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Abstract: Faced with the depletion of fossil fuels and increasingly serious environmental pollution,
finding an environmentally friendly renewable alternative fuel has become one of the current research
focuses. In order to find new alternative fuels, reduce dependence on fossil fuels, improve air quality,
and promote sustainable development goals, castor biodiesel was produced through transesterifi-
cation, and mixed with diesel in a certain proportion. The engine performance and emissions were
compared and analyzed under fixed load and different speeds of agricultural diesel engines. Biofuel,
as a fuel containing oxygen, promotes complete combustion to a certain extent. As the proportion of
castor biodiesel in the mixed fuel increases, the emissions of pollutants such as CO, HC, and smoke
show a decreasing trend. The lowest CO, HC, and smoke emissions were observed in the B80 blend
at 1800 rpm, at 0.3%, 23 ppm, and 3%, respectively. On the contrary, the CO, and NOy emissions
of the B80 blend are higher than those of 2.7 diesel, reaching 2.5% and 332 ppm respectively at
1800 rpm. The lower calorific value and higher viscosity of biodiesel result in a decrease in BTE and
an increase in the BSFC of the blends. Higher combustion temperatures at high speeds promote
oxidation reactions, resulting in reduced HC, CO, and smoke emissions, but increased CO, and NOy
emissions. At high speeds, fuel consumption increases, BSFC increases, and BTE decreases. Overall,
castor biodiesel has similar physical and chemical properties to diesel and can be mixed with diesel
in a certain proportion for use in CI engines, making it an excellent alternative fuel.

Keywords: biodiesel; CI engines; performance; exhaust emissions; castor biodiesel blends

1. Introduction

Internal combustion engines, as the most common power system, can convert gas
and liquid fuels into power and are divided into compression ignition and spark ignition
engines. Compared with gasoline engines, CI engines have received unanimous praise
for their high efficiency, high torque, and long service life in industries such as industry,
agriculture, transportation, and navigation [1]. However, diesel is a non-renewable energy
source, and its formation requires a long geological evolution process. With the rapid de-
velopment of modern industrial civilization, the existing amount of fossil fuels has sharply
decreased, leading to a continuous increase in diesel prices. According to the International
Energy Agency’s forecast, crude oil prices will reach over $200 per barrel by 2030, which
will lead to inflation, causing many households to become increasingly impoverished
and even leading to some factories shutting down, resulting in a significant slowdown in
economic development. In addition, diesel engines generate a large amount of exhaust
emissions when generating power, which poses a threat to the ecological environment. This
includes greenhouse gas emissions, accelerated climate change, and emissions of nitrogen
oxides and particulate matter, which have a negative impact on air quality and ecological
balance. According to data released by the International Energy Agency, it is expected
that bioenergy will increase from 41 EJ to 75 E] by 2030 and reach 100 EJ by 2050 [2]. The
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depletion of fossil fuels, climate change, and air pollution are driving us to seek alternative
solutions for sustainable energy and environmentally friendly fuels. This environmental
pressure has forced scholars from around the world to actively explore alternative fuels
for diesel engines, hoping to find an environmentally friendly and renewable alternative
fuel. To address this challenge, the research and application of biofuels have become one of
the focuses.

Biodiesel has many remarkable characteristics among existing alternative fuels, which
can be used without changing the structure of existing diesel engines. The similar physical
and chemical properties of biodiesel and diesel enable it to use diesel infrastructure during
transportation and storage. These advantages undoubtedly greatly reduce production costs
and have extremely high economic efficiency. Compared with diesel fuel, the lower sulfur
content, aromatics content, and higher oxygen content in biodiesel reduce HC and CO
emissions [3,4]. In addition, biodiesel has an oxygen content of about 9-12%, which helps
to effectively reduce the temperature of exhaust emissions and reduce emissions of carbon
monoxide (CO), hydrocarbons (HC), and particulate matter [5]. This characteristic helps
to improve air quality, reduce the concentration of harmful substances in the atmosphere,
and is crucial for environmental protection. Secondly, polycyclic aromatic hydrocarbon
emissions (PAH) have potential hazards due to their toxicity. In contrast, the components of
biodiesel do not contain this harmful substance, which has a significant effect on reducing
harmful gas emissions and reducing adverse effects on health and the environment [6].
Biodiesel is different from diesel fuel. As a renewable energy source, the raw materials
used in its production can come from plants, algae, animal fats, and waste edible oil [7].
However, biodiesel releases oxygen during combustion, which to some extent increases the
combustion temperature in the cylinder, promotes oxidation reactions between different
atoms, and results in slightly higher NOy and CO, emissions than diesel [8].

