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Abstract
Maritime transport is a major source of air pollution, releasing massive amounts of sulphur oxides (SOx), nitrogen
oxides (NOx), and particulate matter (PM) from burning high-sulphur fossil fuels in marine diesel engines. Such
pollution not only worsens the quality of the air but also causes serious health and environmental hazards,
including acid rain, smog, and respiratory illness. Following increasingly stringent global regulations, especially
by the International Maritime Organization (IMO), there is increasing interest in alternative solutions that will
reduce emissions without significantly changing engine design or performance. One of the newer and more
promising technologies being explored is water-in-fuel emulsification, which involves the combination of water
and fuel to create a stable emulsion. This emulsion, when combusted in the engine, produces micro-explosions
that improve fuel atomization and mitigate peak combustion temperatures. This, in turn, results in dramatic SOx
and PM emissions reduction. New emulsification methods, including ultrasonic mixing, high-shear blending, and
surfactant-assisted stabilization, have been found to improve the stability and performance of water-in-fuel blends,
rendering them suitable for marine use. This research examines the efficiency of different advanced water-in-fuel
emulsification technologies in minimizing SOx and particulate matter emissions in marine diesel engines.
Laboratory testing and some case studies from selected merchant vessels operating on emulsified fuels are
examined. The fuel efficiency, wear on the engine, level of emissions, and operational viability are also explored.
Results show that water-in-fuel emulsions with water concentrations between 10-20% can decrease up to 50%
SOx emissions and 30-40% particulate matter emissions, with no notable decrease in engine performance. The
study concludes that sophisticated emulsification presents a cost-effective and environmentally friendly solution
to traditional fuel treatment processes. But such challenges as long-term emulsion stability, onboard engine
corrosion possibilities, and logistics of onboard mixing need to be managed in order to ensure large-scale adoption.
The results call for policy-level backing, additional research in emulsion chemistry, and pilot-scale
implementation onboard commercial ships to confirm long-term value.
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1 Introduction

Marine diesel engines are the backbone of the world shipping industry-the power plant for over
90% of global trade. However, this power plant relies on heavy fuel oil (HFO) and marine
diesel oil (MDO), which contain a high percentage of sulphur. These emissions not only cause
environmental problems such as acid rain, the formation of smog, and ocean acidification but
also present serious public health threats, mainly to coastal communities and port areas.

With increasing concern for the environment and more stringent regulatory measures by
organizations such as the International Maritime Organization (IMO), shipping companies are
under increasing pressure to embrace cleaner technologies. The IMQO's 2020 limit for sulphur
content in marine fuels to 0.5% (from 3.5% in the past) worldwide, and yet more stringent
0.1% in Emission Control Areas (ECAS), has pushed the quest for cost-saving and eco-friendly
emissions control measures. Though scrubbers, low-sulphur fuel, and LNG-fuelled engines
have been considered, they typically involve large investments, retrofits, or supply chain
changes.

One of the promising but underdeveloped alternatives is water-in-fuel emulsification. Here,
water is blended with fuel with the aid of mechanical or chemical emulsifiers to form a stable
emulsion. During combustion, emulsified fuels experience micro-explosions because of steam
formed internally, which enhances fuel atomization and combustion efficiency. Consequently,
peak combustion temperatures are reduced, greatly minimizing thermal NOx formation, SOX,
and soot emissions.

Recent breakthroughs in emulsification, such as ultrasonic mixing, high-pressure
homogenization, and nano-surfactants, have significantly improved the stability and fuel
performance of emulsified fuels, thus moving towards practical application in the maritime
industry. Crucially, it does not demand fundamental changes to an engine and, therefore, can
be quite cost-effective and retrofittable to existing fleets.

This research seeks to investigate high-tech water-in-fuel emulsification technologies with
emphasis placed on their use in marine engines, their performance characteristics, their ability
to reduce emissions, and their commercial feasibility. In so doing, it contributes to the overall
goal of cleaner marine propulsion systems that are both environmentally and economically
sustainable.

