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Abstract

The increasing accumulation of biowaste in the environment, hence the need to investigate alternate energy sources has arisen
due to the depletion of fossil fuel stocks. Eco-friendly, non-toxic, stable and biodegradable fuels with a high flash point and
suitability for combustion are gaining attention. In this study, cottonseed biodiesel and pyrolytic oil were investigated as
alternative fuels for compression ignition engines. Transesterification of cottonseed oil with sodium hydroxide as a catalyst
and methyl alcohol as a reactant made biodiesel. Pyrolysis, a controlled thermal degradation process that is done in a safe
environment, was used to make pyrolytic oil. A compression ignition engine was used to test the extracted biodiesel and
pyrolytic oil after they were mixed with diesel in an 8:2 ratio. The performance and emission characteristics of ordinary diesel
were compared with those of carbon monoxide, nitrogen oxides, hydrocarbons, smoke emissions, brake specific fuel con-
sumption, brake thermal efficiency and other factors. The B20 blend showed 28.5% brake thermal efficiency, 0.32 kg/kWh
brake specific fuel consumption, 22% lower CO, 19% lower HC, and 24% reduced smoke emissions than diesel, highlighting
improved combustion and reduced emissions despite higher fuel consumption. According to the findings, cottonseed biodiesel
is a suitable substitute fuel for compression ignition engines since it emits less CO and NOy.
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1. Introduction

Energy is a vital component for the progress and stability of
modern societies. It powers industries, transportation, commu-
nication systems and domestic applications, thus serving as
a foundation for economic growth and technological advance-
ment. Broadly, energy resources are classified as renewable and
non-renewable. Renewable sources such as solar, wind, tidal,
and hydro power are sustainable and naturally replenished,
while non-renewable sources, including coal, petroleum and na-

tural gas, are finite and depleting with continued exploitation
[1]. Historically, biomass, primarily in the form of wood, sup-
plied nearly 70% of the world’s energy demand. However, in
recent decades, fossil fuels have replaced wood as the dominant
energy source due to their high energy density, well-established
extraction infrastructure and relatively low cost [1].

Despite these advantages, fossil fuels have serious draw-
backs. Large amounts of greenhouse gases, including carbon di-
oxide (CO,), nitrogen oxides (NOy), and sulphur oxides (SOx),
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Nomenclature

Abbreviations and Acronyms

ASTM — American Society for Testing and Materials
B20 - biodiesel 20% and diesel 80%

BP — break power

BSFC - brake specific fuel consumption

BTE - brake thermal efficiency
Cl — compression ignition
CO  —carbon monoxide

D100 - diesel 100%

which cause acid rain and contribute to global warming, are re-
leased as they burn. Additionally, carbon monoxide (CO) and
particulate emissions degrade air quality and pose significant
health risks [2].

The search for sustainable energy alternatives has acceler-
ated due to the dual problems of climate change and depleting
fossil fuel supplies. Among these, biofuels have gained consid-
erable attention because they can be produced locally from re-
newable biomass, are biodegradable, and generally result in
lower pollutant emissions compared to petroleum-based fuels.
Edible and non-edible oils, used cooking oil, agricultural lefto-
vers and animal fats are some of the sources from which biofuels
can be made. Two major routes for liquid biofuel production are
biodiesel generation via transesterification and bio-oil genera-
tion via pyrolysis. Fatty acid methyl esters (FAME) and glycerol
are the products of the transesterification process, which produ-
ces biodiesel by combining triglycerides with an alcohol (often
methanol) in the presence of a catalyst. Animal fats, vegetable
oils and leftover cooking oil are just a few of the feedstocks that
can be used in this process [3]. Because of their physical and
chemical characteristics comparable to petroleum diesel, biodie-
sel made this way may be utilised in internal combustion (IC)
engines without requiring any hardware changes [4]. Additio-
nally, compared to fossil fuel, using biodiesel improves environ-
mental performance by reducing emissions of CO, SOx and un-
burned hydrocarbons.