With the continuous deepening of understanding of biodiesel, countries around the
world have increased the proportion of biofuels in diesel fuels. In the revised version of
the Renewable Energy Directive issued by the European Union in 2018, it was mentioned
that the proportion of renewable energy should reach 20% by 2020, and at least 10% of
renewable energy should be used in road transportation. By 2030, this target will increase
to 32%; Over the past 20 years, biofuels have accounted for over 30% of the transportation
industry in the United States [9,10]. At present, the rise in raw material prices and the use
of edible crops to produce biodiesel are the main factors restricting the development of the
biodiesel industry. When selecting biodiesel raw materials, consideration should be given
to their economy, oil content, and accessibility [11].

From the existing research results, it can be seen that the main source of biodiesel is
still grain crops, such as soybean oil, rapeseed oil, palm oil, etc. [12-14]. The industrial
chain for producing biodiesel from non-edible crops and catering waste has not yet formed,
especially in developing countries where the collection of catering waste is particularly
difficult. This undoubtedly greatly restricts the development of the biodiesel industry. In
this article, we believe that using inedible crops to produce biodiesel also brings additional
benefits, including lower production costs, reduced resource waste, increased variety of raw
materials to choose from, greening of harsh terrain, and improved production sustainability.
This has positive implications for the development of the automotive industry, energy
sustainability, and environmental protection. Secondly, this strategy helps alleviate the
shortage of food resources, as competition for food resources often leads to rising food prices
and supply issues. Extracting biofuels from non-edible seed vegetable oil is carbon neutral
because plants can absorb CO, during their growth process, improving the greenhouse
effect [15,16]. As a low-cost raw material, it can protect the environment while reducing
costs. Castor plants are distributed around the world, with tall plants generally ranging
from 2 to 4 m. The stems and leaves contain white milky juice, which can quickly reproduce
in saline and sandy soil [7], achieving the original intention of not competing with food
crops for land. Another huge advantage of castor plants is that their seeds have an oil
content of up to 40-60%, coupled with their high yield, making them an extremely excellent
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non-edible oil crop. The various parts of the castor plant, especially the seeds, contain
strong toxins [17], which can affect the synthesis of human proteins and cause serious
consequences when in contact with the human body. After special processing, castor oil is
generally used in the manufacturing of lubricants, soap, cosmetics, and pharmaceuticals.
The process of extracting castor oil from castor seeds produces by-products such as Castor
Meat. However, this article mainly focuses on the performance and emissions of castor
biodiesel in diesel engines and has not conducted much research on by-products.

At present, the direct application of biodiesel in diesel engines has certain limitations,
mainly due to its high density and viscosity, which can affect the flow and atomization effect
of the fuel. The higher the viscosity of the fuel, the more energy is required for atomization,
which will increase the fuel size after atomization, further leading to incomplete combustion,
reduced engine performance, and increased exhaust emissions [18]. In addition, the
calorific value of biodiesel is generally lower than that of diesel, and in order to achieve
the same power output as diesel, more biodiesel fuel needs to be consumed. At present, in
order to improve the above-mentioned drawbacks of biodiesel, methods such as mixing
it in proportion to diesel or adding various catalysts are mainly used to improve engine
efficiency and reduce emissions [19-21].

