteristics (low moisture con-
tent, easy to light, high burning rate, low specific fuel consumption,
low ash content, high flame temperature, and long burning time).
Briquettes currently sold in SSA are hard to light, slow to burn, crumble
easily when put out, and require additional ventilation of the stoves
(Mwampamba et al., 2013). The production of briquettes of acceptable
quality from rice-milling by-products at rice milling sites using afford-
able technologies is crucial to adding value to rice husk or husk-bran
mixtures in SSA. Production of briquettes from rice husk or husk-bran
mixtures with sufficient hardness and acceptable burning properties

is a big problem, especially when using low-cost equipment. This
paper presents the production and analysis of briquettes using different
combinations of materials, methods, and low-cost equipment with the
hope of getting briquettes with optimum performance (hardness and
burning characteristics).

Material and methods
Construction of the briquetting machine

A multi-piston briquetting hydraulic press with nine cylinders was
constructed at the Africa Rice Center (AfricaRice), Cotonou, Benin. All
materials used for construction were acquired from local vendors.

The total pressure (P) and pressure exerted on each briquette (Pc)
were derived from Eq. (1) which was subsequently used to develop
Egs. (2) and (3).

F
p=f M
4F
p— 2
n(Dz—dz) @
Pc :g 3)

where Fis force in newtons, S is total surface area in square meters, D
is the diameter of the cylinder in millimeters, d is the diameter of the
central rod in the cylinder in millimeters, and 9 is the number of cylin-
der and piston systems per machine.

Biomass

Two types of rice residues produced in SSA were used in this study:
pure husk from rubber-roll type mills and husk-bran mixtures from
Engelberg type mills (Ndindeng et al., 2014). The bulk density of husk
was 120 kg/m>, and its moisture content was 12.6%.

Sample preparation

Separate rice husk and bran from rubber-roll type mills were col-
lected from the AfricaRice Grain Quality and Postharvest Unit. The
husk and bran were ground separately using a commercial hammer
mill (Songhai Center, Porto Novo, Benin) to reduce the size of the parti-
cles. Each sample was separated into three particle sizes (large = particle
sizes > 1 mm; medium = 0.301-0.99 mm; fine < 0.300 mm) using mesh
18 and mesh 50. The samples were first sieved with mesh 18 and then
with mesh 50. Particles remaining in sieve mesh 18 were large, while
those that remained in sieve mesh 50 were of medium size, and those
that passed through sieve mesh 50 were the fine particles. Husk-bran
mixtures were also ground and sieved with sieve mesh 18 to get a mix-
ture of fine and medium-sized particles.

Production of briquettes

Description of the briquetting machine

The main components of the rice-husk briquetter (Fig. 1) are a frame
assembly that holds together a hydraulic jack, plates, and a system of
cylinders and pistons. The force generated by the jack drives the pistons
sitting on the vertical mobile plate through the cylinders and com-
presses the biomass in the cylinders against the horizontal mobile
plate. When the material to be briquetted is put in the cylinders, the
upward-moving piston compresses the material against the horizontal
mobile plate. When the material is fully compressed, the pressure on
the horizontal mobile plate is eased by slightly releasing the force
applied by the jack using the force-easing key. This action allows the
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Fig. 1. Technical drawing for rice-husk briquetter.

horizontal mobile plate to be removed by sliding it out. The jack is then
pumped upward to release the briquettes. The briquettes at this stage
are soft and need to be dried to harden them. This upward collection
method allows the briquettes that are held in that position by the pis-
tons to be easily and safely removed and placed on drying boards. The
force produced by the jack is then completely released using the
force-easing key and the springs pull the pistons downward in prepara-
tion for loading the next batch of briquetting material. The complete
technical drawings of the briquetter are provided as Supplementary
information.

