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Abstract. Understanding the influence of fuel composition on the performance and environmental
characteristics of marine diesel engines has become increasingly crucial amid global efforts to reduce
emissions and improve energy efficiency in maritime transportation. This study investigates how variations
in the hydrocarbon ratio (C/H ratio) of liquid fuels affect the thermodynamic, operational, and
environmental indicators of a four-stroke medium-speed marine diesel engine. A MATLAB-based
zero-dimensional combustion and working-cycle simulation model, previously validated against the
technical passport data of the Wirtsild 6L20 engine, was extended and refined to evaluate a wide range of
hypothetical and real fuel formulations. Five baseline fuels-marine diesel, road diesel, flot fuel, biodiesel,
and a diesel-biodiesel blend-were analyzed, and their chemical compositions were systematically modified
to assess the impact of changing carbon and hydrogen mass fractions on cylinder pressure, temperature,
heat release rate, indicated and effective power, brake-specific fuel consumption (BSFC), combustion
efficiency, and carbon dioxide emissions [1-14]. The results demonstrate that increasing the carbon
fraction enhances the lower heating value (LHV) and leads to higher peak pressures and temperatures,
thereby increasing effective power output but also raising CO: emissions per kilowatt-hour. Conversely,
higher hydrogen content generally improves combustion completeness and thermal efficiency but reduces
energy density, resulting in lower engine power and higher BSFC. Fuels with embedded oxygen, such as
biodiesel, exhibit smoother combustion and lower NO. formation tendencies but require increased mass
flow rates to compensate for their lower LHV. The study concludes that optimizing the hydrocarbon ratio
is a multi-objective problem involving trade-offs between energy efficiency, emissions, and economic
feasibility. These findings support fuel reformulation strategies for achieving IMO-compliant
environmental performance while maintaining acceptable engine efficiency [15-24].

Introduction. Marine diesel engines remain the primary propulsion systems
for commercial maritime vessels due to their unmatched thermal efficiency,
robustness, and fuel flexibility. However, modern regulatory frameworks—
particularly the International Maritime Organization’s (IMO) MARPOL Annex
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VI—demand a significant reduction in the emissions of greenhouse gases (GHGs),
particulate matter (PM), nitrogen oxides (NOx), and sulfur oxides (SOx). To meet
these requirements, researchers are increasingly focusing on alternative fuels, fuel
reformulation, and engine modifications [25-33].

While numerous studies have analyzed the effects of fuel type, cetane number,
sulfur content, and biofuel blending ratios, fewer investigations have explored the
fundamental role of hydrocarbon ratio (C/H) in determining marine engine
performance. The C/H ratio governs the heating value, combustion temperature,
flame speed, ignition delay, soot formation tendency, and CO: production potential
of the fuel. This makes it a critical yet often overlooked variable in both fuel design
and engine optimization [34-48].

Prior studies validated the suitability of MATLAB-based zero-dimensional
models for simulating marine diesel engine cycles. Other works have explored the
influence of compression ratio changes, exhaust gas temperature behavior, and the
effect of fuel switching on engine indicators. Building on this foundation, the present
study shifts focus toward understanding how controlled variations in carbon and
hydrogen mass fractions alter the effective and indicated parameters of the Wartsila
6L.20 engine [49-68].

The research aims to provide a comprehensive thermodynamic analysis
supported by environmental and economic evaluation. It enables shipping operators,
engine designers, and fuel suppliers to better understand the trade-offs associated
with modifying hydrocarbon structures or adopting alternative fuel blends [69-83].

Literature review. A detailed review of prior work is essential to contextualize
the significance of hydrocarbon ratio variations.

Hydrocarbon Chemistry and Combustion Behavior

Hydrocarbon fuels consist primarily of carbon and hydrogen atoms. The C/H
ratio influences [1-11]:

« Lower heating value (LHV)

o Ignition delay

« Flame temperature

« Emissions, particularly CO: and soot

« Oxygen requirement during combustion

High-carbon fuels tend to exhibit higher LHVs because carbon oxidation
releases more energy per unit mass than hydrogen oxidation. However, hydrogen
contributes to cleaner combustion and produces only water vapor upon oxidation.

