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Abstract: Traditional biomass pyrolysis increases pollutants and reduces charcoal yield. Combustion and gasification

produce significant hydrocarbons. Biochar obtained from thermo-chemical conversion of biomass in an oxygen-limited

environment can be applied to soil for retaining water and nutrients in soil. This study was initiated to develop and evaluate

the performance of a pilot-scale fixed-bed pyrolysis reactor to optimize pyrolysis process, which might minimize CO2
emissions. Mild Steel Sheets (ASTM A36, ASTM 1020) were used to make the double layer combustion chamber having

inner volume of 0.35m?. Three heater board (1000W capacity) were laid on the upper surface of the inner cylinder. Non-

combustible glass wool was used in the gap between the cylinders to remove heat loss. Rice straw, jute sticks, and mustard

stalks were used as possible biochar feed stock in this machine. All feed stocks were burned between 300- 500°C

temperature. The maximum biochar yield was found 54.7% from rice straw at 300°Cand average of 45.67% from all

feedstock. Maximum percentage of carbon was found 41.1% from jute stick biochar at 500°C. The electric heating coil

consumed 1.58 kWh of power on average and the maximum energy consumption was found 1.89 kWh for 300°C

temperature.
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1 Introduction

Bangladesh is one of the most densely populated
countries with a 1.04% growth rate in population
(Barua, 2022). This significantly increasing population
demands increasing agricultural activities to meet food
and nutritional requirements. In Bangladesh, the
agricultural sector includes subsectors namely crop

cultivation, animal farming, fish culture, and foresting
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to meet the growing population's needs for
carbohydrates, vitamins, minerals, and protein (Pamuk
et al.,, 2021). Bangladesh stands third in rice (Al
Mamun et al., 2021), third in fruits and vegetables
(Pamuk et al., 2021), and third in inland fish culture
(DoF, 2022) worldwide and is also self-sufficient in
meat and egg production. To meet the food demand of

an excessively growing population, increased crop
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production in limited soil areas negatively affected soil
health. Continuous crop production in the same soil
caused a lowering of soil organic matter which is a
matter of great concern for soil health (Ahmmed et al.,
2018). On the other hand, every year, a gigantic
volume of bio-based waste is generated from different
agricultural sectors in Bangladesh (Saha et al., 2024a).
Improper handling of these wastes causes bio-
degradation of these wastes and emission of
greenhouse gas directly to the environment (Kabir et
al., 2023). Open burning of crop-based biomass in
cooking stoves causes heat loss to the environment and
emission of combustion gases (Saha et al., 2024b). So,
alternative management of crop-based biomass is a
crucial need for environmental protection. Production
of biochar from crop-based biomass can be a remedy
for waste management problems and the production of
quality fertilizer which can improve soil health.
Biochar acts as a carbon sink, sequestering carbon in a
stable form for an extended period (Shoudho et al.,
2024). This can contribute to mitigating climate
change by reducing the amount of carbon dioxide
released into the atmosphere.

Biochar is a porous carbonaceous solid that is very
resistant to decomposition and has a high degree of
aromatization. It is created when biomass from plant
or animal waste is thermally broken down in the
absence of oxygen or in an atmosphere with oxygen
shortage (Yadav et al., 2022; Kumar et al., 2021).
Biochar, a product with additional value, has numerous
applications. Properties of biochar especially its high
carbon content, porosity, stability, bulk density, low
heat conductivity, and increased surface area make it a
great amendment to improve soil health (Seow et al.,
2022). Biochar has a great capacity to hold nutrients in
the soil which is beneficial for soil fertility and crop
production (Domingues et al., 2017). Baquy et al.
(2021) reported around 54%- 61% nutrient (NPK)
recovery in soil using biochar as a soil element.
Torrefaction, gasification, hydrothermal carbonization,
and pyrolysis are the major thermochemical processes
used to produce biochar (Iwuozor et al., 2023).

Yaashikaa et al. (2020) reported pyrolysis as the most

suitable techniques to produce biochar compared to
other technology.

Pyrolysis is a thermochemical waste-to-energy
conversion technology that produces solid biochar,
gases, and oil from biomass. These products are value-
added and in high demand in the industry. They create
less NOx and SOx emissions than combustion
processes (Premalatha et al., 2021), require less
pressure than hydrothermal liquefaction (Prathiba et al.,
2018), produce less tar than torrefaction (Sanjeevi et
al., 2021), and consume less energy than gasification
(Shankar et al., 2023). Pyrolysis is categorized into six
classes namely: slow, first, flash, vacuum,
intermediate, and hydro pyrolysis (Armah et al., 2022).
These vary in terms of biomass particle size, heating
rate, solid residence time, process temperature, and so
on. The composition of pyrolytic products and their
quality arealso affected by different process
parameters including temperature, retention time
heating rate, and type of biomass (Cha et al., 2016;
Yaashikaa et al., 2019). Hence, the design and
development of a pyrolysis reactor to produce biochar
considering process parameters is essential for cost-
effective and efficient biochar production.

