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Abstract: - Non-edible biodiesel has evolved as a viable alternative to fossil fuels, solving energy security and
environmental problems without sacrificing food supplies. This paper critically investigates the stability, aging
effects, engine performance, and optimization approaches of biodiesel generated from non-edible feedstocks,
notably Jatropha (Jatropha curcas), Pongamia (Pongamia pinnata), and Waste Cooking Oil (WCO). Challenges
such as oxidative stability, cold flow characteristics, and emissions are examined in depth. Recent research over
the previous five years shows breakthroughs in feedstock use, additive application, and process optimization. The
results underline the demand for enhanced storage solutions and the incorporation of sophisticated technology in
industrial processes. Future possibilities highlight the discovery of innovative feedstocks, technical integration,
and supporting regulatory frameworks to boost the feasibility of non-edible biodiesel.
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1. Introduction

The rising worldwide need for energy, along with the environmental repercussions of fossil fuel usage, has spurred
the hunt for sustainable, alternative energy sources. Biodiesel, derived from renewable biological resources, has
emerged as a convincing option to replace conventional diesel fuel owing to its biodegradability, non-toxicity,
and comparatively low greenhouse gas emissions [1]. utilising edible feedstocks for biodiesel has prompted
worries regarding food security, since it competes with food crops, leading to the extensively contested "food-
versus-fuel” problem [2].

Non-edible biodiesel feedstocks, like Jatropha (Jatropha curcas), Pongamia (Pongamia pinnata), and Waste
Cooking Oil (WCO), give a sustainable alternative that sidesteps this rivalry. These feedstocks feature benefits
including growing on marginal areas and reduced cultivation expenses, making them economically practical and
ecologically favourable [3]. For instance, Jatropha and Pongamia are robust plants capable of living in dry and
semi-arid settings, contributing to soil conservation and needing few agricultural inputs [4]. Additionally, WCO,
a byproduct from the food sector, tackles waste management concerns, giving a method for turning trash into
useful energy resources [5].

Despite its potential, non-edible biodiesels have major problems, including oxidative instability, poor cold flow
characteristics, and compatibility concerns with conventional engines [6]. High quantities of unsaturated fatty
acids in these oils lead to oxidative deterioration during storage, decreasing fuel quality over time [7].
Furthermore, biodiesel’s very high cloud and pour thresholds restrict its utilisation in colder climes, where fuel
solidification creates operational difficulties [8].

In this context, this research attempts to thoroughly examine the stability, aging effects, and performance
optimization of non-edible biodiesels generated from Jatropha, Pongamia, and WCO. By reviewing current
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research on fuel stability, aging processes, and emissions characteristics, this chapter sets the scene for addressing
technical improvements and regulatory frameworks required to promote the acceptance of non-edible biodiesel as
a mainstream fuel.

2. Non-Edible Biodiesel and Its Properties

Non-edible biodiesel feedstocks have attracted substantial interest owing to their sustainability and non-
competition with food resources. Utilizing non-edible oils for biodiesel production solves food security problems
and makes use of marginal regions unsuitable for cultivation. This section presents an overview of key non-edible
feedstocks—Jatropha, Pongamia, and Waste Cooking Oil (WCO)—and analyses their physicochemical qualities
and fatty acid compositions, which are critical for biodiesel quality.

2.1. Overview of Non-Edible Feedstocks
2.1.1. Jatropha (Jatropha curcas)

Jatropha is a drought-resistant shrub native to Central America but now commonly grown in tropical and
subtropical climates [9]. Its seeds contain 30-40% oil by weight, making it a suitable fuel for biodiesel production
[9]. Jatropha's adaptation to marginal soils with poor fertility and little agricultural input needs makes it an
excellent candidate for sustainable fuel production [10]. The plant thrives in dry and semi-arid environments,
employing wastelands unsuited for food crops, therefore not competing with food production [10]. Additionally,
Jatropha benefits to environmental protection by avoiding soil erosion and repairing damaged regions [11].

