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Abstract—Biodiesel, a renewable and biodegradable fuel, has emerged as one of the most 
promising alternatives to reduce fossil fuel dependency and address environmental concerns. 
Over the past decade, research has expanded to improve biodiesel quality and sustainability 
through advanced feedstocks, innovative production methods, and nano additives that enhance 
combustion and emission characteristics. This review consolidates the most recent findings on 
biodiesel engine performance, critically evaluates the role of nano additives—including their 
benefits and unresolved challenges—and compares emerging transesterification process 
enhancements. Special emphasis is placed on life cycle assessment (LCA) and techno-economic 
factors, as well as policy frameworks that vary geographically. While biodiesel generally 
improves lubrication, reduces carbon emissions, and promotes a circular economy via waste 
utilization, issues like higher NOx emissions, nano-particle stability, and scaling up advanced 
processes persist. Future directions highlight integrated solutions encompassing multi-feedstock 
approaches, novel catalyst designs, extended long-term engine endurance testing, and robust 
regulatory support to ensure biodiesel remains economically viable and environmentally 
benign. Specific advancements, such as reductions in CO and HC emissions by 10-20% with 
nano additives, underscore the potential of biodiesel as a sustainable fuel. 
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I. INTRODUCTION 

A. Background and Motivation 
Growing global energy demands, driven by rapid population growth and industrialization, are primarily met by 
fossil fuels [1]. The resulting greenhouse gas (GHG) emissions and depleting crude oil reserves necessitate a 
transition toward cleaner and more sustainable energy sources [2]. Biodiesel—derived from biological 
feedstocks—has gained attention due to its lower lifecycle carbon footprint, improved biodegradability, and 
compatibility with existing diesel engines at various blend ratios [3,4]. 
Initial biodiesel research predominantly explored first-generation feedstocks such as soybean or palm oil, raising 
concerns over the food–fuel conflict and land use change [5].  
Consequently, second- and third-generation feedstocks like waste cooking oil, jatropha, karanja, and microalgae 
have been investigated to address sustainability and cost-effectiveness [6,7]. In tandem, nano additives are being 
used to enhance biodiesel’s combustion efficiency, reduce emissions, and potentially mitigate some of the 
drawbacks like higher NOx [8].  
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Additionally, process intensification strategies (microwave, ultrasonic, supercritical, enzymatic methods) and 
advanced catalysts (heterogeneous, metal–organic frameworks) are reshaping biodiesel production paradigms 
[9]. This multi-faceted progression underscores biodiesel’s potential to become a key player in the global energy 
mix. 

B. Aim and Scope of the Review 
The aim of this review is to: 
 Summarize current knowledge on biodiesel engine performance, focusing on how advanced feedstocks and 

blends influence key parameters (BTE, BSFC, emissions). 
 Critically evaluate the role of nano additives, detailing both proven benefits and contradictory findings 

regarding emission profiles and engine wear. 
 Compare various production process enhancements, including supercritical, microwave, ultrasonic, 

enzymatic, and heterogeneous catalytic transesterification approaches. 
 Identify major research gaps particularly regarding long-term engine compatibility, regulatory policies, and 

the environmental fate of nanoparticles. 

II. ADVANCES IN BIODIESEL ENGINE PERFORMANCE 

A. Engine Performance Metrics and Testing Standards 
Engine performance with biodiesel blends is typically evaluated via: 
 Brake Thermal Efficiency (BTE): Indicates how effectively the engine converts fuel energy into mechanical 

work [12]. 
 Brake Specific Fuel Consumption (BSFC): Mass of fuel consumed per unit brake power, reflecting fuel 

economy [12]. 
 Torque and Power Output: Key indicators of engine capability under load. 
Standards like ASTM D6751 (U.S.) and EN 14214 (Europe) outline biodiesel quality, while engine testing often 
follows protocols such as ISO 8178 [13,14]. Figure 1 showing a distribution of focus based on hypothetical 
trends derived from literature reviews. focus on engine performance metrics in biodiesel research 35% of studies 
emphasize BTE, due to its direct relation to energy efficiency 25% focus on BSFC, as it relates to economic 
feasibility. 20% study torque to assess load handling, while another 20% evaluate power output, vital for engine 
work capacity.  