Optimization of briquette hardness

The aim of the optimization process was to get briquettes that were
hard enough to withstand transportation. Four experiments were per-
formed to determine the best husk-bran ratio, drying method, particle
sizes, and water temperature for briquetting. For each of these experi-
ments, variable classes and fixed factors were selected (Table 1a). For
each variable class, two machines were used and two replications
were done giving a total of 36 briquettes per class. The mixture to be in-
troduced into the briquetting machine was prepared by adding water to
the biomass in the ratio of 3:5 weight basis and then homogenized.
When required, heated water was used to raise the temperature of
the mixture to 97 °C. Fifty (50) grams of the mix was placed in each
biomass-feeding vent and the same amount of pressure (7.74 MPa)
was applied to compress the biomass. To ensure that the same pressure
was applied to all the briquettes, the same quantity of biomass was fed
into the vents and the piston was made to travel an optimum
predetermined fixed distance. The briquettes were then ejected after a
holding time of 30 s and dried to a moisture content of 20%.

Table 1a
Sequential optimization of the hardness of briquette.

Factor being Class variables  Fixed factors

optimized
Husk-bran ratio Husk-bran Particle size Water Drying
ratio temperature method
for briquetting
1:1 Fine 97 °C Sun only
1:2 Fine 97 °C Sun only
1:0 Fine 97 °C Sun only
0:1 Fine 97 °C Sun only
2:1 Fine 97 °C Sun only
Drying method Particle size Water Husk-bran
temperature ratio
for briquetting
Oven only Fine 97 °C 1:1
Sun only Fine 97 °C 1:1
Sun and oven  Fine 97 °C 1:1
Particle size Particle size Water Husk-bran Drying
temperature ratio method
for briquetting
Fine 97 °C 1:1 Sun only
Medium 97 °C 1:1 Sun only
Large 97 °C 1:1 Sun only
Water Water Husk-bran Drying method Particle
temperature temperature ratio size
for briquetting for briquetting
97 °C 1:1 Sun only Fine
27°C 1:1 Sun only Fine

Production of fuel briquettes from rice-milling by-products

Four types of fuel briquettes—husk-bran only (HBO), husk-bran-
palm press fiber (HBF), husk-bran-palm press sludge (HBS), and
husk-biochar-clay (HBC)—were produced for this set of experiments
(Table 1b). The husk-bran mixture used for this experiment was col-
lected from Engelberg type mills in Glazoué, Benin. These mills do not
produce separate bran and husk, rather the husk and bran are coarsely
ground during the rice milling process, making it impossible to separate
the husk and bran. Palm press fiber and palm press sludge were collect-
ed from a local artisanal palm oil extraction company. Palm press waste
is used as a fire-lighting material in rural communities in SSA and was
added to the fuel briquette formulation to improve ignition and burning
characteristics. Husk biochar was a waste product from husk gasifier
stoves. For HBF and HBS briquettes, 0.5 kg of palm press fiber or palm
press sludge were added to husk-bran mixtures (4.5 kg) of particle
sizes < 0.99 mm (medium and fine) and then homogenized. HBC
briquettes were produced by adding 0.5 kg of fine clay to 4.5 kg of rice
biochar, followed by thorough mixing. Water (3 L) at ambient temper-
ature was then added and the mixtures homogenized by hand mixing.
The optimum quantity of palm press fiber, palm press sludge, and
clay for the production of HBF, HBS, and HBC briquettes had been
predetermined (data not shown). For each briquette mix, two machines
were used and two replications were done giving a total of 36 briquettes
per briquette type. Two hundred (200) grams of the mix was placed
in each biomass-feeding vent and the same amount of pressure
(7.74 MPa) applied to compress the biomass. The briquettes were
then ejected after a holding time of 30 s and dried for 21 days.

Table 1b
Production of different types of fuel briquettes from rice-milling by-products using water
at 27 °C, particle size < 0.9 mm, and sun drying.