Pyrolysis, in contrast, is a thermochemical conversion pro-
cess where organic material is heated in the absence of oxygen,
leading to the breakdown of macromolecules into smaller, en-
ergy-rich products. These products typically include pyrolytic
oil (bio-oil), syngas and char. The process is highly versatile,
capable of utilising a broad range of feedstocks such as agricul-
tural residues, forestry waste, seeds and even certain plastics [5].
Pyrolytic oil is a liquid fuel that can be directly used in IC en-
gines after suitable upgrading or blending, offering a renewable
alternative to fossil fuels. Among the numerous biomass feed-
stocks available, cottonseed holds significant promise for both
biodiesel and pyrolytic oil production.

Cotton is one of the most widely cultivated crops in India,
and its seeds are generated in large quantities as a by-product of
fibre extraction. Cottonseed oil is non-edible, has a relatively
high oil content, and is available in abundance at low cost [6,7].
This makes it an attractive feedstock from both economic and
sustainability perspectives. Importantly, utilising non-edible
feedstocks like cottonseed avoids the “food versus fuel” conflict
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FAME - fatty acid methyl esters

FFA  —free fatty acid

HC  —hydrocarbons

IC — internal combustion

KOH - potassium hydroxide

NOx  — oxides of nitrogen

PID - proportional-integral-derivative (control system)

PY20 - pyrolytic oil 20% and diesel 80%

SOx  — oxides of sulphur
TGA - thermogravimetric analysis
VCR - variable compression ratio

associated with biodiesel derived from edible oils. While bio-
diesel production from cottonseed oil is well documented in the
literature, research on pyrolytic oil derived from cottonseed is
comparatively limited. This presents an opportunity for further
exploration. Pyrolytic oil production offers several advantages
over biodiesel in certain contexts. For instance, when the feed-
stock has a high free fatty acid (FFA) content, biodiesel produc-
tion requires a pre-treatment esterification step to avoid soap
formation (saponification) and improve glycerol separation effi-
ciency [15,16]. Pyrolysis, however, is not hindered by high FFA
levels, which can simplify processing and reduce costs. Addi-
tionally, pyrolytic oil contains a broader spectrum of combus-
tible compounds, potentially enhancing combustion efficiency
under specific engine conditions. Therefore, developing pyro-
Iytic oil from cottonseed could diversify renewable fuel produc-
tion pathways and reduce the limitations associated with bio-
diesel. Before selecting and optimising a conversion process,
a detailed characterisation of the feedstock is necessary. This is
typically achieved through ultimate analysis and proximate
analysis. Ultimate analysis quantifies the elemental composi-
tion, carbon, hydrogen, nitrogen, sulphur and ash content of the
biomass, usually following the ASTM D3176-09 standard [8]
(see Table 1). These values influence the fuel’s calorific value
and combustion behaviour. Proximate analysis, often carried out
according to ASTM D5142, determines moisture content, vola-
tile matter, fixed carbon, and ash content. These parameters are
critical for designing an efficient pyrolysis process and predict-
ing product yield and quality.

Table 1. Ultimate and proximate analysis values.

Parameters Ultimate ASTM Parameters Proximate ASTM
(%) standard (%) standard
Oxygen 31.59 D3176 Moisture 4.51 D3173
Carbon 54.81 D3176 Volatile 79.37 D3175
Nitrogen 4.38 D3176 Ash 3.29 D3174
Hydrogen 8.42 D3176 Fixedcarbon 11.97 D3172

Thermogravimetric analysis (TGA) is another important tool
in biomass characterisation, Fig. 1. TGA provides information
on thermal stability and breakdown kinetics by measuring chan-
ges in sample mass as a function of temperature or time in
a controlled environment [9]. It can identify the temperature ran-
ges at which major decomposition phases occur, aiding in the
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selection of optimal pyrolysis operating conditions. In this
study, TGA was conducted on a 10 mg sample of cottonseed
using an SDT Q600 instrument in an inert atmosphere. The heat-
ing rate was set at 10°C/min, from ambient temperature up to
600°C. The results showed that the primary decomposition oc-
curred between 320°C and 550°C, with a weight loss of approx-
imately 71%, and a stable plateau was reached near 600°C. The
maximum decomposition rate was observed around 400°C
[10,11]. These findings suggest that the most suitable pyrolysis
temperature range for cottonseed lies between 300°C and
550°C, balancing high oil yield with controlled energy input.

