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Abstract

Thermo decomposition of biomass and agricultural products to produce biochar, bio-oil, and biogas is an
environmentally friendly process. Bio-oil is the most valuable among the three products and is an alternative to fossil
fuel. Energy crisis is a global issue that requires sustainability of energy sources. Using fossil fuels has resulted in ozone
layer depletion, global warming, and greenhouse gas effects with negative consequences. Palm kernel shells (PKS) and
other agricultural wastes are underutilized in various ways. A fixed-bed batch reactor was designed and developed to
convert palm kernel shells to bio-oil (biofuel) as an alternative to fossil fuel. In the 4 kg batch, the biochar reduced from
54 to 17wt%, bio-oil from 32 to 60 wt%, biogas from 12 to 23wt%, and bio-oil volume from 1256 to 1968 cm? at the
pyrolysis temperature of 300 to 600 °C. The 5 kg batch produced changed from 54 to 24 wt% of biochar, 31 to 56wt%
of bio-oil, 15 to 19 wt% of biogas, and bio-oil volume from 2410 to 2655 cm3 as the temperature increased from 300 to
600 °C. The bio-oil is applicable and useful in running internal combustion engines. Biofuel has the physical properties
of oil such as smell and colour. Biofuel is an alternative to fossil fuel for a cleaner and greener environment.
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1. Introduction

One of the first chemical processes used by humans to create coke from coal and charcoal from wood is pyrolysis. One
synthetic fuel being researched as a potential petroleum replacement is bio-crude. Bio-fuels have been widely
researched and seen as future alternatives to fossil and industrial fuels. The thermochemical process used to extract
energy from any valuable biomass is called pyrolysis [1] [2]. It is a process that is applicable in chemical technology and
used heavily in the chemical industry. For innovations to be commercially adopted, they must be economically
competitive with fossil fuel-based technologies, and scaling up pyrolysis is essential to this process [3].

Nowadays, a lot of research has been done on pyrolysis because of its efficient heat conversion and environmentally
friendly technology. [4]. The compositions and yields of the finished products are extremely dependent on the
operational parameters (temperature, mass of feedstocks, time) during the pyrolysis process [5] [6] [7] [8].

There are three major types of pyrolysis process namely:

e Slow Pyrolysis: Slow pyrolysis is the process of slowly heating the feedstock to the maximum temperature to
produce the three products of pyrolysis [9] and is applicable in agricultural wastes [9] [10] [11] 12].

o Fast Pyrolysis: Fast pyrolysis is the rapid heating of the feedstock for a short time to produce the three
products of the pyrolysis process from biomass [13] [14] [15] [16] [17].[18] reported that a high-pressure fast
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pyrolysis process applies to biomass to scale up the product yields depending on feedstock and the process
parameters.

e Flash Pyrolysis: Longanbach and Bauer developed a flash pyrolysis technique to turn bituminous and sub-
bituminous coal into liquid fuels, chars, and gases [19].

Reactors are used to carry out the pyrolysis process of biomass. Continuous stirred-tank reactors (CSTR), plug flow
reactors (PFR), continuous oscillatory baffled reactors (COBR), semi-batch reactors (SBR), catalytic reactors (CR),
fluidized bed reactors (FBR), and fixed-batch reactors (FBBR) are among the different types of pyrolysis reactors [20]
[21] [22]. Pyrolysis reactors exist in different types, shapes, and designs (Garcia-Nunez et al,, 2017). Fixed bed pyrolysis
and

fluidized bed pyrolysis are the two main types of pyrolysis reactors. The reactor's input material is fixed and heated to
high temperatures in fixed-bed pyrolysis. It is known as fixed bed pyrolysis because the feed is fixed in the reaction bed
(reactor) [1].

Heat is applied externally while the feed material is fed into the reactor. Compared to fluidized bed pyrolysis, fixed bed
pyrolysis has comparatively lower losses [23]. The simplest reactor type to design, a fixed-bed reactor loads and fills
the bed with solid catalyst particles, and is the most practical for the pyrolysis process because of its low operating costs
and straightforward operation. [24].