Briquette type Rice by-product Binder

HBF Husk-bran mixture from Engelberg type mill Palm press fiber
HBS Husk-bran mixture from Engelberg type mill Palm press sludge
HBO Husk-bran mixture from Engelberg type mill

HBC Husk biochar from husk gasification Clay

HBF = rice husk-bran-palm press fiber; HBS = rice husk-bran-palm press sludge;
HBO = rice husk-bran only; HBC = rice husk char.
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Determination of moisture content during drying

The moisture content was determined on wet weight basis. The
weight of briquettes was recorded daily for 7 days for samples dried
in the oven and for 21 days for samples dried under ambient conditions
(temperature = 16 °C-34 °C; relative humidity = 41%-100%). The daily
moisture content of the sample was calculated as shown in Eq. (4).

_ Mo—Mt

Me = === x 100 (4)

where Mc is the percent moisture content, Mo is the mass immediately
after briquette is ejected from machine, and Mt is the mass of the bri-
quette after drying for time t.

Determination of hardness of briquettes

The hardness of the briquettes was determined with a Kiya hardness
tester (Fujirara Seisakusho, Ltd., Tokyo, Japan). The hardness of a bri-
quette was the force required to break a briquette that was 20 mm
thick using a 5 mm diameter plunger. The hardness of the briquettes
was determined at a moisture content of 20%, usually after 7 days for
samples dried in the oven and 21 days for samples dried under ambient
conditions.

Determination of densification factor of rice-husk briquettes

Two (2) types of rice husk were used to produce briquettes for this
experiment (husk-only and husk-biochar). Husk-only was either fine
(£0.300 mm) or a mixture of fine and medium (<£0.99 mm). An equal
weight of rice husk or rice husk-biochar was placed in a measuring cyl-
inder, shaken to remove voids, and the volume measured.

The length, diameter, and height of the briquette were measured
using vernier calipers. The density of the briquette and husk were deter-
mined from Egs. (s) and (), respectively.

M,

Density of briquette(Dy) = ————~
R ICEE)

(5)

Density of husk(Dy,) = % (6)
h

where Dy, is the density of the briquette, Dy, is the density of the husk, M},
is the mass of the briquette, M, the mass of husk, V, the volume of husk,
h the height of the briquette, ry the radius of the briquette, and r the
radius of the orifice in the briquette.

The densification factor was then estimated using Eq. (7).

Densification factor(d) = Dy, (7)

Dy,

Durability of briquettes

The drop resistance test (Al-Widyan and Al-Jalil, 2001) was used to
determine the durability of the husk briquettes. For this test, briquettes
were produced using particle sizes < 0.9 mm, hot water (97 °C), husk-
bran ratios of 1:1, 1:2, 2:1, and sun-dried for 21 days. Briquettes were
dropped from a height of 1.85 m onto a metal plate four times. The
final weight as a percentage of the initial weight was taken as the bri-
quette durability.

Characterization of fuel briquettes from rice-milling by-products
The moisture content of the fuels was determined after drying for

24 hin an oven (Fisher Scientific 750 F, USA) at 104 °C based on the
ASABE Standard S358.2 (ASABE, 2006). Total lipid and ash content

were estimated according to AOAC methods (AOAC International,
2002). A bomb calorimeter (Parr Oxygen Bomb 1341 EB, Calorimeter
Thermometer 6772, IL, USA) was used to measure the higher heating
value (HHV) according to the American Society for Testing and Mate-
rials (ASTM) standard D5865-11a (ASTM, 2010). The start-up time of
the fire was the time that elapsed for the flame temperature to reach
400 °C after lighting. The burning rate and specific fuel consumption
were determined during the cold-start high-power phase of the Water
Boiling Test (WBT) protocol version 4.2.2 (Bailis et al., 2003) with slight
modifications. The modification was on the volume of water used (10 L)
and the local boiling point (99 °C). The stove used was a SALMAR
briquette—charcoal stove. Charcoal was used as the reference fuel. The
amount of fuel used for each test was 4 kg and each test was carried
out in triplicate. The data were entered in the WBT data calculation
sheet version 4.2.2 (Aprovecho Research Center, 2013).

