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ARTICLE INFO ABSTRACT
Keywords: A series of laboratory studies were undertaken in Gondar to explore the effects of temperature, air
Char production mass flow rate, heating rate, and residence duration on cud and waste paper char yields in slow

The effect of airflow rate on char yield

] : pyrolysis. Cud and waste paper were burned at a low pyrolysis temperature to generate biochar
The effect of heating rate on char yield

(167 °C). The rate of decomposition depends on the feedstock and the process conditions. The
biochar yield is mostly governed by the applied regulated temperature and airflow rate, according
to the data. During the experiment, the main airflow rate delays the pyrolysis process.

The temperature rises when both the primary and secondary air inlets open at the same time,
resulting in lesser biochar output. The experiment was carried out at a slow pyrolysis temperature
of 167 °C, with 15% biomass moisture, 60% humidity, and a 0.35-1.5 kg/s air mass flow rate. At
this temperature, 30 kg of feedstock, cup, and paper in the reactor generate 10 kg-23kg and
10-20 kg of biochar, respectively, at a 0.35 m/s airflow rate. As the airflow rate increases within
the restricted values, a temperature gradient appears and tends to increase. However, as the
pyrolysis temperature and airflow rate rise, the biochar yield decreases.

1. Introduction

Cud residual wastes found in a slaughterhouse or meat industry is the Couse of groundwater pollution. The Converting of the waste
to char for use as a soil fertilizer application is an indirectways to mitigate pollution. A gradual pyrolysis process produce a char that
restores and maintains the nutrients in the soil [30]. Pyrolysis is one of the most effective and efficient methods for producing char
from energy [9]. It is a thermochemical process in which biomass is thermally decomposed into its chemical constituents in the
presence of inert or very low stoichiometry oxygen. It is the conventional type of pyrolysis which is characterized by a slow heating rate
and long residence time [28]. In the slow Pyrolysis process, a limited or low-temperature thermal conversion process was embroiled to
convert waste into char [21]. To minimize the high-temperature impact on the product, the pyrolysis process was carried out under the
temperatures of 350 °C. Usually, biomass decomposed under an oxygen-limited process [4,8] The degree of biomass decomposition
depends on the feedstock used and process temperature [17,26]. In the slow pyrolysis process, biomass moisture removes, and the
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cellulose and lignin are broken down from long to short carbon structures [13]. The thermal bonds are cracked (lysis) under the action
of heat (pyro) [2] and carbonaceous material biochar is a typical product during the process [1,11,29]. Biochar’s acceptance as a
beneficial soil amendment and carbon sink around the world would provide the pyrolysis process economic value and encourage
increased waste usage [14]. Pyrolysis is a more cost-effective way to turn waste paper to char than recycling it into paper. Depending
on the operating conditions used, Pyrolysis processes are classified as fast pyrolysis and slow pyrolysis [18]. The term “slow pyrolysis”
is arbitrarily used with no particular definition with reference tied to the holding period or the rate of heating [7]. The slow pyrolysis
condition typically employs heating rates of (1 < 350 °C minute'l) in the absence of oxygen, and long char residence times (hours to
days) [25]. However, the pyrolysis parameters: air flow rate, temperature, humidity, and pressure can be varied to change the relative
quantities and quality of the resulting products [6,25]. Biochar can be produced from different waste materials [27]. In this study, it
was produced from waste animal cud and paper. The carbon-rich biochar can be used in varying applications such as carbon
sequestration, soil conditioning, and filtration of pollutants from aqueous and gas media [24]. The pyrolysis process was affected by
temperature, moisture content, particle size, and biomass physical properties [19]. The pyrolysis condition was determined the
production of char yields, and the properties it has [10]. Specifically, heating rate and temperature were the most influential pyrolysis
parameters affecting the amount of char product [16,19]. The primary goal of this study is to see how slow pyrolysis reactor factors like
airflow rate, temperature, particle size, heating rate, and flue gas circulation affect biochar yield. A lot of work has gone into evaluating
pyrolysis conditions in order to identify the best biochar production