 
Figure 1: Emphasis on Engine Performance Metrics in Biodiesel Research 

B. Effects of Biodiesel Blends on Engine Performance 
Biodiesel is commonly blended with petroleum diesel, e.g., B5, B10, B20, B50, or B100. These blends generally 
exhibit higher lubricity, reduced smoke density, and lower CO and HC emissions [15]. they may slightly 
increase fuel consumption due to lower calorific value and raise Nox emissions because of the higher oxygen 
content [25]. 
Table 1 provides a quantitative comparison of engine performance and emissions for selected feedstocks at 
various blend levels. Where possible, details about the engine type (single cylinder vs. multi-cylinder) and test 
durations have been included to highlight variability across experimental setups. 
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TABLE I. EFFECTS OF VARIOUS BIODIESEL BLENDS ON ENGINE PERFORMANCE AND EMISSIONS 
Feedstock Blend (%) Engine Type BTE Increase BSFC Change NOx Change Reference 

Waste Cooking Oil B20 Single-cylinder, 4-stroke +2–3% vs. Diesel +2–4% vs. Diesel +5% [16,17] 

Jatropha Oil B50 Multi-cylinder, 
automotive +3–6% +3–5% +8–10% [18] 

Algae Oil B20 Single-cylinder, DI engine +4–5% +1–2% +5–7% [19,20] 
Microalgae & WCO Blend B30 Single-cylinder, research +5–7% +2–3% +2–4% [21,22] 

Karanja Oil B20 Multi-cylinder, 
automotive +1–2% +2–4% +5–6% [23] 

Certain discrepancies among studies may arise from differences in engine type, testing protocols, feedstock 
properties, and operational conditions like injection timing or compression ratio [24]. For consistent results, 
standardized procedures and thorough engine calibration are necessary. 

C. Advanced Feedstocks and Their Influence on Performance 
Second- and third-generation feedstocks are increasingly examined due to their non-competitive relationship 
with food supplies. Algae-based biodiesel often demonstrates favorable cold flow properties and a high cetane 
number, leading to reduced ignition delay [26,27]. Conversely, jatropha and karanja oils have high free fatty acid 
content but produce biodiesel with decent oxidation stability [28,29]. 
Li et al. [28] found that algae biodiesel B20 achieved a 2–3% increase in BTE compared to neat diesel in a 
single-cylinder compression ignition (CI) engine, whereas jatropha blends performed similarly but required 
exhaust gas recirculation (EGR) to mitigate NOx surges [30]. 

D. Emission Characteristics 
Biodiesel’s inherent oxygen content facilitates more complete combustion, thereby reducing CO and HC 
emissions, as well as particulate matter (PM) [31]. NOx often increases, a phenomenon attributed to higher in-
cylinder temperatures and oxygen availability [32,33].  
Approaches to counteract Nox include retarding injection timing, using EGR, or employing after-treatment 
systems like selective catalytic reduction (SCR) [34]. 
Contradictory Findings: While many studies report consistent NOx increases, some see negligible changes or 
even marginal decreases under specific operating conditions or with specialized additives (discussed further in 
Section 3) [25]. Such discrepancies underscore the complexity of biodiesel combustion chemistry and the critical 
role of test parameters. 

III. ROLE OF NANO ADDITIVES IN BIODIESEL 

A. Overview of Nano Additives and Their Application 
Nano additives (<100 nm in size) include metal/metal oxide nanoparticles (e.g., Fe, Cu, TiO2, CeO2) and 
carbon-based nanomaterials (e.g., graphene, carbon nanotubes) [35,36]. These additives enhance fuel properties 
by acting as catalysts to reduce ignition delay.  
Increasing thermal conductivity for improved heat transfer. Providing extra oxygen (metal oxides) during 
combustion, thereby lowering unburnt emissions. 
Methods of dispersing nano additives often involve ultrasonication or surfactants to prevent agglomeration and 
ensure uniform distribution [37]. Long-term suspension stability remains a challenge and may affect real-world 
implementation. 

