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Abstract

The Original Belonio Rice Husk Gasifier (OBRHG), initially of height of 0.6 m, diameter of 0.15 m
and thickness of 0.025 m was tested for biochar production through air gasification of rice husk
(RH) and the design was upscaled to height of 1.65 m, diameter of 0.85 m and thickness of 0.16 m.
A total of 27 experiments were conducted to monitor the gasifier performance and the system can
operate with the centrifugal blower operating at a power input of 155 W and a maximum flow rate
of 1450 m3/hr regulated according to the air requirement. Building the UBRHG is simple and in-
expensive to fabricate and with the fairly satisfactory performance and ease of construction along
with the convenience of operation, the UBRHG with RH as feed would find abundant avenues of
applications in a rural setting for biochar production alongside thermal, mechanical and electrical
energy delivery.
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1. Introduction
With the increasing world population, there is a need to ensure food security to sustain the overwhelmingly in-
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creasing population. This includes catering for land lost as part of poor farming practices as well as environ-
mental degradation. In the past 40 years, 30 percent of the planet’s arable land has become unproductive due to
erosion [1]. Unless this trend is reversed soon, feeding the world’s growing population will be impossible. A big
part of reversing soil decline is through soil-carbon enrichment where soil can act as an environment where huge
amounts of carbon from the atmosphere could be sequestered. Keeping and putting carbon in its rightful place
need to be the mantra for humanity if we want to continue to eat, drink and combat global warming [1]. Leahy
(2013) [1] revealed that healthy soils equal healthy crops, healthy livestock and healthy people where farmers
and pastoralists (ranchers) can keep carbon in the soil and help to remove carbon from the atmosphere and feed
the world if they are properly supported. On the other hand, if carbon present in biomass feed stocks is not
properly managed, it can escape in the form of gases which subsequently contribute to global warming. Global
warming is a threat to the world today [2]-[4] attributed by environmental factors such as the decomposition of
biomass leading to large volume of greenhouse gas that escapes to the atmosphere and poor means of waste
management such as open burning of agricultural wastes [5]-[7]. Biochar can be produced from traditional
charcoal producing kilns; however these are unsuitable because they are highly inefficient and pollute the envi-
ronment to a large extent. A more environmentally-friendly deigned kiln would solve this problem. Producing
biochar from the wastes generated from agriculture produce can boost the agriculture sector if these wastes are
efficiently and effectively converted into biochar and applied on soil. When biochar is used as a soil amendment
tool, crop yields and productivity improve; soil acidity decreases; and the need for some chemical and fertilizer
inputs decreases [8]. In addition, biochar amendment to soils provides a potential sink to the soil because of its
ability to withstand chemical and biological degradation and being present in the soil for a long period of time.
Biochar has the potential to improve low-fertility soils by enhancing the cation exchange capacity of the soil,
increasing soil pH [9] as well as improving water holding capacity, thus resulting in increased crop yield. Its ap-
plication to agricultural and forestry soils is a likely outlet due to its demonstrated productivity and soil health
benefits [10]. This provides a solution for sustainable farming through improved agricultural practices. The Be-
lonio Rice Husk Gasifier (BRHG) which particularly runs on RH is an innovative technology that can help in
this environmental context because of its non-proprietary design and the feasible possibility for scaling up.
Converting RH wastes to biochar solves waste disposal issues while mitigating climate change because the in-
herent carbon in biochar can be sequestered in soil for years. Johnson et al. (2009) [11] estimated that the carbon
abatement cost from improved stove introduction is $5 - 8/tCO, (60% adoption rate, including community and
monitoring & verification costs). Simon and Bumpus (2010) [12] revealed that there is indeed tremendous po-
tential for both localized “intensive” benefits and also global “extensive” advantages emanating from scaled-up
carbon-financed ICS (improved cook stove) programs. Such benefits can only be put to use through sustainable
engineering designs. A lot of effort has been devoted during the past several decades to develop improved stoves
with several types which reduce fuel use by 40% and equivalent reduction in associated emissions being pro-
duced at a rate greater than 100,000 units per year [13]. Using improved cooking stoves for biochar production
is promising and the ability to upscale the devices is very useful, especially when it can be done without com-
promising biochar yield. The BRHG is a top lit updraft gasifier that passes primary air upwards through a longi-
tudinal column filled with dry RH allowing pyrolysis and char gasification processes to consistently descend
through the fuel bed when lit from the top. This design is simple to fabricate, portable, not proprietary and eco-
nomically viable, and upscaling its design can produce biochar at significant yields which provided the strongest
motivation for this work. Technologies striking a balance between user friendliness, energy efficiency, ease of
adaptation and a reduction in emissions could be easily integrated into the local community for sustainable and
environmentally-friendly biochar production suiting both the technical as well as the socio-economic aspects of
biochar production. Good nonproprietary technologies can be customized to recover the produced heat as well
as produce biochar to be added to soil in order to improve its agricultural properties. Based on the experimental
results observed from an OBRHG, it is possible to produce biochar at a promising yield and customizing the de-
sign assists in achieving its purpose as a biochar production system. An UBRHG was thus designed and opti-
mized for RH biochar production with an emphasis on determining the gasification time, electricity consumption,
optimal char yield as well as the corresponding Equivalence Ratio (ER) and the costs of biochar production.