Castor oil has been shown to be one of the preferred choices for non-edible oils
in the use and production of biodiesel under various conditions [22]. The use of non-
edible vegetable oil biodiesel to solve food price problems is good [23]. In addition,
compared to diesel fuel, castor biodiesel blends have lower emissions of harmful gases
such as carbon monoxide (CO) and hydrocarbons (HC) [24]. Arunkumar et al. [25] believe
that castor biodiesel, as a good alternative to diesel, can greatly reduce greenhouse gas
emissions. Emissions of carbon monoxide, hydrocarbons, and nitrogen oxides are reduced
to varying degrees compared to diesel. However, the fuel consumption rate and thermal
efficiency performance are slightly inferior to diesel. More importantly, planting castor
plants for carbon neutrality can provide more employment opportunities and stimulate
urban development. Attia et al. [26] used transesterification ultrasonic technology to
produce castor biodiesel and mixed it with traditional diesel in a certain proportion to meet
ASTM requirements. The results in a single-cylinder diesel engine showed that at a 10%
mixing ratio, there was an optimal reduction in exhaust emissions of carbon monoxide,
unburned hydrocarbons, and nitrogen oxides. In addition, low smoke emission appeared
at a 30% mixing ratio, carbon dioxide emissions decreased by 7.5% at a 20% mixing ratio,
and BTE increased by approximately 1%. However, the BSFC of all mixed fuels was slightly
higher than that of diesel fuels. Prasert Aengchuan et al. [27] used 10% castor oil, 10%
ethanol, and 80% diesel to prepare a new blend. They found that 10% castor biodiesel can
improve the shortcomings of diesel-ethanol blends. The combustion of the blend increased
the emissions of hydrocarbons and carbon monoxide, but reduced the emissions of nitrogen
oxides. Smoke emissions did not show significant changes.

By summarizing the research of previous researchers, it was found that previous
studies mainly focused on the mixing of diesel and low-proportion castor biodiesel (B10,
B20, and B30), while the mixing of diesel and high-proportion castor biodiesel is very
rare. This undoubtedly reduces the comprehensive understanding of the performance and
emissions of castor biodiesel on diesel engines. Therefore, in order to fill this gap, this article
adopts the ester exchange method to produce castor biodiesel. The obtained biofuel is
mixed with diesel in a certain proportion to prepare biodiesel-diesel blends (B20, B40, B60,
and B80). A comparative analysis was conducted on the engine performance, combustion
performance, exhaust emissions, and potential environmental and economic advantages
of biodiesel blends and pure diesel on a single-cylinder water-cooled agricultural diesel
engine with 25% constant load and different speeds (1200 rpm, 1400 rpm, 1600 rpm, and
1800 rpm). We hope this research can provide strong support for reducing dependence on
fossil fuels, improving air quality, reducing greenhouse gas emissions, and promoting the
achievement of sustainable development goals.
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2. Materials and Methods
2.1. Experimental Equipment

This experiment was conducted at constant loads (25%) and different speeds
(1200 rpm, 1400 rpm, 1600 rpm, and 1800 rpm). The experiment used a water-cooled
single-cylinder four-stroke mechanical diesel engine with a rated power of 7.4 kW, which is
widely used in the agricultural field. The experimental engine is installed on the test bench,
and the eddy current dynamometer is connected to the engine crankshaft to apply a load
to the engine during the experiment. The schematic layout of experimental instruments
and detailed engine parameters are detailed in Figure 1 and Table 1.
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Figure 1. Experimental setup.

Table 1. Engine parameters.

Parameters Description
Engine Type Single-cylinder water-cooled 4-stroke
Manufacture Daedong Ltd., Daegu City, Republic of Korea
Bore (mm) 95
Rated Power Output (kW) 74
Injection Pressure (kg cm™—2) 200
Displacement (cc) 673
Compression Ratio 21
Stroke Length (mm) 95

The analysis and measurement of exhaust emissions are carried out using a gas ana-
lyzer (CGA-4500), which operates by inserting the probe of the gas analyzer into the exhaust
pipe and drawing the exhaust gas into the condenser through the gas sampling probe.
Subsequently, the gas passes through a particle filter to filter out impurities and enters the
sensing chamber of the gas analyzer. The final measurement results are displayed on the
display screen and available for reading. To detect engine smoke, we use a smokemeter
(BS-8000). Its usage method is similar to the CGA-4500 gas analyzer. By connecting the
smoke meter to the exhaust pipe, a sample of exhaust gas is obtained, and then smoke
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detection is performed. The measurement of exhaust gas emission temperature adopts a
K-type thermocouple with a measurement range of 0-1200 °C. The thermocouple is placed
in the exhaust manifold to obtain accurate exhaust gas temperature data.

