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Abstract 
This study examines the economic performance of four-stroke liquefied natural gas (LNG)-powered 
dual-fuel (DF) engines incorporating shaft generators (SGs) designed to provide auxiliary power when 
the engines operate above 50% load. Two distinct configurations involving large DF engines with 
mechanical propulsion (DF-MP) and smaller DF engines with diesel-electric propulsion (DF-DEP) are 
modelled using sensor data obtained from a Kamsarmax bulk carrier. Furthermore, integrating LNG-
powered phosphoric acid fuel cells (PAFCs) and batteries into ship electrification systems is analysed 
for operations in the port and under low-load main engine conditions. The economic assessment 
employs the primary metric of the Levelized Cost of Energy (LCOE). Comparative evaluations are 
conducted for systems, considering a range of fuel price variations and carbon emission scenarios. The 
results show that the DF-MP configuration delivers a 12.88% decrease in tank-to-wake CO2 emissions, 
while the DF-DEP setup achieves a more substantial 27.21% reduction. The conventional system 
exhibits LCOE values ranging from 2.65 to 3.80 $/kWh, compared to 4.80 to 6.12 $/kWh for DF-MP 
and 6.05 to 8.09 $/kWh for DF-DEP. The evaluated carbon tax levels, spanning from 54.34 to 104.52 
$/t-CO2, fail to provide adequate incentives for transitioning to the investigated configurations. 
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1 Introduction 

Dual-fuel (DF) engines are a key alternative for reducing emissions from maritime vessels. They 

can use cleaner fuels like liquefied natural gas (LNG) or methanol alongside traditional marine fuels, 

leading to lower environmental impact and compliance with stricter emissions regulations (Ammar & 

Seddiek, 2023). Integrating these engines with diesel-electric propulsion (DEP) can further decrease 

emissions. 

DEP utilises electric motors driven by diesel generators to propel a ship, enhancing efficiency and 

flexibility while improving fuel management and reducing emissions. This system optimises power 

distribution by converting diesel into electrical energy, boosting performance and reliability in marine 

operations (Nguyen et al., 2021). 

Fuel cell (FC) systems are viable options for ship electrification due to their low emissions of 

hazardous gases. The loads in electrification systems are generally more stable than those in propulsion 

systems, making this a feasible application area for FCs in combination with batteries (Korkmaz et al., 

2023). Phosphoric Acid Fuel Cells (PAFCs), with their medium operating temperature and suitability 

for LNG decomposition, are commercially available, positioning them as a practical choice for 

electrification plants (Xing et al., 2021). 

This study demonstrates the economic performance of four-stroke LNG DF engines with a shaft 

generator (SG) for auxiliary loads, using the Levelized Cost of Energy (LCOE) as the primary metric 

and analysing both DEP and mechanical propulsion (MP) systems. Additionally, PAFCs powered by 

LNG and a battery pack are coupled with DF configurations. The analysis considers various fuel and 

carbon scenarios. 

This research supports the International Maritime Organization (IMO)'s decarbonisation goals, 

aiming to significantly reduce greenhouse gas (GHG) emissions in the shipping sector by 2030. By 

investigating innovative propulsion and energy systems, this study aids in developing sustainable 

maritime practices essential for meeting the IMO's targets. The findings will offer economic insights 

into solutions for transitioning to cleaner energy sources, enhancing the maritime industry's 

commitment to environmental stewardship and global decarbonisation initiatives. 
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2 Methodology 

The case study utilised sensory fuel and load data from a Kamsarmax bulk carrier over 1.96 years. 

Figure 1 depicts the base case, the configurations examined and the simplified model logic. 

Figure 1 

System and model description: (a) base, (b) DF-MP, (c) DF-DEP cases, and (d) model simplified 
logic. 

 

 

In the base case (Figure 1a), the propulsion is provided by a large and low-speed, two-stroke diesel 

engine and three medium-speed, four-stroke diesel engines to meet electrical demand. In the DF-MP 

scenario (Figure 1b), the main engine (ME) is retrofitted with a four-stroke, medium-speed DF engine, 

supplemented by an SG for electrical load. During low ME loads and berthing, auxiliary engines (AEs) 

using PAFCs, batteries, and marine diesel engines (MDEs) supply power. In the DF-DEP 

configuration (Figure 1c), four smaller engines address propulsion and electrical needs, with PAFCs 

and batteries supplying power during berthing. 

