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ABSTRACT

This research studies the effect of the torrefaction process by using a rotary kiln on torrefied biomass
properties. The torrefaction rotary kiln and palm kernel shell were used in this research. An
investigation focused on and studied the palm kernel shell in the torrefaction process using a
torrefaction rotary kiln. The solid phase (biochar), liquid phase (condensed liquid), and gas-phase ratio
were clarified. The feasibility of a palm kernel shell as renewable energy was investigated. Palm kernel
shell waste is abundant in the southern region of Thailand. The waste from palm kernel shells is around
500,000 tons per year and increasing every year. The palm kernel shell (raw material) has an advantage
as high calorific value. Moreover, the palm kernel shell is potentially fuel in the boiler (instead of
charcoal) and is widely used in many power plants. The value of the palm kernel shell depends on the
quality of biomass. To find an optimum condition in the palm kernel shell industrial process, the
temperature of the torrefaction process and rotation speed were set at 230, 250, 270°C, and 1, 2, 3 rpm,
respectively. The product yield, characteristics of torrefied biomass, moisture content, particle
distribution, mass yield, and energy yield were reported. From the result, the solid phase product was
decreased when the torrefaction temperature increased, the fluid phase product and gas-phase product
were increased. The particle size after torrefaction was smaller than raw biomass. The mass yield and
energy yield decreased when the torrefaction was increased. On the other hand, the mass yield and
energy yield increased when rotation speed was increased. It was concluded that the optimum condition
for palm kernel shell in torrefaction process was 230°C with 3 rpm. The torrefaction process can
improve the properties and combustion performance of biomass. The palm kernel shell was a suitable
fuel and co-burning in the economic energy plant in the torrefaction process with the optimum
condition.
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1 INTRODUCTION

At present, renewable energy was widely used in industrial plants. Nowadays, solar, wind,
and biomass waste were increasingly used in many countries. Biomass plays a vital role in
Thailand. Much of the agricultural waste from the plant was discarded in Thailand. However,
the potential of biomass energy in Thailand was remarkable to study. The biomass has some
weaknesses, such as low calorific value, low bulk density, low energy density, and high
moisture content. The biomass properties need to be improved to produce higher quality fuel.
The products from the torrefied process were suitable for combustion applications and
transportation.

For many years, one of the most effective processes for upgrading biomass is torrefaction.
This is a thermochemical process conducted at a low temperature ranging from 200 to 300°C
and at a low heating rate [1]. Dehydration, decarboxylation, and dehydroxylation reactions
occurred during torrefaction. The O/C and H/C ratios were lower when preparing with raw
biomass [2].

After this process, most of the biomass weaknesses were reduced. The residence time and
temperature of the torrefaction process have more effect on a product by torrefaction process.
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Many researchers have studied the effect of temperature on torrefied biomass. It was found
that when the temperature was increased, moisture content, HHV, ash, mass yield, and energy
yield has been significantly changed [3]. On the other hand, many researchers have studied
the effect of residence on the torrefied biomass. It was found that the HHV of the torrefied
biomass rapidly increased when residence time increased. When a certain residence time was
reached, the HHV tended to asymptote to a constant value.

Many types of reactors were used for torrefaction reactors. It has many kinds of reactors
for the torrefaction process [4]. The fixed bed torrefaction reactor is the simplest reactor. The
reactor was filled with biomass and heated up from the heat source outside the surface of the
reactor. Except for the ordinary heat source, the microwave torrefaction reactor was used for
the torrefaction process. The electromagnetic wave vibrated the water molecules inside
biomass. Then, the temperature of biomass increased. A fluidized bed torrefaction reactor is
the one type of torrefaction reactor. The raw biomass was placed on the grate. The hot gas
was flown from the bottom through the raw biomass bed. The raw biomass floated and
behaved like a fluid. However, the torrefied biomass from the torrefaction reactor, as
mentioned before, was a non-uniform product. The rotary kiln was applied to use for the
torrefaction process [5]. The product from the rotary kiln was uniform when comparing with
the previous reactor.

At present, palm kernel shell waste is abundant in the southern region of Thailand. The
waste from palm kernel shells was around 500,000 tons per year and increasing every year.
The palm kernel shell (raw material) was an advantaged as high calorific value [6]. Moreover,
the palm kernel shell has the potential as fuel in the boiler. The value of the palm kernel shell
depends on the quality of biomass. One of the large biomass potentials is a by-product of the
oil palm industry, such as palm kernel shells and empty fruit bunches. From this production,
the biomass produces from the palm oil industry includes empty fruit bunches (23%),
mesocarp fibers (12%), and palm kernel shells (5%) from every ton of fresh fruit bunches
[7]. Many researchers were studied torrefied palm kernel shells. Palm kernel shell after
torrefaction process has High HHV, high energy yield, and the potential to be used as a fuel
after torrefaction. However, the knowledge of palm kernel shell in the improvement process
lacked.