The burning rate measured the average number of grams of fuel
burned per minute during the test, while the specific fuel consumption
measured the amount of fuel required to boil 1 L of water. For each fuel
type, the flame temperature was determined by burning 4 kg of fuel in
the SALMAR briquette-charcoal stove and the flame temperature
recorded every 5 min for 55 min using a traceable double thermometer
(VWR-USA) equipped with thermal probes that can withstand up to
1200 °C.

Statistical analysis

Data obtained were analyzed using the Statistical Package for Social
Sciences version 10.1.4 (SPSS, 2002) at a 5% significance level. The
generalized linear model-univariate (GLM-Univariate) analysis was
used to study the effect of husk-bran ratio, drying method, particle
size, and water temperature for briquetting on the hardness of bri-
quettes. The marginal estimated mean hardness for each class is report-
ed. The means were further compared using the multiple comparison
tests (LSD). The characteristics of the different types of fuel tested
were compared using LSD. Pearson’s correlation was used to determine
the relationship between different briquette characteristics. Graphs
were produced for flame temperature against time for the different
types of fuel tested.

Results and discussion
Briquette production rate and briquette densities

The rate of briquette production depends on the time it takes to load
the biomass and the time to fully compress the material. The average
time for making nine briquettes (loading, compressing, ejection, and
transfer to drying tray) was 3.6 min (150 briquettes/h). The compres-
sion and ejection time was significantly reduced from 55 to 18 s when
the Stargold hydraulic jack was replaced with a Yale hydraulic jack.
When the Stargold jack was used, the machine compressed and
ejected 47.12 kg briquettes/day (589 briquettes at 11.4% moisture
content), compared with 144 kg briquettes/day (1800 briquettes)
when the Yale hydraulic jack was used. Conventional briquette making
requires about 0.25 KWh/kg of briquettes to generate heat during the
briquette-making process (Toan et al., 2000). In the heated die screw
briquetting press (Ahiduzzaman and Islam, 2013), 77 kg/h was used
to yield a gross output of 88 kg/h; resulting in a net output of 11 kg/h.
However, this was a high input of briquettes for the net production.
The operation of the multi-piston briquetting machine described in
this paper is completely manual after grinding and a single person pro-
duced at least 12 kg of briquettes/h at 11.4% moisture content.

The briquetting technology increased the density of rice husk from
120 kg/m> to 600 kg/m> when the holding time was 30 s. Chin and
Siddiqui (2000) demonstrated that holding time in the range of
20-40 s produced briquettes with the least percentage relaxation
with time. The density of the briquettes was within the optimal
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range of biomass products after densification (600-800 kg/m?) (Lim
et al., 2012a) since this is directly related to the energy-volume ratio
(Maiti et al., 2006). The densification factors for husk of fine and medi-
um particle sizes were 1.51 and 1.50, respectively. These values were
significantly lower than for husk biochar (5.91) because the husk bio-
char briquetting resulted in complete grinding of the carbonized husk
into very fine particles.

Effects of particle size, husk-bran ratio, drying method, and water
temperature for briquetting on the hardness of briquettes

Particle size, husk-bran ratio, drying method, and water tempera-
ture for the preparation of the biomass mix all influenced the hardness
of rice-husk briquettes (Table 2). Briquettes were produced using fine
and medium-sized particles, as large-particle briquettes crumbled
when they were ejected from the machine due to the elastic nature of
the husk. Particle size is an important factor affecting the durability of
briquettes. Generally, the finer the particle size, the greater the durabil-
ity. Fine particles usually absorb more moisture than large particles and,
therefore, undergo a higher degree of conditioning (Kaliyan and Morey,
2009). In this study, the hardness of briquettes correlated positively
with their durability (R> = 0.55; P = 0.0001).