2.2. Production Methods and Processes of Castor Biodiesel

The production of biodiesel involves chemical reactions, among which the transes-
terification reaction is one of the most commonly used methods in laboratory and indus-
trial production. This process utilizes methanol, promoted by a catalyst, to convert free
fatty acids (FFA), oil, or fats into corresponding proportions of fatty acid methyl esters
(FAME) [28,29]. The principle of the transesterification process is shown in Figure 2.
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Figure 2. Transesterification process [30].

Among the various catalysts used in transesterification, homogeneous catalysts such
as potassium hydroxide (KOH) and sodium hydroxide (NaOH) are known for their advan-
tages such as short reaction time, low reaction temperature, high productivity, and high
catalytic activity [31]. In recent years, the use of heterogeneous catalysts has gradually
increased. Unlike homogeneous catalysts, the significant advantage of heterogeneous cata-
lysts lies in their reusability, which helps to effectively reduce production costs. However,
it should be noted that the reaction rate of multiphase catalysts is relatively slow [32]. The
catalyst used in this study is KOH. Biodiesel has a higher density and viscosity compared
to traditional diesel, which is well known. The process of generating biodiesel through
transesterification reactions not only helps to better adapt biodiesel to engine systems, but
also improves fuel fluidity and combustion efficiency. It is worth noting that excessive use
of catalysts in transesterification reactions can form soap, which hinders the reaction pro-
cess and reduces biodiesel production [33]. Therefore, it is important to use an appropriate
amount of catalyst in transesterification reactions.

In the production of castor biodiesel, 125 mL of methanol and 2.5 g of potassium
hydroxide catalyst are added to every 500 mL of castor plant oil, and they are placed on
a mixer for two hours of transesterification reaction at a constant speed of 700 rpm and
a constant temperature of 55 °C-60 °C. After the reaction, the solution is left to stand
overnight. After removing the glycerol mixture at the bottom, the remaining part is washed
with boiling water to filter out impurities. After the excess water evaporates, the resulting
liquid is castor biodiesel.

2.3. Experimental Fuel Characteristics

The physical and chemical properties of the fuel used in this experiment are shown
in Table 2. From the table, it can be seen that the kinematic viscosity and density of castor
biodiesel are higher than those of diesel fuel, and they have a certain impact on the flow
and atomization of the fuel. In addition, the calorific value of castor biodiesel is generally
lower than that of diesel fuel, which makes the fuel consumption of biodiesel blends
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higher than that of diesel fuel. The cetane value of biodiesel is higher than that of diesel,
which to some extent improves engine power output, optimizes engine performance, and
reduces emissions. Meanwhile, its high flash point gives biodiesel a significant advantage
in transportation and storage. Overall, biodiesel blends have similar physical and chemical
properties to diesel, making them an excellent alternative fuel.

Table 2. Properties of diesel and castor seed biodiesel.

Property Castor B20 B40 B60 B80 Diesel
Biodiesel
Calorific Value (M]/kg) 38.156 44121 43.855 41564  40.152 45512
Density at 15 °C (kg/m3) 896 831 843 851 869 820
Flash Point (°C) 102 75 79 85 93 58
Kinematic Viscosity at 40 °C 7.35 3.34 4.61 5.42 5.94 2.87
(mm?/s)
Cetane Number 62 50 53 56.5 59 48.7
Oxygen Content (%) 12.34 2.53 4.96 7.42 9.91 0.11

2.4. Error Analysis and Uncertainty

During experiments, experimental errors caused by various factors such as environ-
ment, atmospheric pressure, and temperature are inevitable and can have a certain impact
on the experimental results. In order to avoid these impacts as much as possible and obtain
more accurate experimental data, we started the experimental engine and adjusted the
parameters during the experiment, then started data collection after it ran smoothly. Data
were collected every two minutes for a total of four times; finally, the average value was
taken. At the end of each stage of the experiment, the corresponding parameters were
adjusted and the above process was repeated to ensure the accuracy of the results. Table 3
provides detailed information on the measurement range and uncertainty analysis of the
gas analyzer and K-type thermocouple used in this experiment.