B. Mechanisms of Performance Enhancement and Contradictory Data 
 Oxygen Donor Effect: Cerium oxide nanoparticles (CeO2) release oxygen at high temperatures, favoring the 

oxidation of unburnt hydrocarbons and soot [38]. 
 Catalytic Combustion: Metal-based nanoparticles like Fe or Cu can reduce activation energy, promoting 

complete combustion [39]. 
 Thermal Conductivity Improvements: Carbon-based materials (graphene, CNTs) facilitate faster heat release 

and more consistent temperature profiles within the cylinder [40]. 
While many studies report improvements in brake thermal efficiency (3–7%) and reductions in CO/HC (up to 
20%), others show minimal benefits when additive concentrations are too high or if the fuel/engine conditions do 
not synergize well [41,42]. Overdosing with certain nanoparticles can lead to fuel filter clogging or engine wear 
if they agglomerate and form larger particulates [43,44]. 
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C. Impact on Engine Performance and Emissions 
Numerous experimental investigations confirm that nano additives can improve BTE and reduce both CO and 
HC by 10–20% [41,42]. Nox trends, however, vary Some metallic oxides (e.g., CeO2) demonstrate NOx 
reduction under certain conditions, possibly due to reduced combustion temperatures from improved heat 
distribution [45]. especially if oxygen-rich, can contribute to higher peak temperatures and thus elevate NOx 
formation [46]. 

D. Safety, Environmental Impact, and Future Prospects 

Agglomeration and Storage Stability 
Nanoparticles can agglomerate over time, losing their efficacy and potentially causing engine deposits. 
Techniques like continuous ultrasonication or use of surfactants partially mitigate this issue [47]. Further 
research into green synthesis and functionalized nanoparticles can enhance dispersion stability [48]. 

Toxicological Concerns 
The long-term environmental fate of nanoparticles is not fully understood. Some studies point to potential 
cytotoxicity or ecological impacts when metallic nanoparticles enter water or soil ecosystems [49].  
Regulatory frameworks must address permissible levels of nanoparticle additives in fuels and subsequent 
emissions. 

Future Directions 
 Hybrid Nano Additives: Combining different types of nanoparticles (e.g., metal oxide + graphene) for 

synergistic effects [49]. 
 Long-Term Endurance Testing: Extended engine trials (e.g., 500+ hours under real-world driving cycles) to 

assess wear, deposits, and emission deterioration over time. 
 Engine Design Adaptations: Customizing piston bowl geometry, injection strategy, and exhaust after-

treatment to harness nano additive benefits while limiting Nox. 

IV. PROCESS ENHANCEMENT IN BIODIESEL PRODUCTION 

A. Conventional Transesterification 
In alkaline-catalyzed transesterification, vegetable oils or animal fats react with methanol/ethanol in the presence 
of NaOH or KOH to form fatty acid methyl esters (FAME) and glycerol [50,51]. This conventional method can 
face soap formation and complex downstream separation, especially with feedstocks containing high free fatty 
acid (FFA) levels [52]. 

B. Advanced Techniques and Catalysts 

Supercritical and Microwave/Ultrasonic-Assisted Processes 
 Supercritical Transesterification: Operates at elevated temperature and pressure, eliminating the need for a 

catalyst but requiring high energy input [53]. 
 Microwave/Ultrasonic Assisted: Accelerates reaction rates through enhanced mass transfer, reducing 

reaction time and catalyst usage [54,55]. 

Heterogeneous and Enzymatic Catalysts 
 Heterogeneous Catalysts (e.g., CaO, MgO, metal–organic frameworks): Simplify recovery and recycling, 

potentially lowering costs [56]. 
 Enzymatic Catalysts (lipases): More environmentally friendly but can be expensive and sensitive to 

impurities [57]. 

Process Intensification and Comparative Summary 
Process intensification strategies focus on integration of reaction and separation steps, shorter residence times, 
and lower energy requirements. Reactive distillation and microreactor technologies have shown great promise 
(see Table 2). 

TABLE II. COMPARISON OF VARIOUS BIODIESEL PRODUCTION METHODS AND THEIR KEY ATTRIBUTES 

Method Operating Conditions Reaction Time Yield Range Key Challenges Refs 

Conventional (NaOH) 55–65°C, atm pressure 1–2 h 90–95% Soap formation, downstream 
separation [50–52] 
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Method Operating Conditions Reaction Time Yield Range Key Challenges Refs 

Supercritical 240–300°C, >8 MPa 5–30 min 95–98% High energy input, expensive 
equipment [53] 

Microwave-Assisted 55–70°C, 1 atm 10–30 min 88–96% Homogeneity, uniform heat 
distribution [54] 

Ultrasonic Assisted 40–55°C, 1 atm 10–40 min 88–97% Scaling up, transducer 
maintenance [55,46] 

