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ABSTRACT

The increasing demand for energy, depletion of conventional petroleum resources and growing environmental
concerns have intensified the need for sustainable alternative fuels in the transportation and industrial sectors.
Biodiesel has emerged as a promising renewable substitute for conventional diesel because of its biodegradability,
lower sulphur content, renewable origin and potential to reduce several harmful exhaust emissions. However,
variations in biodiesel composition, fuel properties, engine operating conditions and combustion characteristics
create challenges in achieving consistent energy efficiency and emission performance. The present research
proposes the development of an intelligent biodiesel fuel management strategy that integrates fuel property
assessment, adaptive engine control, real-time sensor monitoring and computational optimisation to improve
engine performance while minimising exhaust emissions. The proposed framework incorporates intelligent
algorithms to regulate fuel injection timing, injection pressure, fuel quantity and air—fuel interaction according to
engine load, speed and biodiesel blend characteristics. Artificial intelligence and machine learning techniques can
further support predictive assessment of fuel consumption, combustion efficiency and emission behaviour. The
framework considers important performance indicators, including brake thermal efficiency, brake-specific fuel
consumption, nitrogen oxides, carbon monoxide, unburnt hydrocarbons and particulate matter. A multi-objective
optimisation approach is proposed to balance energy efficiency, emission reduction and operational reliability.
The research establishes a conceptual and methodological foundation for intelligent biodiesel utilisation in diesel
engines. It also identifies the potential contribution of smart fuel management systems towards cleaner
transportation, renewable energy integration and sustainable industrial development.

Keywords: Biodiesel; Intelligent Fuel Management; Artificial Intelligence; Energy Efficiency, Exhaust
Emissions; Machine Learning; Diesel Engine; Adaptive Control; Sustainable Energy.

INTRODUCTION fats or waste cooking oils using an alcohol and a
suitable catalyst. The resulting fatty acid alkyl esters
possess fuel characteristics that permit their utilisation
in compression-ignition engines, either in pure form or
blended with conventional diesel.

One of the major advantages of biodiesel is its
renewable origin. Its relatively high oxygen content
can promote more complete combustion, potentially
reducing carbon monoxide, unburnt hydrocarbons and
particulate emissions under suitable operating
conditions. Furthermore, biodiesel generally exhibits
very low sulphur content compared with conventional
petroleum diesel. These characteristics make it an
attractive component of sustainable fuel strategies.
Nevertheless, biodiesel presents certain operational
challenges. Its higher viscosity, density and surface
tension, together with comparatively lower calorific
value, can influence fuel atomisation, injection
characteristics, combustion duration and engine
performance. Depending on the feedstock, blend ratio
and engine operating conditions, biodiesel may also
increase nitrogen oxide emissions. Consequently,
replacing conventional diesel with biodiesel without
modifying or optimising engine management

The global energy sector is undergoing a significant
transition towards renewable and environmentally
sustainable energy sources. Conventional fossil fuels
continue to dominate transportation, agriculture,
electricity generation and industrial operations.
However, their extensive consumption has contributed
to greenhouse gas emissions, atmospheric pollution,
climate change and increasing concerns regarding
long-term energy security. Diesel engines, in
particular, are widely employed in heavy-duty
vehicles, agricultural machinery, construction
equipment, generators and industrial applications
because of their durability, high torque characteristics
and operational efficiency. Despite these advantages,
conventional diesel combustion produces pollutants
such as nitrogen oxides (NOx), carbon monoxide
(CO), unburnt hydrocarbons (HC) and particulate
matter (PM).

Biodiesel has attracted considerable research attention
as an alternative fuel capable of reducing dependence
on petroleum-derived diesel. It is generally produced
through the transesterification of vegetable oils, animal
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parameters may not produce the
improvements in overall performance.
The increasing availability of intelligent monitoring
technologies provides an opportunity to address these
limitations. Modern diesel engines incorporate
electronic control units, pressure sensors, temperature
sensors, exhaust gas monitoring systems and
electronically controlled fuel injection mechanisms.
These technologies generate operational information
that can be processed through computational
intelligence techniques to improve fuel utilisation.

An intelligent biodiesel fuel management strategy can
therefore be developed by integrating fuel quality
information, engine operating parameters, sensor-
based monitoring and adaptive optimisation
algorithms. Such a system can determine appropriate
fuel injection parameters according to the
characteristics of the biodiesel blend and the prevailing
engine operating conditions.