Briquettes produced using fine particles were harder than those from
medium-sized particles (P < 0.001). In addition, the density was higher
for fine (605 kg/m>) than for medium-sized particles (506 kg/m>).
These findings agree with previous work on Miscanthus and refuse-
derived fuel, for which Ryu et al. (2006) showed that particle size influ-
enced the density of briquettes since smaller particles resulted in more
dense packing of particles at constant pressure. Briquettes produced
using fine particles (<0.3 mm), hot (97 °C) water, husk-bran ratios of
0:1, 1:2, 1:1, 1:0, 2:1, and dried in the sun for 21 days had calculated
mean hardness values of 132, 89, 76, 62, and 31 N. Rice bran has been
used as binder for briquetting (Chuo et al., 2009) and the higher the
proportion of the binder, the harder the briquettes. In this study, bri-
quettes produced from bran only (0:1) were the hardest, while those
produced with 2:1 husk-bran ratio were the softest (Table 3). Using
large quantities of pure bran as binder may not be advisable as this
product is a valued animal feed.

In this study, briquettes dried under ambient conditions were harder
than those dried at 70 °C (oven) only or first dried at 70 °C and then
under ambient conditions (P < 0.01). The rate of moisture loss was
greater for samples dried in the oven (moisture was 20% after 2 days
of drying) than for those dried under ambient conditions (moisture
was 20% after 7 days of drying). These results suggest that a faster rate
of moisture loss may reduce the ability of the particles to bind effectively
during drying (Kaliyan and Morey, 2009). Briquettes were produced

Table 2
Main and interacting effect of factors that affect the hardness of
rice-husk briquettes at constant pressure.

Term F-value
Model 1063
Husk-bran ratio (HBR) 66.0"""
Particle size (PS) 40.6™"
Water temperature (WT) 121"
Drying method (DM) 6.3
HBR x PS 0.5
HBR x WT 3.3"
HBR x DM 2.8"

PS x WT 9.1

PS x DM 43"
WT x DM 44"
HBR x PS x WT ns

PS x WT x DM ns
HBR x PS x DM ns

HBR x PS x DWT x DM ns
R-square 0.87

***P<0.001; ** P<0.01; * P<0.05.

Table 3
Effects of factor combinations on the hardness of rice-husk briquettes.

Husk-bran Particle Water Drying Estimated mean
ratio size temperature (°C) method hardness (N)
2:1 Fine 97 Oven + sun 24
Sun 31
Medium Oven 4
Fine 27 Oven + sun 8
Sun 16
1:2 Fine 97 Oven 55
Oven + sun 86
Sun 89
Medium Oven 31
Fine 27 Oven 30
Oven + sun 63
1:1 Fine 97 Oven 42
Oven + sun 64
Sun 76
Medium 97 Oven 09
Oven + sun 03
Sun 34
Fine 27 Oven 41
Oven + sun 14
Sun 23
Medium 27 Oven 35
1:0 Fine 97 Sun 62
Medium 97 Oven 01
0:1 Fine 97 Sun 132
Medium 97 Oven 38

with both hot and cold water, and those produced using hot water
were harder than those with cold water (P < 0.01). Nonetheless, bri-
quettes produced using water at ambient temperature and husk-bran
mixtures of fine and medium-sized particles from Engelberg mills
were sufficiently hard (101 N). This suggested that heating water for
the production of briquettes from husk-bran mixtures from Engelberg
type mills was not necessary. Hot water gave much harder briquettes
probably due to the gelatinization of the starch in bran (20%) (Saunders
and Betschart, 1979).

Characteristics of fuel briquettes made from husk-bran mixtures from
Engelberg type mills and rice-husk char

The four types of fuel briquettes—HBF, HBS, HBO, and HBC—
produced in this study are shown in Fig. 2a. Briquettes made using
husk-bran mixtures collected from Engelberg type mills and mixed
with different palm press waste showed differences in hardness
(P<0.05) (Table 4). HBF briquettes were the hardest (170 N), follow-
ed by HBO (101 N), while HBS and HBC were the softest (20 and 21 N,
respectively), although they were all produced using water at ambi-
ent temperature (27 °C). Palm press fiber contributed to the hard-
ness of HBF by increasing mechanical interlocking. High lipid
content recorded in HBS briquettes may have played a role in reduc-
ing the forces of attractive, interlocking, cohesiveness, and adhesive-
ness (Manickam et al., 2006) in these briquettes and thus reduced
their hardness. Although it was possible to make very hard HBC bri-
quettes with higher-quantity clay, these briquettes showed poor
burning characteristics (data not shown).

