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Abstract. The article presents an overview of selected alternative fuels used in marine diesel engines and 

examines the technical and operational challenges, advantages, and future prospects associated with 

multi-fuel marine diesel engines. Particular attention is given to the design and operating principles of fuel 

injectors capable of delivering both conventional diesel fuel and gaseous fuels into the cylinder. In 

addition, the study considers the influence of fuel properties on combustion characteristics and overall 

engine performance. The application of SWOT analysis to conventional marine diesel engines and multi-

fuel configurations is also addressed. The findings highlight the growing importance of fuel flexibility in 

improving energy efficiency and reducing environmental impact in modern maritime transport systems. 

 

Introduction. Reciprocating internal combustion engines are expected to 

remain the primary power units for transport, agricultural, and stationary 

applications for the foreseeable future. Within this context, diesel engines are likely 

to retain a leading position due to their superior fuel efficiency. Therefore, 

improving the techno-economic performance and environmental characteristics of 

diesel engines remains a matter of considerable importance [1-12]. 

In the maritime sector, diesel engines are widely utilized as both main 

propulsion units and auxiliary power systems. Current estimates indicate that more 

than 400 million tonnes of petroleum-based fuels are consumed annually in ship 

power plants. These fuels are typically categorized into distillate fuels, characterized 

by kinematic viscosities in the range of 2.5–14 mm²/s, and residual fuels, with 

viscosities ranging from 40 to 80 mm²/s. It is well recognized that fuel-related 

expenses account for a significant share of the total operating costs in shipping 

companies. For this reason, there is a growing tendency to utilize lower-cost fuels 

of reduced quality in marine diesel engines. However, this practice can adversely 
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affect engine durability and environmental performance. Production of conventional 

diesel fuel is constrained by the availability of heavy fractions in crude oil. 

Considerable research efforts have been directed toward the use of alternative fuels 

in marine diesel engines, including vegetable oil esters, low-octane gasoline, and 

fuels derived from gas condensates [13-24]. 

Besides conventional fuels, marine diesel engines can also operate on 

alternative fuels such as methanol, biofuels, fuels produced from gas condensates, 

and hydrogen, which are increasingly considered viable options for future 

applications. The use of diverse fuel types, in turn, creates a need for the 

development of multi-fuel marine diesel engines. Unlike conventional diesel 

engines operating on distillate fuels, such systems require modifications primarily 

to the fuel supply equipment, particularly the high-pressure fuel pump and the fuel 

injector design [25-38]. 

Main part. Multi-fuel marine diesel engines are designed to operate on 

different types of fuels. In modern shipping, these engines are being developed to 

improve operational flexibility and reduce fuel costs. They also play an important 

role in lowering harmful emissions and mitigating environmental impact. However, 

despite their advantages, multi-fuel marine diesel engines introduce a number of 

technical and operational challenges [39-56]. 

Technical challenges 

• Fuel compatibility issues: Since different fuels have distinct chemical 

compositions, their mixing may lead to the formation of sludge, tar, and other 

contaminants. For example, operational difficulties can arise during transitions 

between heavy fuel oil (HFO) and liquefied natural gas (LNG). 

• Thermal variations: Different fuels exhibit different combustion 

temperatures, which can result in uneven loading of engine components and may 

induce internal thermal stresses within the cylinders. 

• Combustion efficiency and corrosion: Certain fuels, particularly those with 

high sulfur content, can accelerate corrosion of internal engine components. During 

combustion, sulfur compounds may react with water vapor to form acidic substances 

(e.g., H₂SO₄), which further contribute to material degradation. 

• Automation and control systems: The engine control system must be capable 

of adapting to different fuel types. This requires advanced sensors and robust control 

algorithms, increasing system complexity. 

Operational challenges 

▪ Fuel switching procedures: When changing fuel types, improper transition 

procedures may lead to engine shutdown or damage. For instance, vessels entering 
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an Emission Control Area (ECA) are required to switch to low-sulfur fuels, which 

must be done carefully to ensure stable engine operation. 

▪ Logistics and storage: The use of multiple fuels requires separate tanks, piping 

systems, and treatment units. This increases space requirements on board and adds 

to maintenance complexity. 

▪ Crew competence: Safe and efficient operation depends on the crew’s 

familiarity with fuel switching and control procedures. Insufficient experience may 

increase the risk of operational errors and accidents. 

▪ Additional constraints: 

– Fuel price variability: Since fuel prices fluctuate, continuous cost assessment 

is necessary to ensure economically optimal operation. 

– Environmental regulations: The use of certain fuels may be restricted in 

specific regions due to emission standards and regulatory requirements. 