Palm kernel oil is a tremendous source of myristic, oleic, and lauric acid [25]. The industries that uses it include soap
manufacturing, oil processing, food processing, cosmetics, and pharmaceuticals. It has about 80% saturated fat [17]. It
can also be used as a machine lubricant. Animals are fed this protein-rich feed. The pyrolysis of palm kernel shells
(waste) to produce bio-oil (wealth) makes pyrolysis relevant to the present and future methods of energy conversion,
innovations, and environmental preservation [26]. Palm Kernel Shell (PKS) is a biomass. Biomass means biodegradable
materials. Biomass is combustible organic matter, readily available, agricultural by-products or residues, forestry
residues, municipal bio-solids, and abundant in supply [1].

Biofuel from biomass (palm kernel shell) and agricultural wastes are products that contain economic compounds such
as phenol and methyl ester [27] [28] [29]. The unique advantages, benefits, opportunities, and future industrial
prospects of palm kernel shells make it necessary to carry out more research work and make more discoveries that will
contribute to human knowledge and solve present and future energy problems [30]. The shell of the Tenera palm kernel
contains a moderate quantity of moisture (9.8%), a high amount of carbon (48.63%), and low levels of sulfur (0.48%),
nitrogen (0.43%), and ash (7.6%) [31]. The analysis yielded a higher heating value of 17.2 M] /kg, fixed carbon (6.8%),
and volatile matter (75.8%). The presence of low crystalline cellulose was revealed by the crystallinity index of 28.29%
obtained from XRD data [31].

Fossil fuel comes with the challenges of environmental degradation, greenhouse gas problems, and ozone layer
depletion. The reserved chemical energy in PKS and agricultural wastes has not

been fully harnessed. The world must sustain the sources of energy to sustain life and development as the population
increases. Direct burning of PKS to produce charcoal causes the evaporation of the bio-oil which results in a waste of
the bio-oil resource. The burning of biomass destroys the biofuel in it. The drive for energy sustainability and an eco-
friendly environment cannot be achieved when the population engages in the direct burning of biomass and agricultural
wastes.

[8] reported that a wide range of biomass feedstock has been used in pyrolysis processes. The characteristics of biomass
influence whether it can be pyrolyzed to create biochar [32] [33]. Numerous analyses, including proximate and ultimate
analysis, can be used to ascertain these. [34] reported that catalytic pyrolysis could improve the quantity of the bio-fuel
product from lignocellulosic biomass and could apply to renewable biofuels and limited lignocellulosic biomass. [35]
reported an overview of microflow chemistry, electrification, their incorporation toward sustainable manufacturing,
and their significance to biomass upgrade.

The heat exchanger is an important unit of a pyrolysis plant. Recuperators and regenerators, direct and indirect contact
transfer processes, tubes, plates, and extended surfaces as construction geometry, single- and two-phase heat transfer
mechanisms, and parallel, counter, and cross flow arrangements are the primary criteria used to classify heat
exchangers [36] [37]. The heat exchanger can be developed using some locally available and durable materials, through
a theoretical formula. The performance evaluation can be carried out under various flow conditions. The heat exchanger
converts the gaseous bio-oil from a high temperature to liquid (bio-oil) at a low temperature by extracting the latent
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heat. This research aims to design and develop a fixed-bed pyrolysis plant for the production of biofuel from biomass
and agricultural wastes using the process of pyrolysis.