Table 3. Measurement and error range of experimental equipment.

Exhaust Emission Error Range Unit Measurement Range
Cco +0.01% % 0.00-10.00
HC +1 ppm ppm 0-10,000
Q) +0.1% % 0.00-25.00
NOy +1 ppm ppm 0-5000
CO, £0.1% % 0.0-20.0
Thermocouple (K-Type) +0.1°C °C 0-1200

3. Results and Analysis
3.1. Carbon Monoxide (CO)

CO emissions are one of the important parameters for measuring engine emissions,
representing the loss of chemical energy in the engine [34]. Figure 3 shows a schematic
diagram of the changes in different proportions of blends at different speeds. It can be
observed that the CO emissions of biodiesel blends are lower than those of diesel fuel
at different speeds. It is worth noting that as the proportion of biodiesel increases, the
CO emissions show a decreasing trend. At all four speeds, the CO emissions of the B80
mixed fuel are their lowest, at 0.56%, 0.44%, 0.37%, and 0.3%, respectively. The main reason
for this phenomenon is that after adding biodiesel, the mixed fuel becomes oxygenated
and the cetane number of the mixed fuel increases. The high cetane value and oxygen
content characteristics enable the fuel to reach the conditions for spontaneous ignition
faster, thereby shortening the ignition delay, improving combustion efficiency during the
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combustion stage, increasing combustion uniformity, stimulating fuel combustion in the
cylinder, increasing combustion temperature, and promoting oxidation reactions, reducing
CO emissions. As the engine speed increased from 1200 rpm to 1800 rpm, the CO emissions
of all fuels showed a decreasing trend. Diesel fuel decreased from 0.76% at 1200 rpm
to 0.45% at 1800 rpm, while the B80 blend decreased from 0.56% at 1200 rpm to 0.3% at
1800 rpm. This can be explained by the better mixing effect of air and fuel at higher speeds,
promoting complete combustion. Other authors have also found similar experimental
results, similar to HC emissions, the CO emissions of blends have also decreased, as oxygen
increases combustion temperature and improves fuel atomization at high temperatures [19].

0.9 4 H Diesel B20 B40 mB60 mB80
0.8 4
0.7 A

0.6
0.5
0.4

I
H P
0 I

0.3
0.2
0.1
1200 1400 1600 1800
Speed (RPM)

CO (%)

Figure 3. Variation of CO at different engine speeds and blends.

3.2. Hydrocarbon (HC)

Figure 4 describes the relationship between engine speed and biodiesel-specific gravity
on HC emissions. From the observation results, the maximum HC emissions of diesel
engines at each speed are higher than those of biodiesel blends, which are 55 ppm, 48 ppm,
41 ppm, and 33 ppm, respectively. Compared to this, B80 exhibits the lowest CO emissions
at 39 ppm, 36 ppm, 27 ppm, and 23 ppm at various speeds, respectively. The higher
oxygen content and cetane number in biodiesel blends promote combustion and oxidation
reactions, and the combination of a large number of hydrogen and oxygen atoms to form
H,O is considered the main reason for the above phenomenon. In addition, the lower
hydrocarbon ratio of biodiesel is also an important factor in reducing HC emissions [6].
As the speed increases, we observe that all fuel HC emissions decrease to varying degrees.
This can be attributed to the better ignition of the air—fuel mixture in the cylinder at higher
speeds, resulting in more complete combustion. The increase in combustion temperature
means that more fuel is discharged in the form of CO, and H,O, rather than partially
burned HC. Compared with the results of other authors, we observed a similar emission
trend, that is, the HC emissions of castor biodiesel blend fuel are lower than diesel, which
further confirms the fact that the HC emissions of biodiesel fuel are lower [24,35].
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Figure 4. Variation of HC at different engine speeds and blends.