2. Material and Methods
2.1. Rice Husk Collection
RH samples were collected from Drpts Manufacturing Sdn Bhd Lot No. 6, Jalan Pbr 33, Phase 4C, Kawasan Pe-
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rindustrian Bukit Rambai, 75,250 Melaka, Malaysia for the study. RH samples were packed into polyethylene
bags of approximately 10 kg per bag and transported to Malaysian Institute of Chemical and Bioengineering
Technology (MICET), Universiti Kuala Lumpur (UniKL-MICET). The samples had a moisture content of 10%
when received and were stored in a cool dry place for future processing.

2.2. Rice Husk Sample Preparation

Air dried samples were ground to obtain a uniform material used for analysis [14]. The selected sample was
ground slowly to avoid generation of heat that can cause loss of volatile matter (VM) and therefore lead to an
inaccurate determination of moisture content (MC), VM, ash content (AC) and fixed carbon (FC). Too much
grinding can result in the production of very fine particles that are vulnerable to escape with volatile gases dur-
ing heating and should therefore be avoided.

2.3. Design and Fabrication of the Upscale Gasifier

The basis of sizing was based on the contemporary paddy yield for a conventional Malaysian farmer. The ga-
sifier size was thus chosen by taking into account that an average small scale farmer can own a gasifier unit and
use this to produce enough biochar from their rice husk for further use. A paddy yield of 3000 kg/ha/harvest
where 10% or 300 kg/ha/harvest is rice husk was assumed. A subsistence farmer owning 1 ha of land will pro-
duce 300 kg of RH per harvest and would need to convert this to biochar by assuming a fuel consumption rate
(FCR) of 50 kg/hr while operating at 2 hrs per shift with rice husk density, prh of 110 kg/m® and specific
SGR of 90 kg/m*hr. The following design Equations (1) and (2) were used based on [15]-[17] and were used in
order to obtain a size for the diameter (D) and height (H) of the Upscale Belonio Rice Husk gasifier

D =/1.27FCR/SGR 1)
H =SGR xt/p )

2.4. Calculation of ER

This is defined as the ratio of the actual fuel-to-oxidizer ratio to the stoichiometric fuel-to-oxidizer ratio [18], as
shown in Equation (3)

ER =QxT/Mx(A/F) ®)

where:

Q, Rate of air supply, m%s

T, Duration of the run, hr

M, Mass input, kg

AJF, Air to Fuel ratio at ER of 1, m¥/kg

The A/F at Q (ER of 1) is 4.5 m*kg and the stoichiometric air of rice husk is 4.5 kg air per kg rice husk at air
density of 1.25 kg/m® [15]. Zainal et al. (2002) [18] reported that ideal and theoretical gasification takes place in
the ER range of 0.19 - 0.43.

2.5. Selection of the Fan

While selecting the fan, it is safer to exercise caution and choose variables that are larger rather than smaller.
This can assist in minimizing errors such as choosing fans with too low settings. Based on this, parameters were
chosen as: density of RH between 70 - 110 kg/m3, Specific gasification rate (SGR) of 90 kg/m*hr from the
OBRHG and thus the reactor can be filled with 100 kg gasified and the ER calculated. The A/F at Q (ER of 1) is
4.5 m*/kg and the stoichiometric air of rice husk, 4.5 kg air per kg rice husk at air density of 1.25 kg/m*® and
therefore, the superficial air velocity can be calculated according to equation 4 and the fan pressure drop com-
puted from the Kaup graph [19].

