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ABSTRACT

Nigeria has one of the highest deforestation rates in the world, due mainly to felling of trees

for fuelwood and charcoal production. This challenge could be managed if agricultural
waste briquettes are used to augment the fuelwood demand for cooking energy provisioning.

Energy density of biomass fuels can be raised by blending with coal, but particulate matter
emissions are also increased in the process. Therefore, some physical and fuel properties of

ﬁi);vaoo’;c’lds' briquettes produced from blends of corn cob and palm mesocarp fibre (PMF) with Sub-
Briquettes bituminous coal from Onyeama mine, using cassava starch binder were studied. Blending
Corn cob ratios were varied from 0% to 100% biomass. After briquetting in a hydraulic press, drying
Palm mesocarp fibre and characterization, Water Boiling Test (WBT) of the briquette samples was performed
Emission using Laboratory Em'issions Measw;ing System (LEMS). Results jhowed that average High-
Thermal efficiency Power Thermal Efficiency was 28.8% for corn cob/coal and 26.0% for PMF/coal briquettes,

but High-Power CO emissions decreased from 10.8 mg/MJd to 8.9 mg/MJd (8.31-6.90 ppm)
as the composition of corn cob increased from 0% to 100%. Corn cob/coal briquettes
produced lower PM emissions than pmficoal, although both were above the WHO
recommended limits.

1. Introduction of deforestation. Nigeria lost about 2.3% of her forest reserves

. . L . between 1990 and 2010 [3].
Millions of households in Nigeria rely on the traditional use

of firewood for their daily cooking needs. This practice has
persisted in spite of the fact that smoke from cooking fire causes
over 95,000 deaths in Nigeria annually [1]. It is the third biggest
killer after malaria and HIV/AIDS in Nigeria [2]. Majority of poor
families using three-stone fire spend much of their food budgets
on wood and charcoal; others spend hours collecting wood.
Inefficiency in the combustion of wood in open three-stone fires
raises the cost of cooking for the poor and contributes to high level
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The use of bio-coal briquettes as cooking fuels, especially in
improved cookstoves, could provide a solution to the afore-
mentioned health and deforestation problems [4] and help cut
down on the consumption of fossil fuel [5]. Research has shown
that blending coal with biomass to produce briquettes helps to
ameliorate the emission problems thus result in
anenvironmentally friendly briquette with better combustion and
physical characteristics [6].

Nigeria has a large deposit of coals, which are mostly sub-
bituminous and lignitic formations. With the exception of the
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Lafia coal, which is partially coking [7], these coals are non-
coking and are not very useful in the metallurgical industry.
Nigeria produces about 10.8 MMT of corn annually and about
20.9 million tonnes of Mesocarp Fibre annually [8]. The disposal
of these agro-wastes poses a serious challenge for municipal
authorities. Blending biomass with coal helps to reduce the
emission of particulate matter from coal, while increasing the
energy density of the biomass. The overall effect is a reduction in
deforestation and enhanced management of agro-wastes.

Bio-coal briquettes are prepared by blending coal, biomass
and binders; a sulphur fixation agent may, sometimes be
incorporated. A briquette is a compressed block of coal dust or
other combustiblebiomass material such as charcoal, sawdust,
wood chips, peat, or paper used for fuel and kindling to start a
fire[9]. Biomass briquettes, mostly made of green waste and other
organic materials, are commonly used for electricity generation,
heating, and cooking. These compressed compounds contain
various organic materials, including rice husk, bagasse, ground
nut shells, municipal solid waste, and agricultural waste. The use
of organic briquettes (biomass briquettes) started more recently
compared to coal briquettes, which dates back to eighteenth
century [10]. Corn cobs and palm waste, such as mesocarp fibre
are not only in abundant supply, but constitute all-year-round
environmental waste in Nigeria. Industrial starch produced
mainly from cassava is a common energy resource in Nigeria,
since the country produces over 62.0 MMT of cassava annually,
out of which about 53.0 MMT is demanded as food [11]. Starch
is usually produced from cassava wastes, especially the peels.