The process in Figure 1d involves importing data, initialising values, and defining operational 

conditions. The ME load is crucial for determining the fuel type for DF engines and whether the SG 
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can fulfil electrical demand. LNG-mode operation in DF engines is feasible only when the ME load 

exceeds 50%, affecting the SG's contribution to the electrical load. 

The proposed configurations' DF engines and AEs utilise light fuel oil (LFO) at low loads. In 

contrast, the base case employs heavy fuel oil (HFO) for the ME and AEs. 

In the DF-DEP configuration, engine load-sharing is determined. The fuel consumption of DF 

engines and AEs is calculated based on the manufacturer's specific fuel consumption curves (Wärtsilä, 

2024). 

The model also evaluates power requirements for auxiliary equipment, total fuel consumption, 

utilisation hours, energy production, and emissions for electrification and propulsion systems. Lastly, 

the resulting variables are structured into a data format suitable for an economic comparison based on 

the LCOE. 

The operational carbon dioxide (CO2) emissions are calculated by multiplying the carbon emission 

factors (Cf) for internal combustion engines (ICEs) provided in Table 1 by the corresponding fuel 

consumption of the ICEs. Table 1 also specifies the CO2 emission factor for the PAFC (CfPAFC) and 

the system's LNG consumption coefficient. 

Table 1 

Cf, CfPAFC, and LNG consumption values. 

ICEs HFO LFO LNG 

Cf (g-CO2/g-fuel) 3.11 3.15 2.75 

PAFC CfPAFC(kg/MWh) LNG Consumption (Nm3/h) 

Coefficient 454 98.4 

Source: (Doosan, 2018; IMO, 2024) 

The economic comparison has been ensured by calculating the LCOE employing Equation (1) 

(Hansen, 2019). 

 

LCOE ൬
$

kWh
൰ =

∑  
(Cplant+ Cfuel+  CC+ Co&m) ($)

(1+r)n
LT
n=1

 

∑  
P (kW) × t(h))

(1+r)n
LT
n=1

 

 (1) 

The installation expenses are denoted as Cplant, while fuel expenditures are depicted as Cfuel, the 

carbon tax is denoted as CC and the operational and maintenance costs are represented as Co&m. A 
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discount rate (r) of 10% and the operational lifespan of the plant (LT) of 25 years are used (Shu et al., 

2017). Table 2 demonstrates the LT, Cplant and Co&m for the equipment. 

Table 2 

LT, Cplant and Co&m of the equipment. 

Equipment Cplant  Co&m  Unit LT (years) 

PAFC 1,802,117 1.5% $/unit 40,000 hours 

LNG Storage 2,000 1.5% $/m3 25  

HFO 

Storage/Transfer 
1,497.10 1% $/m3 25  

LNG Transfer 836.20 4% $/t 10  

Battery 11.36 1% $/cell 10  

Conventional ME 3,067,138 1.5% $ 25  

MDE (AE) 589,007 1.5% $ 25  

DF-MP 5,600,000 1.5% $ 25  

DF-DEP 1,671,158 1.5% $/unit 25  

Source: (Ammar & Seddiek, 2023; Fikri et al., 2018; Kim et al., 2021; Seo et al., 2016; Terlouw 

et al., 2022; Zubi et al., 2020) 

The CO&M is calculated by multiplying the ratio given in Table 2 with Cplant. The analysis uses 

United States Dollars ($), with an exchange rate of $1.04 for 1 Euro (€) on 07 January 2024. Historical 

prices are adjusted by applying the relevant year's exchange rate, and the most recent Chemical 

Engineering Plant Cost Index reported at 798.8 for June 2024 (Maxwell, 2024). Cfuel and CC are 

evaluated under cost cases based on low, medium, and high values shown in Table 3. 

Table 3 

Cfuel ($/t-fuel) and CC ($/t-CO2). 

Fuel High Average Low 

LFO 587.00 534.00 499.50 

HFO 530.00 467.00 395.00 
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LNG 893.50 783.50 652.00 

CC 54.34 86.96 104.52 

Source: (ShipandBunker, 2024; Tiseo, 2024) 

Cfuel was taken on 7 January 2025. The fuel and carbon scenarios were evaluated separately, 

resulting in the investigation of nine distinct cases. 