The present research focuses on developing a
comprehensive conceptual framework that combines
intelligent fuel management, adaptive combustion
control and multi-objective optimisation to enhance
energy efficiency and reduce exhaust emissions. The
proposed approach is particularly relevant to diesel
engines operating under variable loads and using
biodiesel blends of different compositions.

expected

REVIEW OF LITERATURE
Biodiesel as an Alternative Renewable Fuel

Biodiesel is commonly recognised as a renewable
alternative to petroleum diesel. Its production from
biological feedstocks provides opportunities for
agricultural resource utilisation, waste management
and diversification of energy supply. Research by Ma
and Hanna (1999) established the importance of
transesterification as a principal process for producing
biodiesel with properties suitable for diesel engine
applications.

Demirbas (2009) discussed the potential of biodiesel
as an alternative energy source and highlighted its
environmental and energy-security implications. The
study emphasised that the sustainability of biodiesel
depends not only on combustion performance but also
on feedstock availability, production processes and
lifecycle environmental impacts.

The use of waste cooking oil and non-edible oil
resources has received particular attention because
these feedstocks may reduce competition with food
production. However, variations in fatty acid
composition and processing quality can affect
important fuel properties, including viscosity,
oxidation stability and calorific value.

Biodiesel and Diesel Engine Performance
Engine performance is influenced by fuel viscosity,
density, heating value, cetane number and oxygen
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content. Biodiesel generally has a lower calorific value
than petroleum diesel, which can result in increased
fuel consumption when the same amount of useful
energy is required.

Agarwal (2007) examined the utilisation of biodiesel
in diesel engines and discussed its potential as an
alternative fuel. The findings of earlier research
indicate that biodiesel can be used in conventional
compression-ignition engines, although performance
outcomes depend on the fuel composition, engine
design and operating conditions.

Lapuerta et al. (2008) reviewed the effect of biodiesel
fuels on diesel engine emissions and identified
significant variations across different pollutants. Their
discussion demonstrates that biodiesel does not
produce uniform emission reductions under all
operating conditions.

Exhaust

Biodiesel and Emission

Characteristics

The oxygenated nature of biodiesel can improve
combustion  characteristics and contribute to
reductions in carbon monoxide, hydrocarbons and
particulate matter. However, nitrogen oxide emissions
may increase in certain engine configurations because
of changes in combustion temperature, injection
behaviour and oxygen availability.

Knothe (2010) examined the historical development
and technological characteristics of biodiesel,
including its fuel properties and application
challenges. This research highlights the importance of
considering the chemical composition of biodiesel
when evaluating its performance.

The emission behaviour of biodiesel is also affected by
engine load, injection pressure, injection timing and
combustion chamber characteristics. Therefore, the
selection of an appropriate biodiesel blend should be
accompanied by suitable engine calibration.

Intelligent Control and Artificial Intelligence
in Engine Management

The application of artificial intelligence in automotive
engineering has expanded the possibilities of
predictive maintenance, fuel consumption estimation,
combustion control and emission optimisation.
Machine learning models can identify complex
relationships between fuel properties, engine operating
conditions and performance indicators.

Artificial neural networks, adaptive neuro-fuzzy
inference systems, genetic algorithms and other
computational intelligence methods can be employed
to develop predictive and optimisation models. These
approaches are particularly useful when the
relationships between input parameters and engine
responses are nonlinear.

Despite the development of intelligent engine control
technologies, the integration of fuel quality



ISSN NO. 2456-3129

International Journal of Engineering, Pure and Applied Sciences,
Vol. 11, No.l1, March 2026

IJEPAS

assessment, biodiesel blend identification and adaptive
fuel injection management within a unified
optimisation framework remains an important area for
further investigation.

RESEARCH METHODOLOGY
Research Design

The present study adopts a quantitative, computational
and engineering-oriented research design. It proposes
the development of an intelligent fuel management
framework through the integration of fuel
characterisation, engine performance monitoring,
predictive modelling and optimisation.

The proposed methodology consists of five
interconnected stages: biodiesel preparation and
characterisation; engine performance and emission
data acquisition; development of predictive machine
learning models; intelligent optimisation of engine
operating parameters; and performance evaluation and
comparative assessment.

The framework is intended for experimental validation
using a single-cylinder or multi-cylinder compression-
ignition diesel engine equipped with an electronically
controlled fuel injection system.

Biodiesel Preparation and Fuel
Characterisation
Biodiesel can be  prepared through the

transesterification of vegetable oils, non-edible oils or
waste cooking oils. The process involves reacting
triglycerides with an alcohol, generally methanol, in
the presence of an alkaline or acidic catalyst. The
reaction produces fatty acid methyl esters (FAME) and
glycerol as a by-product.

For the proposed investigation, different biodiesel
blends may be considered to evaluate their suitability
under varying engine operating conditions.