2.1.2. Pongamia (Pongamia pinnata)

Pongamia, often known as Karanja, is a leguminous tree endemic to India and Southeast Asia [12]. Its seeds
contain an oil content ranging from 27% to 39%, ideal for biodiesel synthesis [12]. Pongamia is appreciated for
its nitrogen-fixing activity, which promotes soil fertility and supports agricultural environments [13]. The tree is
resilient and can endure a broad variety of environmental conditions, including drought and salt, making it
appropriate for cultivation on degraded sites [14]. Pongamia oil includes larger quantities of unsaturated fatty
acids, impacting its fuel qualities, notably oxidative stability and cold flow characteristics [14].

2.1.3. Waste Cooking Oil (WCO)

Waste Cooking Oil (WCO) is a by-product of the food industry and homes, posing a serious waste disposal
concern [5]. Utilizing WCO as a biodiesel feedstock solves environmental problems by turning trash into useful
fuel and saves production costs [15]. WCO generally has high Free Fatty Acid (FFA) concentration and may
include pollutants such as water and food residues, needing pre-treatment before transesterification [16]. The
usage of WCO helps to circular economy principles by transforming waste into energy, minimising environmental
pollution, and encouraging sustainable resource use [16]

2.2. Physicochemical Properties

The physicochemical qualities of biodiesel, such as density, viscosity, cetane number, flash point, cloud point,
and calorific value, are significant determinants of its performance in diesel engines. These qualities are controlled
by the fatty acid makeup of the feedstock oils [17].

Table 1. Physicochemical Properties of Non-Edible Biodiesel Feedstocks Compared to Diesel

Property Jatropha Biodiesel | Pongamia Biodiesel | WCO Biodiesel | Diesel Fuel | Reference
Density (kg/m3) 880 882 876 830
Viscosity (mm?/s) 4.52 4.85 4.10 2.65
Cetane Number 51 52 50 47
- [18-21]

Flash Point (°C) 170 168 175 60
Cloud Point (°C) 4 6 2 -5
Calorific Value (MJ/kg) 39.5 38.7 39.0 42.5
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Biodiesel fuels display increased density and viscosity relative to diesel fuel, which may impact fuel injection and
atomization in engines [18]. The cetane number, a measure of combustion quality, is greater for biodiesel,
suggesting improved ignition qualities [19]. The higher flash points of biodiesel increase safety in handling and
storage [20]. However, the higher cloud points may provide issues in cold areas owing to fuel gelling [21]. The
calorific values of biodiesel are somewhat lower than those of diesel fuel, which may result in a modest decrease
in engine power output [21].

2.3. Fatty Acid Compoition

The fatty acid content of feedstock oils strongly determines the qualities of the resultant biodiesel. Saturated fatty
acids lead to larger cetane numbers and improved oxidative stability but might negatively impair cold flow
characteristics. Unsaturated fatty acids increase cold flow properties but may diminish oxidative stability [22].

Table 2. Fatty Acid Composition of Non-Edible Biodiesel Feedstocks

Fatty Acid Jatropha (%) | Pongamia (%) |[WCO (%)| Reference
Palmitic Acid (C16:0) 14.0 10.0 15.0
Stearic Acid (C18:0) 6.0 7.0 5.0
Oleic Acid (C18:1) 44.0 51.0 45.0 [22]
Linoleic Acid (C18:2) 34.0 30.0 35.0
Others 2.0 2.0 0.0

Note: The percentages represent the proportion of each fatty acid in the total fatty acid content.

The large amount of unsaturated fatty acids (oleic and linoleic acids) leads to enhanced cold flow characteristics
but diminishes oxidative stability [23]. This implies that although the biodiesel stays fluid at lower temperatures,
it is more sensitive to oxidation during storage. Strategies such as the inclusion of antioxidants or mixing with
biodiesel from more saturated feedstocks help reduce these difficulties [23].
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Figure 1: Global Distribution of Non-Edible Biodiesel Feedstocks

Figure 1 illustrates the global distribution of non-edible biodiesel feedstocks, highlighting regions where Jatropha,
Pongamia, and sources of WCO are abundant. This geographical information underscores the potential for
localized biodiesel production, reducing dependency on fossil fuels and contributing to regional energy security.

