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Abstract - This report discusses a four-year study
on the effect of Exhaust Gas Cleaning System
(Scrubbers) over the 0.5% VLSFO and other
alternative fuels. The study involves commercially
attractive, economically viable among available
mature technologies for transition towards IMO’s
net zero emission by the year 2050. Likewise
assessed the actual behavior of the ship in real life
and take out of the best among the existing fleet
and existing technology. Aligning the market
dynamics, improving, and optimizing
performance of the fleet and distributing cost
along the divided chain of ship owners, charterers,
cargo owners. Exhaust Gas Cleaning System
(Scrubbers) gives a significant impact and front
runner in progress towards achieving the
regulatory landscape tightening rules among
0.5% VLSFO and alternative fuels such as
Hydrogen, Ammonia, Methanol, LPG, LNG,
Battery etc.
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1. Introduction

The maritime industry stands at a critical crossroads
as it seeks to achieve the International Maritime
Organization’s (IMO) ambitious goal of net-zero
emissions by 2050 [10]. Central to this endeavor is
the adoption of Exhaust Gas Cleaning Systems
(Scrubbers) and a transition to alternative fuels. The
study in focus here meticulously examines the cost
effectiveness of scrubbers when used with 3.5% High
Sulfur Fuel Oil (HSFO) and other alternative fuels.
This report, with its broad scope, detailed
methodology, and significant findings, offers an in-
depth understanding of the commercial, economic,
and regulatory implications of these technologies.

Scrubbers are identified as a commercially
attractive solution. They enable continued use of
higher sulfur fuel oil while ensuring compliance with
sulfur  emission  regulations, making them
economically viable in the short to medium term,
especially given the fluctuating costs of compliant
fuels.

Performance Optimization

Ships equipped with scrubbers demonstrated
significant improvements in operational efficiency
and compliance with emission standards. The study
highlighted the importance of optimizing scrubber
performance through regular maintenance and
technological upgrades.

Impact on Regulatory Compliance

Scrubbers play a crucial role in meeting IMO’s sulfur
emission regulations. The study found that scrubbers
effectively reduce sulfur emissions to the required
levels, positioning them as a key technology for
achieving regulatory compliance.

Alternative Fuels

The study explored the potential of alternative fuels
in reducing Green House Gas emissions. While
hydrogen, ammonia, methanol, LPG, LNG, and
battery technologies show promise, each comes with
its own set of challenges, including infrastructure
requirements, safety concerns, and economic
feasibility [9].

Cost Distribution

The analysis of cost distribution among stakeholders
revealed that while the initial investment in scrubbers
and alternative fuels can be high, the long-term
savings from fuel cost reductions and regulatory
compliance can be substantial. The study emphasized
the need for collaborative investment strategies to
distribute costs effectively.

The study will elaborate the detailed analysis of
Operational Performance, Alternative Fuels, Impact
on Regulatory Compliance, and Cost Distribution.

2. Operational Performance

The study revealed that scrubbers, when properly
maintained and optimized, significantly improve a
ship's operational performance. Regular maintenance
and technological upgrades are essential to ensure
scrubbers operate at peak efficiency. Ships equipped
with scrubbers consistently met the sulfur emission
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standards set by the IMO, demonstrating their
effectiveness as a compliance tool [1,12].

3. Challenges with Alternative Fuels

The study's comparative analysis offers a nuanced
understanding of each technology's strengths and
weaknesses.

(i) Hydrogen and Ammonia

Hydrogen and ammonia are promising fuels for
achieving GHG emission reductions. Both have high
energy potential and produce zero carbon emissions
when used [3]. However, their widespread adoption
faces significant hurdles:

Storage and Handling: Both hydrogen and ammonia
require  specialized storage and  handling
infrastructure due to their chemical properties.
Hydrogen, being the lightest element, needs to be
stored under high pressure or at extremely low
temperatures, which ~ demands  significant
investments in storage facilities and safety measures.
Ammonia, while easier to store than hydrogen, is
toxic and poses handling risks.

Infrastructure Development: The existing maritime
infrastructure is not equipped to handle hydrogen or
ammonia at a large scale. Developing the necessary
infrastructure would require substantial investment
and time, posing a barrier to immediate adoption.

(if) Methanol

Methanol is relatively easier to handle compared to
hydrogen and ammonia and can be produced from
renewable sources, making it an attractive option.
However, it still requires significant technological
advancements for widespread adoption:

Production and Availability: While methanol can be
produced from natural gas, coal, and biomass, the
availability of renewable methanol is currently
limited. Scaling up production to meet maritime
demands would require considerable effort and
investment.

Energy Density: Methanol has a lower energy density
compared to traditional marine fuels, meaning larger
fuel tanks or more frequent refueling would be
necessary, which could impact the design and
operation of ships.

