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ABSTRACT

This research explores the role of Sustainable Development Goals in addressing waste
management issues, particularly within Technical Vocational Education and Training
institutions that focus on culinary practices. These institutions often generate significant
amounts of waste cooking oil, and improper management can lead to environmental
pollution. By integrating effective waste management strategies into vocational
education, we can cultivate green Technical Vocational Education and Training
principles that enhance environmental awareness and reduce pollution. As the depletion
of fossil fuels underscores the need for alternative energy sources, utilising readily
available waste materials, such as waste cooking oil, becomes increasingly relevant. This
study highlights the potential of waste cooking oil as a sustainable raw material for
biodiesel production, supported by findings from both experimental research and
literature reviews. Key characteristics, including spray angle, injection pressure, and oil
viscosity, have been identified as critical indicators for assessing the recyclability of waste
cooking oil. The results demonstrate that waste cooking oil can be effectively converted
into valuable raw materials for the renewable energy sector and waste management. This
research serves as an implementation of the green Technical Vocational Education and
Training concept, contributing to sustainable development in an environmentally friendly
manner. Ultimately, this approach can significantly reduce waste and promote sustainable
energy practices, aligning with broader sustainability goals.
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INTRODUCTION

The world is currently moving towards achieving Sustainable Development Goals (SDGs),
which are essential for fostering global well-being [1]. The attainment of these goals is closely
linked to the role and contributions of Technical Vocational Education and Training
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(TVET) [2]. As the challenges and issues in the TVET field continue to evolve, there is an
urgent need for innovative and progressive solutions to address these challenges
comprehensively. One significant issue is the avoidance of environmental degradation [3].
Indiscriminate waste disposal and other harmful practices contribute to pollution and
demonstrate the direct impact of human activities on environmental sustainability and public
health [4]. Vocational education plays a crucial role in preparing the industrial workforce with
the green skills necessary for advancing environmentally friendly practices [5]. Green skills
encompass three primary dimensions: knowledge, skills, and attitudes that workers require to
promote sustainable development [6]. These skills are essential for fostering the competencies
and values needed to support a resource-efficient society | 7]. Therefore, integrating green skills
into vocational education is vital for cultivating a workforce capable of tackling environmental
challenges and contributing to sustainable development.

Many countries are transitioning toward a green economy model to achieve a robust
economy while minimising carbon emissions and maximising resource efficiency [8]. This
model emphasises the creation of green jobs that require workers with specialised green skills
and competencies [9]. Thus, TVET institutions play a critical role in developing these skills,
directly impacting economic development and community welfare. The advancement of
greening TVET is crucial within the sustainable development framework, particularly in
sectors such as energy and waste management. This integration involves not only TVET
institutions but also early guidance within vocational education environments. Green TVET is
an innovative approach that incorporates principles of environmental care and sustainability to
achieve the SDGs [10]. It serves as a cross-sectoral theme in sustainable development, focusing
on reorienting and enhancing existing vocational institutions and policies to strengthen the
realisation of these goals [11]. The United Nations 2030 Agenda for Sustainable Development
outlines 17 Sustainable Development Goals (SDGs) that address global challenges such as
clean energy, responsible consumption and production, climate change, and environmental
degradation [12]. Green TVET significantly contributes to these efforts, particularly in
supporting responsible production and consumption (SDG 12) and ensuring access to
affordable, clean, and sustainable energy (SDG 7) [13]. In light of the pressing global issues
of climate change and resource depletion, investing in greening TVET presents a viable
pathway toward ensuring economic sustainability and environmental stewardship [14]. Experts
have proposed that green TVET has a five-dimensional framework at the institutional level

[15], as shown in Figure 1.
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Figure 1. Five dimensions of greening TVET [16]

Despite the progress made, there remains a notable gap in research focusing on specific
waste materials and their potential for supporting green TVET initiatives. Specifically, the
current literature lacks comprehensive studies on how waste cooking oil — often discharged
unsafely into the environment — can be effectively utilised as a resource in vocational education
and training frameworks. This gap highlights the novelty of exploring waste cooking oil's



conversion into biodiesel as part of green TVET practices. The testing and application of waste
cooking oil in biodiesel production illustrate a sustainable approach to waste management that
aligns with the principles of green technology.