Superficial Air Velocity—Vs = 4AFR/nD? (4)

Thus a fan that has a pressure of nearly 291.06 pa at a controllable flow rate within that range is preferred.
The UBRHG was designed for rice husk biochar production according to the technical drawing shown in Figure
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1 and was fabricated by Lowseong Engineering Sdn Bhd. The gasifier was designed and constructed using mild
steel with 0.002 m thickness for the outer cylinder and biochar chamber while the inner cylinder was constructed
from stainless steel of 0.001 m thickness. Both were constructed in a rectangular shape before initial metal
welding into cylindrical shape. The insulation thickness between the inner and out cylinder was 0.16 m and was
filled with thermal rock multipurpose slab S60-0.05 m x 0.6m x 1.2 m. The total height of the gasifier was 1.61
m with a diameter of 0.85 m. The biochar chamber is the primary area for biochar removal and had dimensions
of 1.25 m by 1.20 m by 0.25 m for length, width and height respectively. The rice husk feedstock was placed
into the top of the reactor through the inlet and rests on the base. The base is designed in such a way that it is
able to accommodate a grate which is manually inserted through the base to handle rice husk until the entire
batch feeding process and gasification time is complete. The grate directly supports the combustion zone and
must be capable of letting air through it and letting ash fall through it, without excessive loss of fuel. In addition,
the grate is used to control reactor pressure drop. Air was supplied to the gasifier using an electric centrifugal
blower (R2E250AS4705) with a control valve capable of supplying the necessary air at constant velocity.

2.6. A Step by Step Biochar Production in the UBRHG

Biochar in UBRHG was produced sequentially according to the following steps below and is shown as a tech-

nical diagram in Figure 2 and pictorial set up in Figure 3.

1) Weigh 90 kg of dried rice husks.

2) Transfer the pre-weighed 90 kg of rice husks into the reactor at intervals, while ensuring that all the mass is
properly fed into the reactor without any loss to the ground.

3) Close biochar chamber and seal any air holes to ensure no air leakage from the centrifugal fan
(R2E250AS4705). The centrifugal fan can operate up to 1450 m*hr maximum air supply at a power input of
155W.

4) Run the centrifugal fan at maximum power and measure the air velocity at the inlet with the anemometer
(BENETECH, GM8908) while controlling the fan speed using a fan controller of 230V, 5A (ebm papst,
REE30) equipped with a 5uF Capacitor.

5) Connect the fan to the electrical power supply and monitor electricity consumption.

6) Add 10 g of paper to the top of the rice husk and ignite using a lighter.

7) After 1 - 2 min the combustion process is initiated and the counting time started for both the time required to
complete the gasification for each cycle, the velocity of incoming air as well as the energy used by the fan.

air flow control ring
burner \i/

chamber cover ~—

tainless steel
busk chamber

mild steel
outer shell
ash drawer
bumer base box
stainless steel —_a~"bottom cover

grate

Figure 1. Technical assembly of the upscale Belonio.
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Figure 2. Schematic diagram of the experimental biochar production in the

original Belonio Rice Husk Gasifier.
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Figure 3. The pictorial of experimental set up of the upscale Belonio.

8) The end of the gasification process is confirmed by the change of the smokeless mode. At the end of gasifi-
cation, the grate region is very hot confirming that the combustion zone has reached the bottom end of the
gasifier reactor. At this point, the power consumption and the time taken to complete the gasification process

9) The fan is stopped once this is confirmed, top burner removed and about 20litres of water sprinkled from the
top of the reactor into the biochar to cool it down.

10) The biochar chamber is opened carefully and biochar removed with the help of a hoe.

11)The colder biochar is carefully weighed and other conventional cycles follow the same routine.

12)Moisture content is conducted to determine the actual yield of biochar for a given run.
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The temperatures along the gasifier height are also monitored by the already configured thermocouple sys-
tems in the reactor.

2.7. Temperature and Velocity Monitoring along the Reactor

The temperature along the reactor height was monitored by using a data logger (TM-747DU, TENMARS). The
data logger was fitted with a K-type thermocouple (TME, 01903-700651) one meter long and supplied by RS
Malaysia Sdn Bhd. A total of 12 holes were drilled along the reactor where the first three were equidistantly po-
sitioned at a height of 0.20 m from the top, the next three were 0.585 m, the next three at 0.965 m and the last
three placed at 1.345 m from the top. Thermocouples were placed equidistantly at the same positioning angle
along the reactor height so that a representative temperature could be reported at the same height. The thermo-
couple heat sensing end point was positioned into the reactor inner wall and came into direct contact with the
biomass RH, while the other end was fixed into the data logger and the temperatures recorded as soon as the
reading was stable. Incoming air velocity and temperature was monitored with anemometer (BENETECH,
GM8908) from the start of the experiment until the end. The total volumetric flow rate was computed as a prod-
uct of incoming air velocity and the cross sectional area for the anemometer air inlet.