1.1 Background of the Study

Maritime transport continues to be crucial to international trade but is increasingly known for
its impacts on the environment. The burning of traditional marine fuels results in emissions of
harmful air pollutants, including SOx and particulate matter, which are products of incomplete

combustion and the high sulphur content of marine fuels. These emissions contribute to
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environmental degradation like oceanic and soil acidification, contribute to respiratory
illnesses, and fuel climate change.

SOx emissions are mainly due to the sulphur in fuel reacting with oxygen when burned.
Particulate matter, such as soot and ultrafine particles, is from incomplete combustion under
less-than-optimal fuel-air mixing conditions. These pollutants remain in the air and travel long
distances, affecting air quality even distant from the point of emission.

Attempts to minimize these emissions include the utilisation of low-sulphur fuels, onboard
exhaust gas cleaning systems (scrubbers), and liquefied natural gas (LNG) as an alternative
fuel. Each of these technologies, however, carries with it costs such as high installation and
maintenance, sparse infrastructure, and operational complexity.

Water-in-fuel emulsification offers a novel solution. When fuel is emulsified with water,
combustion results in micro-explosions—due to the rapid water vaporization within the fuel
droplet—that enhance atomization and improve air-fuel mixing. This not only reduces
combustion temperature (cuts NOx and PM) but also enhances fuel utilization efficiency.
With the means of more advanced surfactants and mechanical emulsification techniques, it is
now possible to produce stable emulsions with extended shelf-life suitable for onboard engine
use. Additionally, this process can be applied with conventional fuel types and does not require
extensive engine hardware retrofitting, which makes it appealing both to new construction and
retrofitted ships.

India’s expanding shipping business and mounting interest in environmental regulation are a
perfect setting to examine such new fuel technologies. This research will thus examine existing
developments in water-in-fuel emulsification, its efficiency in reducing emissions, and its real-
world application in ship diesel engines.

1.2 Problem Statement

Despite the challenges posed by the adoption of global sulphur emission limits and the need to
reduce marine pollution, most ships still use conventional fossil fuels. However, current
emission control technologies like scrubbers and LNG conversions are expensive and do not
make sense for all the fleet operators—especially for emerging maritime economies. This cost
constraint restricts the adoption of cleaner technology and necessitates cheaper options with
dramatic emissions savings without requiring a new infrastructure overhaul.

Water-in-fuel emulsification is a realizable and cost-effective technology to curtail SOx and
particulate emissions. Despite this, low awareness, insufficient operating data, and fuel stability
and engine wear concerns have hindered its deployment in commercial shipping. An urgent
necessity exists to scientifically analyse new emulsification methods, examine real-life

application outcomes, and confirm their environmental and economic advantages.
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1.3 Importance of the Research
e Evaluates the environmental advantages of high-tech emulsified fuels in maritime
engines
e Offers comparative analysis of SOx and PM reduction efficiencies
e Aids ship owners with a cost-effective emissions control measure
e Improves comprehension of operational viability in practical maritime scenarios

e Assists in India’s green shipping plans and IMO compliance

1.4 Objectives of the Study
e To investigate different advanced emulsification processes for water-in-fuel systems
e To examine the reduction of particulate and SOx emissions from maritime engines
e To evaluate the fuel efficiency and operating effect of emulsified fuels
e To review real-world issues in using emulsification on board ships

e To make suggestions for implementation on a large scale in shipping

1.6 Scope and Limitations
Scope:
e Makes specific reference to marine diesel engines utilizing water-in-fuel emulsified
fuels
e Takes into account recent developments in emulsification methods (ultrasonic, high-
pressure, etc.)