This research focused on and studied the palm kernel shell in the torrefaction process
using a torrefaction rotary kiln. The solid phase (biochar), liquid phase (condensed liquid),
and gas-phase ratio were clarified. The feasibility and optimum condition of a palm kernel
shell as renewable energy was investigated.

2 METHODOLOGY AND MATERIAL
2.1 Raw material preparation

A palm kernel shell was used in this research. The raw material was mince to 5 mm to reduce
its size. The initial moisture content of raw material was 14% wet basis. An initial condition
of raw biomass was shown in Table 1.

2.2 The torrefaction process and equipment

Torrefaction rotary kiln was used for the torrefaction, as shown in Fig. 1. The pilot torrefied
rotary kiln consists of a rotating cylinder. The cylinder is 6 m in length and 0.3 m in diameter.
The two L-shape lifters were attached inside the to mix biomass easily and uniformly flow.
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Table 1: Raw material preparation.

Parameters Condition
Biomass Palm kernel shell
Initial moisture content 14%
Particle size <5 mm
HHV (raw material) 17.40 MJ/kg

Gas pipe

Hopper

0.5-meter diameter cylinder

| ==z 773 2y eZE)

<1
6-meterlength 0.3 diameter cylinder

A mfis=l

I

wzzzZy Hot air C—> Biomass

Cold bath Metal container mmmp Torrefaction gas s Cooling water

Liquid bottle

Figure 1:  Rotary kiln for torrefaction process and system for collected liquid phase for the
torrefaction process.

The cylinder was used to convey biomass and cover with a 0.5 m diameter cylinder. The
hopper was used in a feeding system (feed rate 4 kg/hour). Liquid petroleum gas (LPG) was
used for the heat source. The rotation speed was varied at 1, 2, and 3 rpm. The slope of the
rotary kiln was fixed at 2° from horizontal. The temperature profile inside the rotary kiln was
monitored by a data logger (midi logger GL 820 accuracy +0.05%) and thermocouple type
K (accuracy £1°C ). The reactor was placed at the end of the rotary kiln. The reactor was
heated up to torrefaction temperature. After the temperature of the reactor was in a steady-
state, the raw material was fed into the rotary kiln (4 kg/hour). The biomass and hot air were
counter-current flow and not direct contact (to prevent oxidation).

Metal container was used to collect torrefied biomass (solid phase). The container is
hermetically closed to avoid the oxidation of the product during cooling. The end of the rotary
kiln has a smokestack to release the liquid and gas. The smokestack was connected with the
cooling system. The liquid phase from the torrefaction process was collected with the glass
bottle. The copper pipe was contained in the cooling tank. The water in the cooling tank was
controlled at 10 £1°C by a cold bath (eyela cool ace ca-1111). The end of the copper pipe
was connected with a glass bottle to collect the fluid after condensed. The system for
collecting the liquid phase from torrefaction was shown in Fig. 1.
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2.3 Methodology

2.3.1 Particle size distribution

Particle size distribution was determined by using the ASTM D422 standard. Particle size
was tested by six layers sieve analysis (sieve size 3.35 to 0.425 mm). Particle size distribution
can be calculated in eqn (1).

SIEVE (%) = (S/W) x 100 (%), 1)
where S is the weight of sieve (g) and W is total weight (g)
2.3.2 Moisture content
Moisture content was determined by using the ASTM D2216-10 standard. The heating oven

collected moisture content data (Redline by Binder 230-volt, accuracy +0.3°C). The biomass
was drying at 105°C for 24 hours. Moisture content can be calculated as follows:

M = ((Wo — We)/Wo) x 100, )

where M is moisture content (%); Wy is the initial weight (g); and W is the final weight (g).
2.3.3 High heating value (HHV)
A higher heating value is the amount of energy produced by the combustion of fuel. The

higher heating value of the briquette was measured with an oxygen bomb calorimeter (Parr
1341).

2.3.4 Mass and energy yield
The mass yield and energy yield can be calculated using the following equation [8]:

Yo =(M/M,) x 100%, (3)

where Y, is mass yield (%); M, is a mass of torrefied biomass (g); and M, is a mass of raw
material (g).

Ye=(HHV/HHV,) X Y.y “)

where Ye is energy yield (%); HHV, is higher heating value of torrefied biomass (MJ/kg);
and HHV., is higher heating value of raw material (MJ/kg).

2.3.5 Conservation of mass

100 = Yiolid + Yiiquid + Y gas, (5)
Y sotia = Misotia/Miotal, (6)
Y iiquid = Miiquie/Motal, (7

where Mo is mass of raw material (kg); Msoiiq is @ mass of solid phase (kg); Miiquid 1S @ mass
of liquid phase (kg); Ysolid is yield of solid phase (%); Yiiquia is yield of liquid phase (%); and
Y e 1s yield of gas phase (%).