2.8. Shutdown Procedure

Once the total gasification time has been confirmed with no smoke exiting from the top of the reactor and the
combustion zone has travelled till the grate, the electricity power supply is turned off. This prevents unnecessary
air supply that would otherwise combust the biochar to ash. The lid is uncovered from the top, carefully re-
moved and allowed to cool before the next run begins. When 100 kgs of RH are used for biochar production in
the upscale reactor, between 20 - 25 litres of water are sprinkled inside the hot reactor for char cooling before
the char is removed for storage and later transported to the farm for soil application. Removal of the biochar in-
volves drawing the char chamber carefully where the cooled char is carefully drawn from the chamber box using
a hoe. Char is cooled at this condition and subsequent runs continue. It takes about 10 - 15 min for the reactor to
cool down which allows subsequent runs to be executed or left overnight until the next run.

2.9. Proximate Analysis

The rice husk was characterized for proximate analysis using a muffle Furnace (carbolite ELF 11/14B; max
1100°C) where subsequent gravimetric measurements were done using analytical balance (Mettler Toledo;
B204-S; 0 - 220 g). The proximate analysis was performed on fine-ground oven-dried samples to determine the
weight fractions of volatiles, ash, and fixed carbon in the rice husk. The ASTM standard method for proximate
analysis of wood [20] was used, while fixed carbon content calculated by subtracting from 100 the sum of vola-
tile matter and ash contents [21]. MC of oven-dried ground specimen is calculated as a proportion of its initial
weight.

MC,% = A-B

x100 )

where A = grams of air dry sample, B = grams of sample after drying at 105°C.

The same specimen is used for VM and AC determination. VM is extracted by pre-heating the specimen in a
muffle furnace (as an alternative to the tube furnace) for two minutes at 300°C then heating for three minutes at
500°C and for six minutes at 950°C. Volatile matter content (Equation (6)) is calculated as a proportion of the
oven-dry weight of the charcoal specimen.

VM, % = %100 (6)

where C = grams of sample after drying from 950°C.
AC is determined by heating the rice husk specimen in an uncovered crucible at 750°C for six hours. The ash

samples were allowed to cool down in a desiccator and then weighed. Ash content is calculated as a proportion
of the oven-dry weight of the oven-dry weight of the residue to the oven-dry weight of specimen.

Ash, A% = %xlOO )
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where D = grams of residue.

The carbon content is usually estimated as a “difference”, that is to say, all the other constituents are deducted
from 100 as percentages and the remainder is assumed to be the per cent of “pure” or “fixed” carbon. Results are
reported on as received as well as on a dry basis.

2.10. Ultimate Analysis

The ultimate analysis was achieved by following Dumas combustion technique (Dumas, 1826 as cited by [22])
using an elemental analyzer LECO CHNG628 Series. The instrument utilizes a combustion technique and pro-
vides a result within 4.5 min. The machine also offers a sulphur add-on module which provides sulphur analysis.
For the CHN analysis, 350 mg of dried and crushed samples were weighed and mixed in a tin capsule, then
combusted in a primary furnace at 950°C and secondary furnace at 850°C in the presence of pure oxygen. The
oxidized products CO,, H,0O and NO, passed through a series of drier to remove moisture, and homogenized
before being carried by a constant flow of carrier gas (helium), and finally CO, and H,O separated and quanti-
fied with a non-dispersive infrared (NDIR) cell, while the NO, gases were passed through a copper reducer, the
gas was reduced to N,, and quantified with a thermal conductivity cell (TCD). The chromatographic responses
are calibrated against pre analyzed standards, and the CHN elemental contents are reported in weight percent.

For S, the sample was weighed into a combustion boat and placed in the furnace with pure oxygen at 1350°C.
The oxidized gases in the combustion system flow through an anhydrone tube to remove moisture, and quanti-
fied in the sulphur infrared detection cell. The final results for sulphur is displayed in weight % or parts per mil-
lion (ppm). Total O was derived by subtraction according to the ASTM method [23] as follows

o[%ﬂj =100—ash[%ﬂj—c(%ﬂj— N(%ﬂj— H[%ﬂj ®)
w W W w w
3. Results and Discussion

3.1. Ultimate and Proximate Analysis of Biochar from Upscale Belonio

Results for ultimate and proximate analysis are summarized in Table 1 and Table 2 respectively. Based on
proximate results in Table 2, biochar produced from the Upscale Belonio has a higher FC of 51.5% + 0.64%

Table 1. Ultimate analysis (moisture and ash free) of biochar from Belonio gasifier.