The definition of green technology encompasses environmental monitoring, pollution
prevention, and restoration across various sectors like agriculture, energy, and waste
management [17]. The Indonesian Presidential Regulation No. 5 of 2006 emphasises the
development of alternative energy sources [18, 19], positioning waste cooking oil as a critical
feedstock for biodiesel production, thereby addressing both renewable energy demands and
waste recycling in culinary-focused TVET institutions [20, 21]. Given the depletion of fossil
fuel resources and the adverse environmental impacts associated with their use, there is an
urgent need for alternative techniques to convert biomass waste into biofuels [22].

Research on combustion processes is initiated by transforming fuel into fine droplets using
a nozzle [23]. A nozzle that can produce many tiny droplets is essential to improve fuel
combustion efficiency because smaller droplets spread out more widely and provide a greater
spray angle from the nozzle [24, 25]. The fuel characteristics significantly impact this
dispersion, defined by the spray angle, especially when the pressure and nozzle orifice sizes
are comparable [26, 27|. Furthermore, the fuel's viscosity — like that of waste cooking oil —
affects the spray angle since excessive viscosity might prevent atomisation, producing bigger
droplets and lowering combustion efficiency.

This research is likely to obtain findings through experiments supporting green TVET's
realisation, such as the utilisation of waste cooking oil as a biodiesel feedstock in the context
of Green TVET, which has not been widely investigated in the current literature. The main
focus is not only on the technical testing of waste cooking oil but also on validating its use as
a practical learning component that can be applied in the TVET curriculum to build green skills
among vocational students to prepare a workforce capable of facing these challenges as the
industry increasingly recognises the importance of green practices |3, 28].

This research aims to fill the existing gap by investigating the indicators of waste cooking
oil, such as spray angle, injection pressure, and preheating temperature, to evaluate its viability
as a raw material for sustainable recycling development efforts. By implementing green
research practices within the green TVET framework through the utilisation of available waste
resources, this study aims to shed light on the potential of waste cooking oil as a valuable asset
in achieving sustainable energy solutions while supporting the objectives of green TVET [29].
Although previously published research has examined various aspects of alternative energy
and vocational training, few studies have focused on specific technical factors. Thus, utilising
the adopted method, the present work not only supports the waste recycling approach but also
strengthens the capacity of TVET institutions to educate competent workers in sustainable
practices. The proposed research hypothesis is that waste cooking oil, processed according to
the proper technical indicators, can be converted into quality biodiesel and applied as a learning
material in Green TVET to support sustainable development goals. This research is expected
to make a real contribution to responding to environmental challenges through effectively
utilising waste resources in vocational education, thereby supporting the formation of a greener
and more sustainable TVET ecosystem.

MATERIALS AND METHODS

Material of waste cooking oil, primarily derived from the use of vegetable oils such as
coconut oil in various culinary applications, is often sourced from the food processing industry,
including restaurants and hospitality establishments. Typically, this used oil exhibits a higher
viscosity compared to fresh vegetable or coconut oil. The accumulation of waste cooking oil
within communities — especially when it is repeatedly used for food preparation — presents an
opportunity for recycling into biodiesel.



Waste oil collection and sample preparation

Prior to its application as a feedstock for biodiesel production, waste cooking oil undergoes
a thorough sample preparation process to ensure its suitability. This process begins with the
collection of waste cooking oil, which may still contain food residues, water, and other
impurities that can adversely affect the biodiesel production process. Once the waste cooking
oil is collected, it is immediately subjected to a filtration process. This step involves passing
the oil through a fine mesh or filter paper to remove solid particles, food contaminants, and
other unwanted materials. This crucial step helps to reduce acidity levels and minimises the
risk of fouling during the subsequent processing stages.

When used as a feedstock for biodiesel, waste cooking oil has distinct chemical and thermo-
physical properties that differ from those of fossil diesel. These differences include factors such
as higher density, increased viscosity, elevated bulk modulus, varying cetane number, and higher
oxygen concentration, all of which significantly influence spray characteristics, the atomisation
process (including droplet formation), combustion performance, and emissions [30]. This study
focuses on evaluating the spray angle, injection pressure, and preheating temperature as methods
to mitigate the viscosity of waste cooking oil, thereby enhancing its suitability for biodiesel
production. Biodiesel typically requires a higher fuel volume than fossil diesel due to its lower
heat energy content, which is compounded by a slower injection rate caused by its elevated
viscosity [31]. Figure 2 shows a sample of used cooking oil filtered and put into a bottle.