Marine Diesel Engine Combustion Models

Zero-dimensional models have been widely used for rapid simulation of engine
cycles:
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« They simplify spatial variables and focus on time-based cylinder pressure and
temperature evolution.

« Models by Vibe, Annand, Hiroyasu, and others have enabled efficient
representation of fuel burn rates and heat transfer.

Research by Ismayilov and Aliyev (2024) demonstrated the adequacy of
MATLAB-based thermodynamic models for Wairtsild engines. Their work is
foundational for extending the model to fuel composition variations.

Impact of Fuel Composition

Studies on biodiesel and heavy fuel oils have shown how different atomic
compositions influence combustion. Biodiesel’s built-in oxygen enhances oxidation
completeness, but its lower carbon content reduces energy output.

However, research specifically isolating the effect of C/H ratio—independent
of other variables—is sparse. This paper fills that gap by conducting a systematic
numerical investigation.

Methodology

Engine Model Overview

The study uses a validated MATLAB-based thermodynamic engine model
relying on the following governing equations:

First Law of Thermodynamics

aw av .
- = ¢ —p +Xmihy (1)

at

Ideal Gas Law
pV = mRT (2)

Vibe Combustion Function
Widely used in diesel combustion modeling:

=1 [a(52)" g

Fuel Composition Parameterization

Fuel composition was defined using a modified version of the fuel props
MATLAB function. Carbon and hydrogen mass fractions were varied within
realistic bounds:

o Carbon: 0.80-0.87

« Hydrogen: 0.10-0.14

« Oxygen: 0.00-0.02

Lower heating value was recalculated using:
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LHV = 33.87h, + 120.9¢;, (4)

Simulation Procedure

Each fuel composition scenario was run through the model. Outputs included:
« Peak pressure (Pz)

« Peak temperature (Tz)

o Indicated work (W)

« Effective power (Ne)

« Brake-specific fuel consumption (BSFC)

« Thermal efficiency (1)

« CO2 emissions

Carbon dioxide generation was computed using:

Yge 44
COZ,kWh = 1000 Ce "1z (3)

Environmental and Economic Calculations
Prices and baseline data were taken from:

o Ship & Bunker (2025)

« GlobalPetrolPrices (2025)

« IMARC biodiesel index (2025)

Annual consumption:

Cyear = N - 8760 - 2= (6)
Results.

Effect of Carbon Ratio on Pressure and Temperature

Higher carbon fuels exhibit:

« 3—6% higher peak pressure

+ 40-90 K higher maximum temperature

This is due to increased LHV, enhancing heat release during combustion.
Impact on Engine Power

Carbon-rich fuels increased effective power by:

e 4-7%

Hydrogen-rich fuels resulted in:

« reduced peak heat release

« smoother combustion

« lower power output

Brake-Specific Fuel Consumption

An inverse relationship exists between energy content and BSFC:
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« High-carbon fuels reduced BSFC by 3—-5%
« Low-carbon fuels increased BSFC by 10-14%

2577
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Fig. 1. Simulated pressure—crank angle diagram for different C/H ratios.
1. Marine diesel; 2. Road diesel; 3. Flot fuel; 4. Biodiesel; 5. Diesel-biodiesel
blend

Combustion Efficiency

Despite lower power, hydrogen-rich fuels:

« improved combustion completeness

o increased ne by 1-1.3%

CO: Emissions

CO: generation is strongly tied to carbon content:

« High carbon = high CO./kg, low CO/kWh

« Low carbon = low CO/kg, high CO2/kWh due to higher BSFC
Discussion. The study's findings show clear trade-offs:

« Carbon increases energy but worsens emissions.

« Hydrogen improves efficiency but lowers power.

« Oxygenated fuels provide stability but reduce heating value.
« This aligns with previous research by:

o Aliyev (2025)

« Ismayilov et al. (2022)

« AMF (IEA), NW Fuel, and biodiesel studies

« Engine designers must balance these variables depending on:
o mission profile

« fuel cost
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« regulatory restrictions
Conclusion. The research demonstrates that hydrocarbon ratio is a decisive

factor in marine diesel engine performance. Optimizing C/H values is essential for

achieving IMO-compliant emissions without compromising power output.

This work was supported by the Azerbaijan Science Foundation — Grant
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