TGA graph
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Fig. 1. Thermogravimetric analysis.

For the pyrolysis experiments, cotton seeds were procured
from a local market in Villupuram, Tamil Nadu, India [12,13].
Prior to processing, the seeds were dried in an oven at 105°C to
remove residual humidity. They were then crushed using
a chopper, and oil was extracted using 0.8 L of n-hexane in
a water bath for six hours. A rotating evaporator operating under
vacuum at 45°C was used to extract the solvent [14]. The FFA
content of the extracted oil plays a decisive role in determining
its conversion pathway. Oils with FFA content below 2% can be
processed directly through transesterification, while those with
FFA levels above this threshold require pre-treatment via esteri-
fication to reduce FFA and prevent saponification [15,16]. This
requirement underscores one of the key benefits of pyrolysis, its
ability to handle high-FFA feedstocks without additional pro-
cessing steps. From a broader perspective, producing pyrolytic
oil from cottonseed aligns with multiple sustainability goals. It
enables the valorisation of agricultural byproducts, reduces reli-
ance on finite fossil fuels, and supports decentralised energy
production, particularly in rural areas where cotton cultivation
is widespread. Additionally, pyrolytic oil can be co-fired with
petroleum diesel or blended with upgraded bio-oils to meet spe-
cific performance and emissions targets, offering flexibility in
fuel applications.

The current study is on employing a semi-batch reactor to
produce pyrolytic oil from cottonseed, guided by detailed feed-
stock characterisation through ultimate, proximate, and thermo-
gravimetric analyses. By investigating optimal pyrolysis operat-
ing conditions and evaluating the resulting fuel’s properties.
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This work adds to the expanding literature of research on non-
food, alternative fuels made from biomass for internal combus-
tion engines. The insights gained are expected to facilitate the
development of scalable, cost-effective and environmentally
sustainable fuel production processes that can be adapted to re-
gions with abundant cotton cultivation and limited access to pe-
troleum-based fuels.

2. Materials and methods

Cotton is one of the most important agricultural crops in India,
serving as the largest source of natural fibre for the textile indus-
try. The optimal temperature range for cotton cultivation in India
lies between 25°C and 35°C. A cotton boll typically consists of
35-40% fibre and approximately 60% seed. While the primary
economic value of cotton lies in its fibre, the seed is also an im-
portant raw material in the edible oil and biofuel industries. Cot-
tonseed oil has been utilised in biodiesel production due to its
calorific value and suitability for transesterification processes
[17].

However, the relatively low oil content of cottonseed, gen-
erally between 17% and 24%, limits the quantity of oil available
for commercial use. India, as the world’s largest cotton pro-
ducer, yields an average of about 5800 thousand metric tonnes
of cotton annually. Globally, cottonseed production reaches ap-
proximately 40 million tonnes, with India contributing a major
share, followed by China, the United States, Brazil, Pakistan,
and Uzbekistan [18]. Cottonseed is a traditional oilseed crop in
India, with around 85% of the harvested seeds processed for oil
extraction, while roughly 20% are used as animal feed [19]. The
oil extracted from cottonseed can be converted into bio-oil and
biodiesel through processes such as pyrolysis and transesterifi-
cation. Because it is sustainable and has a similar energy content
to fossil fuels, bio-oil in particular presents a possible substitute.
Cottonseed oil and methanol combine chemically to produce bi-
odiesel when a potent base catalyst, such as potassium hydrox-
ide, is present. This transesterification reaction converts the tri-
glycerides in the oil into methyl esters, the main components of
biodiesel, and glycerol as a by-product.