Ultimate values

Element at ER (0.1118 + 0.02)

C 45845
H 0.870 +0.233
N 1.08%0.42
s 0.0685 + 0.0203
o 156

H/IC 0.228

olc 0.255

Table 2. Proximate analysis of rice husk and rice husk char.

Upscale Belonio char on dry basis at Small Belonio char on dry basis at Original rice husk

ER =0.3366 ER =0.2916 on dry basis
Moisture Content, MC % 47.1+0.85
Volatile Matter, VM % 11.0+0.5 141+0.18 839+121
Ash Content, AC % 37.5+1.0 33.7+0.39 10.0 £1.23
Fixed Carbon, FC % 51.5+0.64 50.5 +0.69 6.1+0.22
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which makes it good and suitable for soil applications, the higher the fixed carbon, the longer its recalcitration
value. Biochar is highly recalcitrant in soils, with reported residence times for wood biochar being in the range
of 100s to 1000s of years, i.e. approximately 10 - 1000 times longer than residence times of most soil organic
matter [24]. There is a very close relationship between the properties of the char produced by both reactors as
revealed from their proximate composition. They nearly have properties in the same magnitude. This justifies
the prospect of scaling up the design for large scale biochar production. The slightly higher ash content in the
upscale Belonio char is due to the higher ER during operation. A higher ER has a bearing with the amount of
oxygen responsible for carbon oxidation and subsequently ash formation. Raw rice husk has a low fixed carbon
with low resistance to degradation when applied to soil. The results for rice husk char elemental analysis as
shown in Table 1 for carbon, hydrogen, nitrogen and sulphur revealed a composition of 45.8% + 4.46%, 0.87% *
0.233%, 1.08% + 0.418% and 0.0685% + 0.0203% respectively. The elemental carbon content as a major factor
determining the quality of biochar compares well with other biochar produced from different technologies such
as gasified forestry from downdraft moving bed gasifiers with carbon content of 45.8% [25] as well as 39.7% for
biochar production by sewage sludge pyrolysis in a muffle furnace at 300°C with a residence time of 30 minutes
[26]. The IBI recommends only a maximum value of 0.7 for the molar H/C ratio [27] which distinguishes bio-
chars from biomass that has not been thermochemically altered and from other materials that have been only
somewhat thermochemically altered. Biochar produced from the Belonio gasifier conforms to this requirement.

3.2. Variation of Air Inlet Cross Sectional Area with Char Yield

A variation of air inlet cross sectional area was tested against char yield with detailed results reported in Table 3
and the pictorial of experimental set up of the upscale Belonio shown in Figure 3. In the 27 experiments con-
ducted in Table 3, air was supplied at varied cross sections. Air was directly sucked with no hood to the fan
housing through a diameter of 0.16 m, with a hood of 0.1 m on top of the fan housing and also though a very
small air inlet via the anemometer holes of cross section 0.00035384 m? while the fan setting is not adjusted.

The yield for runs 1 - 16 considerably varies due to the different incoming velocity at varied cross section area.

The higher the air volumetric flow rate, the lower the char yield. This is probably due to faster Kinetic reactions

taking place inside the reactor where the rate of carbon oxidation is faster than the rate of char formation and

subsequently a lower char yield. The difference in char yield and gasification time (Table 3) at varying cross
section may be explained as below

1) When the air entering the blower is open without any enclosure to direct the flow of air, some of the air is
directed back to the outside due to the rotating fan blades and the total air going to the reactor may not be
100% as sucked from the ambient. This is revealed due to the difference in gasification times for experiments
conducted at similar fan settings (such as run 3 or 4 and 11 or 14). Complete rice husk gasification is
achieved earlier when a chimney is inserted on top which reveals that more air enters and the total air re-
quired for gasification is achieved faster.

2) By inserting a chimney on top of the blower housing to direct the flow of incoming air, the overall airflow
rate is probably faster than when the blower is not housed since the housing acts by directing the flow of air
to the reactor.

3) Without putting housing at the fan blower, measuring the actual velocity of air may not be representative. A
blower housing such as a hood ensures allows uniform air flows which make measurement of velocity easier
and subsequently the calculation of ER simplified.

4) Run 6 and 7 have a variably longer gasification time from the previous runs. This is because the particle size
of the gasified rice husk was varied. Fined rice husk was gasified for experiments 5, 6 and 7 while original
rice husk was gasified for other experiments. Fine rice husk is denser and creates a high resistance to air flow
inside the reactor making the flow of incoming gasifying air very slow. This subsequently affects the kinetic
reactions as revealed from longer residence gasification times.