3 Findings 

Figure 2 presents the annual fuel consumption, tank capacities adjusted for a maximum six-month 

bunkering interval, yearly total CO2 emissions/produced energy from the configurations, utilisation 

hours, lifetime Cplant, and annual CO&M. 

Figure 2 

(a) Tank capacities, (b) annual fuel consumption, (c) annual CO2/energy generation, (d) utilisation 
hours, (e) lifetime Cplant, (f) annual CO&M of investigated configurations. 

 

The growth in LNG usage requires increased storage capacity. Figure 2a shows that DF-MP needs 

1.57 times, and DF-DEP requires 1.91 times more fuel storage than conventional systems. DF-MP 

operates on 50% LNG, while DF-DEP uses 95% LNG due to better load allocation among smaller 

engines (Figure 2b). In conventional scenarios, AEs and MEs consume 930.18 t and 4,516.13 t of 

annual HFO, respectively.  
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In the DF-MP, the ME annually consumes 2,212.14 t of LNG, 2,181.17 t of LFO for power, and 

37.4 t of LFO as pilot fuel. ICEs as AEs in DF-MP use 188.22 t of LFO, while the PAFC consumes 

481.74 t of LNG. In the DF-DEP, the ME uses 4,229.01 t of LNG, 25.75 t of LFO for operation and 

201.26 t of LFO as pilot fuel. The PAFC in this scenario utilises 305.94 t of LNG. 

The energy produced by the three configurations is comparable, as shown in Figure 2c. DF-MP 

reduces tank-to-wake CO2 by 12.88%, while DF-DEP decreases CO2 by 27.21%. 

Figure 2d shows that the MP-DEP configuration is more efficient for propulsion and electrification 

and uses fewer batteries and PAFCs than DF-MP. In DF-DEP, batteries achieve a 98.74% state of 

health (SoH) after 1.96 years and require only two replacements over ten years. The PAFC has an 

estimated lifetime of 9.38 years and needs two replacements. 

In DF-MP, the increased battery usage results in a SoH value of 96.80%, necessitating three 

replacements. The PAFC, in this configuration, has an estimated lifetime of six years, requiring five 

replacements, which increases the AE costs, as indicated in Figure 2e. 

Figure 2f shows that in DF-MP, the AE installation cost is the highest relative to the total price, 

followed by the ME costs. In contrast, DF-DEP's most significant expense is the fuel storage-handling 

cost, while ME and AE costs are similar in percentage terms. Figure 3 indicates the LCOEs of the fuel 

and carbon scenarios configurations. 

Figure 3 

LCOEs for fuel (F) and carbon (C) scenarios: (a) conventional, (b) DF-MP, and (c) DF-DEP 

 

The three fuel and carbon scenarios are represented using abbreviations. For instance, a low fuel 

scenario combined with an average carbon scenario is denoted as “F: Low, C: Avg”. The conventional 

system achieves LCOE ranging from 2.65 to 3.80. DF-MP increases LCOE by 41.01% on average, 
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while DF-DEP rises them by 41.75%, primarily due to elevated LNG prices. The assessed carbon tax 

levels do not offer sufficient incentives to transition to the configurations considered in this passage. 

4 Conclusion 

This study illustrated the economic performance of four-stroke LNG DF engines with SG and 

PAFC battery systems for auxiliary loads. It highlighted their potential to support the IMO 

decarbonisation goals by 2030.  

The DF utilisation in MP reduced CO2 emissions, but the reduction fell short of the 2030 GHG 

reduction targets. Integrating multiple DF engines with smaller power outputs in the DEP 

configuration resulted in higher emission reduction rates and longer lifetimes for PAFCs and batteries. 

However, the LCOE values remained significantly higher than those of conventional engines. This 

suggests that the examined carbon tax levels did not provide adequate incentives for transitioning to 

the explored configurations. The fluctuating price of LNG due to the Ukraine-Russia conflict also 

contributed to elevated LCOE values for the investigated configurations. 

The findings provided valuable insights into economically viable solutions for transitioning to 

cleaner energy sources, enhancing the maritime industry's commitment to environmental stewardship 

and global decarbonisation initiatives. 
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