2.1. Preparation of biodiesel

The transesterification was dispensed employing with 1 litre flat
bottomed beaker, thermometer, mechanical stirrer, heater and
conical shaped beaker. Initially, 500 ml of cottonseed oil is
heated on a heating plate to the desired temperature of 60°C,
whereas methoxide solutions of 150 ml of methanol and potas-
sium hydroxide KOH were appended to the oil as a catalyst, and
the catalyst added solution was stirred constantly with a stirrer
at 600 rpm. The experiment was conducted again with raw oil
for the whole conversion of the oil into FAMEs. Once the reac-
tion was completed, the solution was moved into a conical
formed beaker to simmer down for 10—15 h. The resulting bio-
oil is formed at the upper layer, while the bottom is made up of
glycerin mixed with other components. The product is washed
with a prepared solution to remove water, alcohol and residual
catalyst present in the mixture [20]. The flow of cottonseed prep-
aration is shown in Fig. 2.



Manikandan A., Thamizhvel R., Kalaiselvan K., Igbal S.J.

Fig. 2. Flow of cottonseed preparation.

2.2. Preparation of pyrolytic oil

The experimental setup consists of a pyrolysis reactor, ceramic
band heater, proportional-integral-derivative (PID) controller,
thermocouple, monitor, condenser and oil collector. The PID
controller is used to maintain the temperature of the reactor. The
cottonseed is directly fed to the reactor [21]. According to data
from thermogravimetric analysis, the pyrolysis temperature is
selected between 300—450°C. A semi batch type reactor is used
to do this experiment, and the ceramic band heater is vertically
inserted in it. The PID controller is used to maintain the constant
temperature of the reactor [22]. 250 g of cotton seed has been
feed inside the reactor. While heating the reactor, the vapour has
been generated inside the reactor and condensed in the water
cooled condenser. After passing through the condenser, the py-
rolytic oil has been collected. The photographic view of the py-
rolytic setup is shown in Fig. 3, and Fig. 4 shows a sample of
pyrolytic oil.

Fig. 3. Pyrolytic experimental setup.

Fig. 4. Cotton seed pyrolytic oil.

The fuel properties of cottonseed biodiesel blend of B20 and
cottonseed pyrolytic oil blend of PY20 are shown in Table 2.
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The measured fuel properties show that B20 biodiesel and PY20
pyrolytic oil have slightly higher viscosity and density than die-
sel. While their heating values are marginally lower, both ex-
hibit higher cetane indices and significantly elevated flash and
fire points, indicating improved ignition quality and enhanced
safety in handling and storage.

Table 2. Properties of diesel, biodiesel and cotton seed pyrolytic oil.

Propert Diesel Biodiesel Pyrolytic oil ASTM
perty (20) (PY20) standard
Viscosity (cSt) at 40°C 3.1 3.6 3.6 D445
Density at 15°C 830 890 920 D4052
Heating value (kJ/kg) 42000 40 000 39278 D240
Cetane index 46 50.4 52 D976
. D93 (Pensky—
Flash point (°C) 58 120 150 Y —
. . D92 (Cleveland
0
Fire point (°C) 62 135 175 Open Cup)
3. Experimentation

Using a variable compression ratio (VCR) direct injection (DI)
diesel engine and fuels such as diesel, biodiesel and pyrolytic
oil, the current study is conducted, and the experimental setup is
shown in Fig. 5. The engine's working state is set by the fuel and
air flow, exhaust gas temperature, and the required loads and
measurement equipment.

Fig. 5. Compression ignition (CI) engine experimental setup.

The experiment is carried out using different loads, including
0%, 20%, 40%, 60%, 80% and the maximum load. This investi-
gative procedure uses an eddy current dynamometer to alter the
load. Thermocouples are used to measure exhaust gas tempera-
ture, while emissions such as hydrocarbons (HC), carbon mon-
oxide (CO), smoke and nitrogen oxides (NOy) are measured
using AVL smoke meters and five-gas analysers [23,27]. We
quantify diesel engine CO, HC, CO,, NOx emissions, as well as
brake-specific fuel consumption and thermal efficiency [24,28].