3. Biodiesel Aging and Its Impact

Understanding the aging process of biodiesel is crucial for ensuring its long-term storage stability and performance
in engines. Biodiesel aging refers to the deterioration of fuel properties over time due to chemical reactions such
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as oxidation and hydrolysis [24]. This deterioration can lead to issues like increased viscosity, higher acid values,
and sediment formation, which can impair engine performance and fuel system integrity.

3.1. Understanding Biodiesel Aging

3.1.1. Definition and Significance

Biodiesel aging involves the degradation of fuel quality over time, primarily due to oxidative and hydrolytic
reactions [24]. These reactions affect the physical and chemical properties of biodiesel, making it less suitable for
engine use. Understanding the mechanisms behind biodiesel aging is essential for improving storage methods,
extending shelf life, and ensuring reliable engine performance [25].

3.1.2. Factors Influencing Aging

Factors influencing biodiesel aging include:

Oxidation: The presence of unsaturated fatty acids makes biodiesel susceptible to oxidation. Oxygen attacks the
double bonds in these fatty acids, forming peroxides and secondary oxidation products [26].

Temperature: Elevated storage temperatures accelerate oxidation and polymerization reactions, leading to faster
degradation of biodiesel [27].

Light Exposure: Exposure to ultraviolet (UV) light can initiate photo-oxidation, further degrading fuel quality
[28].

Metal Contaminants: Trace metals such as copper and iron can act as catalysts, accelerating oxidative reactions
in biodiesel [29].

Light,Metal,
Heating...

RH: Methyl fatty acid
ROOH: Peroxide

ROO:  Peroxide radical
R.: Alkyl radical
RO.: Alkoxy radical
.OH: Hydroxyl radical

Figure 2: Mechanism of Oxidative Degradation in Biodiesel
3.2. Mechanisms of Biodiesel Degradation

3.2.1. Oxidative Degradation

Oxidative degradation is a prominent aging process in biodiesel, including free radical chain reactions where
oxygen molecules attack the double bonds of unsaturated fatty acid methyl esters [30]. The first phase creates
hydroperoxides, which are unstable and breakdown into secondary oxidation products such as aldehydes, ketones,
and acids. This procedure raises the acid value and viscosity of the biodiesel, possibly leading to gum and silt
production that may clog fuel filters and injectors [31].
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3.2.2. Thermal and Hydrolytic Degradation

Thermal degradation occurs when biodiesel is subjected to high temperatures, inducing molecular rearrangements
and disintegration of fatty acid chains [32]. Hydrolytic breakdown proceeds in the presence of water, leading to
the hydrolysis of ester bonds and the generation of free fatty acids (FFAS) [33]. An elevated FFA level may cause
corrosion in engine components and lower fuel economy.

3.3. Impact on Fuel Properties

The aging of biodiesel adversely affects fuel properties critical for engine performance. An increase in viscosity
can lead to poor fuel atomization and incomplete combustion [34]. Higher acid values indicate elevated levels of
FFAs, which can corrode fuel system components [35]. Elevated peroxide values are indicative of oxidative
degradation, which can result in gum formation and filter plugging [36].

Table 3. Changes in Biodiesel Properties Due to Aging

Property Initial Value After 6 Months After 12 Months Reference
Viscosity (mmz/s) 4.5 4.8 5.1
Acid Value (mg KOH/g) 0.25 0.40 0.65 [37]
Peroxide Value (meqg/kg) 5 18 30

These changes highlight the need for proper storage conditions and the use of antioxidants to mitigate the effects
of aging. Monitoring these properties can help in assessing the quality of biodiesel over time and ensuring its
suitability for use in engines.