3.3. Carbon Dioxide (CO;)

Figure 5 is a schematic diagram of the variation of CO, emissions with engine speed
and biodiesel ratio. As the proportion of castor biodiesel in blends increases, CO, emissions
show an increasing trend. On the one hand, the cetane value of biodiesel blends is higher
than that of diesel, which reduces the possibility of fuel enrichment and detonation during
combustion, optimizing combustion. On the other hand, biodiesel blends release oxygen
during combustion, increase combustion temperature, promote oxidation reaction, and a
large amount of CO is converted into CO;. In addition, it was found that all experimental
fuels released more CO, with increasing rotational speed. At 1200 rpm, diesel CO, emis-
sions were 1%, while B80 blend emissions were 2.1%. When rotational speed increased to
1800 rpm, diesel and B80 blend CO, emissions were measured as 2% and 2.5%, respectively.
As the engine speed increases, the consumption of biodiesel blends significantly increases,
which is an important reason for the increase in CO, emissions. In addition, at low speeds,
there is less air involved in combustion, and the fuel cannot be fully burned. As the speed
increases, more air is involved in combustion at the same fuel volume, improving the
air—fuel mixture quality, allowing the fuel to burn completely and producing more CO,
emissions. Ramozon Khujamberdiev et al. [36] also found the same trend in CO, emissions,
which undoubtedly further confirms the accuracy of the experimental results.

39 W Diesel B20 B40 m B60 m B30
2.5 A
I
) Al
ST 1 : !
S
T
0.5 j
0
1200 1400 1600 1800
Speed (RPM)

Figure 5. Variation of COj at different engine speeds and blends.
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3.4. Nitrogen Oxide Compound (NOy)

Figure 6 compares the changes in NOy emissions of diesel fuel at different speeds and
ratios of blends. At speeds of 1200 rpm, 1400 rpm, 1600 rpm, and 1800 rpm, the NOx emis-
sions of diesel fuel are 103 ppm, 130 ppm, 172 ppm, and 275 ppm; The NOy emissions of the
B80 blend are displayed as 160 ppm, 193 ppm, 231 ppm, and 332 ppm. The results showed
that diesel fuel maintained the lowest NOx emissions at all speeds, while the B80 blend
had the highest NOy emissions. The oxygen content and flame temperature in the cylinder
play a crucial role in the formation of NOy. Biodiesel blends have extremely high oxygen
content; oxygen participation in combustion promotes combustion, increasing combustion
temperature and reacting with nitrogen atoms, accelerating the rate of NOy production.
When the engine is running at low speed, the combustion temperature is lower, and the
NOy emissions of all experimental fuels are significantly lower. As the speed increases,
more fuel is drawn into the cylinder, and the amount of air involved in combustion also
increases significantly, resulting in a significant increase in NOy emissions. Compared
with the research results of other scholars, the phenomenon of NOy emissions from castor
biodiesel blends has also been found. Mohammed Kareemullah et al. [37] attributed this
to the increase in combustion temperature caused by oxygen release, promoting NOx
formation, which is consistent with our viewpoint.

400 9 M Diesel B20 B40 W B60 m B3O

350

300
e I g
£ 250 A
S 200 - = I

150 - B

==
100 1 gt
50 A
0 .
1200 1400 1600 1800
Speed (RPM)

Figure 6. Variation of NOy at different engine speeds and blends.