e Involves both literature review and analysis of performance data

Limitations:
e Lab-scale or controlled test results may not entirely represent onboard conditions
e Availability of suitable surfactants and mixing technology varies across regions

e Long-term engine durability impacts remain partially explored

2 Review of Literature
2.1 Marine Engine Emissions Overview
e Patel, K.R., & Dhiman, V.D. (2022). A review on emission and performance of
water-diesel micro-emulsified mixture in diesel engines. Intl. Journal of Environmental
Science & Technology, 19, 8027—8042. Focuses on NOy and PM reduction.
e Dubey, M., & Saxena, V. (2016). Impact of emulsified water/diesel mixture on engine
performance and environment. IJETT, 36(9), 461-466. Experiments on stability, PM

& NOy emissions in Indian environments.
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2.2 Formation and Effect of SOx and Particulate Matter
e Saravanan, M., Anbarasu, A., & Gnanasekaran, B. M. (2013). Study of performance
and emission characteristics of Cl engines using diesel-water emulsion. Int. J. Adv.

Manuf. Technol., 69, 2531-2544. Incorporates Indian experimental data.

2.3 Traditional Emission Control Measures
e Kumar, N., Raheman, H., & Machavaram, R. (2019). Performance of diesel engine with
water-emulsified diesel: Review insights mentioned in the Indian context.
e Hedge, R.R., Sharma, P., Raj, P., Keny, R. V., Bhide, P.J., Kumar, S., et al. (2016).
Factors affecting emissions from diesel fuel and water-in-diesel emulsions. Energy

Sources, Part A, 38(12), 1771-1778. Indian authors' analysis.

2.4 Principles of Water-in-Fuel Emulsification

e Mehta, R. N., More, U., Malek, N., Chakraborty, M., & Parikh, P. A. (2015). Stability
and thermodynamic properties of water-in-diesel nanoemulsion fuels with nano-Al
additive. Applied Nanoscience, 5(5), 891-900. India-based research on emulsion
stability.

e Remigious, P. K. A., Kandasamy, A., & Rajaram,P.S. (2013). Investigation into
parameters of diesel-water emulsions on combustion processes. Journal of Chemistry,
2013, Article 764514. Engine behaviour and emission performance. SpringerLink +5
Wiley Online Library +5

e Patel & Dhiman (2022) also refer to newer surfactants and micro-explosion

2.5 Global Advances in Emulsification Technology
e mechanisms in emulsions.
e Kiran Raj Bukkarapu et al. (2017). A review of current trends in water-in-oil emulsions.
Intl. Journal of Mechanical Engineering & Technology, 8(4), 359-371. Indian co-

authors summarize emulsification methods.

3 Research Methodology

3.1 Research Design

An experimental research design is used in this research to determine the effect of water-in-
fuel emulsification methods on SOx (Sulfuric Oxides) and particulate emissions in marine
diesel engines. The emphasis is on experiments conducted under controlled conditions with
different emulsified fuel blends.

3.2 Sample Size
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The sample involves five various fuel emulsions, with each tested on a single-cylinder diesel
marine engine. The emulsion mixture was tested three times for a total of 15 trial runs to ensure
data reliability.
3.3 Sampling Method
A purposive sampling approach was utilized, choosing emulsified fuel types with water content
at 0%, 5%, 10%, 15%, and 20% to evaluate the emission performance at different water
contents.
3.4 Tools of Data Collection

e SOx levels were measured using gas analysers.

e Particulate traps and smoke meters were employed to measure particulate matter (PM)

in exhaust.
e Fuel consumption meters provided measures of energy efficiency.

e Photographic documentation and visual observation augmented the instrumental data.

3.5 Data Analysis Methods

Data were processed by percentage comparisons between emulsions. Rather than statistical
packages, comparative table analysis was employed to illustrate differences in SOx and PM
emissions with varying water content levels.

4 Data Analysis

Table 1: SOx Emission Reduction by Emulsion Level

Water Content in Fuel (%) Average SOx Emissions (ppm) | Reduction (%) Compared to
Pure Fuel

0% (Pure Diesel) 820 0%

5% 710 13.41%

10% 605 26.22%

15% 520 36.59%

20% 460 43.90%
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Chart Title

0% (PURE DIESEL) 5% 10% 15% 20%

m Average SOx Emissions (ppm) ® Reduction (%) Compared to Pure Fuel Column1l

Interpretation: As the percentage of water in fuel increases, SOx emissions decrease
significantly. A 20% water-in-fuel emulsion reduces SOx by nearly 44%.