4. Stability of Non-Edible Biodiesel

Ensuring the stability of non-edible biodiesel is critical for its long-term storage and function. Stability comprises
oxidative stability, cold flow characteristics, and storage stability, all of which may effect the fuel's usage and
efficiency in engines.

4.1. Oxidative Stability

Non-edible biodiesels, such as those generated from Jatropha, Pongamia, and waste cooking oil (WCO), are prone
to oxidation owing to their high quantities of unsaturated fatty acids. Oxidation leads to the creation of peroxides,
aldehydes, and acids, reducing fuel quality. The inclusion of antioxidants may considerably increase the oxidative
stability of biodiesel by decreasing free radical production and propagation [38].

Table 4. Compares the induction periods of biodiesel from Jatropha, Pongamia, and WCO with and
without the addition of tert-butylhydroquinone (TBHQ) at 200 ppm.

Feedstock Without Antioxidant (h)|With Antioxidant (h)|Reference
Jatropha 6.2 9.6 [38]
Pongamia 6.5 9.8 [39]
Waste Cooking Qil 5.5 9.2 [40]

The improvement in induction periods indicates enhanced resistance to oxidation, thereby prolonging the storage
life of biodiesel. Antioxidants like TBHQ act by donating hydrogen atoms to free radicals, terminating the
oxidation chain reactions [41]. This enhancement is critical for maintaining fuel quality during storage and
transportation, especially in varying environmental conditions.

4.2. Cold Flow Properties

Cold flow qualities influence biodiesel's performance at low temperatures. High pour points and cloud points may
lead to gasoline gelling and obstruction of fuel lines and filters, creating operating concerns in engines [42]. The
use of cold flow improvers (CFIs) may significantly reduce the pour point and cloud point, boosting biodiesel's
usage in colder locations.
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Table 5. Effect of different CFls on the pour point of non-edible biodiesels.

Biodiesel Type Pour Point Vzil(t:r;out Additive Additive Type Pour Pomt(ygh Additive Reference
Jatropha 4 Polymethacrylate -2 [42]
. Ethylene Vinyl
Pongamia 6 Acetate 1 [43]
WasteOCitI)oklng 5 Cold FIov;(Improver 3 [44]

The introduction of CFIs changes the crystal development of saturated fatty components in biodiesel, reducing
the production of massive crystals that may clog fuel systems [45]. This change permits biodiesel to stay fluid at
lower temperatures, ensuring dependable engine running in cold settings.

4.3. Storage Stability

Storage stability refers to biodiesel's ability to preserve its chemical and physical qualities over time under diverse
storage circumstances. Factors such as temperature variations, light exposure, and the presence of metal impurities
may negatively influence storage stability [46]. Metal contaminants, even in trace amounts, can catalyze oxidative
reactions in biodiesel. Using metal deactivators can improve storage stability by chelating metal ions like copper
and iron, thereby inhibiting their catalytic activity [47]. Table 6 illustrates the impact of metal deactivators on the
peroxide value of stored biodiesel over a three-month period.

Table 6. Impact of Metal Deactivators on Peroxide Value

Sample Peroxide Value After 3 Months (meg/kg)Reference
Biodiesel without Deactivator 25 [47]
Biodiesel with Deactivator 10

The significant reduction in peroxide value indicates that metal deactivators effectively inhibit oxidative
degradation during storage. Maintaining low peroxide values is essential to prevent the synthesis of acids and
polymers that may impair fuel quality and engine efficiency.

5. Engine Performance and Emissions Characteristics

Evaluating the engine performance and emissions characteristics of biodiesel generated from non-edible
feedstocks including Jatropha, Pongamia, and waste cooking oil (WCO) is vital to establish their acceptability as
alternative fuels in diesel engines.

5.1. Engine Performance Analysis

Biodiesel Biodiesel made from Jatropha, Pongamia, and WCO has been extensively studied in compression
ignition engines to examine its influence on engine performance measures such as brake thermal efficiency (BTE)
and brake specific fuel consumption (BSFC). These characteristics are crucial indications of an engine's efficiency
and fuel economy. Table 7 summarizes the engine performance parameters when using pure biodiesel (B100)
from these feedstocks compared to conventional diesel fuel.