The present work reports the production of bio-coal
briquettes, composed of sub-bituminous coal and palm mesocarp
fibre or corn cob and the characterization of their physical and fuel
properties as cooking fuel using the Laboratory Emissions
Measuring System (LEMS).

2. Materials and Methodology
2.1. Materials

The materials used in the work were: Sub-bituminous coal
from Onyeama mine, Enugu state Nigeria, palm mesocarp fibre
(PMF) obtained from a local oil mill in Nsukka, corn cob obtained
from various farms in Nsukka, Enugu state, bowl and water.

The equipment used were locally made attrition mill, which
was used to crush the coal, electronic weighing balance (Citizen
Instruments Inc.), hydraulic press briquetting machine (locally
made), improved briquette stove (locally made) and iKA bomb
calorimeter. Hydraulic press briquetting machine was used to
compound the materials into blocks. It is a manually operated
briquetting machine, designed and fabricated at the National
Center for Energy Research and Development (NCERD),
University of Nigeria Nsukka. It uses vertically mounted 200 kN
capacity hydraulic press to its maximum compaction pressure of
160 N/m? and has 12 cavities of 70 mm/100 mm cross-sectional
area, each where the biomass, coal and binder are loaded for
compaction. The press was designed to handle a maximum load
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of 7.0 kg of biomass. At full capacity, it can produce about 2.80
tons of briquettes per day.

2.2. Methodology

The coal was first reduced to fine particles of less than 0.5
mm diameter using the attrition mill. The mesocarp fibre is a
fluffy material. It was reduced to particles of about 2-3 mm, while
the corn cobs were milled into small particles of about 0.5-1.0 mm
size. The coal, biomass (i.e. palm mesocarp fibre or corn cob) and
starch were weighed using the weighing balance into pre-
determined proportions, and tied in nylon bags. The samples were
then put into a bowl according to a pre-determined ratio for
mixing. Binder (starch) content was varied between 10% and 30%
at 10% intervals, giving a total of three treatment levels. Each
mixed sample was put in a cavity in the hydraulic press
briquetting machine and manually pressed into briquettes. The
briquettes were then left to dry for about three days in a cabinet
solar dryer. After solar- drying the briquettes, the heating
(calorific) values were determined using the bomb calorimeter.
The HHV of the blended briquettes were then calculated using
Equation. 1 as follows:

> Chv,
HHV = — 1
100 M

where,
Ci = Mass composition of i component (coal, biomass or
starch, %);hv; = Heating value of i component.

The percentage compositions of the bio-coal briquettes, from
where their mass compositions were worked out using a typical
briquette final mass of approximately 115 g ranged between 0 and
100 % (mass) for the biomass, coal and starch. The hydraulic
press loaded with bio-coal blend for briquetting is shown in Figure
1. Appendix 1 is the photograph of the briquetting machine used
for the research.
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Figure 1: Schematic of the Hydraulic Press Briquetting Machine

The Laboratory Emissions Measuring System (LEMS)™
was used for characterization of the thermal efficiency and
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emissions released from the briquettes during the WBT. It is
equipped with sensors for CO, CO; and Particulate Matter (PM)
emissions. The CO sensor is an electrochemical cell [12], which
takes advantage of the fact that conductivity between two
electrodes in the cell is proportional to the concentration of CO
present. This cell has a reference terminal as well and requires a
potentiostatic controller. The CO, sensor uses non-dispersive
infrared (NDIR) to measure CO, concentration and outputs
voltage. It is self- calibrating, with pure Nitrogen gas used for zero
reference. The LEMS has two PM sensors, namely the regular
photometer sensor and the gravimetric system. The scattering
photometer has both a laser and a light receiver. When smoke
enters the sensing chamber, particles of smoke scatter the laser
light into the receiver. The amount of scattered light is calibrated
with a laboratory-standard nephelometer. The gravimetric system
gives a direct measurement of total PM via filter-based sampling.
A vacuum pump pulls the exhaust gases through the sample line
and the critical orifice, which holds the flow at a steady 16.7
L/min [12]. A cyclone particle separator is used so that all PM 5
(particulate matter of aerodynamic diameter equal to or less than
2.5 pm) is collected on a glass fibre filter while the pump is on.
The filter was pre- and post-weighed to calculate the total mass of
PM, s deposited on it.