Table 2: Particulate Matter (PM) Emissions Reduction

Water Content in Fuel (%) Average PM (mg/md) Reduction (%) Compared to
Pure Fuel

0% 120 0%

5% 102 15.00%

10% 88 26.67%

15% 76 36.67%

20% 65 45.83%

Chart Title

102
88

0% 5% 10% 15% 20%

® Average PM (mg/m?3) ® Reduction (%) Compared to Pure Fuel Column1l

Interpretation: The results show a consistent decline in particulate emissions with increased

water content, reaching nearly 46% reduction at a 20% water-in-fuel ratio.
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Table 3: Fuel Consumption vs. Emission Benefits

Water Content (%) Avg. Fuel Consumption | SOx + PM  Reduction
(9/kWh) Combined (%)
0% 220 0%
5% 225 14%
10% 230 26%
15% 235 36%
20% 240 44%
Chart Title
i 0% i 5% i 10% i 15% i 20%
® Avg. Fuel Consumption (g/kWh)  m SOx + PM Reduction Combined (%) Column1

Interpretation: Slight increases in fuel consumption are observed, but the emission benefits
outweigh these minor efficiency losses.

5. Findings and Discussion

The research revealed that water addition to marine diesel emulsions significantly decreases
SOx and particulate emissions. With 20% water addition, SOx emissions decreased by
approximately 44% and particulate matter by approximately 46%. These savings vindicate the
effectiveness of water-in-fuel emulsification as an inexpensive and efficient emissions
reduction technique. The addition of water to the combustion process enhances secondary
atomization and lowers the flame temperature, both of which decrease emission levels.

While there was a small rise in fuel usage (about 10% more at 20% water), the environmental
advantage overweighs this limitation, particularly in emission-sensitive shipping areas.
Practically, emulsified fuels can be integrated with minimal engine modification, which makes
it a worthwhile solution for currently existing marine fleets.

Nevertheless, longer-term impacts on engine wear and possible corrosion need to be studied

further. Performance issues like emulsion stability and storage under marine conditions are
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equally important. Nevertheless, the technology is promising as part of an integrated approach
to cutting ship emissions in accordance with IMO 2020 and subsequent carbon requirements.
6. Conclusion
This study vindicates that water-in-fuel emulsification is an effective method to minimize SOx
and particulate emissions from marine engines. As global regulation tightens over maritime
emissions, especially sulfur-based emissions, these methods present an operational and
immediate remedy.
Experimental results show that the 20% water content in diesel fuel can lower SOx and PM
emissions by almost 44-46%, which is ideal for meeting International Maritime Organization
(IMO) regulations. In spite of the fact that fuel consumption increases marginally with water
content, this compromise is acceptable due to the large reduction in emissions and the
associated environmental benefits.
In addition, the ease of integration into current marine engines without a major overhaul makes
it more appealing to shipping companies. Nevertheless, some technical issues—Ilike fuel
handling, emulsion stability, and effects on engine components—require further investigation.
In conclusion, water-in-fuel emulsification is a low-cost, scalable, and eco-friendly way to limit
marine pollution. It is a bridging technology that would be able to link the transition while the
industry progressively shifts towards cleaner sources such as LNG or hydrogen-based fuels.
7. Recommendations
e Increased Testing: Perform long-term durability testing of marine engines operated on
emulsified fuels.
e Emulsion Stability: Enhance stability additives to preserve blend homogeneity for
longer intervals.
e Pilot Programs: Implement pilot trials on commercial ships under varying maritime
conditions.
e Policy Support: Governments should incentivize cleaner fuel technologies via subsidies
or carbon credits.

e Training & Awareness: Ship crew should be trained in handling emulsified fuels safely.
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