5) By varying the fan settings (Table 3) from maximum (runs 3, 4) to lowest fan setting (run 9,10 and 12) via
similar cross section through a diameter of 0.16m for incoming air, the biochar yield increases from 18.94%
to 24.96% respectively. This reveals that more air oxidizes the char to ash.

6) Supplying more air from the inlet speeds up the reactions, producing gasification products at a faster rate

with formation of syngas at the reactor top.
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Table 3. Variation of major parameters for experiments conducted in the Upscale Belonio Rice Husk Gasifier (UBRHG).

Energy

RuUN RH ~Mass Fan ) _Air Wet Char  Char Char yiel(_j consumption Ga}sificat_ion
type input/kg mode inlet diameter/cm out/ kg MC % (%Dry basis) (kWh) time/min
1 BRH 90 Maximum 2 56.2 47.10 33.03 0.6 330
2 BRH 93 Maximum 16 335 25.94 27.08 0.2 130
3 BRH 89.5 Maximum 16 325 41.73 18.94 0.2 120
4 BRH 914 Maximum 16 331 45.09 19.88 0.2 120
5 BRH 83.4 Maximum 16 385 40.20 25.6 0.3 157
6 BRH 96.3 Maximum 16 355 43.20 20.9 0.5 249
7 BRH 86.5 Maximum 16 32.7 42.70 21.7 0.8 420
8 ORH 90.9 Maximum 16 27.3 37.32 18.82 0.2 125
9 ORH 90 Lowest 16 33.9 35.20 244 0.3 150
10 ORH 90 Lowest 16 29.1 36.28 20.6 0.3 150
11 ORH 90 Maximum 10 31 36.20 21.97 0.2 112
12 ORH 88.9 Medium 16 335 33.80 24.96 0.3 150
13 ORH 90 Medium 10 35.1 37.60 243 0.4 164
14 ORH 90 Maximum 10 28.6 38.15 19.65 0.2 105
15 ORH 90 Lowest 10 394 36.70 27.7 0.4 186
16 ORH 90 Maximum 10 234 13.50 225 0.2 116
17 ORH 90 Lowest 10 36.2 34.70 26.3 04 170
18 UBRH 90 Lowest 10 384 35.40 27.6 0.4 166
19 ORH 90 Lowest 10 43 33.00 32.01 0.7 270
20 ORH 90 Lowest 10 38.8 33.92 28.5 0.4 165
21 ORH 90 Lowest 10 32.4 28.50 25.82 0.3 130
22 ORH 89.8 Lowest 10 37 34.45 27.01 0.4 168
23 ORH 89.6 Lowest 10 38.9 30.20 30.3 0.4 169
24 ORH 91.3 Lowest 10 349 30.20 26.68 05 192
25 ORH 90.4 Lowest 10 38.6 41.30 26.21 0.5 180
26 ORH 92 Lowest 10 40.1 36.90 2715 0.4 160
27 ORH 91.3 Lowest 10 38.7 37.30 26.58 04 170
n=27
Av 25.06 0.37 175.0
SD 3.8488 0.156 69.83

7) The above observations give a realistic view for ER measurements while using fan housing with a hood
whose diameter is 0.10 m where ER was reproducibly computed.

Generally, the reactor performance for a yield between 26% - 33% compares well with the performance of
slow pyrolysis reactors as revealed by [28] with a yield of 30% for biochar from retorts; as well as [29] with a
yield of 22.9% - 28.2% for biochar from a conventional pilot pyrolysis plant at 400°C; [14] for biochar from
biomass pyrolysis in an inert atmosphere at 550°C with a yield between 25.2% - 29.7% and [30] with a yield of
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27% - 29% for fixed bed pyrolysis of rice husk between 550°C and 600°C. The competitive advantage with the
UBRHG is its ability to process up to 90 kgs of rice husk in just 2.5 hrs.

3.3. Effect of ER with Gasification Time

As shown in Table 3 above, the gasification time of 330min is longer. This is because the air inlet is considera-
bly small. It takes 330 min to suck the total amount of air required to gasify 90 kgs of rice husk to produce this
biochar at ER of 0.3366. The same amount of air can be sucked in a less time by increasing the size of the cross
section for the air inlet which accounts for the different gasification times between 105 - 270 min in Table 3, the
wider the cross section for air inlet, the faster the air velocity. This has a bearing to the reaction kinetics inside
the gasifier. The ER at this fan setting however reveals the proportionate amount of air required for a substantial
yield of 33%. The initial incoming air velocity did not change till the end of the experiment. This may be due to
a stronger fan pressure resistance not to be affected by the smaller changes due to the change in the density of
rice husk during char formation.