Figure 2. Waste cooking oil after the filtration process, stored in a bottle

Experimental method

The experiment was organised in the energy conversion laboratory. Set up research by
sampling waste cooking oil samples from restaurants as a control, and the diameter of the nozzle
hole used was 0.5 mm. The preparation of waste cooking oil for testing involves applying an
increased injection pressure, ranging from 1 bar to 3 bar when utilising kerosene, which can
enhance the spray angle by up to 16° [26]. A copper pipe is used as the heater, designed in a coiled
configuration with a diameter of 93 mm and a pipe wall thickness of 0.6 mm. The heater
temperature is adjusted based on the viscosity of the waste cooking oil, which is measured using
a viscometer. The experiments with 100% biodiesel exhibit higher penetration and spray tip speed
but a narrower spray angle due to its high viscosity and considerable momentum compared to a
blend of diesel and 20% biodiesel [32]. The preheating temperature is systematically adjusted to
350 °C, 360 °C, 370 °C, 380 °C, and 390 °C. The injection is controlled to range from 3 to 5 bar,
using a valve for precise adjustments. The resulting spray angle is recorded using a camera setup
capable of capturing high frame rates for detailed analysis, which includes a combination of a
Samsung Smart Camera and Canon DSLR EOS. Physically, the waste cooking oil displays
combustion characteristics with an average fuel combustion rate ranging from 0.0083 mL/s to
0.0189 mL/s. Additionally, the average capillarity rate of waste cooking oil ranges from



0.00480 mL/s to 0.01173 mL/s, while the average viscosity is recorded between 35.55 cP and
52.81 cP [33]. A specialised set of tools is utilised to facilitate the tests of cooking oil samples, as
illustrated in Figure 3. The test is started by inserting waste cooking oil into the pressure vessel
(1). Pressurised air is injected into the tube using a compressor (2), and the valve (3) is opened
with a constant injection pressure that is read by the pressure gauge (4). The valve is opened,
causing the waste cooking oil sample to flow through the pipe; then, in the middle of the pipe, it
is heated by a heater (5) in the form of a coil pipe (6) until it reaches the nozzle (7). The vapour of
the waste cooking oil sample from the nozzle will form a spray angle recorded by the camera (8).
In order for the research to be carried out properly, the temperature of the waste cooking oil
coming out of the pressure vessel until it exits the nozzle is measured at several points with a
thermocouple (9), with the measurement results monitored using a data logger (10). The results
of the camera recording are data for analysis.
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Figure 3. Illustration of the procedure for utilising waste cooking oil to achieve different spray
patterns by varying pressure and temperature

RESULT AND DISCUSSION

The experimental results of this study revealed varying spray angle data attributed to the fatty
content present in waste cooking oil. The fatty acid content is influenced by a decrease in viscosity
and an increase in preheating temperature. The multi-component fatty acid profile of the waste
cooking oil includes Methyl Laurate, Methyl Tetradecanoate, Methyl Palmitate, Methyl
Palmitoleate, Methyl Lenoleate, Methyl Cis-11-eicosenoate, Methyl Docosanoate [34]. The
diversity in these fatty acid components contributes to variations in the boiling point
temperature [35]. As illustrated in Figure 4 (a—e), the experimental data show that at heater
temperatures of 350 °C, 360 °C, 370 °C, 380 °C and 390 °C, the corresponding spray angles are
21.63°,21.85°,21.90°,22.39°, and 23.26°, respectively. Furthermore, the analysis of spray angles
at an injection pressure of 4 bar is detailed in Figure 5. The resulting spray angles for this pressure,
at the same heater temperature variations, are 23.33°, 23.87°, 23.90°, 24.03°, and 24.30°, as
depicted in Figure 5 (a—e). For an injection pressure of 5 bar, the spray angles recorded are
24.64°, 24.69°, 24.81°, 25.20°, and 25.24°, as shown in Figure 6 (a—e). These findings
underscore the significant influence of both preheating temperature and injection pressure on the
spray angle of waste cooking oil, indicating a clear correlation between these variable and the
atomisation performance of biodiesel derived from waste cooking oil.