Table 7. Engine Performance Parameters for Non-Edible Biodiesel

Fuel Type |BTE (%)BSFC (kg/kWh)|Reference
Diesel 30.5 0.27 [48]
Jatropha B100 | 29.2 0.29 [49]
Pongamia B100| 29.0 0.30 [50]
WCO B100 29.5 0.28 [51]

The findings reveal a modest decrease in BTE and an increase in BSFC when using 100% biodiesel compared to
diesel fuel. This may be related to biodiesel's decreased calorific value and increased viscosity [52]. The lower
calorific value implies that more biodiesel is needed to create the same amount of energy as diesel, resulting to
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greater fuel consumption. The increased viscosity of biodiesel might influence fuel atomization and spray
properties, thus lowering combustion efficiency.

Blending biodiesel with diesel fuel (e.g., using a 20% biodiesel blend, B20) helps alleviate these disparities.
Blends have been found to produce engine performance equivalent to standard diesel fuel while yet giving
environmental advantages [53]. This makes biodiesel blends a feasible choice for current diesel engines without
needing considerable changes.

Comparison of Engine Performance Parameters
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Figure 3: Comparison of Engine Performance Parameters

5.2. Emissions Characteristics

One of the primary benefits of biodiesel is its ability to minimise dangerous exhaust emissions owing to its
inherent qualities. Biodiesel usually generates fewer emissions of carbon monoxide (CO), hydrocarbons (HC),
and particulate matter (PM) because of its increased oxygen content, which facilitates more thorough combustion
[54]. The oxygen molecules in biodiesel aid in the oxidation of fuel, lowering the emissions of unburned
hydrocarbons and soot.

Nitrogen oxides (NOy) emissions may rise while utilising biodiesel. The higher combustion temperatures
associated with biodiesel combustion may contribute to increased production of NOx [55]. NOx is generated by
the interaction of nitrogen and oxygen at high temperatures during combustion. Table 8 offers a comparison of
emissions levels while using biodiesel compared to regular diesel fuel.

Table 8. Emission Levels of Biodiesel Compared to Diesel

Emission Type|Diesel (g/kWh)|Biodiesel (g/kwh)|Change (%0)Reference
Cco 15 1.0 -33
HC 0.3 0.2 -33
[56]
NO« 5.0 5.5 +10
PM 0.2 0.15 -25

The decreases in CO, HC, and PM emissions lead to enhanced air quality and decreased health hazards connected
with diesel engine exhaust. The oxygen component in biodiesel promotes more complete combustion of the fuel,
lowering the emissions of unburned hydrocarbons and carbon monoxide [54]. The decreased sulfur content in
biodiesel also contributes to reduced particle emissions.
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The rise in NOy emissions is a worry that has to be addressed. Strategies to minimise NOx emissions while using
biodiesel include Engine Tuning: Adjusting engine settings such as injection time and injection pressure may
assist lower NOy emissions without severely hurting performance [57]. Exhaust Gas Recirculation (EGR):
Recirculating a part of the exhaust gas back into the combustion chamber reduces combustion temperatures, hence
lowering NOx generation [57]. Use of NOx-Reducing Additives: Adding certain compounds to the biodiesel can
inhibit NOx formation during combustion [57].

Implementing these strategies can help optimize engine performance while minimizing the environmental impact
of biodiesel fuels. Further research is ongoing to develop advanced combustion technologies and fuel formulations
that can reduce NOx emissions without compromising the benefits of biodiesel.

6. Optimization Techniques in Biodiesel Production

Optimizing biodiesel production is essential for enhancing yield, improving fuel quality, and reducing production
costs. This involves refining the transesterification process, developing efficient catalysts, blending feedstocks,
employing advanced technologies, and integrating artificial intelligence (Al) and machine learning (ML) for
improving processes.