Heterogeneous Catalysts Varied: 60–150°C, 1–5 
atm 1–3 h 85–95% Catalyst cost, regeneration, 

deactivation [56] 

Enzymatic Catalysts 30–50°C, near-ambient 
pressure 4–24 h 80–95% High enzyme cost, sensitivity to 

FFA [57] 

Reactive Distillation 60–90°C, 1 atm, integrated 
column 1–4 h 90–95% Complex design, optimization 

needed [58] 

Microreactors 60–80°C, microchannel 
flows << 1 h 85–98% Fabrication cost, potential fouling [59] 

C. Techno-Economic and Policy Considerations 
Life Cycle Assessment (LCA) analyses confirm biodiesel’s potential to reduce GHG emissions compared to 
petroleum diesel [60]. Economic viability depends on feedstock costs, energy requirements, and catalyst 
recycling [61]. Policy measures, such as carbon taxes, renewable fuel standards, and incentives for waste 
feedstock utilization, significantly influence market competitiveness [64]. Regional differences in policy 
frameworks—like the U.S. Renewable Fuel Standard (RFS) versus the European Union’s Renewable Energy 
Directive (RED)—further shape biodiesel adoption rates [2,64]. 

V. CHALLENGES, RESEARCH GAPS, AND FUTURE PERSPECTIVES 

A. Engine Compatibility and Durability 
Although biodiesel can be used in existing diesel engines, long-term testing (e.g., 500+ hours) is recommended 
for higher blend ratios (B50 or above), especially when nano additives are included. These extended trials can 
reveal potential issues with fuel injectors, filter clogging, or piston deposits [65]. 

B. Nano Additive Safety and Regulation 
Comprehensive environmental and health impact assessments of nanoparticles in the fuel cycle are lacking 
[47,66]. Future studies should explore: 
 Emission characterization of nanoparticles post-combustion. 
 Regulatory guidelines for safe nanoparticle concentrations. 
 Environmental fate of nanoparticle residues. 

C. Cost and Feedstock Availability 
While second- and third-generation feedstocks (e.g., waste cooking oil, algae) reduce the food–fuel conflict, their 
collection, processing, and cultivation can be expensive [67]. Nano additives also add to the overall production 
cost, highlighting the need for cost-benefit analyses and government incentives [68]. 

D. Scale-Up of Process Enhancements 
Many lab-scale breakthroughs (e.g., microwave-assisted or heterogeneous catalytic processes) face hurdles in 
pilot or industrial-scale implementation due to reactor design complexities and catalyst deactivation [69,70]. 
Collaboration among industrial partners, researchers, and policymakers is crucial to bridge this gap [71]. 

E. Policy and Infrastructure 
Diverse geographical policies and fuel infrastructure limitations can hinder widespread adoption. For instance, 
some regions have well-established distribution networks for B20 or B30 but lack government support for 
advanced feedstocks or nano additives.  
Harmonized standards and common quality specifications across regions could accelerate global biodiesel 
uptake [64]. 

VI. CONCLUSIONS 

This review underscores the multi-faceted progress in biodiesel research across three domains: engine 
performance, nano additives, and process enhancements. Key insights include: 
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 Engine Performance: Advanced biodiesel blends (from algae, jatropha, karanja, waste cooking oil) generally 
improve brake thermal efficiency and reduce CO/HC, though NOx control remains a persistent challenge. 

 Nano Additives: Metal oxide and carbon-based nanoparticles can elevate combustion efficiency and lower 
emissions. Nonetheless, inconsistent results, agglomeration issues, and limited toxicity data call for further 
long-term investigations. 

 Process Enhancement: Novel methods (microwave, ultrasonic, supercritical, heterogeneous, and enzymatic) 
shorten reaction times and improve yields, potentially lowering costs if scaled appropriately. 

 Future Directions: 
 Long-term engine durability tests with high-blend biodiesel (B50+). 
 Regulatory frameworks for nano additive usage, including permissible nanoparticle concentrations. 
 Techno-economic analyses incorporating feedstock cultivation, catalyst recycling, and full life cycle 

assessment. 
 Harmonized global policies to standardize biodiesel quality and bolster market confidence. 

The path forward involves integrated solutions bridging engine design, advanced catalysis, and supportive policy 
mechanisms. Continued cross-disciplinary research, coupled with strategic investment, can unlock biodiesel’s 
full potential as a sustainable, low-carbon transportation fuel. 
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