The briquettes burned well in two natural draft stoves: a Salmar
briquette-charcoal stove and an improved rocket stove previously de-
veloped for rice parboiling in SSA (Ndindeng et al., in press) (Fig. 2b).

HBF, HBS, HBO, and HBC briquettes had shorter start-off times
(<5 min) than charcoal (10 min). Briquettes produced in SSA have
been rated as hard to light compared to charcoal (Mwampamba et al.,
2013), thus the briquetting technology described in this paper provides
an opportunity for the production of briquettes that are easy to light and
start a fire.

HBF, HBS, and HBO briquettes burned with a yellow flame, while
HBC burned with a mixture of blue and red flames as did charcoal.
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Husk—bran—palm Husk—bran only

press fiber
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Husk—bran—palm Husk char

press sludge

Briquettes burning in an improved Rocket
stove

Briquettes burning in Salmar
briquette—charcoal stove

Fig. 2. (a) Different types of briquettes produced from husk-bran mixtures from Engelberg type mills and rice husk char; (b) burning of rice-husk briquettes in rocket and Salmar

briquette-charcoal stoves.

HBF, HBS, and HBO briquettes produced some smoke especially when
ventilation in the combustion chamber was poor (data not shown).
HBO briquettes had the highest burning rate (145 g/min), while HBC
briquettes had the lowest burning rate (67 g/min). Charcoal, HBS, and
HBF briquettes had similar burning rates—120, 109, and 126 g/min,
respectively. The briquettes produced crumbled when the fire was put
out and so could not be re-used. This is a common problem in the
briquetting industry worldwide (Mwampamba et al., 2013). HBC bri-
quettes had the highest specific fuel consumption (701 g/1), while HBS
briquettes had the lowest. HBC briquettes also recorded the largest
ash content and the lowest calorific value. A positive correlation was ob-
served between the ash content and specific fuel consumption (R? =
0.917; P = 0.0001), while negative correlations were observed between
the ash content and the calorific value, lipid content, and burning rate
(R> = —0.65, P = 0.05; R> = —0.845, P = 0.001; and R> = —0.781,
P = 0.001, respectively) for the different types of fuel briquettes pro-
duced. The calorific values of HBF, HBS, and HBO briquettes were
18.47, 19.23, and 16.87 M]/kg, respectively. These values are lower
than the range reported for charcoal briquettes produced elsewhere
(22-29 MJ/kg) (Mwampamba et al., 2013).

Table 4

Briquettes made from husk-bran mixtures had flame temperatures
above 800 °C after ~4-5 min of combustion in the Salmar briquette-
charcoal stove (Fig. 3). This temperature stayed above 700 °C between
18 and 48 min of combustion and then started to drop. This drop in
flame temperature coincided with the depletion of fuel biomass and
an increase in the quantity of ash produced. For HBC briquettes, the
maximum flame temperature (650 °C) was recorded after 20 min of
combustion, but it stabilized and stayed above 490 °C until after
55 min. The flame temperature for charcoal started very low but peaked
at 930 °C after 30 min, remaining above 800 °C even after 55 min. The
average flame temperature over the 55 min burning time was not sig-
nificantly different among the different fuel types tested (P > 0.05;
Table 3). After loading the stove with 4 kg of fuel, briquettes made
from husk-bran mixtures took 9 min to boil 10 L of water, while charcoal
took 14.2 min. Briquettes made from rice-husk char boiled 5 L of water,
but were unable to boil 10 L of water even after 1 h (data not shown).

These results indicate that HBF, HBS, and HBO are suitable for
cooking operations that require high heat intensities from the onset of
cooking, such as for boiling water during paddy soaking and steaming
in the rice parboiling industry.