The fuel samples should be characterised according to
recognised ASTM or EN testing procedures. The
principal fuel properties include density, kinematic
viscosity, calorific value, cetane number, flash point
and oxidation stability. These properties provide
essential input variables for the intelligent fuel
management system. Fuel characterisation also helps
identify differences between biodiesel batches that
may influence combustion and engine performance.

Experimental Engine Parameters

The proposed intelligent management strategy
considers important engine operating parameters that
influence energy conversion and exhaust emissions.

The engine should be equipped with suitable
measurement instruments, including a dynamometer,
fuel consumption meter, thermocouples, pressure
sensors and exhaust gas analysers. Data acquisition
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should be conducted under controlled conditions to
ensure consistency between different biodiesel blends.
Measurements should be recorded at different engine
speeds and loads to capture the influence of operating

conditions on fuel consumption, combustion
performance and exhaust emissions.
Development of the Intelligent Fuel

Management Framework

Module 1: Fuel Quality Monitoring. This module
evaluates the physical and chemical properties of the
biodiesel blend. Information regarding viscosity,
density, heating value and blend composition is
supplied to the control system. The fuel quality
information helps determine the initial injection
requirements.

Module 2: Real-Time Engine Monitoring. The
monitoring module collects operational data through
sensors installed in the engine. Parameters such as
engine speed, load, temperature, fuel consumption and
exhaust emissions are continuously monitored.
Module 3: Artificial Intelligence-Based Prediction.
Machine learning algorithms analyse the relationship
between fuel characteristics, engine operating
conditions and performance indicators. The predictive
model estimates fuel consumption, thermal efficiency
and exhaust emissions for different combinations of
operating parameters.

Module 4: Adaptive Fuel Control. The optimisation
module uses predictive information to determine
suitable fuel injection timing, injection pressure and
fuel delivery quantity. The electronic control unit
receives the optimised control signals and adjusts
engine operation within manufacturer-defined safety
limits.

Artificial Intelligence and Machine Learning
Techniques

Artificial Neural Network (ANN): An ANN can be
employed to estimate engine performance and
emission characteristics using multiple input variables.
The input layer receives fuel properties and engine
operating parameters, while the output layer predicts
BTE, BSFC, NOx, CO, HC and particulate emissions.
Random Forest Regression: Random Forest can be
used to identify the relative importance of fuel
properties and engine operating variables. It is
particularly — useful for modelling nonlinear
relationships and reducing the influence of individual
noisy observations.

Adaptive Neuro-Fuzzy Inference System (ANFIS):
ANFIS combines fuzzy logic with neural network
learning. It can represent complex relationships
between engine load, biodiesel composition, injection
pressure and combustion characteristics.

Genetic Algorithm (GA): Genetic algorithms can be
applied to identify suitable combinations of engine
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control parameters. The optimisation process evaluates
alternative solutions through selection, crossover and
mutation operations.

A hybrid ANN-GA or ANFIS-GA approach can be
investigated to combine predictive modelling with
parameter optimisation. The selection of the final
model should depend on prediction accuracy,
computational requirements, robustness and real-time
implementation capability.

of

Mathematical Formulation

Performance

Engine

The intelligent fuel management strategy requires
mathematical evaluation of engine performance.
A. Brake Power
BP = (2aNT) / 60,000
BP = brake power (kW); N = engine speed (rpm); T =
brake torque (Nm).
B. Brake Thermal Efficiency
BTE = [BP x 3600 / (af x CV)] x 100
mf = fuel mass flow rate (kg/h); CV = calorific value
(kJ/kg).
C. Brake-Specific Fuel Consumption
BSFC = mf/BP
A lower BSFC generally indicates improved fuel
economy, although comparisons between fuels should
also account for differences in calorific value.
D. Air-Fuel Ratio
AFR = a / iaf
mha represents the mass flow rate of intake air.
These mathematical relationships provide a
quantitative basis for comparing the performance of
conventional diesel and different biodiesel blends.

Multi-Objective Optimisation Model

The proposed fuel management strategy aims to
improve thermal efficiency while reducing fuel
consumption and exhaust emissions. These objectives
may conflict with one another. For example, changing
injection timing to reduce NOx may affect fuel
consumption or combustion efficiency.
A multi-objective optimisation model is therefore
proposed:
Maximise: BTE

Minimise: (BSFC, NOx, CO, HC, PM)
The optimisation problem can be represented using a
weighted objective function:

J = wi(BSFC/BSFCo) + w2(NOx/NOxo) +
w3(CO/COv)
+ was(HC/HCo) + ws(PM/PMo) — we(BTE/BTE,)

J represents the combined optimisation objective; wi
to we represent assigned weights; and subscript 0
represents the reference diesel operating condition.
The weights should be selected according to
application-specific priorities and regulatory
requirements. Normalisation is necessary because the
indicators have different units and numerical scales.
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The optimisation variables include biodiesel blend
ratio, fuel injection pressure, fuel injection timing,
fuel injection quantity, and engine speed and load
operating conditions. The optimisation must also
satisfy physical and operational constraints, including
maximum cylinder pressure, exhaust temperature,
injection system limitations and applicable emission
standards.