Flow rate was measured by an orifice meter pressure
transducer which outputs a signal based on the pressure drop
measured across the flow grid. The temperature of the exhaust gas
was measured using a K-type thermocouple sensor in real-time.
These data were required to calculate the density of exhaust air in
order to determine the mass flow rate of emissions. A
thermocouple (TC) temperature sensor was used to record the
temperature of the water in the pot. The LEMS sensor box outputs
data through an RS-232 serial port of a connected computer.

2.2.1. Water Boiling Test using LEMS

Water Boiling Test (WBT) was conducted using an improved
briquette stove and the LEMS equipment in the National Stove
Eligibility laboratory, NCERD, University of Nigeria, Nsukka.
The stove used for the WBT, the LEMS accessories and the whole
experimental set-up are shown in Figure 2 (See appendix 2). The
LEMS is suitable for real-time logging of total emissions data
emanating from biomass-fired stoves during WBT. It is equipped
with sensors for CO,, CO and Particulate matter (PM), as well as
a gravimetric system for more accurate determination of PM
emissions. The LEMS sensor box and other accessories were run
for at least 1 minute with the blower off in order to capture a zero
flow reading. The Magnehelic™ flow meter was adjusted using a
small screw to ensure it was reading zero. The blower was turned
on and the background period was observed starting from 4
minutes after the LEMS began logging to allow time for the
sensors to warm up. The room temperature and other necessary
inputs were recorded, while other test materials such as fuel and
water were weighed and loaded.

Each WBT test comprised of a Hot start phase (during which
3L of water was brought to boiling point with heat generated from
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the briquette sample), and Simmer phase (during which the
boiling water was kept at a temperature not less than 97°C for 45
minutes), following IWA Protocol and NIS 1000:2018 Part 1,
Standard for Clean Cookstoves - Solid Biomass [13]. At the end
of the test, the stove and briquettes were removed from under the
hood and the system was allowed to run for another 10 minutes to
clear out the gases in the sensors. The logged data was then
processed using the LEMS software to obtain the thermal
efficiency, specific fuel consumption, average CO, CO, and PM
emissions etc, which are reported according to the ISO
International Working Agreement (IWA) format.

Briquette
Stove

Computer

Figure 2: Experimental Set-up for the WBT using LEMS
2.3. Experimental Uncertainty

Uncertainties in experimental studies occur often owing to
improper instrument selection, environmental conditions,
instrument inaccuracy, readability and human errors [14]. It is
very necessary for the investigator to estimate the maximum
possible uncertainties in the independent variables (in this case,
water temperature, mass of charcoal, mass of water, and exit
speed of flue gases) as well as the calculated parameters (PM, s
emissions, CO emissions, CO, emissions, thermal efficiency,
specific fuel consumption, etc). The uncertainties of the variables
are temperature measurement (wr) = 0.1°C, relative humidity
(Wrn) £ 3%, weight of charcoal and water (wm) £+ 0.0001kg. The
result R is a given function in terms of the independent variables
x1,x2,x3, ....., Xn. Let WR be the uncertainty in the result and w1,
w2,...... ,wn be the uncertainties in the independent variables.
Therefore, the fractional uncertainty in the thermal efficiency (TE)
can be calculated using eqn. 2 as follows:

OTEefy _ OEout z aEi z
TEeff - \/(Eout) + (Ein) (2)
Since.,
M,C, AT
TE=—tn "
MChHVCh (3)
It follows that,
2 2
e, _ (oM, | (oM,
TE eff Mw Mch ( 4)
where;
Crw = Specific heat capacity of water (4,190 kJ/kg);
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HV.e, = Heating value of charcoal (29,400 kJ/kg); Table. 1: Mass, Volume, Bulk Densities and HHV of the Coal/Corn Cob
Einouy = Energy Input (output) from the stove, kJ; Briguettes.
Mw = Mass of water, kg; S/ Coal Corn Starc Mass Volu Bulk HHV
Mch = Mass of charcoal, kg; N % cob % h % (2) me Dens (kJ/k
AT = Temperature difference, K. (em® ity g
) (g/e
Solving eqn. 4 leads to fractional efficiency of 2.71% for the m’)
system. 1 100 0 0 119. 156. 0.76 2452
2 24 29 5
2 90 0 10 115.  148. 0.77 2373
2.3. Practical application 6 59 79 25
. . ) 3 80 10 10 108. 164. 0.65 2278
In practical terms, this work could help enviro-preneurs ) 43 80 0
wishing to venture into the production of biocoal briquettes as 4 70 20 10 102. 160. 064 2182
alternative to firewood for domestic and cottage industrial 7 16 12 75
application (e.g. in bakeries etc). 5 60 30 10 972 180. 0.53 2087
. . 22 93 5
3. Results and Discussion 6 50 40 10 927 200. 046 1992
3.1 Results of bio-coal briquetting 45 25 2.5
The produced pure sample (coal, corn cob and palm 7 a0 3 10 Eet 119 g ’ 0612 1%97
mesocarp fibre) briquettes are shown in Figure 3, while some 8 30 60 10 817 188, 043 1801
blended briquettes are shown in Figure 4. 79 28 75
9 20 70 10 752 204. 036 1706
97 69 5
10 10 80 10 71.6 218. 032 1611
24 81 2.5
11 0 90 10 659 229. 028 1516
15 76 0
12 0 100 0 759 290. 0.26 1500
16 16 0
13 80 0 20 105. 122. 0.76 2294
1 55 29 0
14 70 10 20 98.0 137. 0.77 2198
95 79 7.5
15 60 20 20 929 149. 0.65 2103
69 80 5
16 50 30 20 89.9 153. 0.64 2008
79 12 2.5
17 40 40 20 83.7 175. 0.53 1913
50 93 0
18 30 50 20 782 187. 046 1817
20 25 7.5
19 20 60 20 70.1 207. 042 1722
90 64 5
20 10 70 20 643 191. 043 1627
36 28 2.5
21 0 80 20 59.2  239. 036 1532
20 69 0
22 70 0 30 989 143. 032 2214
00 81 7.5
Figure 4: Some bio-coal briquettes. 23 60 10 30 92.9 154. 0.28 2119
3.2. Results of briquettes characterization 44 76 S
24 50 20 30 85.7 154. 026 2024
Table 1 shows the mass, volume, bulk density and HHVs of 44 16 25
the coal/corn cob briquettes produced in accordance with their 25 40 30 30 81.1 168. 0.47 1929
compositions, while the characteristics of the coal/pmf briquettes 96 99 0
are presented in Table 2. 26 30 40 30 77.0 166. 0.46 1833
32 29 7.5
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27 20
28 10
29 0
30 80
31 90
3270

50

60

70

20

10

30

30

30

30

73.8  172.
80
66.3 175.
50
65.1 187.
20
113.  167.
04
119.  160.
16
104.  175.
50