3.4. ER and Temperature Profile along the Gasification Height

For ER variation against the movement of the combustion zone, the variation is shown in Table 4 and Table 5

Table 4. Variation of ER with the speed of combustion zone for UBRHG.

RuN ER G_Iz_iisrir]:(i;z:r:iiﬂn Speed of combustion z%r;eigarll?ng 161 cm gasification % Dry char yield
Run 17 0.5100 170 0.95 26.3
Run 18 0.5308 166 0.97 276
Run 23 0.5027 169 0.95 30.3
Run 26 0.4864 160 1.01 275
Run 27 0.5162 170 0.95 26.58

n=>5

Av 0.5092 167 0.97 27.67

SD 0.0164 4.2 0.026 1.58
Run 19 0.3957 260 0.62 32.01
Run 21 0.3993 130 1.23 25.82

n=2

AV 0.3975 195 0.925 28.90

SD 0.0026 91.9 0.43 4.40
Run 20 0.4466 165 0.98 28.05
Run 22 0.4618 168 0.96 27.01

n=2

AV 0.4542 166.5 0.97 27.53

SD 0.0108 2.1 0.014 0.74
Run 24 0.5672 192 0.84 26.68
Run 25 0.5652 180 0.89 26.21

n=2

AV 0.5662 186 0.865 26.445

SD 0.0014 8.485 0.035 0.33
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Table 5. Variation of ER with the speed of combustion zone for OBRHG.

Time/min ER Y(i;ol @ Speed cm/min RH type Reactor type
69 0.0998 313 0.86 ORH OBRHG
69 0.1002 30.7 0.86 ORH OBRHG
69 0.1353 29.5 0.86 ORH OBRHG

Av 69 0.1118 30.5 0.86
SDO 0.020 0.92 0.0
120 0.2911 26.31 0.49 FRH OBRHG
120 0.2867 26.07 0.49 FRH OBRHG
111 0.297 25.27 0.53 FRH OBRHG
Av 117 0.2916 259 0.50
SD5.2 0.005 0.55 0.02

revealing the range for biochar production when air is allowed to pass through a 0.10 m diameter hood with in-
ternal diameter of 0.097 m. Further ER calculations at the nearly similar setting are revealed between experi-
ments 17 - 27. From Table 4 and Table 5, the higher the ER, the faster the combustion zone. This is because
less time is required to complete the Kinetic reactions inside the reactor. A lower ER is associated with a higher
yield and running the reactor at a longer residence time maximizes char yield but takes longer to complete the
gasification of RH due to slower rates of reactions.

Temperatures results (Table 6) revealed that combustion starts from the top and from the core of the reactor
and distributes towards the reactor walls. This is because the blower is positioned at the centre of the reactor
which accounts for even heat distribution. Also, the initial flaring of the reactor during start up is initiated from
the Centre. This may account for even temperature distribution. The even temperature distribution per height
was confirmed by the relatively minimal temperature variations reported by thermocouples placed along the
same height. The biochar from OBRHG with a yield of nearly 30% is formed between 450°C - 700°C. This
shows that the temperature build up descends from top to bottom where T4 > T3 > T2 > T1. This is because as
the zone descends downwards, the amount of RH that converts to biochar and thermal energy generation as part
of the gasification products increases. These temperatures increase due to cumulative heat as the reactions near
completion.

3.5. Comparison of Rice Husk Gasification in Small and Upscale Belonio

Original rice husk (ORH) as RH in its original form and size was subsequently gasified in the OBRHG with re-
sults published in a separate article [31]. The reproducibility of yield between 26-31% is possible for ORH, as
well as fine rice husk (FRH) or partially crushed RH in UBRHG and OBRHG. There is however a great varia-
tion of ER for both reactors and rice husk type. To achieve a nearly similar yield of 30.5% * 0.92% in the
OBRHG with original RH, there is an increase in ER from 0.1118 + 0.020 to 0.2916 + 0.005, about 160% in-
crease in air supply with fined RH in OBRHG and an increase in ER up to 0.4704% * 0.029%, about 320% with
ORH in UBRHG. Gasifying RH in the two reactors of the same design but of different size with the bigger one
having a volume scale factor of 93.8 increases the ER by 320% to attain a nearly similar yield of 30%. To
achieve this yield, the movement of the combustion zone is slower (about 0.50 + 0.02) with fined RH and higher
(about 0.86) ORH in the OBRHG while it is 0.96 + 00.015 for UBRHG, The slow movement of the combustion
zone with the FRH is due to the resistance of air flow due to more dense RH particles. Subsequently, the SGR
increased from 47.4 kg/m*hr to 56.9 kg/m*hr, an increase in SGR of about 20% for small and upscale RH ga-
sifier respectively while producing a char yield of the same magnitude (about 30%). In the same way Table 6
reveal the maximum available temperatures as the combustion zone travels down the grate. For a yield of about
30% from both reactors, the temperatures recorded in UBRHG are higher than the one’s reported in the OBRHG.