2. Materials and Methods

The components and parts were installed with adequate analysis to perform satisfactorily in the heating unit. The
analysis of the components preceded the fabrication and installation of the parts. The heating unit consists of various
components which include

e Furnace metallic case, fabricated from a 2 mm thick sheet metal supported by 25 mm x 25 mm 3 mm angular
steel bar

A-alumina (alz03) refractory clay for preventing heat loss

Reactor for the thermal decomposition of biomass at elevated temperature

Electric heating element for the thermal decomposition of the biomass in the reactor

Automatic temperature control system for the heating element

Temperature indicators for indicating the heating and reactor temperatures

The furnace wall was fabricated with a 2 mm thick sheet. The furnace leg was fabricated using an angular steel bar
specification of 25 x 25 x 3 mm. The furnace wall and legs were joined together by electric arc welding process. The
chemical composition and physio-mechanical properties of refractory lining were satisfactory to withstand the high
temperatures of the pyrolysis process. The refractory lining (a-alumina, Al203) was used to contain the heat for effective
heat resistance purposes with no threat of any crack [38]. The ASTM E 11 normal opening of 500 pm and DIN ISO 3310-
1 standard were utilized to prepare the refractory lining of the furnace. [38] stated that the minimum satisfactory
chemical compositions, physio-chemical, and mineralogical properties must be possessed by a refractory furnace lining
clay to be useful to provide the needed refractory properties to the furnace.

The refractory lining was moulded in the furnace frame for proper positioning of the reactor. The heating element was
connected to the control system using heat resistance 4 mm cable wire. Two thermocouple sensors were connected to
the reactor to measure the heating and reactor temperatures. of the reactor. The design of the heating unit of the
pyrolysis plant is shown in Figure 1.
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Figure 1 Diagram of the pyrolysis plant

The capacity of the reactor is 10.5 liters and it can withstand a temperature of up to 1350 °C and a pressure of 2.8
MN/m?. The parts of the pyrolysis are listed in Figure 1. The refractory lining was moulded in the furnace frame to hold
the reactor in position. The heating element was connected to the control system using heat-resistance 4 mm cable wire.
Two thermocouple sensors were connected to the reactor to measure the heating and reactor temperatures. The three
units of the pyrolysis plant are shown in Figure 2.
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Figure 2 The three units of the pyrolysis plant

The dimension of the drilled holes is 8.5 mm each on the two closing flanges. One of the flanges was welded to the
reactor while the other was welded to the cover of the reactor. A metallic frustum was welded to the cover of the reactor
to connect the reactor to the product flowline which passes through the heat exchanger for condensation of the gaseous
fuel from the reactor. Performance evaluation of the pyrolysis plant was done. The pyrolysis process of two batches 4
kg, and 5 kg at the pyrolysis temperatures of 300, 400, 500, and 600 °C was carried out. The masses of deposited biochar,
bio-oil, and biogas were documented. The heating temperatures of the feedstock were documented at the interval of 20
minutes. However, in this research, PKS was adopted as the biomass and agricultural waste for producing biofuel. PKS
is a by-product of palm oil mills and it is available in many parts of the world. The PKS that was used for the performance
evaluation is shown in Figure 3.

Figure 3 The biomass and agricultural waste which is the PKS

3. Results and Discussion

The results in Table 1 show that the mass of the biochar produced decreased from 2.25 kg at 300 °C to 0.67 kg at 600
°C. This was due to the secondary heating of the PKS and an increase in the pyrolysis temperature. The biochar product
reduced from 56wt% to 16wt% with corresponding value rise in the pyrolysis temperature from 300 °C to 600 °C as
shown in Figure 4. The mass of bio-oil obtained from the 4 kg batch was 1.28 kg at 300 °C and 2.41 kg at 600 °C. The
quantity of biogas obtained increased significantly from 12wt% to 23wt% with an increase in the pyrolysis temperature
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according to [39]. The volume of the biofuel produced increased concerning the process temperature as displayed in
Table 1.

Table 1 Products of the pyrolysis of 4 kg of PKS at the temperature of 300 °C, 400 °C, 500 °C and 600 °C

S/N | Temp. (°C) | Mass of biochar (kg) | Mass of bio-oil (kg) | Mass of biogas (kg) | Volume of bio-oil (cm3)
1 300 2.25 1.28 0.48 1256
2 400 1.36 2.03 0.62 1900
3 500 1.21 2.06 0.75 1916
4 600 0.97 2.11 0.91 1968
3 -