0.42
71
0.37
78
0.34
78
0.67
65
0.74
74
0.59
77

1738
5
1643
2.5
1548
0
2262
0
2357
2.5
2166
7.5

Table. 2: Mass, Volume, Bulk Densities and HHV of the Coal/PMF Briquettes

S/ Co PM Starch Mas Volu Bulk HHV
N al F % s me Densit  (kl/kg
% % (& (em’) y )
(g/
cm?)
1 100 O 0 111. 138.5 0.8016
1 91 39 24525
2 90 0 10 118.  138.2 0.8590 23732
8 88 77 .5
3 80 10 10 114. 161.0 0.7110
5 4 03 23130
4 70 20 10 116. 165.0 0.7038 22527
2 88 67 5
5 60 30 10 106. 168.2 0.6351
9 99 79 21925
6 50 40 10 99.1 1879 0.5272 21322
68 17 .5
7 40 50 10 98.9 179.1 0.5519
8 59 20720
8 30 60 10 88.7 197.6 0.4487 20117
4 96 .5
9 20 70 10 78.8 2483 0.3173
1 45 19515
10 10 80 10 774 249.7 03099 18912
44 17 .5
11 0 90 10 74.7 2469 0.3025
06 44 18310
12 0 100 0 80 3219 0.2485
24 18500
13 80 0 20 102. 133.5 0.7707
9 87 22940
14 70 10 20 102. 1409 0.7279 22337
6 4 69 .5
15 60 20 20 97.5 133.0 0.7327
56 74 21735
16 50 30 20 926 1464 0.6323 21132
32 75 .5
17 40 40 20 91.1 150.1 0.6067
5 27 20530
18 30 50 20 85.6 1325 0.6459 19927
26 11 .5
19 20 60 20 73.2 1945 0.3762
68 18 19325

20 10 70 20 71 190.0 03735 18722
8 27 5
21 0 80 20 72.5 2164 0.3349
48 53 18120
2270 0 30 89.6 133.0 0.6734 22147
55 06 5
23 60 10 30 89.7 1335 0.6714
84 88 21545
24 50 20 30 86.8 137.2 0.6322 20942
8 84 5
25 40 30 30 79.7 161.0 0.4950
01 28 20340
26 30 40 30 79.1 135.1 0.5851 19737
68 98 5
27 20 50 30 74.2  170.3  0.4355
46 84 19135
28 10 60 30 64.8 165.1 03922 18532
84 9 5
29 0 70 30 65.9 170.7 0.3860
16 21 17930
30 80 20 0 113. 148.0 0.7643
2 96 69 23320
31 9 10 0 106. 144.6 0.7343 23922
2 25 13 5
3270 30 0 101. 161.2 0.6274 22717
2 8 8 5
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Although PMF is a fluffy material, the bulk densities of the
coal/corn cob briquettes were generally lower, due to the smaller
aggregate size of the crushed corn cobs when compared with the
palm mesocarp fibre.

HHVs of the pure samples were 24,525 kJ/kg for Coal,
16,600 kJ/kg for cassava starch, 15,000 kJ/kg for Corn Cob, and
18,500 kJ/kg for palm mesocarp fibre, respectively. Results of
HHV determination indicate that the higher the percentage
composition of coal in the coal/corn cob briquettes, the greater the
higher heating value, whereas the reverse is the case for coal/pmf
briquettes. This is easily explained from the values of the HHV of
the pure components used in the study.

3.3 Results of emissions from WBT using LEMS

The major indicators (metrics) determined were High Power
Thermal Efficiency (%), Low Power Specific Consumption
(MJ/min/L), High Power CO (g/MJd), Low Power CO (g/min/L),
High Power PM (mg/MJd), Low Power PM (mg/min/L), Indoor
Emissions CO (g/min), Indoor Emissions PM (mg/min).These
parameters were analyzed by categorizing the results into five
Tiers as described in appendix 3.

The thermal efficiency of a stove varies from about 10% for
traditional open fires (regarded as Tier 0 stoves) to above 55% for
the most efficient gasifier stoves (Tier 5). It is a very useful
indicator that shows how efficiently heat from the fuel is
converted to useful energy by the stove, and depends on the stove-
fuel configuration. As such, when using the same stove, TE can
vary between fuels, but when using the same fuel, it can also vary
from stove to stove. The HP Thermal efficiency recorded in the
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present work ranged between 27.6% and 29.3% (typically Tier 2),
averaging around 28.8% for all the briquettes.