2. Materials and methods
2.1. Feedstock preparation

The paper was manufactured in a briquette shape and dried to below 15% moisture content before heating. Biochar is produced
using two separate feedstocks: animal cud and waste paper. In Ethiopia, there are both prospective and accessible resources that could
be used as an input for biochar production. Animal cud discovered at slaughterhouses and in the countryside was used, as was waste
paper obtained from the University and other sector offices. The cud was originally obtained from a slaughterhouse in downtown
Gondar (12,044'59.99” N, 37° 00’ 0.00” E), Ethiopia, then sun-dried to a moisture content of 15%. The waste paper was first gathered
in the workplace as a sheet and then made as a mold briquette with water and dried using the same cud technique. Fig. 1 depicts
molded paper, while Fig. 2 depicts cud biomass drying. The distribution and removal of moisture content is influenced by the envi-
ronment’s humidity, temperature, and pressure, as well as accumulated procedures. The feedstock creates precipitation and gains
moisture as the humidity rises at night. To avoid this, the first moisture removal or drying biomass is stored. Humidity varies
throughout the day, especially in the morning, middle, and evening. The feedstock is dried to a moisture level of less than 15% with no
water vapor. The flue gas cycle eliminates all leftover moisture from the feedstock and converts it to char. The reactor was manually
loaded with the prepared biomass. The rate of loading is determined by availability, weather forecasts, and the pyrolysis process. Mold
paper takes 13 days to dry below 15% moisture level, while cud biomass dries to the same moisture percentage in 5 days.

To prepare a paper in the form of briquette mold improves the carbon and heat-storing and water holding capacity of the char. As
char Kruger studied (2020), biochar production via pyrolysis still provides a large C sequestration potential and heating value even
after emissions from process energy are subtracted, which represents a counterbalance of about 2.93 MT CO5 per MT biochar applied to
the soil. (MT = metric, ton = 1000 kg or 2200 1 b), and can substitute for agricultural lime by raising soil pH. This can make biochar
profitable when trading prices per metric ton of CO, $16.44 for smaller mobile and $3.39 for transportable facilities [32].

2.93 MT CO; per MT biochar is offset by the difference between the sum of input, process, biomass, and carbon sequestration
energy and the sum of all release gas energy (SOz, CO, NO3, Ar, COg, etc ...).

2.2. Pyrolysis system design

A high-temperature core of the pyrolysis process, a reactor, was required to carry out the pyrolysis experiment. At a temperature of
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Fig. 1. Preparation of a paper mold.
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Fig. 2. Dried form of animal cud.

167 °C, 30 kg of feedstock with a moisture content of less than 15% can be pyrolyzed and transformed into char every run in the
reactor. The pyrolysis system described in (Fig. 3) comprises of a secondary air inlet and an internal pipe that was extended up to the
bottom of a reactor. To form char, the dense collected cud biomass necessitates a secondary air mass flow rate. The air from the
surroundings enters the reactor through the intake at a mass flow rate of 0.35 kg/s. The produced biochar was physically a black
carbon material from the decomposition of biomass organic matter in a low- or zero-oxygen environment (pyrolysis) useful for soil
amendment, heat generation, and other benefits [3,22]. Process temperature impacted the amount of biochar generated and its
properties. The secondary and primary airflow rates via the inlets were controlled to maintain the slow pyrolysis temperature range.

The pyrolysis process has performed
at three conditions

1. Open Primary air inlet

2. The Primary air inlet opens
first and closed process

Secondary air out aids biomass
drying process

The condition of each pyrolysis data
was recorded

(

%

3. Both primary and secondary
air inlet open pyrolysis process

|
9{ Heated air leaves out from
the pipe heats biomass and

|
|
|
I accelerates pyrolysis
|
|

| pipe

Fig. 3. Schematic diagrams of the system.
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The amount of biochar produced is determined by the reactor’s airflow rate and temperature. Intervals of temperature, feedstock
particle size, airflow rate, and heating rate in the pyrolysis process were examined in the system. The roasting of biomass and the
conversion process are aided by transferring heat through biomass in the reactor. Small heating rates at the start of the pyrolysis
process guaranteed that the pyrolyzing biomass removed moisture, reduced air flow into the reactor, and kept the temperature below
the slow pyrolysis temperature. The temperature at which biochar is formed rises as the airflow rate in the process rises. The pyrolysis
temperature rises as the air-flow rate increases, and the biochar is exposed to a greater temperature, yielding less biochar. The
temperature in the reactor is controlled by controlling the air flow rate through the inlet. The biochar is completely converted into ash
due to the high temperature.