(i) LPG and LNG

LPG and LNG are more mature technologies with
existing infrastructure. They offer lower GHG
emissions compared to traditional marine fuels, but
still produce carbon emissions:

Infrastructure and Maturity: Both LPG and LNG
have  well-established  supply chains and
infrastructure, making them easier to adopt in the
short term. Many ports already have the necessary
refueling facilities.

Emission Reduction: While LPG and LNG produce
lower carbon emissions than conventional fuels, they
are not entirely carbon-free. LNG still emits methane,
a potent greenhouse gas, during production and
transport.

(iv) Battery Technologies

Batteries are ideal for short-sea shipping and ferries,
offering zero emissions at the point of use [5].
However, their application in deep-sea shipping is
limited by current energy density and recharging
infrastructure:

Energy Density: Current battery technology does not
provide the energy density required for long voyages.
Batteries are more suitable for short-sea shipping
routes where recharging can be done frequently.

Recharging Infrastructure: The infrastructure for
recharging large maritime batteries is still in its
infancy. Significant investments in port facilities and
grid capacity would be necessary to support
widespread adoption.

Apart from this, the transition to alternative fuels
presents several practical challenges:

Safety Concerns: Handling and storing alternative
fuels such as hydrogen and ammonia pose significant
safety risks. Developing robust safety protocols and
training personnel is crucial to mitigate these risks.

Crew Training: Transitioning to new fuels and
technologies requires extensive training for ship
crews. Understanding the properties, handling, and
operational procedures for new fuels is essential for
safe and efficient operations.

Retrofit and New Build Costs: Converting existing
ships to use alternative fuels or building new ships
designed for these fuels involves significant costs.
The study emphasized the importance of financial
support and incentives to facilitate this transition.

4. Economic Analysis of scrubbers

The economic analysis conducted in the study
provides a clear picture of the financial implications
of adopting scrubbers and alternative fuels [2,6]. The
price spread between different marine fuels is a
complex interplay of several factors, including:



Crude oil prices: The underlying cost of crude oil
significantly impacts the price of all petroleum-
based fuels.

Refining margins: The profitability of refining
processes influences the price differentials between
various fuel grades.

Sulfur content: Fuels with lower sulfur content
generally command higher prices due to additional
refining processes required.

Environmental regulations: Stricter emissions
standards can increase the price of fuels that comply
with those regulations.

Market demand: The supply and demand dynamics
for each fuel type influence their respective prices.

Geographical location: Fuel prices can vary
significantly depending on the region due to factors
such as transportation costs, taxes, and local market
conditions.

Initial Investment and Operational Costs

The initial investment in scrubbers can be
substantial, including the cost of installation and
integration with existing ship systems. However,
the study found that the operational cost savings
from using other alternative fuel oil can offset this
investment over time. Additionally, scrubbers
enable compliance with sulfur regulations without
the need for more expensive low-sulfur fuels.

Long-Term Savings and Compliance Costs

The study highlighted the long-term financial
benefits of adopting scrubbers and alternative fuels:
Fuel Cost Savings: Using scrubbers allows ships to
continue using less expensive high-sulfur fuel oil,
resulting in long-term fuel cost savings. Similarly,
alternative fuels such as LNG and LPG can offer
cost savings compared to traditional marine fuels,
depending on market prices.

5. Price Spread: A Comparative Overview
Conventional Marine Fuels

HSFO (High Sulfur Fuel Oil): Historically the
cheapest option, its price has been impacted by the
IMO 2020 regulations, which mandated a global
sulfur cap for marine fuels.

VLSFO (Very Low Sulfur Fuel Qil): Introduced to
comply with IMO 2020, VLSFO is generally more

expensive than HSFO due to the additional refining
processes required to reduce sulfur content.

The price difference between HSFO and VLSFO is
often referred to as the Hi-5 spread. This spread has
fluctuated significantly over the years, influenced by
factors such as crude oil prices, refining margins, and
market demand.

Alternative Fuels

The price spread between conventional marine fuels
and alternative fuels is even more pronounced due to
the nascent stage of the latter.

LNG (Liquified Natural Gas): While offering lower
emissions, LNG prices are influenced by natural gas
prices, liquefaction costs, and transportation
infrastructure.

LPG (Liquified Petroleum Gas): Similar to LNG,
LPG prices are tied to crude oil prices and the
availability of LPG feedstock.

Methanol: Methanol prices are influenced by natural
gas and coal prices, as well as production costs.

Ammonia: As a relatively new marine fuel, ammonia
prices are still developing and influenced by
production costs and transportation logistics.

Hydrogen: Currently, the most expensive option,
hydrogen prices are dependent on production
methods (green, blue, grey) and distribution
infrastructure.