A Pareto-based optimisation method may be
particularly suitable because it identifies multiple
non-dominated solutions rather than forcing all
performance objectives into a single preferred
outcome.

RESULTS AND DISCUSSION

Expected Influence of Biodiesel Blends on
Engine Performance

Biodiesel blends can influence engine performance
through variations in energy content, viscosity and
combustion characteristics. Low and moderate
biodiesel blends generally require less extensive
engine modification than pure biodiesel. However,
their performance must be evaluated under controlled
experimental conditions.

A lower heating value may increase the fuel quantity
required to produce equivalent brake power. At the
same time, the oxygen content of biodiesel can support
combustion and influence carbon monoxide and
hydrocarbon formation.

The proposed intelligent management system
addresses these variations by adapting injection
parameters according to the measured fuel properties
and engine operating conditions.

Comparative Evaluation of Energy Efficiency

The principal objective of the proposed framework is
to improve the utilisation of fuel energy. Conventional
fixed calibration may not provide optimal injection
characteristics across different biodiesel blends and
engine loads.

An intelligent controller can potentially improve the
relationship between fuel delivery, air availability and
combustion duration. The resulting changes may
contribute to better brake thermal efficiency and
reduced specific fuel consumption.

However, improvements should not be assumed for
every blend or operating condition. The actual
performance will depend on engine configuration,
injection system design, fuel quality and calibration
accuracy.

Expected Effects on Exhaust Emissions

e Carbon monoxide: The additional oxygen in
biodiesel can support more complete oxidation of

carbon-containing compounds.
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Unburnt hydrocarbons: Improved combustion
may reduce incomplete combustion products.
Particulate matter: Biodiesel can reduce soot
formation under suitable conditions because of
its oxygenated molecular structure and low
aromatic content.

Nitrogen oxides: NOx behaviour is more
complex and may increase or decrease depending
on combustion temperature, injection timing,
engine load and fuel composition.

The intelligent controller is designed to consider these
competing effects when determining appropriate
engine operating parameters.

COMPARATIVE PERFORMANCE
EVALUATION FRAMEWORK

Proposed Data Analysis and Model Validation

The effectiveness of the intelligent management
system should be evaluated through statistical and
computational analysis. The experimental dataset
should be divided into training, validation and testing
subsets to assess the predictive capability of the
machine learning models.
Mean Absolute Error (MAE)
MAE =(1/n) X |yi — ¥
A lower MAE indicates a smaller average absolute
prediction error.
Root Mean Square Error (RMSE)
RMSE = V[(1/n) Z (yi — $1)?]
A lower RMSE indicates lower prediction error, with
greater sensitivity to larger errors.
Coefficient of Determination
R*=1-[Z(yi — §)*/ Z(yi — ¥’
An R? value closer to unity generally indicates a
stronger correspondence between observed and
predicted values.
Cross-validation should be applied to reduce the
possibility of overfitting. Furthermore, experimental
validation under different engine loads and biodiesel
compositions is necessary before deploying the
proposed controller in practical applications.

ROLE OF INTELLIGENT CONTROL IN
IMPROVING ENERGY EFFICIENCY

The integration of intelligent control mechanisms can
improve the adaptability of diesel engines operating
with biodiesel. Conventional control systems generally
employ predetermined calibration maps, which may
not fully account for variations in fuel composition and
quality.

The proposed system uses sensor-based information to
estimate the current operating condition and determine
suitable control parameters. For example, when the
system detects a change in engine load, the predictive
model can evaluate the corresponding fuel delivery
requirements. Similarly, variations in biodiesel
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viscosity and density can be considered when
determining appropriate injection conditions.

An adaptive controller may also identify operating
regions associated with increased fuel consumption or
undesirable emission formation. This information can
be used to select alternative injection strategies within
safe operating limits.

The effectiveness of such a system depends on sensor
accuracy, model generalisation, control response time
and the reliability of the electronic fuel injection
mechanism.