Figure 4. Spray angle of waste cooking oil at an injection pressure of 3 bar with heater
temperatures of 350 °C (a), 360 °C (b), 370 °C (c), 380 °C (d), and 390 °C (e)

Figure 5. Spray angle of waste cooking oil at an injection pressure of 4 bar with heater
temperatures of 350 °C (a), 360 °C (b), 370 °C (c), 380 °C (d), and 390 °C (e)

Figure 6. Spray angle of waste cooking oil at an injection pressure of 5 bar with heater
temperatures of 350 °C (a), 360 °C (b), 370 °C (c), 380 °C (d), and 390 °C (e)

The figures presented above illustrate that the spray's angle at the nozzle's tip increases as the
injection pressure rises from 3 bar to 5 bar. This correlation is further supported by the graph in
Figure 7, which also illustrates the relationship between spray angle and heater temperature in
the range of 350 °C to 390 °C.



It can be seen in Figure 7 that the magnitude of the spray angle is affected by the increase in
the temperature of the waste cooking oil due to reduced viscosity and density values. Specifically,
as the heater temperature rises from 350 °C to 390 °C, the fluid temperature increases from 160 °C
to 240 °C, causing the viscosity of waste cooking oil to decrease from 6.2 cP to 2.1 cP. Viscosity
is also significantly influenced by the presence of free fatty acids. A limited concentration of free
fatty acids in the oil can lower viscosity. In contrast, a higher concentration may lead to deposits
forming on the nozzle, which can interfere with fuel atomisation [36]. Figure 7 indicates that
these deposits at the nozzle tip can cause a reduction in spray angle under specific heater
temperatures and injection pressures.

The solution is to heat the waste cooking oil to reduce free fatty acids so that the oil's viscosity
decreases [37, 38|. Additionally, replacing the nozzle can prevent the build-up of free fatty acid
and glycerol deposits at the nozzle tip. Research on waste cooking oil may benefit from alternative
methods, such as a rapid non-catalytic amidation reaction performed at room temperature to
effectively reduce the free fatty acid content [39, 40].

The increase in injection pressure has a pronounced effect on the spray angle, enhancing it
from 21.63° to 25.24°. The energy supplied by the injection pressure is critical for deforming
the waste cooking oil into droplets. Greater injection pressures provide more energy, which
leads to the generation of smaller droplets through the even distribution of this energy. The
resulting smaller droplets can penetrate the ambient environment more effectively than larger
droplets, which contributes to an increased spray angle as the spray develops laterally [41].

However, measuring the spray angle poses challenges, particularly in determining the edge
of the cone shape of the fuel spray. The atomisation at the spray's edges results in a gradation
of colour between the fuel spray and the surrounding air, making it difficult to delineate the
boundary. Accurately defining this boundary necessitates the use of high-resolution cameras
and collaborative image-processing software to enhance clarity [42]. The results from the
processing and measurement (image processing) yield a graph that illustrates the correlation
between injection pressure, heater temperature, and the formation of the spray angle, as
presented in Figure 7.
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Figure 7. Correlation graph of spray angle vs. injection pressure and heater temperature

For the theoretical spray angle value, one can use the Borman formula [43]:
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At Ap =5 bar = 5-10° Pa, v, = 9.05 m/s, pr = 0.78 kg/m?, and do = 0.5 mm, the resulting angle
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The results of the spray angle tests showed values ranging from 21° to 25°, which closely
align with the expected outcomes for optimal spray characteristics during biodiesel production.
However, further research is essential to enhance the cost-effectiveness of biodiesel production
through the transesterification of waste cooking oil. As indicated by Maheshwari et al. (2022),
certain catalysts demonstrate greater cost-effectiveness and require less methanol than some
previously used catalysts in biodiesel production [44]. This finding suggests a promising
avenue for future research that could lead to more economical processes. The experimental
tests, in conjunction with a thorough literature review, confirm that waste cooking oil can be
effectively recycled into biodiesel raw materials. Key measurement indicators, including spray
angle, injection pressure, and preheating temperature, play a crucial role in reducing the
viscosity of waste cooking oil, making it suitable for conversion into biodiesel. The test results
serve as a foundation for ongoing efforts in waste recycling, indicating that while initial testing
has provided valuable insights, further development for large-scale recycling of waste cooking
oil is warranted.