The above considerations indicate that, in multi-fuel marine diesel engines, the 

main design modifications are primarily associated with the fuel supply system, 

particularly the injectors. Figure 1 illustrates an injector designed to operate solely 

on gaseous fuel. It should be noted that in engines running exclusively on gas, the 

air–gas mixture is ignited by means of a spark [57-70]. 

As shown in the figure 1, sealing oil supplied from the upper side is used to 

prevent gas leakage through clearances between the components.  

 

 
Fig 1. Gaseous fuel injector 

1 - Gas fuel inlet channel; 2 - Connection to the ventilation piping system;  

3 - Cylinder Head; 4 - Gas leak detection; 5 - Sealing oil inlet connection;  

6 - Hydraulic oil inlet connection 
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Hydraulic oil, entering through the connection on the right, acts at a specified 

pressure and timing to lift the injector needle valve, thereby allowing gas to enter 

the cylinder. The gaseous fuel is delivered to the space surrounding the needle valve 

through a channel located in the lower part of the injector. In the event of gas leakage 

from the sealing zones, the gas is directed through an upper channel into the 

ventilation system. A sensor for detecting gas leakage is installed on the left side of 

the sealing oil inlet, while the injector itself is mounted in the cylinder head [71-83]. 

Figure 2 illustrates the design of an injector intended for the delivery of both 

gaseous and diesel fuels into the cylinder.  

 

 
Fig 2. Dual-fuel injector 

1 - Diesel needle valve; 2 - Gas needle valve; 3 - Nozzle body; 4 - Gas valve 

spring; 5 - Gas valve stem; 6 - Injector body; 7 - Electro-hydraulic actuator 

(gas valve); 8 - Electrical connector; 9 - Diesel valve spring; 10 - Diesel valve 

stem 

 

It should be noted that the amount of diesel fuel injected is relatively small—

typically about 15–20% of the total cyclic fuel supply—and is primarily used as a 

pilot fuel to initiate the combustion of the gaseous fuel. As shown in the figure, the 

injector nozzle is equipped with two needle valves. One of these (1) is used for diesel 

fuel injection when the engine operates in diesel mode, while the other (2) is 
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designed to supply gaseous fuel when the engine runs on gas. 

Even when the engine operates in gas mode, diesel fuel continues to circulate 

within the system. This serves both to cool the injector nozzle and to ensure the 

timely injection of a small quantity of pilot diesel fuel into the cylinder for ignition 

of the gaseous fuel. In gas operation, the opening of needle valve (2) occurs 

automatically, whereas in diesel mode, needle valve (1) is actuated by a 

hydromechanical control system. An individually controlled solenoid valve allows 

precise adjustment of the timing and duration of gas injection when the engine runs 

on gaseous fuel. The considered design also contributes to a reduction in NOx 

emissions, since the formation of NOx is directly influenced by the amount of pilot 

diesel fuel used for ignition. 

It is also of interest to apply a SWOT analysis to the transition toward multi-

fuel marine diesel engine technologies. SWOT analysis is a strategic tool used to 

evaluate the internal and external factors affecting a concept, project, technology, or 

organization [84-91]. 

SWOT analysis of multi-fuel marine diesel engines: 

• Strengths (S): Capability to operate on a wide range of fuels; adaptability to 

fuel price fluctuations; potential to comply with environmental requirements; 

operational flexibility in regulated areas. 

• Weaknesses (W): High system complexity; elevated initial investment costs; 

challenges related to maintenance and spare parts; operational risks during fuel 

switching. 

• Opportunities (O): Support for the transition to green shipping; adaptability 

to evolving global regulations; potential for integration with future fuel types; 

inclusion in clean energy initiatives. 

• Threats (T): Competition from alternative technologies (e.g., electric and 

hydrogen systems); uneven development of global fuel infrastructure; slow 

decision-making in technology adoption; challenges in standardization and 

certification. 

Conclusion. The future prospects of multi-fuel marine diesel engines are broad 

and promising in the context of ongoing technological, environmental, and 

economic changes in the global shipping industry. Increasing pressure to reduce 

carbon emissions, enhance fuel flexibility, and comply with evolving regulatory 

requirements is driving the adoption of such engines. The key directions for future 

development of multi-fuel marine diesel engines may include the following: 

• Integration of alternative fuel technologies: Development of engines capable 

of operating on hydrogen, ammonia, and synthetic fuels. 
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• Improved efficiency: Enhancement of thermal efficiency and further 

reduction of emissions through technological advancements. 

• Automation and intelligent control: Implementation of advanced control 

systems, including elements of artificial intelligence, to optimize fuel selection and 

switching processes. 
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