2.3. Design of pyrolysis experiment

A 1 m long stainless steel reactor was used in the slow pyrolysis arrangement. Before being placed into the reactor for the process,
the dry feedstock was measured using a digital balance. An infrared thermometer was used to determine the temperature of the starting
environment. An external source of energy hatch fire was used to begin or ignite manually supplied feedstocks into the pyrolysis
reactor. The pyrolysis process temperature change in the reactor was begun to record after 20 min. In the reactor, the maximum
temperature (167 °C) was measured. Because of the primary and secondary air inlet apertures (shown in Fig. 4), the process tem-
perature changed. Different pyrolysis experiments were done and repeated at various temperatures during biochar synthesis in the case
of both waste paper and cud feedstock to determine the temperature variation in the reactor. The temperature was measured at the
same air mass flow rate (0.35 kg/s) and moisture content as before (15%). The amount of char yield is determined by the weight of the
biochar obtained in comparison to the initial feedstock. Pyrolysis conditions must be carefully monitored in order to produce high-
quality biochar. During the pyrolysis process, the most essential factors to regulate were the reactor temperature and airflow rate.
Pyrolysis can be controlled in two ways: (1) moist biomass should be provided to reduce the high temperature produced in the reactor;
(2) both the primary and secondary air inlets should be closed, making the system totally non-oxygen process. Even when the whole air
intake ports are sealed, the chimney must stay open until the flue gas in the system has stopped. This quickly closes, preventing any
incoming air from the outside and limiting the amount of high-temperature flue gas in the system.

For biomass with a long length and stem, size consideration is recommended. However, to improve pyrolysis, densification is
contemplated and mold is made.

2.4. Air mass flow rate calculation

During the experiment, the air was supplied to the pyrolysis reactor through the inlets at a controlled rate. All air inlets have the
same cross-sectional area and which determines the flow rate of air into the reactor. The ideal gas law relation was considered to

The experiment was performed at various
Prepared temperatures in both feedstocks cases Prepared

BpeL cud

Reactor
Paper char Cud char
produced produced

Fig. 4. Schematic diagrams of Conversion techniques of biomass to the char.
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calculate the flow rate of air into the reactor. Air mass flow rate was an independent variable and an ideal substitute in this work as its
value remains constant through the inlet [31]. The airflow rate was often better to expressin volumetric terms (Eq. (1)) [27].

. PV
mafﬁ kg/s (€8}

Where P = atmospheric pressure (1 atm).

V = volumetric flow rate (m%/s)
R = gas constant (kJ/kg.k)
T = temperature (k)

Based on the flow situation, the volumetric flow rate can be expressed by.

V = velocity x flow area = C x*& m3/s
Where C velocity of air in m/s (0.35 m/s)

Before the experiment, the starting parameters (Table 1) are measured and energy was temporarily generated by exothermic
combustion reactions. However, after oxygen was limited, pyrolysis and endothermic reduction reaction were dominated. Corre-
spondingly, the mass reduction rate of biomass (feedstock) particles is closely related to the gaseous species concentration and the
temperature distribution profile inside the reactor. In the natural convection region, there is a fast mass loss for biomass particles since
volatiles are released by pyrolysis reactions. In the mixed convection region, which is near the air inlet, the heterogeneous reactions
between carbon and gaseous species occur quickly leading to a higher temperature and higher oxygen concentration. In addition, it
was noted that there was a similar trend for the particle mass change across the different ER conditions and the particle mass decreased
with the increase of ER [12].

3. Result and discussion
3.1. Effects of pyrolysis operating parameters on biochar yield

During pyrolysis, temperature, process time, airflow rate, and heating rate all have an impact on biochar production. The quality of
the pyrolysis products as well as the char yield is influenced by these operating parameters. The goal of pyrolysis is usually to maximize
product output, so it’s crucial to talk about how these process variables affect biochar synthesis [1].

To prevent carbon pollution, biochar is made by a slow pyrolysis method [10]. and is efficient to convert biochar carbon into a
stable form. During pyrolysis, animal cud was burnt with very little oxygen. It produces very few polluting smokes or gases while it
burns. The chemical composition varies depending on the feedstock and processing methods employed. The pyrolysis process, tem-
perature, and ambient variables all influence the carbonization and stability of biochar [15]. During the experiment, alter the pyrolysis
time, Figs. 5 and 6 shows the resulting char product of paper and cud.