Battery technology: While not a fuel, the cost of
batteries for electric or hybrid vessels is a significant
factor in overall operating expenses.

Price Spread Overview

The price spread between different marine fuels is
influenced by a complex interplay of factors,
including:

Crude oil prices: The foundation for most marine
fuels.

Refining costs: The complexity of refining processes
for different fuel types.

Environmental regulations:  Stricter emissions
standards often lead to higher prices for compliant
fuels.



Market demand: Supply and demand dynamics for
each fuel type.

Infrastructure costs: The cost of developing and
maintaining infrastructure for fuel production,
storage, and distribution.

Comparative Pricing

The following is a general comparison and actual
prices can vary significantly based on location, time,
and market conditions.

HSFO and VLSFO: The price difference between
HSFO and VLSFO (Hi-5 spreads) has fluctuated
significantly since IMO 2020.

LNG: While offering environmental benefits, LNG
price competitiveness depends on natural gas prices,
infrastructure development, and government policies.

Methanol and Ammonia: These fuels have the
potential to become more price competitive with
technological advancements and economies of scale.

Hydrogen: Significant cost reductions are needed for
hydrogen to become a viable marine fuel.

Battery technology: Battery costs are decreasing, but
their overall impact on vessel economics depends on
factors like energy storage capacity and charging
infrastructure.

Cost-Benefit Analysis Framework

A comprehensive cost-benefit analysis would
involve the following steps:

Identify costs and benefits: Determine all relevant
costs and benefits for each fuel option.

Quantify costs and benefits: Assign monetary values
to as many costs and benefits as possible.

Discount future costs and benefits: Adjust future
values to account for the time value of money.

Calculate net present value (NPV): Determine the
overall profitability of each fuel option.

Sensitivity analysis: Assess how changes in key
variables affect the results.

6. Environmental Impact

The environmental impact of scrubbers and]
alternative fuels was a key focus of the study [7,8].

Scrubbers and Emission Reductions

Scrubbers effectively reduce sulfur oxide (SOx)
emissions, helping ships comply with the IMO's
0.5% sulfur cap. The study also noted that scrubbers
can reduce particulate matter emissions, contributing
to overall air quality improvement. Closed-loop and
hybrid scrubbers, which recirculate wash water, were
identified as more environmentally friendly options.

Additional Considerations

Regional price differences: Fuel prices can vary
significantly between different regions due to factors
like taxes, transportation costs, and local market
conditions.

Fuel blending: Blending different fuels can create
new price points and potentially reduce emissions.

Carbon pricing: The implementation of carbon
pricing mechanisms can impact the relative cost of
different fuels.

7. Policy and Regulatory Implications

Regulatory framework: Analyze the role of
regulations in driving the adoption of Scrubbers and
alternative fuels.

Incentive programs: Discuss the effectiveness of
government incentives in promoting cleaner
technologies.

Research and development: Identify areas for further
research to support the transition to low-carbon

shipping.

Regulatory Compliance: Investing in scrubbers and
alternative fuels ensures compliance with current and
future IMO regulations, avoiding potential fines and
operational restrictions. The study emphasized that
early adoption of these technologies could provide a
competitive advantage as regulatory requirements
become more stringent [11,13].



Factors influencing fuel price

Fuel Type Price Relativity | Factors Affecting Price

HSFO (High Sulfur Fuel | Lowest Historically cheapest due to lower refining costs, but price has

Qil) increased due to IMO 2020 regulations.

VLSFO (Very Low Sulfur | Higher than | More expensive due to additional refining processes to meet IMO

Fuel Oil) HSFO 2020 sulfur cap.

LNG (Liquified Natural | Varies Linked to natural gas prices, liquefaction costs, and transportation

Gas) infrastructure. Can be competitive in some regions.

Methanol Varies Price influenced by natural gas or coal feedstock, production costs,
and transportation.

Ammonia Highest Currently the most expensive option due to production challenges
and limited infrastructure.

Hydrogen Extremely high Production costs, storage, and distribution challenges contribute to

LPG (Liquified Petroleum | Lower than LNG

Gas)
Battery Not directly
comparable
8. Conclusion:

The maritime industry's pursuit of the IMO's net-zero
emissions by 2050 hinges on the adoption of Exhaust
Gas Cleaning Systems (Scrubbers) and alternative
fuels. This study highlights the commercial viability
of scrubbers, which enable compliance with sulfur
emission regulations while allowing the continued
use of high sulfur fuel oil. Scrubbers have proven
effective in improving operational efficiency and
regulatory compliance, making them a key short to
medium-term solution.

The economic analysis shows that while the initial
investment in scrubbers are moderate, long-term
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