Environmental and Economic Implications

The proposed strategy has potential environmental
benefits through improved fuel utilisation and better
control of exhaust emissions. Biodiesel produced from
waste cooking oil and other sustainable feedstocks can
also contribute to waste valorisation and reduced
dependence on fossil-derived resources.

From an economic perspective, intelligent fuel
management may reduce unnecessary fuel
consumption and support predictive maintenance by
identifying abnormal operating conditions. However,
the initial installation of sensors, electronic control
equipment and computational systems may increase
implementation costs.

The economic feasibility of the proposed framework
should therefore be assessed by considering fuel
savings, maintenance costs, equipment investment,
fuel availability and the expected operational life of the
engine.

Proposed Implementation Strategy

Stage 1: Fuel preparation and testing. Biodiesel
should be produced using an appropriate feedstock and
tested for viscosity, density, calorific value, cetane
number and oxidation stability.

Stage 2: Experimental data collection. A diesel
engine test rig should be used to collect fuel
consumption, performance and emission data for
selected biodiesel blends under different loads and
speeds.

Stage 3: Machine learning model development.
ANN, Random Forest and ANFIS models should be
trained using experimentally collected datasets. Their
performance should be compared using MAE, RMSE
and R2.

Stage 4: Optimisation and controller development.
A multi-objective optimisation algorithm should
determine appropriate injection timing, pressure and
fuel delivery settings. The resulting control strategy
should be implemented through an electronic control
unit.

Stage 5: Experimental validation. The optimised
control system should be evaluated against
conventional diesel operation and fixed-calibration
biodiesel operation. Repeated experiments should be
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conducted to establish the consistency and statistical
significance of the observed differences.

Stage 6: Practical assessment. The final stage should
examine operational reliability, fuel economy,
emission compliance, maintenance requirements and
economic feasibility.

LIMITATIONS AND FUTURE RESEARCH
DIRECTIONS

Although intelligent biodiesel fuel management offers
considerable  technological  potential,  certain
limitations require attention.

First, machine learning models depend on the
availability and quality of experimental datasets.
Models developed wusing a particular engine
configuration may not perform equally well in engines
with different combustion chamber designs or
injection systems.

Second, biodiesel composition varies according to
feedstock, production methodology and storage
conditions. Consequently, the proposed framework
requires appropriate fuel characterisation and periodic
model recalibration.

Third, NOx emissions may respond differently to
changes in injection timing, combustion temperature
and biodiesel composition. Therefore, emission
reduction should be treated as a multi-objective
engineering problem rather than an assumption that
every pollutant will decrease simultaneously.

Future investigations should explore digital twin
technology, real-time fuel quality estimation, hybrid
machine learning algorithms and model predictive
control. Integration with Internet of Things (IoT)
platforms could also support remote engine monitoring
and predictive maintenance.

Further research should examine the application of
intelligent biodiesel management in agricultural
tractors, commercial transportation, industrial
generators and distributed power generation systems.
Lifecycle assessment and techno-economic analysis
would provide additional evidence regarding the
sustainability of the complete biodiesel utilisation
system.

CONCLUSION

The development of an intelligent biodiesel fuel
management strategy represents a promising approach
to improving the performance and environmental
characteristics of compression-ignition engines
operating with renewable fuels. Biodiesel offers
potential advantages in terms of renewable feedstock
utilisation, lower sulphur content and reduced
emissions of certain pollutants. Nevertheless,
variations in viscosity, density, calorific value and
combustion characteristics create challenges that
require effective engine calibration and fuel
management.
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The present research proposes an integrated
framework combining biodiesel fuel characterisation,
real-time engine monitoring, artificial intelligence-
based prediction and multi-objective optimisation. The
framework is designed to regulate fuel injection
timing, injection pressure and fuel delivery according
to engine operating conditions and biodiesel
properties. Machine learning techniques, including
artificial neural networks, Random Forest and adaptive
neuro-fuzzy inference systems, can provide predictive
support for estimating engine efficiency, fuel
consumption and exhaust emissions.

The proposed approach places particular emphasis on
balancing brake thermal efficiency, brake-specific fuel
consumption and the emission characteristics of NOx,
CO, HC and particulate matter. Its multi-objective
structure recognises that improvements in one
performance indicator may influence other indicators,
making coordinated optimisation necessary.

The framework provides a conceptual foundation for
developing adaptive and intelligent fuel management
systems. Its practical effectiveness, however, must be
established through controlled engine experiments,
statistical ~ validation and  comparison  with
conventional  calibration strategies. Successful
implementation could contribute to improved biodiesel
utilisation, reduced dependence on petroleum fuels and
the advancement of cleaner and more energy-efficient
transportation and industrial systems.
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