3.5. Smoke

Figure 7 shows the smoke emissions of diesel and biodiesel blends with different
proportions at different speeds. It can be observed that all fuels have higher smoke
emissions. This is because mechanical diesel engines lack advanced control systems in
terms of fuel injection timing and quantity, and the lower combustion temperature at low
loads is also one of the important reasons. Compared with diesel, the smoke emissions of
all biodiesel blends have been reduced. At a speed of 1800 rpm, diesel fuel has the highest
smoke emissions, showing 9.1%. The smoke emissions of B20, B40, B60, and B80 blends are
6.8%, 6.9%, 4.6%, and 2.7%, respectively, which are 28.4%, 27.4%, 51.6%, and 72.6% lower
than diesel. This is because the high cetane number and high oxygen content of biodiesel
enable faster combustion of the fuel after compression and injection, improving combustion
efficiency and reducing smoke emissions. At low engine speeds, the smoke emissions of all
experimental fuels are higher, indicating that the fuel has not been completely burned. As
the speed increases, the air-fuel mixture in the combustion chamber becomes more uniform
and the combustion becomes more thorough. The smoke emissions gradually decrease,
and the lowest smoke emissions are obtained at 1800 rpm, which are 9.5%, 6.8%, 6.9%, 4.6%,
and 2.7%, respectively. Mohamed Qinawy et al. [38] found similar smoke emission trends
when studying the emissions of castor biodiesel fuel in engines. All biodiesel blends had
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relatively low smoke emissions, and they believed that biodiesel contained lower C-to-H
components, which not only reduced HC and CO, but also reduced smoke concentration
in the exhaust gas.

16 - W Diesel B20 B40 B B60 m B30
14 A I
12 - 1
2 ==
< =E
3 10 A L
& 8 I
=
6 -
4 A
2 .
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1200 1400 1600 1800

Speed (RPM)
Figure 7. Variation of smoke at different engine speeds and blends.

3.6. Brake Thermal Efficiency (BTE)

As shown in Figure 8, diesel has the highest BTE among all experimental fuels, with
values of 23.22%, 22.25%, 20.99%, and 19.77% at 1200 rpm, 1400 rpm, 1600 rpm, and
1800 rpm, respectively. As the proportion of biodiesel in the blend increases, BTE shows
a decreasing trend, while the B80 blend shows values of 18.99%, 17.93%, 17.38%, and
16.76%, respectively. This is because, compared to diesel, biodiesel has a higher density
and kinematic viscosity, lower calorific value, and reduces combustion efficiency while
increasing fuel consumption, which to some extent has a negative impact on EGT. At low
speeds, the BTE of all fuels is higher, and as the speed increases, the BTE tends to decrease
because the intake and exhaust times are relatively short at high speeds, and the energy
generated by fuel combustion cannot be fully converted into useful work, thereby affecting
combustion efficiency. In addition, mechanical losses (such as friction losses and pumping
losses) are high at higher speeds, which cannot be converted into useful output power,
resulting in a decrease in BTE to some extent. Tafsirul Hassan et al. [39] studied the engine
performance of castor biodiesel, they found a similar trend. They found that the BTE of B10
fuel was lower than that of diesel fuel. However, when they added Ni and Ai nanoparticles
in the form of additives to the blends, the BTE of the mixed fuel was higher than that of
diesel fuel.

3.7. Brake Specific Fuel Consumption (BSFC)

Figure 9 illustrates the variation of BSFC with the proportion of biodiesel and speed.
Comparing the BSFC of five fuels at the same speed, it can be seen that diesel fuel always
maintains the lowest BSFC at all speeds. At 1800 rpm, the BSFC of the five experimental
fuels are 4 kg/W-h, 4.24 kg/W-h, 4.45 kg/W-h, 4.86 kg/W-h, and 5.35 kg/Wh, respectively.
It is worth noting that as the proportion of biodiesel increases, BSFC also increases. Higher
BSFC is due to the decrease in the calorific value of the blend caused by the increase in the
proportion of biodiesel, which requires more fuel consumption to generate the same power.
In addition, the higher density and viscosity of biodiesel are also important factors in
causing higher BSFC. The higher density and viscosity lead to reduced volatility, a reduced
atomization effect, and improper mixing. As the rotational speed increases, the power
generated by each fuel unit decreases, and the BSFC of all five experimental fuels shows an
increasing trend. Muteeb ul Haq et al. [40] and Jonah Chukwudi Umeuzuegbu et al. [41]
also found the same trend in BSFC variation when studying castor biodiesel blends.
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3.8. Exhaust Gas Temperature (EGT)