4. Results and discussion

The performance and emission characteristics of the B20 cotton
seed biodiesel oil and PY20 cotton seed pyrolytic oil, which are
initially utilised independently as fuel in Cl engines, are covered
here. Efficiency-based load performance graphs, BSFC, and
CO, NOy and HC load emission graphs are displayed.
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4.1. Effect on brake specific fuel consumption

The differences in BSFC with BP for diesel D100, B20 and
PYRO oil (PY20) blends are shown in Fig. 6. The bio-oil shows
higher BSFC compared to diesel. The key factor behind the rise
of BSFC is the reduced calorific value of bio-oil, which requires
a higher volume of fuel to produce the same power.

0.8

0.7
— 0.6
0.5
0.4
0.3
0.2
0.1

BSFC(kl/kW-hr

D100 B20 PY20

0 1 2 3 4
BP (kw)

Fig. 6. BP versus BSFC of B20, PY20 and diesel.

4.2. Effect on brake thermal efficiency

Figure 7 shows the differences in brake thermal efficiency
(BTE) with brake power (BP) for D100, B20 and PY20 fuels.
As the load increases, BTE decreases, which can be attributed
to the occurrence of water in the fuel. The results indicate that
the B20 blend exhibits better performance compared to the other
fuels.

D100 B20 PY20

0 1 2 3 4
BP (kW)

Fig. 7. BP versus BTE of B20, PY20 and diesel.

The higher BTE of B20 and lower BSFC of pyrolytic oil
blends are attributed to differences in calorific value and com-
bustion efficiency. Additionally, the lower viscosity of bio-oils
compared to diesel facilitates better atomization, further contri-
buting to the improved BTE [25].

4.3. Effect on carbon monoxide

A rich air-fuel combination or inadequate oxygen availability
are the main causes of carbon monoxide (CO) emission,
a byproduct of incomplete combustion.

The relationship between CO emissions and braking power
(BP) for B20, pyrolytic oil (PY20) and diesel is shown in Fig. 8.
Because the temperature of the cylinder gas rises with increased
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load, the data show that CO emissions drop as the braking power
increases. The B20 blend had the lowest CO emissions of all the
evaluated fuels. An increased oxygen concentration, which
encourages the oxidation of carbon atoms and improves
combustion efficiency, is the cause of this decrease.

0.3

0.25

D100 B20 PY20

0 1 2 3 4
BP (kW)

Fig. 8. Variation of CO with brake power.

4.4. Exhalation of oxides of nitrogen

Figure 9 illustrates the difference in NOx emissions with
mechanical power for B20, pyrolytic oil (PY20) and diesel. The
results show fluctuations in NOy emissions across different fuels
as brake power (BP) increases. With the increase in cylinder gas
temperature, NOx emissions tend to decrease with increasing
load. Among the tested fuels, the B20 biodiesel blend exhibits
lower NOx emissions with respect to diesel. This decrease can
be attributed to the presence of moisture in bio-oil, which helps
lower the in-cylinder temperature, thereby reducing NOy
formation [26].
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Fig. 9. Variation of NO, with brake power.

4.5. Effect on hydrocarbon

Figure 10 presents the difference in hydrocarbon (HC)
emissions with brake power (BP) for B20, pyrolytic oil (PY20)
and diesel. The results indicate that HC emissions reduce as the
brake power increases. Among the tested fuels, the B20 bio-
diesel blend exhibits the lowest HC emissions [27]. This
decrease can be attributed to the enhanced combustion effi-
ciency of the B20 blend compared to the other fuels, resulting in
more complete fuel oxidation and lower unburned hydrocarbon
emissions.
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D100 B20 PY20
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Fig. 10. Fluctuation of HC with brake power.