At different pyrolysis temperatures of 167 °C, biochar was made from the two feedstocks. Thirty kilograms of each feedstock were
pyrolyzed per run, providing 10-23 kg of biochar from animal cud and 10-21 kg of biochar from paper. The pyrolysis temperature
determines how much biochar is produced from each source. The lower the reactor temperature, the less biochar is produced. Cud
feedstock collects tightly in biomass, reducing temperature dispersion and increasing char.

3.2. Effects of operating parameters

3.2.1. Effects of air flow rate

The quality, characteristics, composition of the biochar products, and carbon sequestration ability were influenced by pyrolysis
parameters [23]. The airflow rate through the primary air inlet was heated biomass and removed the moisture it contains. The airflow
rate through the secondary air inlet can further increase the temperature in the reactor which determines the quantity of biochar
produced. The more the airflow rate, the temperature reached its peak value and the less biochar was obtained. This is because the
higher airflow rate promotes the exothermic combustion reactions and more reaction heat was generated and hence the temperature
inside the reactor increased. The amount of biochar yield also depends on the moisture contents of feedstock contain and the airflow

Table 1

Air flow rate and equivalence ratio (ER) calculating data.
Parameters Values parameter Values
Pressure 1 atm (1.01325 bar) diameter of inlets 50 mm
Average temperature 295K gas constant (R) 8.314 kJ/kg .k
Average velocity of air 0.35 m/s Mass of feedstock 30kg/run
Density of air 1.125 kg/m® Mass of biochar produced 19 kg
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Fig. 6. Animal cud biochar at different temperature.
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rate to the reactor. During the experiment, the primary airflow rate makes the process a slower pyrolysis process and provides more
biochar yield than the secondary air flow rate process. Both primary and secondary air inlet opening at the same time process gives less
biochar and more ash product. In the waste paper feedstock char production process, the black ink product was observed on the pan of
the reactor by secondary air inlet hole opening practice. However, the primary and secondary air inlet hole closed process circulates
the flue gas more times and increases the temperature of biochar inside the reactor. The experiment was conducted with pyrolysis
temperature (75, 85, 105, 125, 132, 148,155 and 167 °C), 15% moisture, an airflow rate of 0.35, 0.6, 0.92, 1.5, 1.75, 2.5, 2.75, and 3
m"3/s respectively. The higher the airflow rate into the reactor, the higher the temperature and the lower the biomass yields in the
process. In the reactor produces 11 kg-25 kg of biochar yield was obtained from 30 kg of feedstock. The result depends on the feedstock
types and processes. The effect of air flow rate on the char yield was clearly shown in Fig. 7.

Temperature data was recorded at the end of the chimney at various intervals throughout the heating operation to manage the
temperature. The reactor’s pyrolysis temperature is cost-effective, and it may be simply constructed by farmers using locally available
materials and biomass. To increase biochar formation, both the primary and secondary air input holes should be initially opened and
closed at the same time when cud biomass is pyrolyzed. Different reactions may occur, but it is difficult to evaluate their contribution to
the carbonization process without conducting experiments. This is frequently determined indirectly by estimating the system’s energy
and mass balance. Biochar’s stability, on the other hand, varies depending on the type of biomass, the pyrolysis method, and the
surrounding environment.

3.3. Residence time and biochar yield

Cud feedstock is being dense in accumulation which may create difficulties in the transfer of heat during the pyrolysis process and
to provide more biochar yield. Since low temperature associated with long residence time is required for high biochar production.
Increasing the vapor residence time helps the biomass constituents to pyrolyze and remove the moisture by taking sufficient time
during the process.

Residence time affects not only biochar yield (Fig. 8) but also biochar quality and features by stimulating the formation of micro
and macro-pores. An increase in charcoal output has been reported with long residence times.

3.4. Effect of heating rate

Heating rate is significant in biomass pyrolysis because the rate of change of heat affects the nature and composition of the end
product to some extent. The potential of secondary biomass pyrolysis reaction can be reduced when the heating rate is modest. A
modest heating rate also prevents thermal cracking of the biomass, resulting in a higher biochar production. However, a high heating
rate promotes biomass fragmentation and increases gaseous and liquid yield, limiting biomass formation. The roasting of biomass is
facilitated by heat transfer through biomass in the reactor. The first 20 min of low heating rate measurement revealed that the
feedstock needed more heat to evaporate the moisture. The heating rate in the reactor was changed dependent on the airflow rate, as
indicated in Table 2. The amount of biochar produced and its characteristics are determined by the heating rate. When both primary
and secondary air inlets were opened, the maximum heating rate (1.550c/min) was achieved. Further increases in heating rate have an
impact on char production because the process becomes fast pyrolysis and transforms biomass into oil at a high heating rate.