Sanahuja-Parejo et al. (2022) analysed co-
pyrolysis of lignocellulosic biomass with polymer
wastes in pilot-scale reactor. Soni and Karmee (2020)
was pyrolyzed sawdust at first in a fixed bed batch
scale reactor to know the temperature effect on yield
and then pyrolyzed sawdust in a pilot-scale continuous
pyrolysis system at 500°C. Bangladesh is an
agricultural country, where a gigantic volume of
different agricultural waste and by-products is
produced every day. To the best of our knowledge,
research on utilizing this enormous quantity of waste
to produce value-added products, such as biochar, is
limited. The implementation of a pilot-scale fixed-bed
pyrolysis reactor in developing countries like
Bangladesh offers numerous benefits from both
environmental and agricultural perspectives. Firstly,
this reactor efficiently converts available crop-based
biomass into biochar. This not only reduces waste and

associated greenhouse gas emissions but also produces
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a valuable carbon-rich product that can enhance soil
fertility and sequester carbon in the long term.
Additionally, pilot-scale fixed-bed pyrolysis reactor
provide an opportunity for local communities to
generate income through the sale of biochar and
promote sustainable practices, contributing to rural
development and poverty alleviation in Bangladesh
(Ge et al., 2021). Thus, this study aimed to design and
develop a pilot-scale fixed-bed pyrolysis reactor that
optimizes the pyrolysis process and evaluates its
performance. By understanding the machine's
capabilities and efficiency, it is possible to assess its
potential to contribute to sustainable agriculture and

environmental conservation.

2 Design and development of pilot-scale

fixed-bed pyrolysis reactor

2.1 Design consideration

The reactor was designed considering some
parameters to develop a cost-effective and
environmentally friendly machine. An electric heating
system with temperature control was considered in this
study to ensure interrupted heat supply during
pyrolysis. An insulator was used in the machine to
reduce heat loss and emergency shut-off switches,
overheat protection, and ventilation was also
considered during fabrication.
2.2 Materials for pilot-scale fixed-bed pyrolysis
reactor

The reactor was developed using locally available,

220V AC
Supply

low-cost materials that were procured from the local
market. Most parts of the reactor were fabricated in the
local workshop in Rangpur town, Bangladesh. Mild
steel sheets of ASTM A36 and ASTM 1020 were used
to make the double-layer combustion chamber having
an inner volume of 0.35m?3. Three heater boards were
prepared with 1000W capacity each and laid on the
upper surface of the inner cylinder. Non-combustible
glass wool was used in the gap between the cylinders
to reduce heat loss in the combustion chamber.
Temperature sensor and temperature controller (up to

1300°C) were used to measure the temperature and

control the temperature of the chamber. Glass wool
from glass fiber was used as insulator and was attached
to the inner reactor so that the heat generated in the
inner reactor could not escape and could not be lost.
2.3 Electrical connection diagram of pilot-scale
fixed-bed pyrolysis reactor

AC voltage (220 V) was supplied to electric
heating coils of the reactor. The schematic diagram of
the electric connection of the biochar machine is
shown in Figure 1. Three 1000-watt coils were
connected in parallel. Circuit breakers were used to
link the coil and power supply lines. The reactor's
inside was fitted with a thermocouple, which measures
temperature. The temperature was monitored and
controlled using a temperature controller. Cables were
used to link the temperature controller and circuit

breaker.

#

3000 watt Electric Heating coils

l

|

|

Thermocouple

L

Temperature
Controller

Figure 1 Electrical connection diagram for electric heating coils of pilot-scale fixed-bed pyrolysis reactor
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2.5 Fabrication of pilot-scale fixed-bed pyrolysis
reactor