O,
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Table 6. Temperature profile along the gasification height of OBRHG with ORH.

Run 28 Temp/°C Time/min Height from Top/cm
T1 196 30 5
T2 358 36 18.5
T3 561 40 32
T4 683 65 355

Run 29

Temp/°C 5
T1 312 20 185
T2 463 30 18.5
T3 485 40 32
T4 615 65 355

Run 30

Temp/°C
T1 368 25 5
T2 395 38 18.5
T3 443 60 32
T4 577 65 355

This is because the UBRHG fills up more RH, about 10times more than the OBRHG. The more gasified RH, the
more thermal energy generated and subsequently the higher the temperatures. Biochar produced in the OBRHG
at a yield of 30% produced temperatures between 350°C - 615°C from top to bottom while the temperature pro-
duced in the UBRHG ranged between 388°C - 1045°C from top to bottom. The temperature gradient increases
from top to bottom in both reactors as the combustion zone moves down the grate because more RH is converted
into char with generation of cumulative thermal energy along the reactor walls as the zone descends down
wards.

3.6. Economic Feasibility of Investment in the UBRHG for Char Production

Details on economic aspects are summarized in Table 7. The prospect for using the UBRHG as a biochar sys-
tem is more economical when rice husk is free from farmers which costs $207.9/ton compared to $333.3 -
368.2/ton when RH is not free. By costing the amount of carbon offset by the UBRHG, it would further reduce
on the cost of biochar production. Producing biochar on a feedstock free basis is supported by [32] whose find-
ings revealed that it may be profitable to apply biochar as a soil amendment if the biochar market price is low
enough, lower than $12.14 and $100.73/MT when the price of carbon offset is $1 and $31/MT CO,, respectively.
The cost of biochar production by Galinato et al. (2011) [32] is lower than the current study because of their
costing the amount of carbon offset by the biochar system which reduces the overall biochar production costs.
Subsequently, the ROR on investment on a rice husk free basis is higher, about 72.4% - 90.4% compared to
0.044% - 10.5% when RH is not for free. A similar observation was made by [33] and [34] when they concluded
that the economic viability of the pyrolysis-biochar system is largely dependent on the costs of feedstock pro-
duction, pyrolysis, and the value of carbon offset.

4. Conclusion

The gasifier can be implemented to process rice husk char applied to soil. Original rice husk of 90 kg was gasi-
fied in nearly 2.5 hrs at a yield of 26% - 27% in two batches per day. This operates with the centrifugal blower

O,
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Table 7. Economic evaluation of biochar production in the upscale reactor (1 USD = 3.53700 MYR).

Item

1. Unit cost
(material cost, fabrication and labor)

2. Centrifugal blower
3. Labor and operation costs
4. Fan controller
5. Annual depreciation
6. Miscellaneous and maintenance
7. Annual price of raw RH and transportation
8. Annual electricity charges

9. Char produced per year per unit

10. Cost of biochar (RM/MT) produced with
UBRHG

11. Costs of RHC from UBRHG when RH is for free
12. Annual sales out of char from UBRHG
13. Compare it to the market price
14. ROR on RH free basis

15. ROR when RH is NOT for free

Costs
RM 3000 or RM 300 annuitized for 10 years
RM 1130 or RM 113 annuitized for 10 years
RM 10,800/yr/labor
RM 405 or RM 40.5 annuitized for 10 years
RM 458

RM 300

66.434 tones = RM 8769.3 - 10961.6 (cost of RH/year)
(But can also be considered free from farmers)

RM 110
approximately 19 tons
RM1100 - 1214.9/ton or $333.3 - 368.2 /ton
RM 686/ton or $ 207.9 /ton

RM 20900 - 23085

Good agreement with Meyer et al. (2011)
with a pricing of RM 1100/ton

72.4% - 90.4%

0.044% - 10.5%

operating at a power input of 155 W and a maximum flow rate of 1450 m*/hr regulated according to the air re-
quirement. Building the upscale gasifier is simple and inexpensive. With the fairly satisfactory performance and
ease of construction, the gasifier would find abundant avenues of applications in a rural setting for biochar pro-
duction alongside thermal, mechanical and electrical energy delivery.
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