The yield of gas was calculated by subtracting the yield of solid and liquid from 100%
(raw material).
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3 RESULTS AND DISCUSSIONS

3.1 Product yield

Fig. 2 shows the effect of temperature on a product yield of torrefied biomass. The product
yield of a solid phase (bio-coal), liquid phase, and gas phase (non-condensable gas) of
biomass after the torrefaction process was investigated. The mass of raw biomass was equal
to 100%. The percentage of the gas phase was calculated from eqn (5). The temperature had
a significant effect on the palm kernel shell torrefaction, as shown in Table 2. In this result,
the amount of solid phase product was decreased when temperature increased because the
component of biomass was disintegrated during the torrefaction process [9]-[11]. When the
torrefaction temperature was 230°C, the palm kernel shell’s mass loss was very low (22.40%)
because the most unstable hemicellulose in the palm kernel has not been decomposed at this
torrefaction temperature.

100%
90%
80%
L 7%
§ 60%
g s0% meas
g‘ 0% 8liquid
E 30% @solid
20%
10%
0%
230
Temperature (degree celsius)
Figure 2: Product yield of torrefied biomass.
Table 2: Product yield of torrefied biomass.
Yield (%)
Temperature (°C Solid phase - Gas phase
i 0 (bio—goal) Liquid phase (non-condfnsable gas)
230 77.60 14.20 8.20
250 65.67 22.93 11.40
270 54.10 29.87 16.03

Nevertheless, when the torrefaction temperature was increased to 250°C and 270°C, the
palm kernel shell’s mass loss was also increased. The pyrolysis reaction was intensified at
higher torrefaction temperature, and more volatile matter was released. The liquid phase
product was increased at high temperatures. The moisture content, volatile matter,
hemicellulose, and cellulose were disintegrated at high temperatures. The torrefied biomass
from the rotary kiln was a uniform product. Fig. 3(a) shows the raw biomass, 3(b), 3(c), and
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3(d) show the solid phase product from torrefaction at 230°C, 250°C, and 270°C,
respectively. The raw biomass is a deep brown color. When the torrefaction temperature
increased, the carbon content increased, and the physical color became black. Then, the
biomass after torrefaction was darker and smaller than raw biomass.

Figure 3: Characteristic of solid-phase product from torrefied biomass.

A similar result has also been observed by other researchers [12], [13]. The fluid product
after condensed with cooling water at 10°C, as shown in Fig. 4. Fig. 4(a), 4(b), and 4(c) show
the liquid product from torrefaction at 230°C, 250°C, and 270°C, respectively. The liquid
products contained large amounts of water. A part of the water came from the palm kernel
by itself. The other part originated from the thermal decomposition of the organic
components, especially hemicellulose. With the increase in torrefaction temperature, the
water content in the liquid product gradually decreased, which was due to more tar produced.
The liquid phase product at 270°C was stickier when compared with 230°C and 250°C. The
color of the liquid at 270°C was turned to black because it has more tar in the component of
the liquid phase product. The volume of the liquid phase was increased when the temperature
increased. The trend of solid phase and liquid phase were the same with a previous study [8].
The moisture content of raw biomass and torrefied biomass was shown in Fig. 5. The
moisture content of torrefied biomass was lower than raw biomass. The moisture content of
raw biomass was 14.05%. The moisture content of torrefied biomass was 1.31%. The
moisture of torrefied biomass was less than raw biomass, 90.80%. A similar result has also
been observed by others [13].

(b)

Figure 4:  Characteristic of liquid phase product from torrefied biomass. (a) At 230°C; (b)
At 250°C; and (c) At 270°C.
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Figure 5: Moisture content.

3.2 Particle size distribution

The particle size distribution of raw material and torrefied biomass were investigated. Fig.
6(a), 6(b) and 6(c) show particle distribution at 1, 2 and 3 rpm respectively. The highest
amount of particle size in raw material was observed at 1.7-3.35 mm. After the torrefaction
process, the particle size of torrefied biomass was smaller than raw biomass, and the amount
of percentage of large particles decrease when the torrefaction temperature increase. The
degradation of biomass has occurred during the torrefaction process. The degradation was a
decomposition reaction of cellulose, hemicellulose, and lignin in biomass [16]. At 1 rpm, the
large particle was sharply decreasing (3.35< mm), and the smaller particle was slightly
increased (0.85—1.7 mm). 2 rpm and 3 rpm have the same trend with 1 rpm. It was concluded
that the particle size of biomass after the torrefaction process was smaller than raw biomass.
Fig. 6(d), 6(e) and 6(f) show particle size distribution at 230°C, 250°C and 270°C,
respectively. The residence time of the process increase when the rotation speed of the rotary
kiln decrease. The rotary kiln’s biomass was heat longer than the high rotation speed at the
low rotation speed. As a result, the degradation was increased depend on residence time and
temperature. The smaller particle size was an increase when the rotation speed decrease or
increase temperature. At 230°C, the large particle was sharply decreasing (3.35< mm), and
the smaller particle was slightly increased (0.85-1.7 mm). At 250°C and 270°C have the
same trend as 230°C. It was concluded that the torrefaction temperature and rotation speed
affect particle distribution [16]. The large particle was decreasing at the high temperature and
low rotation speed, and the small particle was increased.