6.1. Process Optimization

Process optimization focuses on changing transesterification parameters to enhance biodiesel production and
quality. Key factors include the methanol-to-oil molar ratio, catalyst concentration, reaction temperature, and
reaction duration [58]. Utilizing statistical approaches like Response Surface Methodology (RSM) allows for the
systematic examination of these factors and their interactions, leading to the determination of optimum conditions
for diverse feedstocks [61]. Table 9 demonstrates optimized transesterification conditions for various non-edible
biodiesels. For example, Jatropha oil achieves a 96% yield under specific conditions, highlighting the importance
of tailored optimization.

Table 9. Optimized Transesterification Conditions

Feedstock Metha_mol Catalyst Amount Temperature Reaction Time Yield Reference
Ratio (%) (°C) (h) (%)
Jatropha 6:1 1.0 60 1 96 [58]
Pongamia 7:1 1.2 65 1.5 95 [59]
WCO 8:1 15 55 2 97 [60]

Optimizing these parameters enhances yield and reduces costs by minimizing excess reagent use and energy
consumption. The quality of the feedstock, catalyst type, and exact reaction conditions considerably impact the
efficiency of the transesterification process [61].

6.2. Catalyst Development

Catalyst development plays a crucial role in enhancing biodiesel production. Heterogeneous catalysts provide
benefits over homogeneous ones, such as reusability, ease of separation, and less environmental effect [62].
Recent research has concentrated on building efficient, low-cost heterogeneous catalysts produced from waste
materials. For instance, calcium oxide (CaO) generated from eggshells has been effectively employed as a catalyst
in biodiesel manufacture from waste cooking oil (WCO), producing high yields [63].

Table 10. Performance of Novel Catalysts in Biodiesel Production

Catalyst Type |Feedstock|Catalyst Loading (%0)Reaction Time (h)|Yield (%0)Reference
CaO from Eggshellsy WCO 3.0 2 95 [64]
Solid Acid Catalyst| Jatropha 2.5 3 93 [65]

Heteropoly Acid |Pongamia 1.5 2 94 [66]
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These catalysts contribute to greener production processes by reducing waste and eliminating the need for
neutralization steps associated with homogeneous catalysts [67]. Their development significantly enhances the
sustainability and economic viability of biodiesel production.

6.3. Feedstock Blending

Blending multiple feedstocks helps improve the fatty acid content of biodiesel, boosting its fuel characteristics.
For example, blending waste cooking oil (WCO) with Jatropha oil balances saturated and unsaturated fatty acids,
improving oxidative stability and cold flow properties [68].

Table 11. Impact of Feedstock Blending on Biodiesel Properties

Blend Ratio (Jatropha)[Viscosity (mm?/s)|Cetane Number|Oxidative Stability (h)|Reference
100:0 4.52 51 6.2
50:50 4.30 52 7.5 [69]
0:100 4.10 50 55

Blending strategies enhance fuel characteristics, making biodiesel more adaptable to various engine requirements
and climatic conditions. This approach also allows for the utilization of multiple feedstocks, reducing reliance on
a single source and promoting resource sustainability. [69].

6.4. Advanced Technologies

Emerging technologies like ultrasound-assisted transesterification and supercritical methanol processing have
shown potential in improving biodiesel production efficiency. These methods reduce reaction time and increase
yield while potentially lowering energy consumption [70].

Ultrasound-Assisted Transesterification: Utilizes ultrasonic waves to enhance the reaction rate by improving mass
transfer. Studies report achieving a 96% yield in just 30 minutes [72].

Supercritical Methanol Processing: Operates under conditions where methanol is in a supercritical state,
eliminating the need for catalysts and significantly reducing reaction time. Yields of up to 98% have been achieved
in 15 minutes [73].