4.6. Exhaust smoke characteristics

Figure 11 illustrates the difference in smoke emissions with
brake power (BP) for diesel, B20 and pyrolytic oil (PY20). The
results show that smoke emissions decrease as the brake power
increases. Among the tested fuels, the B20 biodiesel blend
exhibits the lowest smoke emissions. This reduction is attributed
to the quenching result of water in the biofuel, which enhances
combustion efficiency, leading to reduced particulate formation
compared to the other tested fuels.
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B20
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2
BP (kW)

Fig. 11. Variation of smoke with brake power

4.7. Cylinder pressure

Figure 12 illustrates cylinder pressure changes with crank angle
for diesel (D100), biodiesel blend (B20), and pyrolytic oil blend
(PY20). All fuels display nearly the same pressure profile, with
the highest pressure occurring close to the top dead centre. PY20
records a marginally higher peak pressure, followed by B20,
while D100 shows the lowest. This outcome suggests that both
biofuels provide effective combustion performance comparable
to conventional diesel.

4.8. Heat release rate

Figure 13 presents the heat release rate (HRR) versus crank
angle for D100, B20 and PY20 fuels. D100 exhibits a sharp peak
around top dead centre, reflecting a higher combustion intensity.
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Fig. 12. Cylinder pressure vs. crank angle.

B20 also shows a notable peak, but slightly lower than for D100.
PY20 demonstrates a smaller and broader profile, indicating
slower combustion and reduced HRR. Overall, the comparison
highlights the stronger performance of diesel and biodiesel
blends compared to pyrolysed fuel.
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Fig. 13. HRR vs. crank angle.

The similarity in emission trends is attributed to the
oxygenated nature of both biodiesel and pyrolytic oil, which
promotes more complete combustion. Additionally, higher in-
cylinder temperatures influenced by the fuels calorific values
have led to simultaneous changes in NOy along with CO, HC
and smoke.

5. Conclusions

In this study, cottonseed oil was successfully converted into
biodiesel and pyrolytic oil using transesterification and pyroly-
sis, respectively. Performance and emission characteristics of
a CI engine were analysed using diesel (D100), biodiesel (B20)
and pyrolytic oil (PY20) blends under varying loads and
compression ratios:

1. Brake thermal efficiency (BTE): BTE of the B20 blend was
lower than that of diesel at all loads, primarily due to the
presence of moisture and the inherent properties of cotton-
seed oil. At full load, BTE for B20 was 28.5%, while for
diesel, it was 30.2%.

Brake specific fuel consumption (BSFC): BSFC of B20
was higher than that of diesel, attributed to its lower heating
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value. At full load, BSFC for B20 was 0.32 kg/kWh, com-
pared to 0.29 kg/kwWh for diesel, indicating that the same
amount of power is produced, and more fuel is needed.
Carbon monoxide (CO): B20 exhibited a 22% reduction in
CO emissions compared to diesel because biodiesel has
a greater oxygen concentration, which improves combus-
tion efficiency.

Hydrocarbons (HC): B20 showed a 19% lower HC emis-
sion than that of diesel, further demonstrating improved
combustion characteristics.

Smoke emissions: In B20, there is a 24% reduction in
smoke emissions, attributed to the quenching effect of wa-
ter in biodiesel.

Cylinder pressure: The in-cylinder pressure traces of B20
followed a similar pattern to that of diesel, with the peak
pressure occurring near the top dead centre. However, B20
exhibited a slightly higher peak pressure, suggesting better
premixed combustion due to the oxygenated nature of bio-
diesel.

Heat release rate (HRR): HRR for B20 was lower than that
of diesel in the premixed combustion phase, but showed
a smoother diffusion phase. This indicates a slower energy
release, attributed to the higher viscosity and lower volatil-
ity of biodiesel.

Overall, the study demonstrates that B20 biodiesel blend is

a viable alternative fuel with reduced emissions and acceptable
engine performance, making it a promising option for
sustainable energy applications. However, further optimisation
in terms of heating value and moisture content can improve its
efficiency.
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