3.3 Calorific value

HHYV of the torrefied product was an important parameter. The higher HHV, the more energy
can be stored or transported at the same amount of volume. From the result, the HHV of the
product after torrefaction was increased [12], [14]. The highest HHV was found at 3 rpm
270°C. The highest HHV was increasing to 1.64 times when compared with raw material.
The HHV of the torrefied product was shown in Table 3.
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Figure 6:  (a) Particle size distribution at 1 rpm; (b) Particle size distribution at 2 rpm;
(c) Particle size distribution at 3 rpm; (d) Particle size distribution at 230°C;
(e) Particle size distribution at 250°C; and (f) Particle size distribution at 270°C.
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Figure 6: Continued.

Table 3: Calorific value.

Rotational speed (rpm) | Temperature (°C) | HHV (MJ/kg) | Energy yield (%)
230 25.53 61.27
1 250 26.27 55.82
270 25.40 44.64
230 25.53 65.45
2 250 27.50 59.90
270 28.20 57.51
230 26.63 71.51
3 250 27.57 66.72
270 28.60 60.10
Raw material 17.40 -

3.4 Mass yield and energy yield

The effect of torrefaction temperature on mass yield and energy yield at 1, 2, and 3 rpm were
investigated, as shown in Fig. 7. The torrefaction temperature had more impact on mass yield.
The mass yield of torrefied products was decreased when the torrefaction temperature was
increased. Moisture content and volatile matter were removed. The degradation was a
decomposition reaction of cellulose, hemicellulose, and lignin in biomass. The highest mass
yield was 46.72% at 3 rpm with 230°C. A similar trend of results was reported for other

WIT Transactions on Ecology and the Environment, Vol 254, © 2021 WIT Press
www.witpress.com, ISSN 1743-3541 (on-line)



146 Energy and Sustainability IX

biomass types [15], [16]. The energy yield was indicated the improvement of torrefied
biomass. After the torrefaction process, the heating value of torrefied biomass was an
increase. The energy yield was shown a trend similar to the mass yield. The energy yield of
torrefied biomass was decreased when the torrefaction temperature increase. The highest
energy yield was found to be 71.51% at 3 rpm with 230°C. A similar result has also been

observed by others [17], [18].
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Figure 7: Effect of torrefaction temperature on mass yield and energy yield.

The effect of rotation speed on mass and energy yield was shown in Fig. 8. The mass yield
of torrefied biomass increased with increasing rotation speed. At the high rotation speed, the
residence time of biomass in the rotary kiln was less than the low rotation speed. At low
rotation speed, moisture content and the volatile matter were removed more than high rotation
speed. The energy yield was shown a similar trend to the mass yield. The energy yield of
torrefied biomass increased when the rotation speed increase. The highest mass yield and

energy yield were found at 230°C 3 rpm with 46.72% and 71.51%, respectively.
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Figure 8: Effect of rotational speed on mass yield and energy yield.

The optimum condition for torrefaction with rotary kiln was 3 rpm 230°C. At 230°C, the
yield of a solid particle was more than other temperatures. Moisture content and particle size
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of torrefied biomass decreased. The HHV of torrefied biomass increased. The mass yield and
energy yield decreased when the torrefaction temperature was increased. The mass yield
and energy yield increased when rotation speed was an increase. The highest mass yield and
energy yield were found at 3 rpm 230°C.

4 CONCLUSIONS

The pilot-scale rotary kiln for the torrefaction process was established and used for the
torrefaction process. The solid phase product was decreased when the torrefaction
temperature increased, and the fluid phase product and gas-phase product were increased.
The particle size after torrefaction was smaller than raw biomass. The mass yield and energy
yield decreased when the torrefaction was increase. On the other hand, the mass yield and
energy yield increased when rotation speed was an increase. It was concluded that the
optimum condition in this research was 230°C with 3 rpm. The torrefaction process can
improve the properties and combustion performance of biomass. The Palm kernel shell was
a suitable fuel and co-burning in the economic energy plant in the torrefaction process with
the optimum condition.
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