The effect of the biodiesel ratio on EGT at different speeds is shown in Figure 10. It
can be observed that the EGT of diesel fuel is always the highest at different engine speeds,
showing 214 °C, 234 °C, 245 °C, and 269 °C at 1200 rpm, 1400 rpm, 1600 rpm, and 1800 rpm,
respectively. In contrast, the B80 blend has the lowest EGT at 131 °C, 155 °C, 174 °C, and
192 °C, respectively. This is because biodiesel has a higher cetane value, shorter ignition
delay, sufficient fuel combustion time, and lower EGT. As the engine speed increases, the
EGT of diesel, B20, B40, B60, and B80 increases from 214 °C, 182 °C, 160 °C, 139 °C, and
131 °C at 1200 rpm to 269 °C, 230 °C, 214 °C, 201 °C, and 192 °C at 1800 rpm, respectively.
On the one hand, an increase in engine speed means that the amount of fuel burned per
minute also increases. More fuel is ignited in a short period of time, resulting in more heat
generation and an increase in the speed of exhaust gas passing through the exhaust system,
reducing the time for heat loss and making the exhaust gas stay in the exhaust system for
a shorter period of time resulting in an increase in temperature. This will increase EGT.
On the other hand, the engine BTE decreases during high-speed operation, and the fuel
generates more heat, which is also an important factor leading to an increase in exhaust
emission temperature. Compared with the experimental results of other authors, the same
phenomenon was also found, further confirming the conclusion that diesel has the highest
EGT, while biodiesel blends have lower EGT [23].
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4. Conclusions

In order to search for new alternative fuels, this article uses castor plant oil as raw
material and manufactures castor biodiesel through the transesterification method. The
obtained biodiesel and diesel are mixed into BO, B20, B40, B60, and B80 blends in a certain
proportion. Experiments are conducted using an agricultural diesel engine at a fixed load
and different speeds.

When using biodiesel blends, the CO, HC, and smoke in the exhaust gas show a
decreasing trend. Among them, the B80 blend observed the lowest CO, HC, and smoke
emissions at 1800 rpm, which were 0.3%, 23 ppm, and 2.7%, respectively. This is because
biodiesel, as an oxygen-containing fuel, promotes complete combustion to a certain extent.
On the contrary, the CO, and NOy emissions of the B80 blend are higher than those of
diesel, reaching 2.5% and 332 ppm respectively at 1800 rpm. As the proportion of castor
biodiesel in the biodiesel blend increases, BTE decreases and BSFC increases, due to the
lower calorific value and higher kinematic viscosity of biodiesel.

As the speed increases, the higher combustion temperature at high speeds leads to a
decreasing trend in CO, HC, and smoke. During this process, high temperatures promote
oxidation reactions, resulting in an increase in CO, and NOy emissions. High-speed
rotation means more fuel consumption, an increase in BSFC, and a decrease in BTE.

The authors of this article believe that the physical and chemical properties of castor
biodiesel blends are relatively similar to diesel, and they can be used without changing
the structure of existing CI engines. The high cetane number and high oxygen content of
biodiesel fuel effectively shorten the ignition delay of the fuel and increase combustion
stability; additionally, the high flash point makes its transportation and storage extremely
convenient. However, the high viscosity, density, and low calorific value of biodiesel have
a certain impact on engine performance and emissions. We will explore solutions in future
research, such as multi-fuel blends, the use of nano additives, antioxidants, etc.

The cultivation of castor plants can provide farmers with a new economic source
without affecting food crops, and the development of its related industrial chain will also
promote urban employment and economic development. Its low cost, easy survival, high
yield, and high oil content make it a low commercial risk and widely used renewable fuel.
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Nomenclature

RPM Revolutions Per Minute
PPM Parts Per Million

KOH  Potassium Hydroxide
NaOH Sodium Hydroxide

BTE Brake Thermal Efficiency
EGT Exhaust Gas Temperature
BSFC  Brake Specific Fuel Consumption
NOy Nitrogen Oxide

CcO Carbon Monoxide

CO, Carbon Dioxide

HC Hydrocarbon

B80 80% Biodiesel + 20% Diesel
B60 60% Biodiesel + 40% Diesel
B40 40% Biodiesel + 60% Diesel
B20 20% Biodiesel + 80% Diesel
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