B Mass of bio char (kg)
& Mass of bio oil (kg)
E Mass of bio gas (kg)

|Moss of Products (kg) |

300 400 500 600

Pyrolysis Temperature (°C) |

Figure 4 Comparative of the mass of products and the pyrolysis temperature of 4 kg batch

The displayed results in Table 2 revealed that the mass of the biochar produced decreased from 2.17 kg at 300 °C to
1.48 kg at 600 °C. This was due to the secondary cracking of the PKS with an increase in the pyrolysis temperature as
shown in Figure 5, which corresponds to the research of [40]. The biochar product reduced from 56wt% to 16wt% as
the pyrolysis temperature rose from 300 °C to 600 °C. The mass of bio-oil obtained from the 4 kg batch was 2.04 kg at
300 °C and 2.60 kg at 600 °C. The quantity of biogas obtained increased significantly from 0.78 kg to 0.90 kg with an
increase in the pyrolysis temperature from 300 °C to 600 °C.

Table 2 Products of the pyrolysis of 5 kg of PKS at 300 °C, 400 °C, 500 °C and 600 °C

S/N | Temp. (°C) | Mass of biochar (kg) | Mass of bio-oil (kg) | Mass of biogas (kg) | Volume of bio-oil (cm?3)
1 300 2.68 1.54 0.77 2410
2 400 1.83 2.33 0.82 2590
3 500 1.56 2.57 0.87 2630
4 600 1.22 2.80 0.96 2658
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H Mass of bio char (kg)
H Mass of bio oil (kg)
# Mass of bio gas (kg)

|Mass of Products (kg) |

300 400 500 600
Pyrolysis Temperature (°C) |

Figure 5 Comparative of the mass of products and the pyrolysis temperature of the 5 kg batch

Biofuel has the physical properties of oil such as smell and colour. The biofuel is shown in Figure 6.

Figure 6 The biofuel obtained from the PKS

The quantity of biofuel obtained in the 5 kg of PKS was more than the biofuel obtained in the 4 kg at the same pyrolysis
temperature. This was a result of the increase in the mass of feedstock from 4 kg to a mass of 5 kg. [41]. stated that more
feedstock gave more yields of biofuel even at the same pyrolysis temperature. The results of the products from 4 and 5
kg are shown in Figure 3.

The biofuel produced was biodiesel which is an alternative to diesel fuel and can be used to power internal combustion

engines. The biofuel is the most useful and significant amongst the three by-products of the pyrolysis of the PKS. The
ultimate analysis of the PKS revealed that the calorific value of bio-oil (biofuel) from PKS is 21.99 M]/kg and the heating
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value is 23,604.71 K] /kg [1]. The calorific value of diesel fuel is 45.5 M]/kg while the heating value is 45,124.4 M]/kg
according to [1]. The report of [1] showed that the calorific and heating values of diesel fuel are greater than that of the
biofuel obtained from the PKS. [42] stated that the limited fuel characteristics carried out on the (bio-oil) biofuel from
PKS demonstrated that the product can be successfully used to fuel a diesel engine. Figure 7 shows that the volume of
the bio-oil produced from the 4 kg and 5 kg increased concerning the pyrolysis temperature [43].

3000 -
B 4 kg of PKS

8

m 5 kg of PKS

S
8

1500 -

1000 -

Volume of bio-oil (cm?)

500 -

300 400 500 600
Pyrolysis Temperature (°C)

Figure 7 Comparative of the volume of the bio-oil and the pyrolysis temperature of 4 and 5 kg batches

4., Conclusion

Pyrolysis plant can be used to extract bio-oil (bio fuel) from biomass and agricultural waste like PKS. Consequently, the
quantity of bio fuel that was obtained from the PKS (biomass) was determined by the mass of the feedstocks, pyrolysis
temperature, and process time. Three products were obtained from PKS and the most useful and significant was the
bio-oil (bio-fuel). The biofuel possesses significant calorific and heating values properties which make it applicable and
useful in running internal combustion engines. Bio fuel is an alternative to fossil. It is eco-friendly and environment
friendly. The bio fuel has the physical properties of oil such as smell and colour.
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