A high heating rate raises the temperature (Table 2), causing gaseous and liquid production. Slow pyrolysis, on the other hand,
requires a lower temperature and a longer residence time to produce char. The charred quality and reduction of moisture content
below 10% are also determined by the heating rate distribution through the reactor. A portion of the energy released during biomass
combustion at the ignition point is frequently used to heat the pyrolysis feedstock. To produce higher biochar yield, the airflow rate
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Fig. 8. Heat distributions through feedstock during the biochar production process.
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Table 2
Experimental results of heating rate during paper and cud biochar production.

Heating rate (°c/min) during waste paper biochar production

Primary air inlet open Secondary air inlet open Both inlets closed Both inlets open
0.6 0.75 1.2 1.7

1.25 1.4 0.3 1.15

0.6 0.5 0.6 1.05

0.5 0.7 0.75 1.55

Heating rate (°c/min) during cud biochar production

0.3 0.75 0.15 0.7

0.5 0.85 0.25 0.95

0.45 0.35 0.35 0.75

0.95 0.9 0.9 1.45

should be greatly reduced after the biomass has been dried by heating rate.
3.5. Effect of temperature on biochar yield

During the pyrolysis process, the heat generated by the torch on the biomass was transferred to the biomass’s bottom sections.
Biochar is produced first by the ignition side of biomass heat. However, the side farthest from the starting point dries out until the flame
reaches it, yielding less biochar. The charcoal roasting process in the reactor is affected by temperature and time. Fig. 9 shows the
temperature and biochar yield counter graphs for air flow rates of 0.35, 0.65, 0.95, and 1.25 kg/s. Temperature trends grow as the
airflow rate increases within the specified values during pyrolysis, as can be shown. However, as the pyrolysis temperature and airflow
rate rise, the biochar yield decreases. This results in a non-uniform pyrolysis profile, with the bottom of the feedstock pyrolyzing last.
Because of the particle’s structural evolution and heat transport conditions, several heating zones occur inside the particle. The regions
with the highest heating rates were near the reactor’s surface, where the biomass ignites first and biochar formed quickly, with a short
residence period, and those particles that do not decompose produce more biochar. As increasing the temperature in pyrolysis reduces
the biochar output (Fig. 9).

As can be observed, when the airflow rate is high, the temperature is high, but the biochar yield is low. At high temperatures,
energy exchange is high in the reactor. At the top of the biomass, the pyrolysis experiment was carried out at atmospheric pressure and
vacuum. Conducting under atmospheric pressure is straightforward and cost-effective. The pyrolysis temperature is negatively con-
nected with the biochar product, as seen in Fig. 9. The thermal cracking of molecular weight in biomass feedstock may increase and
lower the biochar output as the reactor temperature rises. The biochar production drops to 9 kg when the temperature rises from 30 to
167 °C. While at low temperatures, the yield of biochar was found to be high. As the temperature of the pyrolysis process increases
above 167 °C, the biochar yield becomes ash. In a similar study of wood pellets and grass straw, the temperature has the opposite effect
on the biochar production between the temperature ranges 350-600 °C [20], and as Browsort, Peter has studied, higher temperature
gives less char in all types of the pyrolysis process. With a higher temperature, more volatile material is forced out of the biomass
(feedstock), and therefore the number of char decreases [5].

4. Conclusions and recommendations

The pyrolysis process experiment was carried out in this paper to manufacture biochar at various temperatures and airflow rates.
Temperature, feedstock type, airflow rate, and moisture content are the primary factors that influence biochar creation. The higher the
airflow rate, the faster the pyrolysis and the lower the charcoal output. The period of biochar production and the velocity of airflow
into the reactor are both reduced as the feedstock is dried (less moisture). To improve the char product, the densely accumulated
feedstock (cud) requires molding and an internal secondary airflow rate. The paper produced 10-25 kg of biochar and 10-21 kg of
animal cud at thesame kilos of feedstock (30 kg) and pyrolysis te mperature (167 °C). Both primary and secondary air inlets are shut,
the temperature rises steadily, and more time is needed to produce more char. The biochar production increases to 25 kg and the
temperature drops to 200C when the air flow rate drops from 2.5 to 0.35 kg/s. Further research on thechemical composition and final
analysis of the cud is proposed.
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