Characteristics of fuel briquettes from rice-milling by-products and palm press waste burnt in a Salmar briquette-charcoal stove in comparison with charcoal. HBF = rice husk-bran-palm
press fiber; HBS = rice husk-bran-palm press sludge; HBO = rice husk-bran only; HBC = rice husk char; CHA = charcoal; ND = not determined.

Fuel Hardness Lipid content Higher heating Ash content  Start-up Burning rate at cold start Specific fuel consumption at high Flame temperature (°C)
type (N) (g/100 g) value (MJ/kg)  (g/100 g) time (min) high power (g/min) power (g/liter of water boiled) during a period of 55 min
HBF 170 3% 04.11+0.13° 1847 +0.04° 19.79 + 025 2° 126 + 8° 121 + 07¢ 684.3 + 163.4°

HBS 204+ 0.3° 1058 £ 0.01° 1923 £ 1.67° 17.64 + 0.00° 3° 109 + 6° 107 + 06° 725.5 4+ 199.5%

HBO 101 £2° 0227 +£0.04° 16.87 + 1.63° 2133 + 0.06° 3° 145 + 8° 136 + 09° 728.5 + 188.1°

HBC 214+ 09° 0250+ 0.02° 09.66 + 1.02° 68.80 + 1.17% 4° 67 + 8¢ 701 + 07° 518.0 £ 113.5°

Charcoal ND ND 31.14 £ 214 0351 £ 0919 10° 120 + 6™ 195 + 15° 679.5 4 260.1%

*Means with different superscript letters implies least significant difference at the 0.05 level of significance using the multiple comparison test.
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Fig. 3. Flame temperature of different types of briquettes and charcoal during combustion
in a Salmar briquette—charcoal stove for a period of 55 min. HBF = rice husk-bran-palm
press fiber; HBS = rice husk-bran-palm press sludge; HBO = rice husk-bran-only;
HBC = rice husk char; CHA = charcoal.

Conclusions

Briquettes currently produced in SSA are hard to light and difficult to
burn because existing stoves require additional ventilation. This paper
reports the production and characterization of different types of
briquettes using different combinations of raw materials, methods,
and an affordable briquetting technology. The paper demonstrates
that particle size, husk-bran ratio, drying method, and water tempera-
ture for briquetting are the main factors that influence the hardness of
the briquettes at constant pressure. Using bran or other forms of binders
is necessary to produce rice-husk briquettes with sufficient hardness.
HBF and HBO briquettes produced for fuel from husk-bran mixtures
from Engelberg type mills showed the best fuel briquette quality in
terms of hardness, ease of lighting, calorific value, ash content, burning
rate, specific fuel consumption, and flame temperature. Although HBS
was not hard enough, HBF, HBS, and HBO should be suitable for cooking
operations that require high heat intensities from the onset of cooking
such as for boiling water during paddy soaking and steaming in the
rice parboiling industry.

The high volumes of firewood used for rice parboiling represent as
much as 30% of operating costs and contribute to local deforestation
and landscape degradation. Targeting millers who also parboil rice is
expected to increase the adoption rate of these briquettes, as this will
reduce their dependence on firewood, which is becoming scarce, espe-
cially with increasing urbanization. Briquettes produced using husk
only could be of added advantage, as the ash by-product could be
used for building and construction (Khan et al,, 2012; Yuzer et al,,
2013) or in the local ceramic industry (Prasad et al., 2001; Andreola
et al., 2013). Rice-husk briquettes can also be produced for companies
that require rice husk as raw material. However, further research is
needed to understand consumer perception and willingness to pay for
the different types of briquettes made from rice-milling by-products.
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Appendix A. Supplementary data

Technical drawings of the different parts of the rice-husk briquetter
showing (02) frame assembly, (03) frame assembly view, (04) plate
and piston system, (05) plates, (06) cylinders, (07) piston, and (08) hor-
izontal mobile plate. Supplementary data associated with this article can
be found in the online version, at http://dx.doi.org/10.1016/j.esd.2015.
09.003.
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