This compressive procedure describes the steps
involved in fabricating a reactor, such as the
fabrication of the outer cylinder, inserting the reactor
cylinder inside the outer cylinder, attaching the coil to
the reactor cylinder, connecting the power source to
the coil, and attaching the temperature sensor and
controller. At first outer body of the biochar machine
was fabricated by rolling AISI 1020 steel and its two
ends were joined by electric arc welding. A36 carbon
steel sheets were arranged to ensure proper alignment
(Figure 2a). Then inner layer was fabricated by rolling
AISI 1020 steel sheet. A total of three heater boards

were connected to the inner reactor by screwing

(c) glass wool between inner and outer cylinder

through a carbon steel sheet (Figure 2b). Finally, the
three heater boards were connected in series by
electrical wires. Then glass wool was placed on the
reactor, the inner reactor was placed inside the outer
body (Figure 2c), and the temperature sensor was
connected to the reactor chamber. The inner layer
consisted of a heating chamber used to perform
agricultural biomass pyrolysis (Figure 2d). It was also
outfitted with a thermocouple and temperature
controller to measure and adjust the chamber's
temperature. Then the reactor under went renovations
to enhance its efficiency and productivity, including

the replacement of heat gaskets and cement reinforcing

to seal off any leaks.

t1

(d) pyrolysis chamber

Figure 2 Fabrication of pilot-scale fixed-bed pyrolysis reactor

3 Performance evaluation of pilot-scale

fixed-bed pyrolysis reactor

3.1 Feedstock preparation for biochar production
Three crop-based biomasses were selected for
biochar production. These biomasses were rice straw,
jute stick, and mustard plant. All of these biomasses
were collected from the nearby local market and

agricultural field in Mymensingh, Bangladesh. The

feedstock was sun-dried for several days before the
pyrolysis to bring the moisture content of each biomass
between 12% to 15%.
3.2 Production of biochar

The reactor is likely to utilize a pyrolysis process
to convert agricultural residues into biochar, through
an electric heater. The process flow diagram of biochar

production is shown in Figure 3. Three kg of each
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sample was taken as a feedstock, and the prepared
biomass was placed at the bottom of the reactor. A
homogeneous mixture of the feedstock was achieved
for uniform heating during pyrolysis to ensure quality
biochar. The reactor was operated for 60 to 90 min at
300°C to 500°C. The reactor was operated for 90, 75,

chipped or shredded
the raw material

300-500°C

l
-
/
<

and 60 min retention time at 300°C, 400°C and 500°C,
respectively. After completion of the pyrolysis process,
the biochar was cooled and the final product was
collected. Then carbon content of biochar was
determined following wet oxidation method following
Walkley and Black (1934).

Dred and

Electric energy
as a power

source (Three,
1000-wratt cois

Figure 3 Flow diagram of the biochar production process

The biochar yield was calculated using the
following Equation (1) (Cao et al., 2016).

We:
y = —Blchar 100 1)
WFeedstock

where,
Y is the percent biochar yield;
Weeedstock 1S the weight of the raw feedstock on an
air-dried basis (kg);
Whaiocharis the weight of the produced biochar (kg).
Energy consumption: Energy consumption can
be calculated based on the power rating of the heating
coil and the duration of the pyrolysis process. The
energy consumption can be calculated using following
Equation (2).
E = Peoit X Tryrotysis (2)
where,
E is the energy consumption (kWhr);
Pcoil is the power rating of the electric heating coil

system in kW;

Thoyrolysis is the duration of the pyrolysis process in hrs.

4 Results and discussion

4.1 Design and dimension of the pilot-scale fixed-
bed pyrolysis reactor

Appropriate dimensions of a biochar machine for
fabrication are crucial for optimum production of
biochar. A specific design considered dimensions of
1.225 m in length, 0.908 m in diameter, and a sheet
metal with 5 mm thickness. Inside, a cylindrical reactor
with dimensions of 1.210 m length, 0.610 m diameter,
and 3 mm thickness was incorporated. These
measurements provide a benchmark for future
machine development, but may need adjustments
based on factors like desired output, feedstock
characteristics, and available space. The heater boards
were rectangular, measuring 0.635 m by 0.152 m with
a thickness of 2 mm. They were arranged around the

inner reactor, which had a circumference of 1.917 m.
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Three heater boards were connected to the reactor,
spaced 0.487 mm apart. Mild steel sheets and screws

were used to secure the heater boards in place. Figure

illustrates the biochar machine from various
perspectives. The specifications of the developed

reactor is also shown in Table 1.