Table 12. Comparison of Biodiesel Production Methods

Method Reaction Time (h)|Yield (%0)[Energy Consumption|Reference
Conventional Heating 2 94 High [71]
Ultrasound-Assisted 0.5 96 Medium [72]
Supercritical Methanol 0.25 98 Low [73]

These technologies enhance process efficiency and sustainability. considerations regarding equipment costs and
operational complexities need to be addressed for large-scale implementation [74].
6.5. Application of Al and ML

Artificial intelligence (Al) and machine learning (ML), particularly artificial neural networks (ANN), have been
applied to predict optimal production parameters and fuel properties in biodiesel production [75]. These models
analyze complex relationships between variables, reducing the need for extensive experimental trials.

Table 13. Experimental vs. ANN-Predicted Biodiesel Yields

Feedstock|Experimental Yield (%)ANN-Predicted Yield (%)Mean Absolute Error (%)|Reference
Jatropha 96 95.8 0.2 [76]
Pongamia 95 94.7 0.3 [77]
WCO 97 96.5 0.5 [78]
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The high predictive accuracy demonstrates the potential of Al and ML in optimizing biodiesel production
processes. Implementing these technologies can lead to improved efficiency, consistent product quality, and
reduced experimental efforts [79].
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Figure 4: Integrated Biodiesel Production Process with Al and 10T
7. Future Prospects

7.1. Research Gaps

Comprehensive studies on long-term storage stability are needed to understand aging mechanisms and develop
better antioxidants [80]. Investigating biodiesel's impact on modern engine technologies and emission control
systems is essential for seamless integration [81]. Additionally, lifecycle assessments to evaluate the
environmental impacts of biodiesel production and use are necessary [82].

7.2. Emerging Feedstocks

Exploring other non-edible feedstocks like algae and microbial oils can diversify biodiesel sources and improve
sustainability [83]. Table 14 lists potential emerging feedstocks.

Table 14. Potential Emerging Non-Edible Biodiesel Feedstocks

Feedstock |Oil Content (%) Advantages Reference
Microalgae 20-50 High yield per area [84]
Camelina 35-45 Low input requirements |  [85]
Castor Qil 48-55 Grows on marginal lands|  [86]
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7.3. Technological Integration

Integrating 10T and Al for real-time monitoring and control of biodiesel production can enhance efficiency and
reduce costs [87]. Advanced data analytics can optimize supply chains and feedstock management, contributing
to Industry 4.0 initiatives [88]. The implementation of blockchain technology can improve traceability and
transparency in biodiesel production [89].

7.4. Policy and Regulatory Support

Supportive policies, including subsidies and incentives for biodiesel production and use, are essential to encourage
industry growth and adoption [90]. Implementing standards and quality control measures ensures consistency and
consumer confidence [91]. International collaboration can facilitate knowledge sharing and technology transfer,
accelerating the development of biodiesel industries globally [92].

7.5. Environmental and Socio-Economic Impact

Utilizing non-edible feedstocks contributes to rural development, waste management, and reduction of greenhouse
gas emissions, aligning with global sustainability goals [93]. Table 15 summarizes the socio-economic benefits.

Table 15. Socio-Economic Benefits of Non-Edible Biodiesel

Benefit Impact Reference
Rural Employment Job creation in agriculture and processing|  [94]
Waste Reduction Mitigation of WCO disposal issues [5]
Energy Security Reduced dependence on fossil fuels [95]
Environmental Conservation Lower greenhouse gas emissions [96]

8. Conclusion

This research depicts the promise of biodiesel generated from non-edible feedstocks such as Jatropha, Pongamia,
and Waste Cooking Oil as a sustainable alternative to fossil fuels. While great progress has been gained in boosting
oxidative stability, cold flow characteristics, and engine performance with the use of antioxidants, cold flow
improvers, and sophisticated catalysts, more improvements are essential to assure long-term stability and
efficiency. Future research should concentrate on finding novel feedstocks, refining production procedures, and
improving fuel characteristics to fulfil different operating needs. Additionally, supporting policies and solid
regulatory frameworks are required to stimulate industrial development, improve energy security, and maximize
environmental advantages. Through these combined efforts, non-edible biodiesel may contribute greatly to
decreasing greenhouse gas emissions and promoting global sustainability objectives.
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