The Low power specific consumption varied between 0.030
and 0.036 MJ/min/L for all the briquettes, which corresponds to
Tier 2 performance. Briquettes with coal composition above 60%
produced High Power CO in the range of 12.0 g/MJd (9.2 ppm,
Tier 1), while for the briquettes with lower coal content, HPCO
hovered around 10.5g/MJd (8.1 ppm, Tier 2). Low Power CO
varied between 0.6 and 0.7 g/minL (See Fig. 5 and 6).

HPPM emissions were in the range of 302 — 365 mg/MJd
(241.3-290.2 pg/m?), but were generally higher for briquettes with
PMF content above 50%, probably due to their oil content. LPPM
emissions varied between 1.7 and 2.8 mg/min/L (8.23-9.09
ug/m? Tier 3). The High-Power figures are higher than the WHO
recommended value of 35 pg/m?. Indoor emissions of CO were
within Tier 2 as they hovered around 0.56g/min, whereas indoor
emissions of PM were in the range of 14 mg/min, equivalent to
Tier 2. In all, CO emissions were generally higher than the WHO
recommended standard of 10 ppm [15], but the HPPM emissions
were far higher than the WHO recommended limits.

Many newer biomass cookstoves with chimneys are able
tomeet the WHO Targets of 7mg/min. for PM, s and 1.45 g/min.
for CO when tested in the laboratory. WHO permissible exposure
to CO emissions for ambient air is 10 ppm. The WHO vented
stove Emission Rate Targets are based on 75% of the smoke and
gases being removed up the chimney and out of the house. In their
review of field studies, an average of 25% of the smoke and gas
remained in the kitchen. Almost none of the residential biomass
heating stoves in the United States meet the WHO Targets for PM
2.5 but the chimney transports the smoke outside where it is diluted
by clean outdoor air to safe levels of concentration [16]. For a
five-minutes sampling period the permissible CO emission level
is 200 ppm [17]. The highest CO emissions recorded in this study
was 9.2 ppm. This is within permissible limits even for a five-
minutes sampling period.
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3 73
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Figure 5: Graph of HPPM and HPCO versus Coal Composition for PMF
Briquettes/Coal
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The emissions values were generally lower than those
obtained from pure coal. In [18], they reported that switching to
semi-coke briquettes for household cooking can reduce average
emission factors of primary PM,s, elemental carbon, organic
carbon, and carbon monoxide by about 92%, 98%, 91%, and 34%,
respectively. Although conventional coal devolatilization was not
carried out in this study but from the studyon the emissions
produced from the combustion of eco-fuel briquettes for domestic
applications, blending coal with biomass was found to drastically
reduce PM and CO emissions[19]. The CO and PM, s emissions
of the blended bio-coal briquettes are presented in Figures 5 and

340
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E 9 3202
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290
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Figure 6: Graph of HPPM and HPCO versus Coal Composition for Corn
Cob/Coal Briquettes

4. Findings

The work has shown that although bio-coal briquettes are
suitable replacement for firewood as a climate change mitigation
measure, the particulate matter (PM2.5) emissions derived from
Palm Mesocarp Fibre briquettes are far above the WHO limits
probably due to its residual oil content.

5. Conclusion

Bio-coal briquettes were produced from blends of Nigerian
sub-bituminous coal and corn cob/palm mesocarp fibre with
cassava starch as binding agent, using a purpose-built hydraulic
press. Computer-assisted WBT was carried out on the fuel
samples using the Laboratory Emissions Measuring System
(LEMS). Results of the tests showed that average High Power
Thermal Efficiency was 28.8% for Corn cob/coal and 29.2 % for
PMF/coal briquettes. High Power CO emissions decreased
marginally from 10.8 mg/MJd to 10.5 mg/MJd as the composition
of corn cob increased from 0% to 100%. Although the bio-coal
briquettes showed improved emissions characteristics over pure
coal, their PM emissions were generally above WHO
recommended allowable limits.
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Appendix 2: Photo of the Experimental Set-up
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