Table 1 Specifications of fixed-bed pilot-scale pyrolysis reactor

Specifications Parameter

Value / Description

Reactor type Batch
Feedstock type Agricultural waste and by-product
Reactor capacity 48 kghr'!
Reactor material Mild Steel
Reactor volume 0.35m?
Heating method Electrical
Heating rate 7.05 °Cmin’!
Operating temperature range 300°C-500°C
Insulation type Glass wool
Feed method Manual batch
" N " LN ~D
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(b) Side view

(c) Front view (d) Isometric view

Figure 4 Different views of the pilot-scale fixed-bed pyrolysis reactor
4.2 Biochar yield from different biomass

The physio-chemical characteristics of biochar biomass was carried out at a temperature of 300°C—

have a great impact on the de-volatilization, product 500°C for 60 to 90 min retention time. The effect of

yield, and form of the biochar created during the temperature on the yield and characteristics of biochar

pyrolysis procedure. The pyrolysis process of each is demonstrated in Figure 5.
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Figure 6 Plot of set temperature and mean achieved temperature

According to Figure 5 biochar obtained from rice
straw, jute sticks, and mustard stalks with pyrolysis
processes have a high yield at low temperatures. With
an increase in temperature of pyrolysis process, the
yield of the biochar product decreased. Maximum
yield percentage was found 54.73%, 52.50%, and
40.50% from rice straw, jute stick, and mustard plant,
respectively at 300°C temperature and 90 min
retention time. Peng et al. (2011) found pyrolysis of
rice straw at 300°C for 120 min produces 49.2% yield
where increasing temperature to 400°C causes 37.5%
yield. In the case of mustard, Singh et al. (2013) found
highest percentage of yield at 250°C but highest
carbon content in biochar was found at 500°C. Altikat
et al.(2024) also reported lowering of biochar yield

with increasing temperature during pyrolysis of woody

biomass. Hence, according to the experiment results
the machine and setting conditions could be considered
for biochar production from agricultural residues. It
can also be seen from Figure 5 that the percentage of
carbon in produced biochar from each feedstock
increased with an increasing temperature, which is in
line with the research findings of Altikat et al.(2024).
Zhao et al.(2018) also found an increase in carbon
content increased with temperature during pyrolysis of
rapeseed stem. According to the experiment, 60 min
pyrolysis at 500°C is appropriate for producing
the maximum carbon percentage from the selected
agricultural residues. Intani et al.(2016) used external
heating source to pyrolyze maize cobs, successfully
producing 22%-33.8% biochar. The obtained yield
(33%-54%) (Figure 5) demonstrated the efficiency of
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the biochar synthesis apparatus designed for this
investigation. As production of biochar was a medium
of waste management instead of landfilling and
burning, it may reduce greenhouse gas emissions.

4.3 Heating efficiency

A heating coil was used to reach the pyrolysis
temperatures. Hence, maintaining a stable temperature
during pyrolysis was essential. Figure 6 demonstrates
the set temperature and extent of achieved temperature
throughout the pyrolysis process with standard
deviation for all biomasses.

The electric heating coil proved to be incredibly
effective in reaching pyrolysis temperature and
maintaining it during the experiment, as the standard
deviation was negligible (less than 2.1°C). The slight
changes in the performance of the heating coil might

be due to intrinsic flaws in the experimental

arrangement and transient thermal dynamics in the
pyrolysis chamber. The close relationship between the
set and attained temperatures emphasized how well the
heating coil supports the efficient conversion of
biomass from agricultural leftovers into biochar. The
electric heating coil showed precise temperature
control throughout the pyrolysis process to maximize
energy economy and ensure the consistent quality of
the biochar generated.
4.4 Energy consumption during pyrolysis process
Energy consumption was closely observed during
the pyrolysis of biomass in the developed biochar
machine and is listed in Table 2. Energy consumption
decreased by 33.86% and 22.36% at 300°C and 400°C,
respectively, compared to 500°C (Table 2). This was
due to reduced electricity supply duration and retention

time.

Table 2 Energy consumption of biochar machine during pyrolysis

Average energy

Temperature Duration for Duration of electricity Energy consumption .
©0) rolysis (min) supply (min) (kWh) consumption
pyroly: pply (kWh)
300 90 38.00 1.89
400 75 32.15 1.61 1.58
500 60 25.00 1.25
5 Conclusion Acknowledgement

Sustainable and efficient design and development
of a reactor help to produce quality biochar and reduce
biowaste management problems, consequently. This
1.225 m long reactor, having a diameter of 0.908 m,
produces biochar effectively with an average 1.58kWh
energy consumption. Biochar produced in this
machine has also comparatively high biochar yield
percentage (40.50%-54.73%). Carbon content and
total yield varied depending on the type of biomass,
retention time, and temperature. In this study, raw
substrates were used, and there was no catalyst. The
addition of a catalyst and pretreatment of substrates
might increase efficiency. Techno-economic analysis
of the utilization of this reactor for different biomass
may promote its field-level application. The findings
of this study might help to further improve and
commercialize a locally manufactured pilot-scale

fixed-bed pyrolysis reactor.
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