Moreover, managing waste cooking oil goes beyond merely addressing environmental
concerns, recognising the significant potential of this waste product as a heat energy store.
Notably, waste cooking oil possesses favourable heat-absorbing properties, with a latent heat
of 97.7 kJ/kg for melting and a thermal conductivity of 0.155 W/(m K) [45]. This positions
waste cooking oil as an attractive candidate for innovative recycling applications [46]. In
accordance with the hierarchy of waste management practices grounded in the 3R initiative
(Reduce, Reuse, Recycle), our findings support the following approach: (1) Reduce waste
generation at its source; (2) Reuse waste wherever possible to minimise disposal; and
(3) Recycle waste when reduction or reuse is not feasible [38]. This systematic framework is
visually represented in Figure 8, illustrating the sequential priority of waste management
strategies.
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Therefore, waste cooking oil presents a significant opportunity for further development
into valuable resources [47]. This research has practical implications for TVET institutions,
particularly in preparing workers to acquire the competencies associated with green skills [48].
These competencies encompass responsible waste utilisation that safeguards the environment,
discourages littering, and promotes healthy practices by avoiding the reuse of frying oil, which
can be harmful to human health [49]. The application of these competencies represents a series
of actions aimed at effectively implementing green TVET principles. Consequently, the
recycling of waste cooking oil aligns with the dimensions of green TVET, emphasising the
importance of waste recycling as a vital aspect of this initiative [50]. The implementation flow
model that illustrates this process is presented in Figure 9.
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In addition to spray angle and injection pressure, the viscosity of vegetable oil plays a crucial
role in its performance. Studies indicate that lower viscosities result in a larger spray angle, a
phenomenon this research aims to address by reducing the viscosity of waste cooking oil through
a preheating treatment. In fact, as the preheating temperature increases, there is a corresponding
increase in the spray angle. Higher temperatures of the cooking oil reduce both viscosity and
density, thereby enhancing the spray characteristics [51]. The correlation between spray angle and
heater temperature is evident, with increasing temperatures of 350 °C, 360 °C, 370 °C, 380 °C
and 390 °C consistently leading to larger spray angles.

Furthermore, the oil spray is affected not only by spray angle, injection pressure, and viscosity
but also by the distribution of oil droplet size. An ideal fuel exhibits atomisation characterised by
small and uniform droplet sizes. Empirical evidence shows that injection pressure and viscosity
critically affect the droplet distribution of coconut oil [52]. Research on the spray trajectory
originating from the nozzle tip significantly impacts droplet size — specifically, droplets tend to
be smaller as they move further away from the nozzle [53]. The results underscore the
importance of further exploration into the recycling of waste cooking oil, not only for biodiesel
production but also for its potential utilisation as a sustainable energy resource, contributing to
broader environmental goals.

CONCLUSION

Based on the findings from experimental research and literature reviews, the following key
points can be stated. There is a significant relationship between injection pressure, heater
temperature, and the spray angle of waste cooking oil. Specifically, a higher injection pressure,
resulting in smaller droplets and a wider spray angle, may hinder effective oil penetration into
the environment. Conversely, increasing the heater temperature reduces the viscosity of waste
cooking oil, facilitating a finer spray as the oil transitions from liquid to vapour. However, this
process can lead to the accumulation of free fatty acids and glycerol at the nozzle tip, which
may cause the spray angle to decrease under certain conditions of heater temperature and
injection pressure.

Furthermore, due to its abundance and low cost, recycled waste cooking oil emerges as a
valuable raw material within the renewable energy and waste management sectors, particularly
for biodiesel production. The utilisation of waste cooking oil for biodiesel not only represents
a significant stride toward sustainable development but also contributes to mitigating reliance
on fossil fuels. By promoting environmentally friendly practices, this approach addresses key
challenges related to climate change and enhances the overall sustainability of
energy production.



NOMENCLATURE

Symbols
Ap pressure of the injector [kPa]
oL liquid flow velocity [m/s]
pL liquid density [kg/m’]
do spray diameter [mm]
Greek letters
(7] spray angle [°]
Abbreviations
SDGs Sustainable Development Goals
TVET Technical Vocational Education and Training
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